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ABSTRACT

The hydrodynamic problems for water entry of wedges are
studied by a constrained interpolation profile (CIP) based on
Cartesian grid method. The CIP scheme was applied to the
Cartesian grid based on flow solver, which was first described.
The tangent of hyperbola for interface capturing (THINC)
scheme was applied to capture the free surface. The CIP
method was extended to capture the dynamics in the water
entry approach. The simulations were performed in three
aspects. First, pressure distributions for the wedges entering
into water with constant speed were predicted, and the results
were compared with the similarity solutions by the boundary
element method (BEM). Then simulations were conducted for
the free-falling wedges entering into water with one degree of
freedom. The results were compared with the published ex-
perimental data. Finally, the impact of a wedge on the water
surface in a free fall motion with an initial heel angle was
studied. The motion of the wedge was subjected to three
degrees of freedom, and the results were also compared with
those of experiments.

I. INTRODUCTION

Water entry impact problem has wide applications in ocean
engineering. More than eighty years ago, Von Karman (1929)
provided the first approximate solution for the load prediction
as the V-shaped body impacts the water surface, thus initiated
the field of fluid-structure impact. His work was further de-
veloped by Wagner (1932), who accounted the local up rise of
water. Later, Dobrovolskaya (1969) obtained the first com-
plete solution for a two-dimensional wedge entering into the
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water at constant velocity. His work was based on the velocity
potential theory, where the gravity of fluid flow was ignored.
Since there was no length scale, the fluid was self-similar.
Zhao and Faltinsen (1993) reconsidered the problem and
solved it using a boundary element method in the time domain.
The thin jetting was cut to avoid numerical errors. Kihara
(2004) also studied the water entry problem of wedges at
constant speed. In his work, the boundary element method
(BEM) and a mixed Euler and Lagrangian method (MEL)
were employed, introducing an analytical description of the
jetting flow. Other works on water entry problems of wedges
include those by Semenov and lafrati (2006) and Xu et al.
(2008). For the free surface water entry, an important work
was one by Wu et al. (2004). By using BEM with Taylor
expansion for the jet, Wu et al. obtained the time marching
solution for the water entry of a wedge in free fall motion. The
solution was further expanded to three degrees of freedom by
Xu et al. (2010).

Besides these potential-flow based methods, the recently
developed computational fluid dynamics (CFD) methods
have made it possible to solve the water entry problems and
also treat highly distorted or breaking free surface breaking
by solving the governing equations. Oger et al. (2006) solved
the water entry of wedges using smoothed particles hydro-
dynamics (SPH) method. Other examples include the use of
volume of fluid (VOF) for water entry problems by
Kleefsman et al. (2005), and the level set as described by
Yang and Stern (2009). In addition, the constrained interpo-
lation profile (CIP) method was also applied to investigate the
water entry problem. Zhu et al. (2007) applied the CIP
method to study the water entry and exit of a two-dimensional
horizontal circular cylinder. Yang and Qiu (2012) also used
the same method to solve the water impact of two- and
three-dimensional bodies.

In this work, the constrained interpolation profile (CIP)
based Cartesian grid method is presented and applied to the
water impact problems of wedges. The Cartesian grid method
used for the numerical solution does not depend on the loca-
tions of the body boundary and the free surface, which makes
the computation of strongly nonlinear problems with compli-
cated free-surface deformation more efficient and convenient.
In Sect. 2 we first give a brief description of the CIP-based
flow solver. The THINC scheme (tangent of hyperbola for
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interface capturing) for the interface capturing is also intro-
duced and explained. To validate the CIP method and the
THINC scheme for free surface capturing, the water entry of
two-dimensional wedges were investigated. In Sect. 3.1, the
water entry of wedges with constant speed is numerically
simulated and compared with the similarity solution by the
BEM. Then in Sect. 3.2 we present the numerical results of
symmetry wedges entering water in free fall motion and the
results are compared with that from experiments. In Sect. 3.3,
the water impact of a wedge in free fall motion with an initial
heel angle is studied and the results are also compared with
experimental data.

II. NUMERICAL METHODS

1. Governing Equations

Assuming that there is no temperature variation in the
problem, the flow is considered as unsteady, viscous and in-

compressible. The governing equations can therefore be
written as
Ou,
Zi_p 1
o (1)
and
Ou, Ou, 19 1 0
a—’+uja_’:__a_p+—a—(2y5ij)+ﬁ, )
4 X PO POX;

where S; =(0u, /Ox; +0u;/0x,)/2, f; stands for the gravity.

