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a b s t r a c t

In this paper, numerical and experimental studies are performed to investigate the liquid impact on a
free falling wedge. In the numerical simulation, the structure is assumed to be rigid and the elastic
response is ignored. The fully nonlinear coupling between wedge and water is considered by an auxiliary
function method based on the Boundary Element Method (BEM). At the intersection of the wedge surface
and liquid surface, two coincident nodes are used to decouple the boundary conditions. The Eulerian free
surface conditions in the local coordinate system are adopted to update the deformed free surface. In the
experiments, five pressure sensors are fixed on each side of the wedge which is released from an
experimental installation. Steel and aluminumwedges that have different structural elasticity are used in
the experiments to investigate the influence of structural elasticity on the impact force. Numerical results
are compared with experimental data and they agree very well. The influence of fluid gravity, body mass,
initial entry speed and deadrise angle on the impact pressure are further investigated.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

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

1. Introduction

When a body collides with water surface, huge force will be
created and it can be very destructive. The most common example
is the ship bow which may be pushed out of water by powerful
waves and then falls into water due to gravity. Some space equip-
ments need to be retrieved at sea, seaplanes and lifeboats need to
land on water and thus the fluid impact is inevitable. The accurate
estimate of possible impact pressure is of great importance to
structural design and optimization. Water entry of a body in free
fall motion involves the strong coupling between water and
structure, the overturning of the free surface, the fast moving water
line, the elastic response of the structure, the cushion effect and
even the wave breaking, and these will bring great challenges to
numerical simulations. Thus, various simplifications have been
used in existing literature.

On one hand, the impact time is very short, thus the viscosity is
usually ignored as it needs time to develop (Batchelor,1967). On the
other hand, the impact speed is much smaller than the sound speed
in the liquid, and thus the fluid compressibility can be ignored.

Together with the irrotational assumption, the potential flow the-
ory can be used to describe the fluid field and then the Laplace
equation is satisfied. Based on the potential flow, the Wagner's
theory (Wagner, 1932), the analytical method (Cumberbatch, 1960),
as well as the boundary element method (Zhao and Faltinsen,1993)
were presented to study the fluid impact problems. Wagner (1932)
made a correction based on Von Karman's analytical solution (Von
Karman, 1929) for a plate impacting on the calmwater and he used
the elevated free surface as the width of the equivalent plate. Then
Wagner's theory has beenwidely used in the fluid/structure impact
problem. Typical work based on analytical or semi-analytical so-
lution includes those by Armand and Cointe (1987), Howison et al.
(1991), Scolan and Korobkin, 2001, 2012, Korobkin and Scolan
(2006) and Moore et al. (2012). Meanwhile, boundary element
method has also been used in a vast variety of water entry prob-
lems, including constant speed water entry (Zhao and Faltinsen
(1993), Battistin and Iafrati (2003), Wu (2006), Sun and Wu
(2013)), non-constant speed water entry (Zhao et al. (1997), Wu
et al. (2004), Xu et al. (2011)) and water entry of non-rigid bodies
(Lu et al. (2000)).

Some of previous works concentrated on the self-similar solu-
tions. Mathematically, the spatial and temporal variables in self-
similar flow can be combined to form new variables, the mathe-
matical equations will depend on these new variables and then the
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shape of streamlines or pressure contours will remain the same
during water entry. The temporal variable will be no longer
explicitly involved. Dobrovol’Skaya (Dobrovol’Skaya, 1969) gave the
analytical self-similar solution of a wedge hitting a free surface
based on the Wagner's theory (Wagner, 1932). Greenhow (1987)
simulated water entry of wedges based on potential flow
together with fully nonlinear boundary conditions. Zhao and
Faltinsen (1993) used the boundary element method and solved
the water entry problem of the wedge through the time stepping
method and compared the time-domain results with the self-
similar solution. The persuit of self-similar solutions for water en-
try problems was confined to constant entry speed before Wu
(2012). However, the self-similar solutions are also possible for
varying speed water entry if the varying speed satisfies some
certain conditions (Wu, 2012). Wu and Sun (2014) found that water
entry of a paraboloid also can be self-similar if the paraboloid ex-
pands at a certain speed in the process of water entry.

