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ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) effects on the total and spanwise slamming coefficients and the pressure reductions
Water entry acting on the wedge surface during water entry are modeled in a unified manner. First, the water entry of wedges
Wedge . . with a constant speed is numerically studied using the finite volume method (FVM) combined with the volume of
Egg:]’s;ensmnal effect fluid (VOF) method. The wedge is assumed to enter water with high speeds such that the compressibility, vis-

cosity, gravity and surface tension effects of the fluid can be neglected. The numerical method is validated
against an experimental measurement of a freefall water entry of a wedge with a deadrise angle of 30°. Then, the
water entry of 3D wedges with deadrise angles of 30, 35, 40 and 45° and beam-span ratios between the width and
length varying from O to 1 are simulated. The total and spanwise slamming coefficients and the reduction of the
pressure distribution are analyzed. The total slamming coefficient is derived with a 3D effect coefficient using a
dimensional analysis in the slamming stage and its expression for the transition stage is proposed based on a two-
dimensional (2D) transition stage model of the water entry. The spanwise slamming coefficients on the different
spanwise sections are modeled with the pressure coefficient distribution of a supercavitating flow around a 2D
flat plate. The reductions of the pressure acting on the wedge surface are found to be approximately constant
along the wetted length for all spanwise sections, which can be derived using the expressions of the total and
spanwise slamming coefficients. Finally, using the proposed model, the predictions of the abovementioned
variables are in good agreement with the numerical simulation results in the slamming and transition stages
during the water entry of the wedges with different deadrise angles and beam-span ratios.

water entry of these sections. Due to the turbulent nature of the flow
around the vessel and the significant variation in hull shape, the 2D+t
theory works better than the strip theory, particularly in the front
portion where slamming phenomenon occurs. However, in the 2D+t
theory, the reductions of the hydrodynamic forces (compared with those

1. Introduction

Water entry problems play an important role in ship slamming

(Faltinsen, 2005; Kapsenberg, 2011), the high-speed planing of hulls
(Savitsky, 1964; Savitsky et al., 2007) and water landing of seaplanes
(Garme, 2005; Smiley, 1950). For most of the marine structures, the
body shapes are usually three-dimensional (3D). The impact flow of the
water entry of a 3D body is more complicated than that of a
two-dimensional (2D) body, such as a flat plate and circular cylinder
with an infinite spanwise length. In the original studies of water entry,
2D models were commonly used to compute the hydrodynamic forces
and the pressure distributions on the body surface theoretically. The
results of the 2D theoretical models cannot be used for the water entry of
3D bodies without corrections. Strip theory (Garme, 2005) and 2D+t
theory (Sun and Faltinsen, 2007, 2012) are classical methods that are
used to extend the 2D water entry models from 2D cases to 3D cases. The
slamming forces are calculated as the sum of hydrodynamic forces
acting on the 2D sections with longitudinal thickness during the 2D
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of the 2D water entry) due to the 3D flows near the ship bow and stern
are rarely considered. The reductions of hydrodynamic forces and
pressure acting on the body surfaces are named as 3D effects of the water
entry. Without considering the 3D effects, the 3D models will have errors
when performing the simulations of the dynamic responses of the ship to
different sea states and loading conditions on rough seas. Beside, the
experiments of the water entry of hull segments (Xie et al., 2019, 2018)
are conducted before the real ships are launched into the water (Zhao
et al., 1996; Wu et al., 2004; Yettou et al., 2006; Luo et al., 2012). This
kind of experiments are performed to evaluate the slamming forces
acting on the ship when it is sailing on the rough seas. The full-scale
model of a complete ship is not used for slamming experiments
because of the high experimental cost. The segment of the ship itself will
induce significant 3D effects when its segment length is too short
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Nomenclature h* penetration depth corresponding to (h — hy)/hycot!3758
kq dimensionless penetration depth of the maximum Cs
A, B parameters of the quadratic function of the 3D effect l half width of the wedge
coefficient L spanwise length of a 3D wedge
a, b parameters of the quadratic function of &, p pressure
Ay auxiliary variable of the supercavitating flow around a 2D Pa atmosphere pressure
wedge t time
c wetted length tend end time of simulation
Coonst dimensionless coefficient of the water entry of a 2D wedge Uy entering speed of a wedge on the water
Cp pressure coefficient Uy instantaneous speed of the wedge
cq volume fraction of g™ fluid Vq velocity vector of the ¢t fluid
C; slamming coefficient of a 3D water entry % velocity vector of fluid
Cq slamming coefficient of a 2D water entry X, 9,2 Cartesian coordinates
Csomax maximum Cs, of a 2D water entry B deadrise angle of wedge bodies
Csmax maximum C;s of a 3D water entry At time-step
Cs200 C; of a supercavitating flow around a 2D wedge AC, reduction of C, in the slamming stage
Csoo C; of a supercavitating flow around a 3D wedge v correction factor of wetted length
C:. auxiliary variable of the present transition stage model A parameter of the transition stage model
Csoomin ~ minimum Cs,, of a supercavitating flow around 3D wedges K correction function of a near-transom load model
inl/L € [0, 1] v 3D effect coefficient
C; dimensionless variable related to Cs of the transition stage p density of water
Cy, spanwise slamming coefficient T, To auxiliary variable of the supercavitating flow around a 2D
Cszmax maximum spanwise slamming coefficient wedge
Coomex ~ Maximum spanwise slamming coefficient of the centre 0 C,, distribution along the spanwise direction
section 0" C, distribution of the supercavitating flow around a 2D flat
f dimensionless function for the pressure coefficient plate
F force acting on bodies in the vertical direction (C] auxiliary function related to the integral of 6 along the
g body force vector spanwise direction
h penetration depth
hy penetration depth corresponding to Cymax Subscript
ha, penetration depth corresponding to Csmax q phase of fluid

compared with the beam of the ship. The 3D effects will lead to
underestimated slamming loads on the ship segment, which cannot
accurately reproduce the slamming loads acting on the real ship during
the sailing on the rough seas. The 3D corrections of the slamming loads
from the experiments should be conducted using the theories of the 3D
effects of water entry. Summarized from the two abovementioned
research scenarios, there is an increasing need to study the 3D effects for
the water entry of bodies. Furthermore, it is also necessary to provide a
model for the 3D effect corrections for the strip theory or 2D+t theory
and the experimental results of the water entry of ship segments. In the
present study, the high-speed water entry of wedges is investigated and
the 3D effects of the water entry problems will be theoretically analyzed.
For the sake of simplicity, under the high-speed impact assumption, the
water entry is considered to be gravity-free, which is also used in the
original theoretical studies of Von Karman (1929), and Wagner (1932).
The 3D effects of water entry problems depend on the water entry
stages where the free surfaces have different forms. The whole duration
of the water entry can be generally divided into four successive stages
according to the experimental observations of Wang et al. (2015):

(a) Slamming stage. The hydrodynamic force acting on the wedge
surface increases rapidly with the increasing penetration depth
until the spray root of the impact flow reaches the knuckle of the
wedge. A new free surface is formed when the jet tip exceeds the
knuckle of the wedge, but the separation of jet has a negligible
effect on the pressure and hydrodynamic force acting on the
wedge surface (Zhao and Faltinsen, 1991).