Eq. (2) was solved by a fractional step method, in which the
equation was divided into three calculation steps: one advec-
tion step and two non-advection steps (Hu and Kashiwagi,
2004). The CIP scheme was applied to calculate the advection
step while the two non-advection parts were calculated by the
Euler explicit scheme and the implicit scheme integration,
respectively. The Poisson equation was used to obtain the
pressure distribution, which was treated in a non-advection
calculation step and can be written as

o 16p™ . 1 ou
_(_p_) = 1 , (3)
ox, p Ox, At Ox,

here the superscript “n+1” stands for the quantities of the
next time step, and “**” denotes interim values obtained
from the first non-advection phase. After Eq. (3) was nu-
merically solved, we were able to obtain the pressure dis-
tribution over the whole computation domain, where Eq. (3)
was assumed valid. More details about the calculation of the
Poisson equation and fractional step treatment used in the
flow solver can be found in a previous study by Hu and
Kashiwagi (2004).

Air AT

Free surface — |

Liquid Virtual particles at body|surface

Fig. 1. Concept for the Cartesian grid approach during water entry of
wedges.

2. The Inner Interface Treatment Method

The free surface and wedge boundary in the present nu-
merical method were treated as immersed interfaces, as shown
in Fig. 1. A density function ¢, was defined to recognize the
different phases, in which m = 1, 2, 3 denote the liquid, gas
and solid phases, respectively. Each computational cell satis-
fies the density function X¢,, =1.0.

The interfaces in the multiphase problem need to be de-
termined in the computation, which can be performed by
solving the following equation for the density function

o8 o4
oy T 4
o ox @)

1

Only two density functions need to be solved, e.g., ¢ for
the liquid and ¢, for the solid; and the third can be obtained by

b =1-¢—¢. (6))

As all of the density functions are determined, any physical
property A, such as density and viscosity, can be obtained for
each computation cell as

A=Y 0,4, . (6)

In order to maintain numerical stability, the density and vis-
cosity of the solid wedge are set to be the same as that of the
liquid. Two kinds of interface should be considered; gas-liquid
interface (free surface) and solid-fluid interface (wedge bound-
ary). The THINC (tangent of hyperbola for interface captur-
ing) scheme is applied to capture the free surface while the
virtual particle method was applied to track the wedge surface
(Hu and Kashiwagi, 2009). The THINC scheme has the fea-
tures needed for our computations: mass conservation and
effectivity in eliminating numerical diffusion and oscillation
(Hu and Kashiwagi, 2009; Xiao et al., 2005, Zhao and Hu,
2012).

Eq. (4) can be integrated by an upwind scheme, such as the
CIP scheme (Hu and Kashiwagi, 2004). The interface is then
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Fig. 2. Concept of THINC scheme.

determined by the iso-surface of ¢ = 0.5. Similar to CIP
scheme, the profile of ¢ inside a computation cell is ap-
proximated by an interpolation function and the time integra-
tion of ¢ is performed by a semi-Lagrangian scheme. Instead
of using a polynomial function as adopted by the CIP scheme,
the THINC scheme uses a hyperbolic tangent function to ap-
proximate the profile (Xiao et al., 2005).

To explain the THINC scheme, a one-dimensional case is
considered. The multi-dimensional calculation can be done
using a directional splitting technique (Godunov, 1959). The
advection equation on @(x, t) for THINC scheme is written in
a conservation form as

% 0w _, %
ot Ox ’

Integrating Eq. (7) over [¢, t + Af] and [x;.12, X;+12] glves

(an+1 = (Zin +(g,-,1/2 _gi+l/2)/Axi > ®)

Xiv1/2

where 5, =(1/ Ax)j @(x,t)dx is the cell averaged density

X1/

+A
function, g, = r t(u¢)l.+l ,,dt is the flux at the cell bound-
+ , +

ary. The flux is computed by a semi-Lagrangian scheme as
shown in Fig. 2. The shaded area denotes the flux at x = x;1,
for the case of u,,,,, >0.