It can be found that the above works related to self-similar so-
lutions did not consider the fluid gravity. This is reasonable because
the influence of fluid gravity is very gentle when t≪W=g (Mackie,
1964). But if it is considered, self-similar solutions will not exist
and the solutions have to be found in time-domain. Sun, Sun and
Wu (Sun et al., 2015) studied the gravity effects on the impact
pressure and they found that the influence of gravity is very slight
when t is small, but as t increases, the gravity effect becomes
gradually significant. Vinayan and Kinnas (2010) considered the
gravity effects when simulating the ventilating entry of surface-
piercing hydrofoils. And the fluid gravity is also considered in
present paper.

For many fluid structure interaction problems, the fluid force
and the body motion are fully coupled. Based on the boundary
element method, Wu and Eatock Taylor (Wu and Eatock Taylor,
1995; Wu and Eatock Taylor, 2003) developed a procedure to
decouple this mutual dependence. Wu, Sun and He (Wu et al.,
2004) adopted this auxiliary function method to decouple the
interaction between a free falling wedge and water, and Xu, Duan
and Wu (Xu et al., 2010) used this method to decouple the water
entry problem of a wedge in three degrees of freedom. Xu, Duan
and Wu (Xu et al., 2011) further expanded the two-dimensional
method to solve the axisymmetric problem of water entry of a
cone. This decoupling procedure is also adopted in the present
paper.

Apart from the boundary element method, some other methods
are also developed to study the water entry problems. Brizzolara
et al. (2008) compared the impact pressures and slamming forces
of a bow section predicted by BEM, LS-DYNA, FLOW-3D, FLUENT
and SPH and summarized the differences between them.Wang and
Guedes Soares (Wang and Suares, 2012, 2014) adopted the explicit
finite element method LS-DYNA to study the slamming loads on
wedges, hemispheres and cones. Iranmanesh and Passandideh-
Fard (2017) used the volume-of-fluid technique to simulate water
entry of a horizontal circular cylinder. Erfanian et al. (2015)
employed the coupled EulerianeLagrangian (CEL) method to
model the water entry problem of a spherical-nose projectile. Farsi
and Ghadimi (Farsi and Ghadimi, 2014; Farsi and Ghadimi, 2015)
simulated water entry of symmetry and asymmetry wedges with
the smoothed particle hydrodynamics method (SPH). A parallel
implementation based on the same method is developed by Ji et al.
(2016) for water entry simulation. The experimental methodology
based on Particle Image Velocimetry (PIV) is widely used to mea-
sure the fluid field. Shams et al. (2015) focused on the flow field
generated by the impact and the hydrodynamic loading acting on a
falling wedge. Jalalisendi et al. (2015) used PIV to study the free fall
impact of a solid body and measured the velocity field of a 3D ship
hull model.

In the present paper, a numerical procedure based on boundary
element method is developed to simulate wedge entry problem
with gravity effect. In the numerical procedure, the auxiliary
function method is adopted to decouple the body motion and the
fluid force, and the Eulerian form of the nonlinear free surface
conditions are used to trace the highly distorted free surface. Then,
experiments on steel and aluminum wedges are performed to
validate the numerical procedure, as well as to investigate the in-
fluence of the elastic response of the wedges on the impact pres-
sure. The influences of initial water entry speed, body mass and
deadrise angle on fluid pressure, body velocity and acceleration are
further discussed.

2. Mathematic model and numerical procedures

The sketch of a free falling wedge entering initially calmwater is
given in Fig. 1. A Cartesian coordinate system o� xz is defined, in
which x axis lies on the undisturbed free surface and z points
vertically upwards and passes through the tip of the wedge. The

Nomenclature

b Deadrise angle
Ne Total number of elements over the whole boundary
f Velocity potential in physical coordinate
lj the length of the element j
W Instantaneous velocity of the wedge (m/s)
Nd Total number of nodes over the whole boundary
W0 Velocity at initial time (m/s)
½H�Nd�Nd