Transition stage. The spray root exceeds the knuckle of the
wedge. The high pressure near the spray root declines dramati-
cally because the wall surface no longer forces against the water
bulk of the spray root. The new free surface near the wedge

b

-

continues to extend, but its horizontal velocity becomes smaller

and the cavity above the wedge is formed.

Collapsed stage. The new free surface collapses to the centre of

the cavity because of its inward horizontal velocity caused by the

effect of the gravity on the water. The cavity is stretched and the
free surfaces on both sides approach each other.

(d) Post-closure stage. The upper part of the free surfaces of both
sides impact on each other and the cavity is closed like a pinch-
off. The vertical velocity of the water above the pinch-off point
is very large and a high-speed water column is formed.

(c

—

The collapsed and post-closure stages result from the effect of the
gravity on the water when the entering speed of wedge is not large. For a
high-speed water entry, the last two stages can be neglected and the
slamming and transition stages play the most important role during the
water entry of bodies.

The theoretical studies on the slamming and transition stages mainly
focus on the 2D gravity-free water entry of bodies. For the slamming
stage, Von Karman (1929) contributed to the primitive theoretical work
for the hydrodynamic force using an added mass method. Wagner
(1932) proposed the first complete theory including the modeling of the
free surface deformation, the pressure distribution on the body surface
and the hydrodynamic force. The Wagner theory was further developed
into matched asymptotic expansions by Howison et al. (1991) and other
sophisticated asymptotic theories of Korobkin (2004). Compared with
the asymptotic theories, the self-similarity solutions developed by
Dobrovol'skaya (1969) and Semenov and Iafrati (2006) are the fully
nonlinear solutions and are thus the most accurate models for the water
entry of wedges with a constant speed. These similarity solutions are
widely used to provide the hydrodynamic force and pressure distribu-
tion for benchmarks of numerical methods (Zhao et al., 1996; Wen et al.,
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2021) and experimental results (Greenhow and Lin, 1983). For the
transition stage, Tassin et al. (2014) proposed a liner fictitious body
continuation (FBC) based on the asymptotic theories of Korobkin (2004)
to model the transition stage of the water entry. Wen et al. (2022)
improved Tassin et al. (2014) method proposing a curved FBC, which
can accurately predict the hydrodynamic force and pressure distribution
for the water entry in a constant speed. The complete models including
the slamming and transition stages, and the cases of constant and
varying speeds are developed by Wen et al. (2022) using the theoretical
results of the similarity solution (Dobrovol'skaya, 1969) and the
supercavitating flow around a 2D wedge (Korvin-Kroukovsky and
Chabrow, 1948; Gurevich, 1965). The abovementioned solutions can be
used to extend to the gravity-free water entry of 3D wedges considering
the 3D effects. The studies of Zekri et al. (2021) and Sun et al. (2015)
revealed that the gravity of the water will increase the hydrodynamic
force and the pressure in the central part of the wetted region. However,
the gravity effects are relatively small for the initial stage of the water
entry. The gravity effects will become significant with time for the later
stages. In the present study, we focus on the modeling of the gravity-free
water entry under 3D effects for the high-speed impact problems.

The research on the 3D effects of the water entry of wedges can be
mainly categorized into three branches. The first branch is the modeling
of the hydrodynamic force reductions for different beam-span ratios.
The modeling of the hydrodynamic force reductions is proposed based
on the added mass of a thin rectangular plate. Pabst (1930) proposed the
first formula of the 3D effect coefficient based on the experimental
measurements of the added mass of a flat plate. The 3D effect coefficient
is denoted as the ratio of the 3D hydrodynamic force per unit length to
the 2D hydrodynamic force per unit length. The recommended practice
of DNV-RP-C205 (DNV 2007) provides close results of several
beam-span ratios compared with the formula of Pabst (1930). Meyerh-
off (1970) obtained the first numerical results of the added mass of a flat
plate with beam-span ratios from 0.1 to 1.0 by using a boundary element
method (BEM). The BEM solver is based on a dipole model where the
dipoles are distributed on the plate. The results of the BEM calculations
were in good agreement with the predictions of Pabst (1930) formula.
Baarholm (2005) also calculated the added mass of a flat plate using a
more accurate BEM solver based on WAMIT. His-results were also close
to the predictions using the formula of Pabst (1930). However, these
abovementioned models are not sufficiently accurate for the 3D
correction of the water entry of bodies because they were built based on
Von Karman (1929) added mass method, which is an original model of
the water entry and cannot be used for the transition stage. Beside, they
cannot address the effect of deadrise angles on the 3D correction because
the added mass model is built on a thin rectangle plate. The second
branch is the modeling of the distribution of the hydrodynamic forces on
different spanwise sections from the centre to the edge. Garme (2005)
proposed a near-transom load model to correct hydrodynamic forces of
the near transom sections and his correction function has the form of a
hyperbolic tangent function. This model is proposed for the impact be-
tween the hull and water surface with a high horizontal speed, such as a
trimmed vessel operating at high speed and a seaplane landing on the
water surface. The last branch is the studies of the pressure distribution
under 3D effects. Smiley (1950) conducted pioneering experiments
involving a prismatic model with a deadrise angle of 30° planning on the
water surface. An obvious pressure reduction can be observed near the
transom section. Both the transverse sections with and without chime
immersion have significant 3D effects in the vicinity of the transom
section. Zhao et al. (1996) conducted experiments on the water entry of
a 3D wedge. Their results unveiled significant pressure reductions on the
centre section during the slamming and transition stages. They also
developed a BEM (Zhao et al., 1996) to perform the 2D simulation of
water entry of a wedge, and the 3D effects of hydrodynamic force and
the pressure were revealed. Wang et al. (2021) carried out numerical
simulations using OpenFOAM based on a finite volume method (FVM)
and show the differences of the pressure distributions between the 2D
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and 3D water entry for different sections along the spanwise direction.
The pressure reductions on the 3D wedge surface due to the 3D effects
are closely related to the total hydrodynamic force and the spanwise
distribution of the hydrodynamic force. Therefore, the three aspects of
the 3D correction should be combined to create a comprehensive picture
for the 3D effects of the water entry of bodies.