Since the variation of ¢ (0 < ¢ < 1) across the free surface is
step-like, we can approximate the profile inside the computa-
tional cell [x;1,, xir12] by a piecewise modified hyperbolic
tangent function as

F(x)=a{l+ytanh[A((x—x_,,)/ Ay -6} /2, (9)

where Ax; = X110 — Xi_12, and @, B, y, O are the parameters to
be specified. Parameter S controls the steepness of the
profile, and a value of = 3.5 was used in the present com-
putations. Parameter 6 represents the middle point of the
hyperbolic tangent function and was determined by the fol-
lowing relation

-2 1 0

X (m)

Fig. 3. The configuration for the grid cells.

1 Xis1/2 -n

After Fy(x) was determined from Eq. (9), the flux across the
cell boundaries was then calculated and the cell integrated

n+l

value at a new time step q?l was computed. As this cell-

integrated value was used to determine the free surface, the
mass conservation of liquid is automatically satisfied.

III. NUMERICAL RESULTS AND
DISCUSSIONS

Convergence study was first undertaken. The schematic il-
lustration of the basic grid configuration for all the computa-
tions performed in this study is shown in Fig. 3. The grid spac-
ing was varied, with the minimum but equally spaced cells at
the region near the free surface in the y-direction and around the
wedge in the x-direction. The cell size increased gradually
away from the impact region and the free surface to reduce the
CPU requirement and memory. The minimum grid spacing was
0.002 m, which was found to give indistinguishable results.
Care was provided to ensure that there were at least five virtual
particles within each grid cell. As a result, the size of the largest
cell furthest away from the wedge was about 0.2 m. In the
present model, calculations started for the wedges with a very
small distance above the quiescent water surface. The wedge
fell freely in at first, before it impacted the free surface of water.

1. Test Cases of Water Impact for Symmetric Wedges with
Constant Speed

To validate the CIP method, we first applied it to the cases
of symmetric wedges impacting the free surface with constant
velocity. The results of our simulation were compared with
the similarity solutions of BEM by Wu et al. (2004). The
wedges used in the CIP method had the same side length of
0.305 m. Four deadrise angles were considered, corresponding
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Fig. 4. The comparison of pressure distribution for the wedge entering
water with constant speed (CIP: CIP method, BEM: similarity
solution by the BEM). (a) #=10°, (b) #=20°, (c) #=30°(d) § =
45°,

to f=10°, 20°, 30° and 45°. In the BEM, the gravity of fluid
was ignored and the impact speed was constant. As there was
no flow separation, it led to a self-similar solution. Further-
more, the mass of the structure was also ignored. Fig. 4 gives
the pressure distribution over the wedges surface before the
flows separated from the side face of the wedges. In Fig. 4,
the pressure distribution has been non-dimensionalized by
pV?, where pis the density of water, = 1.0 m/s is the vertical
velocity for all wedges. Good agreement with BEM method
was evident. In particular, as the linear jet approximation was
used in the BEM (Wu et al., 2004) simulation, the pressure in
the long and thin jet was zero, resulting in the absence of spike
and oscillation. However, the CIP simulation presents a mul-
tiphase problem. Each grid cell was filled with air, fluid and
solid phase. When solving the Poisson equation, the pressure
was calculated over the whole computational domain, thus the
pressure value exists in each cell. Therefore the pressure
distribution in the jet for the CIP method was not zero. On the
other hand, as the SOR (successive over relaxation) iteration
method was used to solve the pressure, the divergence caused
by the iteration number and the accuracy resulted in the saw
teeth behavior of these pressure curves, as shown in Fig. 4.

Fig. 5 gives the wave elevation for four different deadrise
angles by CIP method. It was found that as the wedge with
small deadrise angle impacts the water surface; the jetting was
very thin and moves with very high speed. There were some
spikes and oscillations formed along the free surface. This
was because the surface tension was not considered in the
simulation, thus the free surface easily broke.

2. Test Cases of Water Entry of Wedges in Free Fall with
One Degree of Freedom

The cases of free-falling wedges impacting the water sur-
face with one degree of freedom were also investigated and
compared with the results from two other experiments.