, ½G�Nd�Nd
Coefficient matrix

nz z-direction component of the surface normal vector
o� bxbz Local coordinate system
z Free surface equation
o� xz Physical coordinate system
4 Non-dimensional velocity potential in stretched

coordinate
o� xz Stretched coordinate system
S Displacement of the wedge in z direction (m)
p Pressure (Pa)

G Acceleration of gravity(m/s2)
M Mass of wedge (Kg)
G Gravity of the wedge (N)
dW
dt Acceleration (m/s2)
F Fluid force (N)
c Auxiliary function
AðpÞ Solid angle of boundaries at the point p
madd Added mass
rpq Distance between points p and q
K Non-dimensional peak pressure coefficient
r Position vector from the origin,
pmax Peak value of pressure(Pa)
u Local intrinsic coordinates
Wslam Impact velocity at the moment of pressure reaches its

peak (m/s)
hkðuÞ shape functions
r Density of fluid
u Frequency of singles(Hz)
A Amplitude of frequency components
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deadrise angle is denoted as g. As the fluid is assumed to be inviscid
and incompressible, and the flow to be irrotational, the velocity
potential f of the flow field satisfies the Laplace equation.

V2f ¼ 0 (1)

On the wedge surface, the impermeable boundary condition can
be written as

vf

vn
¼ �Wnz (2)

in which, the falling velocity W is dependent on time t. The initial
velocity is defined as W0. On the instantaneous free surface SF , the
Eulerian kinematic and dynamic boundary conditions can be
respectively written as

vz

vt
¼ fz � zxfx (3)

vf

vt
¼ �1

2

�
f2
x þ f2

z

�
� gz (4)

Far from the body, the fluid is assumed to be undisturbed and
thus we have

vf

vn
/0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p
/∞ (5)

At the initial time step, the fluid field is assumed to be
undisturbed.

During water entry, thewetted surface of the body increases at a
very large speed. So it is better to transform the above physical
problem into the stretched coordinate system as below

x ¼ x=s; z ¼ z=s;4 ¼ f=ðsWÞ (6)

in which s ¼ R
Wdt means the displacement of the wedge in z di-

rection. The non-dimensional potential 4 still satisfies

V24 ¼ 0 (7)

The body surface boundary condition can be written as

v4

vn
¼ �nz (8)

The free surface boundary conditions can be transformed as

vsz
vs

¼ 4z � zx4x (9)

vsW4

Wvs
¼ �1

2

�
42
x þ 42

z

�
� gsz
W2 (10)

On the far-away boundaries, we use

v4

vn
/0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

q
/∞ (11)

2.1. Discretization of the governing equation

The Boundary Element Method (BEM) is adopted to solve the
present problem. Through Green's identity, the Laplace Eq. (7) can
be converted into an integral equation

AðpÞ,fðpÞ ¼
Z

ln rpq
vfðqÞ
vnq

� fðqÞ vln rpq
vnq

dlq (12)

where AðpÞ is the solid angle of boundaries at point p , and rpq is the
distance between points p and q. The integration is performed over
the enclosed boundaries of the fluid domain, and they are dis-
cretized with a set of line elements over which variables are
assumed to vary linearly. We have

r ¼ xiþ zj ¼
X2
k¼1

hkðuÞ,rk (13)

f ¼
X2
k¼1

hkðuÞ,fk (14)

in which r is the position vector from the origin, u is the local
intrinsic coordinate and it varies from 0 at node k ¼ 1 to 1 at node
k ¼ 2 within each element. hkðuÞ are shape functions with h1ðuÞ ¼
1� u and h2ðuÞ ¼ u. Substituting Eqs (13) and (14) into Eq. (12), we
have

AðpÞ,fðpÞ ¼
XNe

j¼1

Z1

0

ln rpq
X2
k¼1

hkðuÞ
vfk

j ðqÞ
vn

ljdu

�
XNe

j¼1

Z1

0

vln rpq
vn

X2
k¼1

hkðuÞ fk
j ðqÞljdu (15)

where Ne is the total number of elements over the whole boundary
and lj is the length of the element j. Eq. (15) is further written in
matrix form