In the present study, the water entry of 3D wedges is numerically
investigated using the FVM combined with the volume of fluid (VOF)
method to capture the free surface and the dynamic mesh method of
global moving mesh (GMM) (Qu et al., 2015; Wen et al., 2020a). The
fluid is considered to be incompressible, non-viscous, weightless and
with negligible surface tension effects under the assumption of the
high-speed impacts between the wedge and the water. Based on the
numerical simulation results, a new model for predicting the total hy-
drodynamic force, the spanwise hydrodynamic force and the pressure
distribution considering the 3D effects is proposed for the first time. This
article is organized as follows. The computational approach of FVM with
VOF and GMM, and its validations are presented in Section 2. The 3D
effects on the total hydrodynamic force, the distribution of hydrody-
namic force acting on the spanwise sections and the pressure reductions
are theoretically modeled and analyzed in Sections 3 and 4. Finally, the
conclusion is given in Section 5.

2. Computational overview
2.1. Model setup

The description of the water entry of a 3D wedge is shown in Fig. 1.
The original of an earth-fixed coordinate system is located at the initial
contact point where the centre of the keel line impacts the quiescent
water surface. The x- and y-axes are normal to the keel of the wedge in
the horizontal and vertical directions, respectively. The z-axis is paral-
leled to the keel of the wedge in the horizontal direction. The wedge has
a beam of / and a spanwise length of L.

In the present study, the water entry of 3D wedges with deadrise
angles of p = 30, 35, 40 and 45° and with 6 beam-span ratios of I/L
varying from 0.0 to 1.0 are numerically investigated. The case of I/L =
0.0 represents the water entry of a 2D wedge where the spanwise length
is infinite. The slamming and transition stages are studied. The numer-
ical model is validated against the experimental data reported by Zhao
et al. (1996) for the water entry of a 3D wedge with a deadrise angle of
p = 30° and a beam-span ratio of //L = 0.5.

The gravity effects of the water are neglected under the high-speed
impact assumption. The abovementioned deadrise angles are in the
range of moderate deadrise angles that the air cushions (Chuang, 1966)
and the compressibility effects (Korobkin, 1992) of the water will not be
involved. with a negligible gravity effect of fluid for the high-speed
water entry problems. The acceleration effects (Wen et al., 2021,
2022b) which are induced by the acceleration of the wedge, are also
included in the validation case in Sections 2.3 and 2.4, but not involved
the modeling of the 3D effects on the water entry.

2.2. Computational approaches

A FVM with the VOF technique is adopted to provide the detailed
results of flow field around the 3D wedge entering the water. The flow is
assumed to be incompressible, inviscid and with negligible surface
tension effect because of the high-speed water entry. For a slamming
problem of a ship, the duration of the water entry process is very small,
and the ship hull is usually large. Therefore, the effects of the viscosity
and surface tension can be neglected. The assumption was often adopted
in the theoretical studies (Wagner, 1932; Howison et al., 1991; Kor-
obkin, 2004; Dobrovol’skaya, 1969; Semenov and Iafrati, 2006; Wen
et al., 2020a, 2020b) and BEMs (Zhao et al., 1996; Wu et al., 2004; Zhao
and Faltinsen, 1991) for the water entry problems. The GMM method is
used to deal with the relative motion between the wedge and the water
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Fig. 1. Description of the water entry of 3D wedge.

surface.

2.2.1. Flow solver

The unsteady incompressible Euler equations ignoring the surface
tension force are solved using ANSYS FLUENT as follows.
ov

1
E+ V-VV:fBfog (€D)]

where V is the velocity of fluid, p is the density, p is the pressureand g =

(0, — 9.81m /s2, 0) representing the gravity of fluid. The semi-implicit
method for pressure linked equation consistent algorithm (SIMPLEC) is
used to deal with the pressure-velocity coupling. The unsteady terms are
discretized using a first-order implicit scheme, the convection terms are
discretized using a second-order upwind scheme, and the pressure term
is discretized using a body force weighted scheme.

2.2.2. VOF method

The VOF method was firstly proposed by Hirt and Nichols (1981),
which can capture the free interfaces between two or more immiscible
fluids by introducing a variable, called the volume fraction, for each
phase. If the volume fraction of the g™ fluid in a certain cell is denoted as
¢4, represents a cell is empty of the g™ fluid; represents a cell is full of the
¢ fluid; and represents the cell containing the interface between the ¢'"
fluid and other fluids. The sum of the volume fractions of all phases must
be equal to 1 in each cell. The volume fraction equation of the g fluid is
written as follows:

% (€apy) + V- (cqp,Vy) =0 @
where V, is the velocity of the g™ fluid. The first term in the left hand is
discretized using one order implicit scheme, and the second term is
discretized using a modified high-resolution interface capturing
(Modified HRIC) scheme (Muzaferija et al., 1998). The free surface of
the water entry of a 3D wedge calculated according to the isosurface of
¢y = 0.5 for the water is shown in Fig. 1, where the free surface de-
formations around the 3D wedge are captured well.

2.2.3. GMM method and VOF boundary conditions

In the present study, the global moving mesh method (GMM) (Qu
et al., 2015; Wen et al., 2020a) is used to deal with the relative motion
between the wedge and the water surface. The whole computational
domain (including the cells and boundaries) moves together with the
wedge like a rigid body. The motions of the wedge can be prescribed as a
given speed history or solved together with Newton’s second law.

As the whole computational domain moves, the VOF and the pres-
sure at the far field are updated according to the relative location of the

boundary cells with respect to a fixed water level. The volume fraction of
water is ¢, = 0.5 for the cell located on the interface between air and
water; ¢, = O for the cells located above the interface; ¢, = 1 for the cells
located below the interface. The pressure is updated similarly.

2.3. Mesh and time-step convergence

Mesh and time-step convergence studies are performed to determine
the optimal grid and time-step resolutions. The schematic of the
computational domains of the 3D and 2D cases are shown in Fig. 2, and
the corresponding boundary conditions are listed in Table 1. A quarter of
the model is adopted due to the symmetries of the wedge, which can
reduce the computational cost. For the 2D case, an infinite spanwise
length L is assumed and thus /L = 0.0. A different grid is adopted for
the 2D case. The boundary condition at Plane JIMNDEF is considered as
a symmetry and the flow domain outside Plane JIMNDEF is removed.
The same spatial resolution of the grid on the wedge surface is adopted.
Since the fluid is assumed to be inviscid, incompressible and with
negligible surface tension effects, the present approach can produce the
same results along the spanwise direction, which can be considered as a
2D water entry. The dimensions of the 3D case domain are set as
GH=EK=10l/, EG=4! and GJ = 12L.

