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ABSTRACT

In this research, a numerical simulation of a symmetric impact of a 2-D
wedge, considering rigid body dynamic equations of motion in two-phase flow
is presented. The two-phase flow around the wedge is solved based on finite
volume method and Volume Of Fluid (VOF) scheme. The dynamic mesh model
is used to simulate dynamic motion of the wedge, thereby; the effects of
different dynamic meshes in both structured and unstructured meshes in
simulating symmetric water impact phenomenon are investigated. Moreover,
the effects of flow turbulence and fluid compressibility at the moment of water
impact are studied. Also, the effects of different deadrise angles and body mass
on the slamming force are investigated. At last, the impact problem of a wedge
with constant velocity is solved and the results are compared with those

calculated by considering dynamic equations of the motion.

I-Introduction

Impact problems associated with water entry have
important applications in various aspects of naval
architecture and ocean engineering. One of the most
noticeable examples is ship slamming. The duration of
impact phenomenon is usually short, during which the
hydrodynamic force can be exceedingly large and
some structural damages can occur. So finding the
hydrodynamic impact forces is highly of interest. The
most popular shape of high speed crafts keel is wedge
shape. For the constant speed water-entry problems,
the flow becomes self-similar, when the effects of
gravity and viscosity are ignored. This means that the
flow patterns at different instances is the same [1].
The solution of the water impact problem dates back
to Von Karman (1929). Based on a momentum and
added mass theory, Von Karman [2] investigated the
impact problem of the landing of sea planes without
the effect of water pile-up during impact. Later, the
effect of the water pile-up has been taken into account
by Wagner [3].

Various theoretical and numerical methods have
been proposed to solve more general 2-D water-entry
problems. To name a few, these include similarity
flow solutions for wedges (Dobrovol’skaya [4]),
matched asymptotic expansions (Armand and Cointe
[5], Watanabe [6], Howison et al. [7]), nonlinear
numerical methods (Greenhow [8], Zhao and
Faltinsen [9]), conformal mapping methods (Mei et al.
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[10]) and CFD techniques (Arai et al. [11], Nikseresht
et al. [12], Panahi [13]). An extensive review on water
impact problems in ship hydrodynamics can be found
in Korobkin [14]. It is somewhat difficult to obtain a
fully nonlinear solution of the water-entry impact
problem even in the regime of the potential flow
theory. The difficulties are mainly due to the local jet
flow with high velocities near the free surface
intersection and gravity effect. Zhao and Faltinsen [9]
presented a 2-D nonlinear boundary element solution
without gravity. A jet flow is created at the
intersection between the free surface and the body
surface. So they decided to neglect this part of the jet,
where the pressure is close to atmospheric pressure.
For practical calculations, Zhao et al. [15] proposed a
simplified method that adopts the equipotential free
surface condition [16]. To fully analyze the impact
forces and the environment resulting structural
responses, various phenomena like compressibility
effect, free surface deformation, flow regime, wetted
surface of the body, trapped air, and the separation of
the fluid on the body surface must be modelled
properly. In the fully nonlinear free surface boundary
condition, the boundary moves rapidly due to the
large velocity of the fluid particle caused by the
impact. It is not always easy to follow the fluid
particles in the simulations. A minor error at one point
and at one time may cause the breakdown of the entire
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simulation. Smoothing has to be used regularly to
remove saw tooth behaviour of the free surface [17].
In the present paper, the symmetric impact of a two
dimensional wedges in two-phase flow is numerically
simulated with coupling the rigid body dynamic
equations of motion. Turbulent two-phase flow is
solved based on the finite volume method and the
interface is tracked with the volume of fluid (VOF)
scheme [18]. Dynamic equations and a dynamic mesh
are used to obtain the real velocity distribution during
a symmetric impact.