½H�Nd�Nd
½f�Nd

¼ ½G�Nd�Nd

�
vf

vn

�
Nd

(16)

in which Nd is the total number of nodes over the whole boundary.
The normal derivative of the potential vf=vn on the body surface
and the potential f on the free surface at each time step are known
from the boundary conditions. By moving the known terms to the
right and the unknown terms to the left, Eq. (16) then becomes

�
Hbb � Gbf
Hfb � Gff

�
,

�
fb
fnf

�
¼

�
Gbb � Hbf
Gfb � Hff

�
,

�
fnb
ff

�
(17)

where the subscript f denotes the free surface while b denotes the

Fig. 1. Sketch of the wedge water entry problem.
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body surface including the far-field boundaries. When the solution
of Eq. (17) is found at each time step, the potential and profile of the
free surface can be updated.

2.2. Free surface conditions in local coordinate system

As the simulation progresses, free surface will be highly dis-
torted due to the formation of liquid jet and zx in Eq. (9) of some
nodes may be very large and even tend to be infinite. To solve this
problem, local coordinate systems o� bxbz are used, in which bz is
normal to the local free surface and bx is in tangential direction as
shown in Fig. 1. The local coordinate system is used over the whole
free surface. The only special node is the jet front where is the
intersection point between free surface and body surface. For this
node, local direction bz should be along the body surface and bx
should be perpendicular to the body surface. The relationship be-
tween the local coordinate system and the Cartesian coordinate
system is

� bxbz
�
¼

�
Lbxx Lbxz
Lbzx Lbzz

��
x
z

�
(18)

In the new coordinate system, the kinematic free surface
boundary condition can be written as

vðsbxÞ
vs

¼ 0;
vðsbzÞ
vs

¼ 4bz � bzbx4bx (19)

In Eq. (19), vsbx
vs ¼ 0 means the velocity in bx direction is 0 in

physical domain. However, the velocity in stretched coordinate
system is vbx

vs ¼ � bx=s. Alternativelywe can limit the displacement in
bx direction in stretched coordinate system and let vbx

vs ¼ 0, then we
have

vðsbxÞ
vs

¼ bx; dðsbzÞ
ds

¼ 4bz � bzbx4bx þ bzbxbx; (20)

in which dðsbzÞ
ds means the variation of sbz with respect to s including

the change due to sbx. Both Eqs. (19) and (20) can be used to trace
the free surface. Eq. (20) is more suitable for the free surface near
the wedge while Eq. (19) is more suitable for the far-field free
surface. If Eq. (20) is used, the potential can be obtained by

dðsW4Þ
Wds

¼ vðsW4Þ
Wvs

þ bx4bx þ
dsbz
ds

4bz (21)

in which dðsW4Þ
Wds means the variation of sW4 with respect to s

including the change due to sbx and sbz.
The acceleration of the body and the pressure over the body

surface are fully coupled. During the time domain simulation, the
auxiliary function method is adopted to decouple the interaction
between the body motion and the fluid force (Wu et al., 2004).

3. Experimental setup

3.1. Introduction of experimental model and devices

This experiment was carried out in the ship model towing tank
with length 108m, width 7m and depth 3.5m in Harbin Engi-
neering University. The wedge is released from an experimental
setup shown in Fig. 2(a). The setup includes the supporting steel
frame, the elevating installation, the releasing installation and the
data acquisition system. Four vertical sliders are installed on the
supporting steel frame to fix the entry angle. The micro pressure
sensor produced by Nanjing Hong Mu Technology Co., Ltd. and the
draw-wire displacement sensor produced by American Celesco are
used in experiments. The measuring range of the pressure sensor

Fig. 2. Experimental setup and model.

Table 1
Scantling and main material parameters of models' bottom frame.

Parameters Value for aluminum model Value for steel model

Thickness of bottom plates (mm) 4 5
Size of longitudinal stiffeners (mm) Τ 4�36

4�36 Τ 5�35
5�50

Longitudinal spacing (mm) 225 225
Longitudinal span (mm) 900 300
Desity (t/m3) 2.70 7.85
Young's modulus(Gpa) 72 206
Poisson ratio 0.33 0.3
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is �100e100 KPa and the accuracy is 0.1% full scale. The measuring
range of the displacement sensor is 3200mm and the accuracy is
0.1% full scale. The velocity of the models in the slamming process
can be obtained by differentiating the displacement data. The dy-
namic data acquisition system produced by Donghua Testing
Technology Co., Ltd was used to collect data. Type of the system is
DH5902S and the sampling frequency is taken as 10 KHz for pres-
sure measurement and 200HZ for displacement measurement.