The 3D wedge with the deadrise angle of 30° and a beam-span ratio
of I/L =0.5 is considered for the mesh and time-step convergence
studies, as shown in Fig. 3(a) and (b). The structural mesh details around
the wedge are shown in Fig. 3(c). Three sets of meshes with the reso-
lutions from coarse to fine are used and the grid numbers are listed in
Table 2. Fig. 4 shows the hydrodynamic forces acting on the wedge
surface obtained using the three meshes listed in Table 2 and three time-
steps of 2, 4, 8 x 1075s. The entering speed of the wedge is prescribed
as

U, = 6.148 —— 0.8097t — — (30.90f)> — — (80.25¢)° + (74.70¢)"
— — (54.57¢)° (m/s)
3)

using a polynomial of 5 orders from the experimental result obtained
using an optical sensor. The results of hydrodynamic forces match well
with each other, which verifies the independence of the grid and time-
step. Therefore, the grid resolution of Mesh 2 with the time-step of 4 x
1075 s is adopted for further simulations to achieve a balance between
the accuracy of spatial and temporal resolutions and the computational
cost. It should be noted that the predicted hydrodynamic force only
includes the force acting on the measuring section, which is located at
the centre of the wedge and has a span length of 200 mm.
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Fig. 2. Schematic of the computational domains of the 3D and 2D cases.

Table 1
Boundary conditions of the water entry of 3D and 2D wedges.
3D case 2D case
wall Plane ABED Plane ABED
Plane CBEF Plane CBEF
Plane DEF
Symmetry Plane GHLKABC Plane GHLKABC
Plane GCFDAKNJ Plane GCFJ
Plane AKND
Plane JIMNDEF
Pressure-inlet Plane GHIJ Plane GHLJ
Plane KLMN Plane KLMN
Plane JIMN Plane HLMI
Plane HLMI

2.3. Validation studies

The validation of the present numerical model is conducted by
comparing with the experimental results of Zhao et al. (1996). Fig. 5
shows the comparison of the hydrodynamic forces acting on the wedge
surface between the predictions of the present numerical model and the
experimental results of Zhao et al. (1996). The results from the present
numerical model are in good agreement with the experimental results.
Fig. 6 shows the comparisons of the pressure coefficients C, on the

pressure coefficient is defined as

_p-p
P 0.5pU2

4

where p, is the atmospheric pressure. The maximum relative error of
22% happens at the P3 of t = 0.0202 s. However, the predictions of the
present numerical model are in better agreement with the experimental
results than those of the 2D BEM of Zhao et al. (1996) because the 3D
effects of the water entry can be well captured by the present 3D nu-
merical simulations. It can be concluded that the present numerical
model can accurately predict the hydrodynamic force and pressure
acting on the wedge surface for the water entry of wedge in forced
motions.

To evaluate the performance of the present method for water entry of
wedges in free fall motion, a specific case is conducted. The case
involved a wedge with a mass of 60.25 kg (1/4 of the total wedge mass)
and an initial entering speed of 6.15 m/s. Fig. 7 displays the comparisons
of the hydrodynamic forces acting on the wedge surface, the vertical
speed of the wedge between the predictions obtained by the present

Table 2
Details of the three grids used for the mesh convergence studies.

centre section of the wedge between the experimental results of Zhao Description ?gf:‘rle) (MNf?jaD Mesh3 (Fine)
et al. (1996), the predictions of 2D BEM of Zhao et al. (1996) and the P - 01073 1729398 350,095
. ... s ell number , ) A
present numerical model. The description of the pressure sensors’ lo- Number of nodes on Line AB 59 g5 123
cations is illustrated in Fig. 3(b). The results at three different instants Number of nodes on Line AD 55 80 116
are shown: (a) t = 0.0435 s; (b) t = 0.0158 s; (c) t = 0.0202 s. The
S
N e e
(a) 3D view of the wedge
C B I . -
of N 1 0 A S Y O
o) Uw N . 1 1 Y Y Y B B |
30degy SRV T
------ x x T T T T T T
(b) Centre section description (¢) Grid details around the wedge (every 3" grid point is shown for clarity)

Fig. 3. Description of the 3D wedge (a), centre section (b) and details of the normal grid around the wedge in 1/4 model (c).
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(a) 8000 (b) 8000 -
—— Present FVM of coarse grid —— Present FVM of 4r =8*10"s
7000 - — - Present FVM of normal grid 7000 - _ _ _ present FVM of 4r =4*10"s
s000l ~ Present FVM of fine grid 60001 —-—- Present FVM of A1 =2*10"s
5000 5000 -
Z 4000} Z 4000
S =
3000 3000 |
2000 - 2000
1000 1000 |
0 1 1 1 1 () 1 1 1 1
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025
1(s) 1(s)
Fig. 4. Mesh (a) and time-step (b) convergence studies of the hydrodynamic forces acting on the wedge surface.

8000

O Experimental result of Zhao et al. (1996)

7000 F —— Present numerical model

6000 -
5000

4000

F (N)

3000 F
2000 A

1000

0.015 0.020

1(s)

Fig. 5. Comparison of the hydrodynamic forces acting on the wedge surface
between the predictions of the present numerical model and the experimental
results of Zhao et al. (1996).

0 1 1
0.000 0.005 0.010 0.025

numerical model using prescribed speed and considering a free fall
motion. The experimental results obtained by Zhao et al. (1996) are also
included for comparison. The hydrodynamic force in the free fall motion
case is slightly smaller compared to the prescribed speed case, yet it still
demonstrates good agreement with the experimental results. Further-
more, the predicted vertical entering speed in the free fall motion case
matches the experimental result well.

A comparison of the hydrodynamic force and the wedge speed at
0.015 s between the experimental results of Zhao et al. (1996) and the
present FVM is displayed in Table 3. The results show that the present
FVM using the prescribed speed has an error of 2.8%, whereas the FVM
of the free fall motion yields a slightly higher error of 4%. Additionally,
the error in predicting the wedge speed is 0.7%. Therefore, the present
numerical model has good predictions of the hydrodynamic force and
the wedge motion for both the forced motion and free fall motion cases.

2.4. Case description

For the other cases as described in Section 2.1, the grid of Mesh 2 in
Table 1 for p = 30deg and I/L = 0.5 is scaled in vertical and span di-
rections to generate the grids of different deadrise angles and beam-span
ratios to keep the same grid resolution. The time-step resolution is also
kept the same using the following expression for different beam-span
ratios and deadrise angles.

UoAt _ 0.005

5
l Cvaax ( )

Ciomax is the maximum slamming coefficient of the water entry of 2D
wedges. The adopted time-steps and the total simulation time of
different deadrise angles are shown in Table 4, where 2000 time-steps
are adopted for all cases.

3. 3D effects on the total hydrodynamic force

In this section, the water entry of 3D wedges with different beam-
span ratios is investigated. The entering speed U, is assumed to be
constant and the gravity effect of fluid is negligible due to the high-speed
impacts. The 3D effects on the total hydrodynamic fore acting on the
wedge surface for the water entry of a wedge are revealed.