2.Governing Equations

Since the flow is considered as compressible,
continuity and momentum equations are as follows:

P2 (pu,)=0 (1)

ou  Ou.
—_—t— + —+—L||+pg. +F (2
ox. Ox, {(# ”’)[ax, ox, J] pg, +F, (2)
For finding the density in the case of compressible
flow the Bulk modulus equation is solved:

oP
2]

where p is the density, P is the pressure, u is the
viscosity, 4, is the turbulent viscosity, F is any
external forces and T is the temperature. Note that the
dynamic condition, i.e., continuity of pressure at the
interface is automatically implemented. The kinematic
condition, which states that the interface is convected
with the fluid, can be expressed in terms of volume
fraction ¢ . afollows:

%f:a,w(rfﬁ)go:o.o (4)

In the VOF method the interface is described
implicitly. The data structure that represents the
interface is the fraction ¢ of each cell that is filled

with a reference phase, say phase 1. The scalar field
¢ is often referred to as the colour function. The

magnitude of ¢ in the cells cut by the free surface is
between 0 and 1 (0 < ¢ < 1) and away from it, is

either zero or one.
u and p at any cell (denoted by ij) can be computed

using a simple volume average over the cell
Py =P; P +(1_(Pi/ )pa (5)
H; =@, 1 +(1_(P,~/ )fua (6)

12

where subscripts (/) and (a) denote liquid and air
respectively.

The PISO procedure has been used for the velocity-
pressure coupling. Furthermore, the second order
upwind scheme has been applied to discretized
momentum, turbulent kinetic energy and turbulence
dissipation rate equations. In the rigid body motion
with 3 degrees of freedom, the pressure and shear
stress are used to determine aerodynamic and
hydrodynamic forces and moments acting on the rigid
body. These forces and moments, in turn,
accompanied by external forces and moments are used
in general solution of motion, to obtain linear and
angular displacement of a rigid body. The equations
of rigid body motion with constant mass and moments
of inertia are solved to determine translational and
angular velocity and also displacement at each time
step. These equations are as follows:

- dv
SF=m - (6)
dM =Ia (7)

where my', I @ are body mass, the translational

velocity of the centre of gravity, mass moment of
inertia and angular acceleration of the rigid body

about its canter of gravity, respectively. Also F and

M are the hydrodynamics force and the moment
vectors acting on the centre of mass.

3. Results and Discussion

In this study, at first, the symmetric water impact
of a two-dimensional wedge has been simulated and
the results are compared with the experimental data of
[15]. The definitns of parameters and the geometry of
the problem are described in Figure 1 and Table 1.
The wedge is droped from a specified initial altitude
with initial velocity, and due to the gravitational
forces its velocity increases until water impact
happens. Shortly after the water impact, the velocity
of the wedge decreases due to the slamming force
exerted on the wedge by the water.

Table 1. The main data of simulation [15]

Item Value Item Value
m (Kg) 241 B (m) 2.3
0 (deg.) 30 H (m) 1.4
Vo (m/s) 5.5 [ (m) 0.5

L (m) 3 h (m) 0.4
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Figure 1. Geometrical configuration of the present problem

In this numerical solution, three different dynamic
grid systems are used to solve the dynamic equations
of the motion. These systems include dynamic
layering method (DLM), sliding mesh method (SMM)
and local remeshing method (LRM) (Gessner [19],
Acikgoz [20], Jasak and Tukovi [21]). In DLM,
dynamic layering of prismatic (hexahedral and/or
wedge) mesh zones can be utilized in order to add or
remove layers of cells adjacent to a moving boundary,
based on the height of the layer adjacent to the
moving surface. The layer of cells adjacent to the
moving boundary is split into two layers or merged
with the layer of cells next to it, based on the height of
the cells.
In the sliding mesh method (SMM), two or more cell
zones are used. Each cell zone is bounded by at least
one "interface zone" where it meets the opposing cell
zone. The interface zones of adjacent cell zones are
associated with one another to form a "grid interface."
The two cell zones will move relative to each other
along the grid interface. The cell zones slide, i.e.,
rotate or translate relative to each other along the grid
interface in discrete steps during the calculation.
LRM is useful when the boundary displacement is
large compared to the local cell sizes, the cell quality
can deteriorate or the cells can become degenerate. In
order to utilize this algorithm, two kinds of grid
systems are used, one of which consists of both
structured and unstructured cells (LRM1) and the
other is unstructured mesh system in all domains
(LRM2). In LRM1 grid system the structured mesh is
used near the body and far from the body the
unstructured mesh is used.
In this research, structured grid is used for DLM and
SMM dynamic meshes. Figure 2 shows three different
dynamic grid systems of about 45000 cells, which are
used here. Figures 3 to 5 illustrate the comparison
between the computed time history of vertical
velocity, slamming force exerted on the wedge and
P-P
0.50V’ (t)
where P, P,, p, V(t) are static pressure, atmospheric
pressure, water density and the velocity of the wedge
at time t, respectively) at the time 0.0158s after the

