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ARTICLE INFO ABSTRACT

Vessels and other marine structures are frequently subject to intense loads deriving from water impact under
various conditions. Such forces influence both the structural resistance and the maneuvering capabilities of boats.
Water impacts are also relevant in other fields, such as civil engineering, energy harvesting, and aerospace
engineering.

In this paper we numerically investigate the hydrodynamics related to the asymmetric water impact of a two
dimensional wedge shape. We study the combined effects of geometrical and kinematic asymmetry by system-
atically varying the wedge roll angle and the direction of the impact velocity. The Volume Of Fluid (VOF) is
utilized to model the free surface flow. The numerical model is validated against independent experimental data
available in the literature.

The results provided evidence the capabilities of multidimensional modeling in predicting global hydrody-
namics and local fluid dynamics features of asymmetric impacts. Moreover, we demonstrate the importance of
some fundamental methodological aspects, such as the correct initialization of the computational domain. The
role of kinematic asymmetry in flow ventilation occurrence is also clearly highlighted. Our results are expected to
facilitate the development of analytical and semi-analytical models and to offer guidelines for conducting ex-
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periments and parametric studies for the design of marine vessels.

1. Introduction

The fluid dynamic processes related to water entry problems are of
great interest for ship design (Abrate, 2011) and other engineering ap-
plications, such as aerospace (Seddon and Moatamedi, 2006) and
off-shore structures (Faltinsen, 1993; Facci et al., 2016). Special attention
has been given to the hull slamming phenomenon, which usually occurs
when a high speed planing boat hull or a sea plane impacts the water
(Abrate, 2011; Faltinsen et al., 2004). The generated fluid flow is quite
complex and includes free surface piercing and deformation, water
sprays, air entrainment and, under some circumstances, flow separation
and ventilation (Judge et al., 2004; Shams et al., 2015). All these aspects
significantly influence the maneuvering characteristics, as well as the
hydrodynamic loading and, consequently, structural fatigue behavior of
marine vessels (Gu and Moan, 2002; Faltinsen et al., 2004; Silva and
Ravichandran, 2012). A special case is represented by asymmetric im-
pacts which are typical of heeled or yawed planing hulls and, at high
speeds, can produce dynamic instability effects which still have to be
fully understood (Judge et al., 2004). Impact asymmetry can also occur
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when any kind of vessel moves with multiple degrees of freedom into
steep waves.

Attempts of solving analytically the slamming problem were initially
focused on the hydrodynamic load estimation for two-dimensional
wedge-like vertical entry configurations (Von Karman, 1929; Wagner,
1932). These early studies were then progressively extended to different
hull geometries and adding more physics to the underlying basic as-
sumptions (Dobrovol'skaya, 1969; Cointe and Armand, 1987; Cointe,
1989; Cointe, 1991; Howinson et al., 1991; Greenhow, 1987). Most of
these studies are focused on vertical symmetric impacts. Although still
elegant in their formulation, the few known analytical studies on asym-
metric water entry (Korobkin, 1988; Miloh, 1991; Chekin, 1989) are
generally not meant to describe the asymmetry-generated flow separa-
tion and ventilation.

Most known experimental works on the water entry are also limited
to symmetric impacts (Tveitnes et al., 2008; Charca et al., 2009; Lewis
et al., 2010; Battley and Allen, 2012; Panciroli et al., 2015a; Russo et al.,
2017). Remarkable exceptions can be found in (Judge et al., 2004) and in
the work from (Shams et al., 2015) which takes benefit from some
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recently developed PIV-based pressure reconstruction techniques (Pan-
ciroli and Porfiri, 2013; Jalalisendi et al., 2015; Jalalisendi and Osma,
2015; Panciroli et al., 2015b; Russo et al., 2016). Experimental findings
pointed out some differences between geometrical and kinematic
asymmetry during the water entry (Judge et al., 2004) and allowed to
classify the asymmetric impacts depending on the ventilation occurrence
on the low pressure side of the wedge (Judge et al., 2004; Shams
et al., 2015).