3.1. Dimensional analysis of the pressure in the slamming stage

A dimensional analysis is conducted for the pressure p — p, on the
wedge surface in the slamming stage of the water entry of a wedge with
the deadrise angle of § in a constant speed. The involved variables are
the pressure p — p,, the water density p, the impact speed Uy, the
penetration depth h, the spanwise length 2L and the coordinates x and z.
For the slamming stage, the beam of wedge 2/ is not involved because
the spray root does not reach the knuckle of the wedge. It seems that the
impact flow does not “feel” the top of the wedge in this case. Therefore,

a) 9 - (®) 8 (©) 4

(@ m  Experimental results of Zhao et al.(1996) m  Experimental results of Zhao et al. (1996) ®  Experimental results of Zhao et al. (1996)
8t 12>D BEI\/]I:\OIII'\fhaO et al.(1996) 2D BEM of Zhao et al. (1996) P5 2D BEM of Zhao et al.(1996)
7| =~ Present " P2 — — = Present FVM 3| - - -Present FVM
6F
5t

O 4f
3t
21
1+
8 L L . n L S 0

0 03 06 09 12 15 18 0.0 0.4 0.8 1.2
xtanfF/h xtan/h X/l

Fig. 6. Comparisons of the pressure coefficients C, on the centre section of the wedge between the experimental results of Zhao et al. (1996) (see Fig. 3(b) at the
pressure sensors P1-P5), the predictions of 2D BEM of Zhao et al. (1996) and the present numerical model. The results of three different instants are shown: (a) t =

0.0435 s; (b) t = 0.0158 s; () t = 0.0202 s.
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Fig. 7. Comparisons of (a) the hydrodynamic forces acting on the wedge surface and (b) the vertical speed of the wedge between the predictions obtained by the
present numerical model using prescribed speed and the results considering free fall motion. The experimental results obtained by Zhao et al. (1996) are also included

for comparison.

Table 3
Comparisons of the hydrodynamic force and the wedge speed at 0.015 s.
Force at Error ~ Wedge speed at Error
0.015s 0.015s
Experimental results of Zhao 5127N - 5.385 m/s -
et al. (1996)
Present FVM using the 4985N 2.8% - -
prescribed speed
Present FVM of free fall 4920N 4.0%  5.35m/s 0.7%
motion
Table 4
Time-step and total simulation time of different deadrise angles.
B 30 35 40 45
Comax 5.0423 3.8119 29111 2.2314
hy /1 0.3710 0.4548 0.5568 0.6760
UpAt /1 1.0 x 1073 1.2 x 1073 1.6 x 1073 2.0 x 1073
Uolena 2 2.4 3.2 4
Jl

the dimensional analysis for the water entry with a specific deadrise
angle of p yields

pP—p.= %pUéf G ,5_ ,%) Q)

where c is the wetted length of the wedge and is usually adopted to
replace the penetration depth A in the slamming stage (Wen et al.,
2022a) using the following expression

hl
_H 7
‘=i @)
where h, is the penetration depth corresponding to the maximum
slamming coefficient Csmax. The total slamming coefficient is defined as

F

- 8
0.5pUZIL ®

s

where F is the total hydrodynamic force of a quarter of the model. The
pressure coefficient for the water entry in a constant speed is defined as

_PP. _xzC
G = 05pU2 _f(c’L’L) ©)

Based on Eq. (9), we can set up an expression of the total slamming
coefficient of C. It should be noted that for I/L = 0.0, the problem be-
comes a 2D water entry and the corresponding C, is denoted as C;,. By
integrating Eq. (9), C, has the following expression

C = ?//f(x/c,z/Lm/L)d(x/c)d(z/L) = C¥(e/L) 10
where C is a constant and ¥(c /L) is an unknown function satisfying
¥(0) = 1. By considering ¢ << L at ¢ = [, the constant C appears to be the
maximum slamming coefficient of a 2D water entry, denoted as Csamax-
Then, the slamming coefficient of the water entry of 3D wedges has the
following form

€ = Coma¥(7)

where ¥(c/L) can be denoted as a 3D effect coefficient. Thus, the 3D
effects of the water entry on the total hydrodynamic force can be
absorbed into the changing of the wetted length ¢ and the 3D effect
coefficient W(c /L). Furthermore, according to Eq. (7), ¢ is closely
related to hy. Therefore, in Section 3.2, the modeling of k5 is considered.

1)

3.2. Modeling of the total hydrodynamic force with 3D effects in the
slamming stage

To determine ¥ and k3, the characteristics of the maximum hydro-
dynamic forces with different beam-span ratios are investigated. Fig. 8
shows the slamming coefficient C; with different beam-span ratios for
the water entry of 3D wedges with § = 30deg. All the cases have an
increasing C; in the slamming stage and a decreasing C; in the transition
stage. There are significant reductions of total hydrodynamic forces
compared with the 2D results (/L = 0) in the slamming and transition
stages as the beam-span ratio I/L increases. The maximum slamming
coefficient Cymay and the corresponding penetration depth hy with

5t ——/L=0.0
——1/L=02

4t ——L=04
——L=06

S ——/L=0.38

—Il/L=1.0

1

0.4

0.8
h/l

Fig. 8. Slamming coefficients C; for the water entry of 3D wedges with = 30°.

1.2

1.6

0
0.0 2.0
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different beam-span ratios are shown in Fig. 9. Two quadratic functions
are used to fit the numerical results of the maximum slamming coeffi-
cient and the corresponding penetration depth as

1 l I
b J I :17AZ+BE 12)
1 I

where A = 0.6843, B = 0.2413, a = 0.0404 and b = 0.0351 for the
water entry of a wedge with p = 30°.

The final expression for the total slamming coefficient in the slam-
ming stage is shown as follows.

c c c?
= Comme (1-A5+BE
“1( L L2)

C, a4
The Cyomax and hop are given in Egs. (15) and (16) from a 2D water

entry model by Wen et al. (Wen et al., 2022a),

w4\’
max — —|1-== 1
CsZ k] 1 ( 31‘[) C()tﬁ ( 5)
hop = kiltanfp (16)
where
- 2/m, p < 15 deg
k= {0.203[32 —013p +0.655, P> 15 deg an

Fig. 10 shows the values of Cyy.x and h, for the water entry of 3D
wedges with g = 30°, 35°, 40° and 45°. As the deadrise angle increases,
the reduction of the hydrodynamic force slightly decreases. The 3D ef-
fect coefficient has a slight increase in the investigated range of deadrise
angle from 30° to 45°. Therefore, the deadrise angle effect on the 3D
effect coefficient of hydrodynamic force in the slamming stage is rela-
tively small compared with the beam-span ratio I/L. The value of h;
generally increases with the increasing I/L for all the deadrise angles.
The comparisons of the 3D effect coefficient ¥(I/L) between the formula
of Pabst (Pabst, 1930), the suggested formula by DNV (2007), the BEM
results of Meyerhoff (1970) and WAMIT (Baarholm, 2005) and the
present numerical results are also given. The result of Pabst (1930) is
calculated using an analytical formula.