pressure  coefficient distribution (C, =

instant of impact with experimental data [15] during
the water-entry, respectively. The present numerical
results are in a good agreement with the experimental
data.
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Figure 2. A) The structured mesh around the wedge B) The
unstructured mesh around the wedg C) Combined structured
and unstructured mesh around the wedge
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Figure 3. Comparison of the computed vertical velocity of the wedge with the experimental data [15]
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Figure 4. Comparison of the computed slamming force of the wedge with the experimental data [15]
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Figure 5. Comparison of the computed pressure coefficient of the wedge with the experimental data [15] at time 0.0158s after water-impact

The difference between the present numerical results
and the experimental data may be due to the 3-D
effect which is not modelled here. It is interesting that
the hydrodynamic force which is of importance in
structural design is in a good agreement with
experiments although the 3-D effect is not taken into
account. The comparison shows that DLM is better
for predictions and its convergence is also faster than
other methods.

The oscillations of force and pressure distribution in
the LRM2 method can be due to remeshing around the
wedge which occurs in this method.

14

Figures 6 to 9 show the deformation of meshes at
different time steps of impact problem in four
different dynamic mesh grid systems.

Changing the mesh system mainly affects the free
surface shape accuracy and it has no significant effect
on the pressure distribution and the slamming force.
Therefore, DLM is adopted as the best dynamic mesh
system for the present problem and thereafter DLM is
used to study the effect of other parameters.
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Figure 7. Deformation of the SMM dynamic mesh at different time steps
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The grid independence has been studied by examining
four different grid sizes in the DLM grid system
(Table 2).

Table 2. Different grid system sizes

Case Node
1 54472
2 44823
3 36909
4 28475

Figures 10 to 12 depict histories of vertical velocity,
slamming force and pressure coefficient distribution
of the

wedge during the water impact in all grid sizes,
respectively, and the corresponding experimental data
are also provided for comparison.

By comparing the results, it is apparent that there is no
significant difference between the results of different
grid sizes, but in the 44823 cells grid system, the
maximum pressure coefficient is calculated with more
precision. Hence, this grid system is adopted as the
best one among others.

Vertical Velocity (m/s)

3.5

—e— Experiment
= Present Calc. Casel
—a— Present Calc. Case2
< Present Calc. Case3
x Present Calc. Case4

0 0.0025 0.005 0.0075 0.01

0.0125 0.015 0.0175 0.02

0.0225 0.025

Time (s)

Figure 10. Comparison of the computed vertical velocity of the wedge with the experimental data [15]
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Figure 11. Comparison of the computed slamming force of the wedge with the experimental data [15]
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Figure 12. Comparison of the computed pressure coefficient of the wedge with the experimental data [15] at time 0.0158s after
water-impact

Figure 13 compares the predicted shape of the free
surface with the experimental ones. It shows a good
agreement between these profiles and shows the
capability of the Volume of Fluid (VOF) method in
modelling free surface in such problems.

-t
-y

Figurel3. Experimental and computed free surface shapes at
time 0.063s after water-impact
(___ _Experiment [22], = Present Calc.)

For deducing the effect of turbulent flow in this
problem due to high Reynolds number (Re= 8.8x10°),
some turbulence

model such as k-e Realizable, k-e RNG, k-w SST and
RSM were applied to simulate the flow around the
wedge. In Figures 14, 15 and 16, laminar and
turbulent flow time history of vertical velocity,
slamming force and the pressure distribution
coefficient are compared with each other,
respectively. The results show that the predictions of
turbulence models are close to laminar simulation. It
may be due to the fact that pressure force is dominant
during the water impact problem (pressure forces are
about a hundred times stronger than viscous forces)
and also no vortex formation can be observed.
Therefore, it is better to use laminar flow instead of
turbulent flow modelling which is accompanied by
solving additional flow equations and leads to higher
computational costs.