The first experiment was carried out by Wu et al. (2004). In
the experiment, both the acceleration and the strain were re-
corded. Here, only the former was used to validate the nu-
merical simulation. The V-shaped model is L = 60 cm long
and B =20 cm wide, as shown in Fig. 6. The model was set up
along a steel made gliding platform. When released, the
wedge would glide into a tank with the dimensions of 1.65 m x
0.80 m x 1.45 m. In their experiment, friction between the glid-
ing platform and the wedge frame were considered. The ac-
celeration g, of wedge was not equal to the gravitational ac-
celeration, even before the impact occurred, and hence was
taken into account in the analysis.

The second experiment was carried out by Xu et al. (1998).
Both the symmetric and asymmetric drop tests were investi-
gated, with the wedges released freely into the water. In this
section only the symmetric cases were analyzed. The main
interest in such a physical problem came from the need to
understand the dynamic response of high-speed ships during
water impacts so as to reduce the hull damage resulting from
boat slamming (Okada and Sumi, 2000).
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Fig. 5. The free surface deformation for the wedge entering water with
constant speed (a) f = 10°, (b) # = 20°, (c) f = 30°, (d) g = 45°.
Images represent = 0.05 s, 0.08 s, 0.10 s and 0.15 s after impact,
respectively.

Table 1. Parameters of the configurations studied.

Name Sym-light Sym-light Asym-light
H (m) 0.61 1.22 0.61
a 0° 0° 5°
M; (kg) 122 122 124
CG (m) — — 0.216
Ig(kg m?) — — 8.85

Free surface
X/ Air
— Water

(b)

Fig. 7. Experimental configuration of drop tests (a) Geometry of the
prismatic hull, (b) Experimental parameters.

The physical model was a high-aspect-ratio prismatic wedge
with deadrise angle of f=20°, as illustrated in Fig. 7(a). Dif-
ferent experimental configurations of drop height H, wedge
mass My, and heel angle a (Fig. 7(b)) were considered and is
summarized in Table 1. For the asymmetric tests, the position
of the center of gravity (G) and the inertia were also important
parameters, hence the roll and vertical acceleration time-
history were recorded by instruments with accelerometers.

Fig. 8 shows the curves of acceleration ¢ (m/s”) against
time #(s), the deadrise angles of the wedges are = 45° and
20°, respectively. The acceleration of the wedges had been
non-dimensionalized by gravitational acceleration, g. For the
cases with deadrise angle of f= 20° (Fig. 8(c, d)), the simu-
lation curves and the experiment curves are in excellent
agreement, while there are small discrepancies at the later
stage for the cases of = 45° (Fig. 8(a, b)). This could be
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Fig. 8. Acceleration at f = 45°: (a) g.= 8.2015 m/sz, M, =13.522 kg, V, =
1.5797 m/s, (b) g, = 8.9716 m/s*, M, = 30.188 kg, V, = 1.6967 m/s,
and f = 20° (c) g.= 9.8 m/sz, M, = 124.0 kg, V; = 3.4577 m/s, (d)
2.= 9.8 m/s’, M, = 124.0 kg, V, = 4.8900 m/s.
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Fig. 9. Displacement of the wedge with the deadrise angle of = 20°, heel
angle of a = 5°, and the released height is H = 0.61 m. (a) Hori-
zontal of x and vertical displacement of y, (b) Rotational dis-
placement.

explained by the wedge being pulled to a stop towards the end
of the impact (Wu et al., 2004), in which the pulling force was
not included in the CIP simulation. Another important factor
affecting the comparison is the end effect. In the CIP simula-
tion, it was a completely 2D problem. However in the ex-
periment, as the wedge enters the water, only the middle of the
wedge is a 2D problem, but not at the two ends. Similar to the
pressure curves, the acceleration curves also showed obvious
spike and saw tooth behavior due to divergence of SOR itera-
tion method and accuracy.

3. Test Case of Water Entry of a Wedge in Free Fall
Motion with Three Degrees of Freedom

In this section, the wedge in Fig. 7(b) was released freely
into the water with complete three degrees of freedom. The
whole dynamics of the wedge was governed by both the in-
teractions with water and gravity. The main difficulty that was
encountered here is the coupling appearing between linear and
angular accelerations, because the flows around the wedge are
asymmetric. The deadrise angle of the wedge was £ = 20°,
while the heel angle was « = 5°, as shown in Fig. 7(b). The
wedge was released from a height of #=0.61 m, thus the initial
vertical velocity was V' = 3.41 m/s and the initial horizontal
velocity was U = 0.0 m/s. To limit the CPU processing time,
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Fig. 10. Free surface profile of the wedge with the deadrise angle of § =
20°, heel angle of a = 5°, and the released height is H# = 0.61 m.
At the time of 7, = 0 s, the wedge touches the water surface.