O

The results of Meyerhoff (Meyerhoff, 1970) and WAMIT (Baarholm,
2005) were given by evaluating the added masses of thin rectangular
plates in an infinite fluid using the potential theory. The recommended

04251

- as)
1+ ()
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practice of DNV-RP-C205 (DNV, 2007) provides several results of the 3D
effect coefficient for the 3D correction on the added mass of a flat plate.
The abovementioned methods have generally close results of the 3D
coefficient in the range of I/L € [0, 1]. All these empirical formulas or
results from potential theory are based on the 3D effects of the added
mass of a flat plate, which cannot predict the difference of ¥ between
different deadrise angles. The present study uses quadratic functions to
fit the W of different deadrise angles. The fitting coefficients A and B are
listed in Table 5. These fitting coefficients together with Eq. (14) can
accurately provide the hydrodynamic forces acting on wedge surface
with different deadrise angles in the slamming stage.

3.3. Modeling of the total hydrodynamic force with 3D effects in the
transition stage

The flow in the transition stage is more complicated than that in the
slamming stage. The flow separation and the appearance of the new free
surface near the spray root make it difficult to conduct a similar
dimensional analysis in Section 3.1 for the transition stage. Instead of
proposing a theoretical model of the 3D effect coefficient, a transition
stage model similar to that of the 2D model reported by Wen et al.
(2022a) is proposed for calculating the slamming coefficient of the water
entry of 3D wedges,

C; = Cyoo + C! (Comax — Cioo) 19)
where
1, 0 < h* <0.067
C = 539K + 2. (20)
l n? 15;2)};1;‘2:;?169’ = 0.067
and
n = ﬂcoﬂ‘””ﬁ (21)

h,

are the same with those of 2D model of Wen et al. (2022a). Css, is the
slamming coefficient of a supercavitating flow around a 3D wedge with
a beam-span ratio of I/L. The slamming coefficient of the super-
cavitating flow around a 2D wedge Cs3,, can be theoretically derived
(Korvin-Kroukovsky and Chabrow, 1948; Gurevich, 1965; Wen et al.,
2022a). The values of Cyy,, and shown Table 6. The Cy,, for the super-
cavitating flow around a 3D wedge is difficult to be theoretically
calculated because of the 3D effects. Therefore, Cy, is obtained from the
numerical results in the transition stage by comparing the predictions of
Eq. (19) and the selected numerical results of h/hy = 5. It is worth
mentioning that the C,,, cannot be directly calculated using the nu-
merical method because the penetration depth is infinite. The present
model can be treated as an approximate model for calculating the value
of Cyeo-

(a)1.0 (b)1.08
B Numerical results B Numerical results
09l —— 1-0.6843(//L)+0.2413(I/L) 1+0.0404(//L)+0.035 1 (/L)
= . ].06 r
< 0.8
) ]
\§ < 1.04 +
0.7 <
© 1.02
0.6F el 8m
| ]
0‘5 1 1 1 1 1'00 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
/L /L

Fig. 9. Maximum slamming coefficient Csmax (a) and the corresponding penetration depth k; (b) for the water entry of 3D wedges with g = 30°.
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Fig. 10. Cymax () and hy (b) of the water entry of 3D wedges with = 30°, 35°, 40° and 45° in a constant speed. The 3D effect coefficient ¥(I/L) of the formula of
Pabst (1930), the suggested formula by DNV (2007) and the BEM results of Meyerhoff (1970) and WAMIT (Baarholm, 2005) are also included.

Table 5
A and B of different deadrise angles.
BC) A B
30 0.6843 0.2413
35 0.6728 0.2427
40 0.6689 0.2479
45 0.6734 0.2583
Table 6
Cs2005 Cs2comin @and A of different deadrise angles.
p() Co2e0 Csomin Csoomin /Cs200 A
30 0.7448 0.5608 0.7529 8.9514
35 0.7126 0.5230 0.7340 10.2404
40 0.6768 0.4859 0.7179 11.1063
45 0.6370 0.4432 0.6958 11.6326

Fig. 11(a) shows the obtained C;,, of different deadrise angles and
beam-span ratios using the abovementioned method. The values of C;,
decrease with the increasing I/L in a range of [0, 0.3] and converges to
different constant values in a range of [0.3, 1.0] for different deadrise
angles. To evaluate the C, and address the effect of deadrise angle, a
new variable C;_ is introduced in Eq. (22).

Csoo - Crcomin

(22)
CsZoo - Csoomin

Cooo =
where Cseomin is the minimum Cj, in I/L € [0, 1] and given in Table 6.
The variations of C; with I/L for different deadrise angles are shown in
Fig. 11(b). They become almost the same for different deadrise angles.
For simplicity, a fitting function for C;_ can be proposed as

Co=— @3)
1+ (M/L)

The unknown variable 4 is given by a regression analysis of C; and is
also shown in Table 6. An averaged A = 10.5 is adopted. Finally, the
expression of Cs. for the supercavitating flow around a 3D wedge is
given as follows.

_ Cooo + Cooomin(M/L)’

se0 = 24
1+ (M/L) @9

For the transition stage, the 3D effect on the hydrodynamic force can
be attributed to the 3D effect coefficient ¥ in Eq. (12) and C;_ in Eq.
(23), which are respectively related to Cimax and Cy,, in Eq. (19). The
deadrise angle effect on the 3D effect of the hydrodynamic force is
already included into the Cy;o, and Cyeomin in Table 6. Since Cyeomin/Cis2c0
does not significantly change as the deadrise angle increases, the
deadrise angle effect on the 3D correction in the transition is also rela-
tively small compared with the effect of the beam-span ratio.

3.4. Comparisons between the present model and the numerical results

In this section, the prediction performance of the proposed model for
C; using Eq. (14) of the slamming stage and Eq. (19) of the transition
stage are evaluated against the numerical simulation results. Fig. 12
shows the comparisons of C; between the numerical results and the
present model for the water entry of a wedge with § = 30° and different
1/L. The predictions of the present model are in good agreement with the
numerical results for the slamming and transition stages during the
water entry of a wedge § = 30°. Fig. 13 shows the comparisons of C; for
the water entry of wedges with different deadrise angles and //L = 1.0.
The present model works well for the cases with different deadrise an-
gles. Based on these comparisons, it can be proved that the present

(a) 1.0 (b) 1.0 -
—a— Numerical results of 30 deg — Numer!cal results Of:3() deg
—s— Numerical results of 35 deg 08k —e— Numerical results of 35 deg
i F ' —a— Numerical results of 40 de
—=#— Numerical results of 40 deg ! X 2
8 0.9 =— Numerical results of 45 deg 06 —v— Numerical results of 45 deg
“ or . 1
@) 8 o = ——7—7—
A : o0 T 2
8 o8l O o4l 1-+AI/L)
U .
0.2+
= —
0.7+
0.0+
1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

/L

I/L

Fig. 11. C,, (a) and C;_ (b) of different deadrise angles and beam-span ratios.
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Fig. 12. Comparisons of C; between the numerical results and the predictions of the present model for the water entry of wedges with § = 30° and different I /L.

model works well for the present investigated cases.