6.5 4

5.5 4

Vertical Velocity (m/s)

35 T

—e— Experiment
© Present Calc. K-e Realizable
m Present Calc. K-e RNG
A Present Calc. K-w SST
x Present Calc. RSM
- - Laminar

T

0 0.0025 0.005 0.0075 0.01

T

0.015

T

0.0125 0.0175 0.02 0.0225 0.025

Time (s)

Figure 14. Comparison of the computed vertical velocity of the wedge with the experimental data [15] in turbulent flow
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Figure 15. Comparison of the computed slamming force of the wedge with the experimental data [15] in turbulent flow
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Figure 16. Comparison of the computed pressure coefficient of the wedge with the experimental data [15] at time 0.0158s after
water-impact in turbulent flow

(B=p| &) is
op |,
materials which is a characteristic of compressibility
effect under an external pressure. p, P and T are
density, pressure and temperature of the material in
the above equation, respectively. Since at the first
moments of the impact, the pressure is very high,

Bulk modulus a property of

therefore the compressibility effect may appear during
an impact problem.

Figures 17 to 19 present the time history of vertical
velocity and slamming force and also the pressure
distribution coefficient on the side of the wedge with
and without considering the compressibility effect. It
is seen that the compressibility effect causes no
significant changes in the results and therefore can be
ignored.

Vertical Velocity (m/s)
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- - - Present Calc. Incompressible Flow
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3.5 T T T T
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Figure 17. Comparison of the computed vertical velocity of the wedge with the experimental data [15]
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Figure 18. Comparison of the computed slamming force of the wedge with the experimental data [15]
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Figure 19. Comparison of the computed pressure coefficient of the wedge with the experimental data [15] at time 0.0158s after
water-impact

To show the effect of considering dynamic equations
of motion, the comparison of the slamming force
exerted on the wedge with and without considering
dynamic motion is depicted in Figure 20. This
comparison shows that the constant velocity
simulation leads to very huge forces on the wedge
which are overestimated and are not consistent with
the real and applicable impact problems. The reason is
that in the real impact problems considering coupling
of rigid body motion, the pressure distribution returns
to its initial hydrostatic pressure distribution around
the wedge in a short time while in the constant
velocity case, the high dynamic pressure distribution
around the wedge lasts longer due to the constant
velocity impact. This significant difference in the
hydrodynamic force calculation increases the costs
and the weight of the structures.

20

Now to deduce the effect of weight on the impact
forces, 25 degrees deadrise angle wedges with
different mass of 94, 112, 130 and 148 kg is
simulated. The length of the wedge is 1.2 m and it is
assumed to fall from the altitude of 1.3 m. The results
are depicted in Figure 21 and show that the higher
values of structure mass leads to higher hydrodynamic
pressure and consequently, higher hydrodynamic
force during water impact. At last in Figure 22, the
effect of deadrise angle on the slamming force exerted
on the wedge is studied. Here, six different deadrise
angles of 15, 20, 25, 30, 35 and 45 degrees are studied
in a wedge of 143 kg. It can be concluded from Figure
22 that the higher deadrise angle, exerts less
hydrodynamic force on the wedge.
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Figure 20. Computed slamming force of the wedge with and without considering dynamic equations
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Figure 21. Computed slamming force of the wedge versus time with different mass
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Figure 22. Computed slamming force of the wedge versus time with different deadrise angles

4.Conclusion

In this paper, a numerical simulation of the
symmetric impact of a wedge considering dynamic
equations of motion in two-phase flow is presented.
The flow field around the wedge in two-phase flow is
solved based on finite volume method with volume of
fluid (VOF) scheme for tracking the free surface. The
comparison between the
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present computations and experimental data shows
that the present numerical simulation can predict time
history of vertical velocity and slamming force and
pressure coefficient in symmetric water impact with a
good accuracy. In this research, different moving
computational meshes known as dynamic meshes
were utilized and it was concluded that the DLM grid
system is the best dynamic mesh to simulate a water
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impact phenomenon. Moreover, it was shown that the
effects of turbulence and fluid compressibility during
symmetric water impact are not significant. In
addition, the effects of deadrise angle and the mass of
the wedge were studied and it is observed that the
hydrodynamic force due to impact problem increases
with an increase in the mass of the wedge and
decreases with an increase in the deadrise angle.
According to the obtained data, it seems logical to
generalize this method to the three dimensional
problems.
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