The structure of thewedge frame can be seen in Fig. 2(b) and (c).
At two ends of thewedge frame, the flat baffles are installed to keep
the two dimensional flow. The side wall in transverse section is set

to add the reserve buoyancy and provide the link between wedge
frame and experimental setup. The deadrise angle of the wedge is
45�, the principle dimension is 1.5m� 0.9m� 0.75m and themass
is 553 kg. The material of the model is chosen as steel and
aluminum. The weight of two models is consistent by adjusting the
ballast. The scantling and main material parameters of models'
bottom frame are listed in Table 1. It can be seen that in order to
ensure sufficient rigidity, the scantlings of steel model are larger
than that of aluminum model except for different material pa-
rameters. And then, the steel model has four evenly arranged
transverse strong frames in the longitudinal direction while the

Fig. 3. Pressure at point P1.

Fig. 4. Entry of a wedge into water with and without fluid gravity (W0 ¼ 4:4m=sb ¼ 45oM ¼ 368:7kg).
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Fig. 5. Entry of a wedge into water at different time instincts (W0 ¼ 4:4m=s, b ¼ 45oM ¼ 368:7kg).

Fig. 6. Comparison between numerical result and experimental data.
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aluminum model (as shown in Fig. 2(c)) only has two. The form of
two models' bottom frame can also refer to the finite element
model in Fig. 8. In general, the stiffness of the steel model is obvi-
ously greater than that of the aluminum model. At the middle
transverse section, five pressure sensors P1, P2, P3, P4, P5 are ar-
ranged along wedge surface and a displacement sensor is installed
at top of the model. The model is released at 4 different altitudes to
study the influence of the initial impact speed. The experimental
condition is listed in Table 2.

3.2. Stability check of the experiment

To avoid the occurrence of accidental errors, each test condition
has been repeated three times. We have performed low-pass
filtering on the raw data to eliminate high frequency noise caused
by experimental setup vibration, sensor supply voltage fluctuation
and other reasons. The filtered date should pass through the center
of row data. In this paper, we choose 300HZ as the cut-off frequency
of low-pass filtering. To verify the stability of the experiment, the
pressure at point P1 under experimental condition H04 is plotted in
Fig. 3, in which T01, T02 and T03 denote the test number. It can be
seen that the experiment results are stable when the same test
repeats.

4. Numerical results and analysis

4.1. Investigation of gravity effects

A wedge with deadrise angle 45o dropping freely into water is
firstly simulated with initial velocity W0 ¼ 4:4m=s and mass per
unite length M ¼ 368:7kg. To investigate the gravity effects, the
fluid gravity item in the dynamic Eq. (4) is removed and the same

simulation repeats. Fig. 4 gives the comparison results of free sur-
face, pressure, velocity and acceleration at s ¼ 0:45m. It can be seen
that the fluid gravity has little influence on free surface elevation,
but pressure distribution shows great difference. When fluid
gravity is considered, the total pressure consists of hydro-static
pressure and hydro-dynamic pressure. At tip of the wedge, the
total pressure with gravity is much larger than that without gravity
and the difference between them becomes smaller from the wedge
tip to the intersection with undisturbed free surface. Then the total
pressure without gravity reaches its peak around jet root and
transcends that with gravity. The hydro-dynamic pressure with
gravity is a little higher than that without gravity when a<1:2, but
the peak of the hydrodynamic pressure emerges at jet root whether
including fluid gravity or not. It is assumed that the water moves
along body surface and it will not separate from body surface. This
assumption leads to that part of hydrodynamic pressure is gener-
ated artificially to prevent the water within thin fluid layer from
falling by gravity. The influence of fluid gravity on the acceleration
and the velocity of the wedge gradually increases, but the overall
influence is gentle.