4. Three-dimensional effects on the spanwise slamming
coefficient and the pressure distribution

The details of the distribution of the spanwise hydrodynamic force
and the pressure are investigated. The spanwise force dF /dz is the
gradient of the total hydrodynamic force along the spanwise direction. A
spanwise slamming coefficient is defined from dF/dz in Eq. (25)

dF

_ 25
0.5pU%ldz 25)

5z
In this section, the spanwise slamming coefficient will be modeled
based on the numerical results and the theoretical results of the super-
cavitating flow around a 2D plate. Then, an approximate model for the
pressure reduction due to the 3D effects is proposed.

4.1. Numerical results of spanwise slamming coefficient and its modeling

Figs. 14(a) and 15(a) show the spanwise slamming coefficients C;, of
different spanwise sections during the water entry of wedges with f§ =
30° and //L = 0.2 and 1.0. The values of Cy, decrease from the centre
section to the outer section for both the slamming and transition stages,
which is similar to the results of C; in Fig. 8. The maximum spanwise
slamming coefficients Cymax decline dramatically and the penetration
depth hy, corresponding to Cymax increases slightly from the centre
section to the outer section. Fig. 16 shows the penetration depths &y,

(@25 (b)2.0

corresponding to the maximum Cyy,,y of different spanwise sections for
the water entry of wedges with § = 30°, where the results of i, of the
total hydrodynamic force are also included for comparisons. The value
of hy, /I generally increases from the centre section to the edge section
from a 2D value of 0.371 (I/L=0) to a maximum value of 0.428 for /L =
1.0. The changes of k3, /I in the range of I/L € [0, 1] are small and can be
neglected. Thus, the values of hy,/I at all spanwise sections can be
assumed constant as hy/I which is the dimensionless penetration depth
corresponding to the maximum total hydrodynamic force given in Eq.
(13).

Figs. 14(b) and 15(b) show the normalized Cy, using the Cy;nax Of
different spanwise sections from //L = 0.0 and I/L = 0.9. The normal-
ization results of different spanwise sections are found consistent with
each other, although there are small discrepancies in the slamming and
transition stages. These results also match the normalized C; using Csmax,
which indicates that the value of C; can be used to predict the C;, of all
spanwise sections. Fig. 17 shows the distribution of the Cymax for the
water entry of wedges with # = 30° and different I/L. The value of Cyymax
decreases with the increasing z/L and l/L. For z/L = 0, the results of
Cy;max are denoted as Cyzomax- The values of Cymax/Csz;omax Of different /L
for the water entry of wedges with p = 30° and 45° are shown in Fig. 18.
The values of Cy;max/Cszomax have a similar distribution along the span-
wise direction for //L > 0.3. Furthermore, it is also interesting to
compare the distributions of Cymax/Cs:0max With the C, distribution of a
supercavitating flow around a 2D flat plate, which is a classical solution
of a cavity flow problem and has been used for different water entry
problems (Korvin-Kroukovsky and Chabrow, 1948; Gurevich, 1965;

©)1.s

f=35 deg -

Numerical result
Present model

0.0 L L s L L

=45 deg .

= Numerical result
Present model

Numerical result
Present model

12 16 20
h/l

Fig. 13. Comparisons of C; between the numerical results and the predictions of the present model for the water entry of wedges with deadrise angles of 35° (a), 40°

(b) and 45° (c) as well as I/L = 1.0.
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Fig. 14. Spanwise slamming coefficients C,; and normalized C;; using the Cymax Of different spanwise sections during the water entry of wedges with p = 30° and /

Fig. 15. Spanwise slamming coefficients C;, of different spanwise sections during the water entry of wedges with and //L = 1.0.
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Fig. 16. Penetration depths hy, corresponding to the maximum Cgmax of
different spanwise sections for the water entry of wedges with § = 30°, where
the results of h, (triangles) of the total hydrodynamic force are also included.

Wen et al., 2022a). The theoretical model of the supercavitating flow
around a 2D wedge with an arbitrary p is detailed in Appendix, and the
case of a flat plate is a particular case with § = 0. A good agreement
can be observed between the Cgmax/Csomax Of /L > 0.3 and the C,
distribution of a supercavitating flow around a 2D flat plate.

An approximate model for predicting the spanwise slamming coef-
ficient is proposed based on the following assumptions summarized
based on the numerical results of Cy, from an engineering point of view:

11

(1) The ratio of the spanwise slamming coefficients C;, and its
maximum value is equal to the ratio of the slamming coefficient
C; and the maximum value Cyp,y for different spanwise sections.

(2) hy, of different spanwise sections are equal to hy of the total
slamming coefficient.

(3) The distribution of Cyzmax/Cszomax along the spanwise direction
can be given by the C, distribution of a supercavitating flow
around a 2D flat plate.

According to Assumption (1), the Cy; has the following expression

Cr
Cs = Cs max 26
‘ i CSmaX ( )
The Cymax is given as
Cszmax = ecszﬂmax (27)

where 0 is a function of z/L and I/L. According to Assumption (2), the
integral of the Cy;max along the spanwise direction yields the Cymax. Then
the relationship between the Cyax and Cyomax is given as

Csmax = @CszOmax (28)
where O is a function of I/L defined as

1
o/L) = [0/ L1/ 1)/ L) 29)

0

The numerical results of © are given as Cypax/Cs;omax @and shown in
Fig. 19. For all the investigated deadrise angles, the values of ©® decrease
from 1 in the range of I/L < 0.3 and increases slightly in the range of I/L
> 0.3. The values of O of all the investigated deadrise angles are close to
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Fig. 17. Distribution of the Cymax for the water entry of wedges with g = 30° and different //L and z/L.
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Fig. 18. Cymax/Cs:omax of different I/L for the water entry of wedges with g = 30° and 45°, where the C, distribution of the supercavitating flow around a 2D flat

plate is given for comparisons.

each other. Based on the similarity of G between different deadrise an-
gles, a similar approximate model to C;_ in Fig. 11(b) for calculating © is
proposed in Eq. (30)

_ 1+088(M/L)

30
1+ (M/L) 30

where a similar value of A is also used. The value of 0.88 is obtained from
an integral value of the C, distribution of a supercavitating flow around

1.00
—s— f=30deg
0.98 —e— f3=35deg
0.96 - —a— B=40deg
s | —v— f=45deg
q 094 o <! +0.88(A1/L)
S 092 1+(21/L)
090r o :x:_'x:szfff}
0.88} I aa AL YOS Ly
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l/L

Fig. 19. O(I/L) for the water entry of different deadrise angles.

a 2D flat plate based on Assumption (3). Finally, the expression of Cy, has
the following form.