100

Fig. 11. Pressure distribution evolution of the wedge at the same time
corresponding to the case in Fig. 10, at the time of #, = 0 s, the
wedge touches the water surface.

the free fall motion was not computed. The wedge was placed
at a small height just above the free surface at the beginning of
the simulation, and the initial kinematic conditions for the CIP
wedge were corresponded as much as possible to those in the
experiment.

Fig. 9(a) gives the time history curves of horizontal and
vertical displacement for the wedge. As the initial heel angle
caused the wedge to rotate, the horizontal displacement also
increased. The effect of the initial heel angle on the vertical
displacement was much smaller. In Fig. 9(b), the rotational
angle displacement was compared with that of the experiment.
Although there were some discrepancies, the overall trend
agreed well. All these show that the interactions between the
three degrees of freedom are important during the free fall
motion.

Fig. 10 shows the free surface deformations at ¢ = 0.0 s,
0.0088 s, 0.0187 s and 0.0275 s, respectively. It provides in-
formation on the successive shapes of the two non-symmetrical
jetting generated. The presence of fragmentation at the tip of
these jetting were also noticed. Fig. 11 presents the corre-
sponding pressure distribution for the free surface deforma-
tions in Fig. 10. The initial heel angle and clockwise rotation
increased the peak value of pressure on the right-hand side of
the wedge. However, the pressure on the left side was reduced.
Over time, the flows moved with high speed and climbed up
the side face of wedge, thus the width of the pressure distri-
bution increased while the peak value decreased.

Fig. 12(a) shows the time history of the horizontal accel-
eration. Fig. 12(b, c¢) shows the comparison of time history
curves of vertical and angular acceleration between the CIP
and experimental results. It should be noted that because of
the errors made in estimating the initial conditions for com-
putation, the CIP results were adjusted to make the curves
match. This was to ensure better comparisons between the
two results.

Here, the wedge was relatively flat. As there was an initial
heel angle of 5°, the true deadrise angle on the right side was
15°. As a result, some non-negligible air effects seemed to
occur at the initial stages of impact. Indeed, the progressive
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Fig. 12. Motion of the wedge with the deadrise angle of # = 20°, heel angle of a = 5°, and the released height is H = 0.61 m.

evolution of the vertical acceleration due to air cushion effects
at the initial stage could not be accurately captured by the CIP
model. This resulted in a stiffer vertical acceleration slope
than that in the experiment. Nonetheless, the amplitude of
maximum loads was in good agreement with the experiment.
Concerning the time evolution of angular acceleration, some
oscillations were noticed on the experimental data. These
oscillations were produced by structure vibrations which cannot
be captured in the context of rigid body simulations (Xu et al.,
1998). These experimental vibrations thus make the compari-
son with the CIP angular acceleration difficult.

Fig. 12(e) shows the time history of vertical velocity, which
showed good agreements between the simulation and ex-
perimental results. Fig. 12(f) shows the time history of the
angular velocity. As the wedge touches the water surface, the
heel angle and the initial impact causes the wedge to rotate
clockwise. Then as the pressure on the right half side is much
larger than that on the left side, the wedge begins to rotate
anticlockwise. This trend also corresponds to the time history
curve of horizontal velocity (Fig. 12(d)), where the center of
wedge first moves slightly towards the right, and then towards
the left, and finally towards the right again.

IV. CONCLUSIONS

The water entry problems of wedges have been solved by a
constrained interpolation profile (CIP) based on Cartesian grid

method. The simulations include three parts: in section 3.1,
the pressure distribution on the wedges as they enter into the
water with constant speed are predicted and compared with the
similarity solutions by BEM; in section 3.2, the cases of sym-
metric water entry of wedges in a free fall motion were cal-
culated and the vertical accelerations were also compared with
published experimental results; in section 3.3, the water entry
of a wedge with an initial heel angle in a free fall motion was
calculated, with detailed simulations showing that there are
some strong couplings between the three degrees of freedom.
For all these three parts, good agreements were found. These
results have some importance in applications for practical
problems such as ship slamming, which will be further inves-
tigated in future works.
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