Fig. 5 gives the free surface elevation and the pressure at 6
different time instincts, that is t1 ¼ 0:0136, t2 ¼ 0:0312, t3 ¼
0:0401, t4 ¼ 0:0493, t5 ¼ 0:0679, t6 ¼ 0:1215. The first five cases
respectively correspond to the time when the pressure at 5 mea-
sure points P1, P2, P3, P4, P5 reaches its peak and the last one is the
time of entry depth s reaching 0.45m. The physical pressure as well
as the pressure coefficient drops very quickly with time due to the
coupling motion. But no matter how time changes, the main acting
area of non-dimensional pressure is within a<1:5. It means that
the main acting area in physical domain increases proportionally
with entry depth s. In such a case, the peak pressure locates at the
wedge tip a ¼ 0 and the non-dimensional pressure here does not

Fig. 7. Frequency distribution of slamming pressure signals of two models.

Fig. 8. Finite element models.
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decrease monotonously because of the increasing hydro-static
pressure.

4.2. Comparison with experiment

In the experiment, the pressure at P1, P2, P3, P4 and P5 is
measured and they are compared with the numerical results as
shown in Fig. 6(a), (b), 6(c), 6(d) and 6(e). The initial condition
corresponds to the case H04 in Section 3. The numerical simulation
starts fromwedge tip contacting the water surface. The material of
wedge frame is chosen as steel and aluminum respectively to
obtain different elastic behavior. It can be seen from the figures that
the numerical result conforms well with experimental data, espe-
cially with data of steel wedge. Compared with steel wedge and
numerical results, the experimental data of aluminum wedge have
lower peak value and larger fluctuations. With regarding to fluc-
tuations, frequency spectrum analysis and modal analysis were
performed in Section 4.2. With regarding to the influence of
structural elasticity on peak pressure, it is difficult to draw general

conclusions from a single experiment in this paper, and more
thorough researches on this remain to be done. Fig. 5(f) gives the
velocity of the body. The experimental velocity is obtained by
differentiating the displacement measured by the sensor installed
at top of the wedge frame. When t <0:09s, the velocity by nu-
merical simulation, the velocity by experiment of steel model and
by aluminum model agree well with each other. After that, the
difference between them becomes prominent gradually. This is
because the height of the experimental model is finite while in
simulation the model is infinite. When the water moves out of the
sharp corner of the finite model, the flow is separated from the
body surface. While for infinite model, no separation assumption is
applied, the acting area of pressure is larger than that of finite
model and thus the corresponding velocity drops more quickly.

To analyze the vibration behavior of the models, the spectrum
analysis of the slamming pressure signal at point P5 under exper-
imental condition H01 and H04 is performed through Fourier
transform, and the results are shown in Fig. 7. For aluminummodel,
two frequency components can be observed, which are approxi-
mately u ¼ 83 and 119Hz for both experimental conditions. For
steel model there is no obvious high-frequency component within
300 Hz. This can explain the fact that slamming pressure signals of
aluminum model is more turbulent than that of steel model (as
shown in Fig. 6).

In order to study the cause of high-frequency components in
slamming pressure signal, dry modal analysis of two models' bot-
tom frame structure is performedwith FEMmethod. Finite element
models are shown in Fig. 8. Table 3 lists the first two order natural
frequencies of two models. As we can see the first order 102.37 Hz
and second order 125.42 Hz of aluminum model are near the fre-
quencies 83 Hz and 119 Hz respectively. It is worth noting that the
frequency in Table 3 is dry mode frequency, which will be higher
than corresponding wet mode frequency in Fig. 7. The first two
order natural frequencies of steel model are much higher and there
is no obvious high-frequency component within 300 Hz in slam-
ming pressure signal of steel model. Fig. 9 shows the first two order
modal shapes of two bottom frames.

Table 2
Experimental condition.

Name Altitude(mm) Initial impact speed (m/s)

H01 250 2.2
H02 400 2.8
H03 700 3.7
H04 1000 4.4

Table 3
Natural frequencies of two model's bottom frames.