C,, = CS% (31
where 0" is given by Eq. (34) from the C, distribution of a super-
cavitating flow of a 2D flat plate in Appendix, and C; is the total slam-
ming coefficient of the water entry of a 3D wedge calculated using Eqs.
(14) and (19). The present model of Eq. (31) is consistent with the
expression of total slamming coefficient. It can clearly explain the
reduction of Cy; due to the increasing beam-span ratio.

Figs. 20 and 21 show the comparisons of C,; between the numerical
results and the predictions of the present model for the water entry of 3D
wedges with p = 30°, 45°, I/L = 0.2 and 1.0. The present model can
generally match the numerical results, especially for the slamming stage.
The discrepancies of I/L = 0.2 for large 2/L in the transition stage are
larger than the other cases. The cause of the discrepancies is the errors of
Assumption (1) for the outer sections of the wedge as can be seen in
Figs. 14 and 15. Therefore, it can be concluded that the present model
can accurately predict the spanwise slamming coefficients.

From Eq. (31), the 3D effect on the spanwise slamming coefficient
can be divided into two aspects. One is the effect of the beam-span ratio
I/L, which affects ® as shown in Eq. (30) and the total slamming coef-
ficient C; as shown in Eq. (14). The other one is the effect of spanwise
position z/L, given as Eq. (34).

12
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Fig. 21. Comparisons of Cy, between the numerical results and the predictions of the present model for the water entry of 3D wedges with § = 45°, I/L = 0.2

and 1.0.

4.2. Three-dimensional effects on the pressure distribution in the
slamming stage

Fig. 22(a) shows a comparison of the C, distributions on the wedge
surface of the centre section (z/L = 0.0 and ¢/l ~ 0.94) obtained for
different beam-ratios during the water entry of 3D wedges with f

30deg. The C, distributions on the wedge surface have approximately
uniform reductions AC, from x/c = 0 to 1 for different beam-span ratios,
where AC, is the difference of pressure coefficient between the 2D and
3D water entry. It shows that the 3D effects on the pressure distribution
in the slamming stage result in an approximately uniform reduction of
the pressure coefficient from x/c = 0 to 1. Beside, the reductions of C,
increase with the increasing beam-span ratio as shown in Fig. 22(b).
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Figs. 23(a) and 24(a) show the results of z/L = 0.5 and 0.9. The values of
AC, of z/L = 0.5 are also approximately uniform from x/c = 0 to 1. The
results of z/L = 0.9 have approximately uniform AC, form x/c =0 to
0.85. But AC, dramatically increases from x/c = 0.85 to 1. In the present
study, the value of AC, is assumed to be constant in x/c € [0, 1] and can
be calculated using the slamming coefficient C; and Ci»

1
AC, = . (Cp—Cy,) (32)

Combined with Egs. (11) and (12), the final expression is given as

0 c c?
1-A—+B—
( L Lz)]

o (33)

AC, = Comar {1
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Fig. 22. C, and AC, on the wedge surface of the centre section (z/L = 0.0) between different beam-ratios for the water entry of 3D wedges with # = 30°. The wetted
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Fig. 23. C, and AC, on the wedge surface of the section of z/L = 0.5 between different beam-ratios for the water entry of 3D wedges with # = 30°. The wetted

lengths ¢/l are close to 0.94.
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Fig. 24. C, and AC, on the wedge surface of the section of z/L = 0.9 between different beam-ratios for the water entry of 3D wedges with # = 30°. The wetted

lengths ¢/ are close to 0.94.

Figs. 22(b)-24(b) show the comparisons of AC, between the nu-
merical results and the predictions using Eq. (33) for different beam-
span ratios I/L and spanwise sections. The present model is in a good
agreement with the numerical results of z/L = 0.0 and 0.5. The errors
are larger for z/L = 0.9 compared with those of z/L = 0.0 and 0.5.
However, considering that this spanwise section is very close to the edge
of the wedge, these errors can be regarded as acceptable for such an
approximate model.

5. Conclusions

In the present study, the 3D effects of the water entry of wedges in a
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constant speed are numerically studied using the FVM combined with
the VOF method. The wedge is assumed to enter the water with a high
speed such that the compressibility, viscosity, gravity and surface ten-
sion effects of fluid can be neglected. The numerical model is validated
against an experimental measurement of a freefall water entry of a
wedge with a deadrise angle of 30°. The water entry of 3D wedges with
deadrise angles of 30, 35, 40 and 45° and with beam-span ratios varying
from O to 1 are simulated and analyzed. To the author’s knowledge, for
the first time, the 3D effects on the total and spanwise slamming co-
efficients and the pressure reductions are modeled in a unified manner
for the water entry of 3D bodies. A fast and efficient prediction of these
quantities can be achieved using the proposed model. A summary of the
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present study on the 3D effects during the water entry of wedges is given
as follows:

e For the total slamming coefficient, the expression of the 3D effect
coefficient in the slamming stage can be theoretically derived using a
dimensional analysis and its parameters are calibrated using the
numerical results of the maximum total slamming coefficient. The
expression of the total slamming coefficient in the transition stage is
extended from a 2D transition stage model. The predictions of the
total slamming coefficient in the whole process of water entry of 3D
wedges with the deadrise angles from 30 to 45° and with the beam-
span ratios from 0 to 1 match well with the numerical results ob-
tained by the FVM.

For the spanwise slamming coefficients, they are close to the total
slamming coefficient normalized by the maximum values. The dis-
tribution of the maximum spanwise slamming coefficient can be
given by the C, distribution of a supercavitating flow around a 2D
flat plate. An approximate model is proposed and the prediction
results are in a good agreement with the FVM results for different
deadrise angles, beam-span ratios and spanwise sections.

For the pressure distribution of different spanwise sections in the
slamming stage, the reductions of pressure are approximately con-
stant on the wetted wedge surface and the reduction can be predicted
based on the abovementioned expressions of the total slamming
coefficient and the spanwise slamming coefficient.

The present 3D correction is based on the results of the water entry of

Appendix A. Supercavitating flow around a 2D linear wedge

Applied Ocean Research 138 (2023) 103649

wedges in a constant speed, where the gravity effect of the water and the
acceleration effect of the wedge are not included. In further studies, we
will attempt to clarify these two effects, and implement the present 3D
correction to the strip theory or 2D+t theory to accurately predict the
slamming forces and pressure acting on the ships under rough sea
conditions.
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The derivations of the supercavitating flow around a 2D linear wedge were given in detail by Wen et al. (2022a). In this section, the key equations
for calculating Ciz,, in Section 3.2 are provided. The pressure coefficient on the wedge surface is given as

1-Vi—e 2("@
—Vi-1

C,=1- -

where 7 is related to x using the following equation

T 5 l—%
1 1—4/1—1
X =— S TQdTO
Ao To
0
and
1 1-2
1—+/1-1
AO :/ 0 TodTo
To
0

The value of Cj,,, can be integrated from Eq. (34).
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