Aluminum model Steel model

Mode order Frequency(Hz) Mode order Frequency(Hz)

1 102.37 1 515.46
2 125.42 2 544.39

Fig. 9. First two order modal shapes of models' bottom frames.
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4.3. Analysis of impact influence factor

Fig. 10 gives the pressure at point P3, the velocity and the ac-
celerationwhen awedge model with different mass entering water
freely and the mass is respectively chosen as 266.7 kg, 368.7 kg,
533.3 kg, 666.7 kg and 800 kg. When the mass is smaller, the
pressure becomes smaller as well. But the acceleration�dW=dt in z

direction becomes larger, which leads to the faster decrease of body
velocity. This means that heavier wedge is prone to encounter
larger pressure while lighter wedge to larger acceleration. As point
P3 is adjacent to the wedge tip, the emerging time of peak pressure
approaches each other for different masses. While the acceleration
peak happens later for heavier bodies.

To investigate the influence of body mass further, the peak
pressure coefficient k defined in Eq. (22) is shown in Fig. 11. As the
entry speed also increases when the physical pressure increases
with mass. Thus, the peak pressure coefficient k changes gently
with the body mass. Especially for the pressure at P1 nearest to the
body tip, the pressure coefficient k almost does not change with
body mass.

k ¼ pmax

0:5rW2
slam

(22)

in which, k is the non-dimensional peak pressure, Wslam is impact
velocity at the moment of pressure reaches its peak.

Fig. 12 gives the pressure at point P3, the velocity and the ac-
celeration at different initial entry speed. The speed is respectively
2.2 m/s, 2.8m/s, 3.7m/s, 4.4m/s and 5.4m/s. The first four cases
correspond to the experiment listed in Table 2. The pressure by
numerical simulation is compared with the experimental data, and
they agree well with each other. When the initial entry speed in-
creases, the peak pressure emerges earlier, the amplitude becomes
larger and the pressure peak becomes sharper. When the entry

Fig. 10. Water entry of a wedge with different mass (W0 ¼ 4:4m=sb ¼ 45o).

Fig. 11. Influence of body mass on peak pressure coefficient (W0 ¼ 4:4m=sb ¼ 45o).

Fig. 12. Water entry of a wedge at different initial entry speed (M ¼ 368:7kgb ¼ 45o).
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speed reaches to 5.4m/s, the hydro-dynamic force is so large that
the body acceleration drops quickly from g ¼ 9:8m=s2 to a negative
value and thus the velocity decreases monotonically. When the
entry speed decreases to 2.2m/s, the acceleration gradually de-
creases and the velocity climbs up and then declines. Fig. 13 gives
the peak pressure coefficient kwith the initial entry speed W0. The
change of peak pressure coefficient with W0 is very small.

Fig. 14 gives the pressure at point P3, the velocity and the ac-
celeration at different dead rise angles. The deadrise angles are
respectively 20o, 25o, 30o, 35o and 45o. And Fig. 15 gives the cor-
responding pressure coefficient. The pressure as well as peak
pressure coefficient are very sensitive to the change of deadrise
angle. When the deadrise angle decreases from 25o to 20o, the peak
acceleration increases from 62.8m/s2 to 280.2m/s2。

5. Conclusion

The free falling water entry problem of a wedge has been
studied by experimental and numerical method in this paper. The
auxiliary function method is adopted to decouple the fully
nonlinear problem. The Eulerian form of free surface conditions in
local coordinate system is used to update the free surface in time
domain. The gravity effect, the influence of body mass, initial entry
speed and deadrise angle in slamming process were discussed.
Some conclusions can be drawn. The numerical results agree well
with the experimental data. The numerical results correspond to

rigid body, the experimental data of steel model to weakly elastic
body and the experimental data of aluminummodel to elastic body.
It can be seen that structural elasticity do have a certain influence
on the slamming loads, and this influence should be taken into
account when determining the impact loads on structure. The
fluctuation of pressure is very evident for aluminum model due to
high-frequency vibration of wedge frame. During water entry, the
main acting area of pressure in physical domain increases propor-
tionally with entry depth s, but in stretched coordinate system, it is
nearly fixed although the body motion and the fluid force are fully
coupled and changes with time.
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