Numerical solutions are powerful tools to efficiently complement
experimental measurements in fluid-structure interaction problems.
Currently available methods for the simulation of free surface flows
include Boundary Element Method (BEM) (Zhao and Faltinsen, 1993; Lu
et al., 2000; Wu et al., 2004; Wu, 2007; Xu et al., 2008), Smoothed
Particle Hydrodynamics (SPH) (Shao et al., 2006; Oger et al., 2006;
Shadloo et al., 2016), Lattice-Boltzmann (LB) (Falcucci et al., 2011;
Zarghami et al., ; De Rosis et al., 2014) and Navier-Stokes (NS) solvers.
Additionally, several types of mesh based NS approaches can be found in
the scientific literature, such as the Volume Of Fluid (VOF), Level Set (LS)
or Artificial Compressibility (AC) methods (Hirt and Nichols, 1981;
Osher and Sethian, 1988; Kelecy and Pletcher, 1997; De Jouétte et al.,
2001; Carrica et al., 2010; Chung, 2013; Ma et al., 2015). Recent appli-
cations of VOF to symmetric water entry problems can be found in (Facci
etal., 2015; Facci and Ubertini, 2015). A two fluid LS method is proposed
in (Gu et al, 2014) and utilized to study the water entry of
two-dimensional (2D) rigid shapes showing a qualitatively consistent
behavior. To the best of our knowledge a systematic validation of CFD
models for different oblique entry configurations and an insight on the
physical and geometrical parameters which influence the transition from
non-ventilating to ventilating flow are missing in the scientific literature.

This paper presents a detailed numerical study of a wedge-like two-
dimensional section impacting water surface under a variety of
geometrical and kinematic asymmetry conditions. The simulations are
performed through a VOF-based algorithm (Rider and Kothe, 1998;
Scardovelli and Zaleski, 1999; Rusche, 2002), coupled with a Laplacian
mesh-motion solver (Jasak and Tukovic, 2007; Jasak, 2009; Kassiotis,
2008), already employed and validated for symmetric water entry
problems (Facci et al., 2015; Facci and Ubertini, 2015). The paper is
organized as follows. The main features of the problem in study are
described in Section 2. Then, a focus on the numerical approach,
including details on the computational domain and numerical setup is
given in Section 3.1. In Section 4 the methodology is validated by
comparing present numerical results to literature experimental data
(Judge et al., 2004). The hydrodynamics related to the water impact is
discussed in Section 5. Conclusions are drawn in Section 6.

2. Problem statement

In this paper we investigate the two dimensional hydrodynamics
related to the asymmetric water impact of a rigid wedge through

(a) Type A flow

Ocean Engineering 147 (2018) 386-398

Computational Fluid Dynamics (CFD).

The problem is schematically represented in Fig. 1, which reports the
relevant characteristics of the specimen and of the fluid flow. The ge-
ometry of the wedge is defined in terms of its width [ = 0.20m, height
h = 0.08m, and dead-rise angle # = 37°. Such a geometry is selected to
reproduce the experiments described by (Judge et al., 2004).

We hypothesize that the wedge breadth is much larger compared to [
and to h, such that the geometry, and the hydrodynamics can be
considered two dimensional (Jalalisendi et al., 2015). A fixed Cartesian
reference frame is selected with the x—axis along the horizontal direction
(i.e. along the water free surface) and the y—axis along the verti-
cal direction.

The hull keel impacts on the water surface at the origin of the refer-
ence frame and at time t = 0 s. We denote with ¢(t) the abscissa of the
wedge keel and with &(t) its ordinate at time t. The wedge kinematics is
defined by its constant velocity v = (¢, &) being the superimposed dot the
time derivative, and by the constant roll angle 6. The velocity ratio r =
£/& quantitatively represents the kinematic asymmetry of the water
entry, and the angle 0 represents the geometrical asymmetry.

We assume that the two fluids (air and water) are immiscible and the
flow is incompressible. Thereafter, the flow field is described by the mass
conservation and momentum balance equations, as follows:

Vu=0, (1a)

D(pu)
Dr

=—-Vp+V.uVu+pg, (1b)

where u is the fluid velocity, p is the pressure, x is the dynamic viscosity, p
is the density, g is the gravitational acceleration, and D(-) /Dt denotes the
material derivative. Note that p and y vary in space and time according to
the fluid phase, air or water. In particular, the air density and viscosity
are p, = 1kg/m® and y, = 1.48 x 10~5Pa s, respectively, and the water
density and viscosity are p,, = 1000kg/m> and p, =1 x 1073Pa s,
respectively.

Experimental observations show that for low 7 and 6 the flow remains
attached on both sides of the wedge (Judge et al., 2004; Shams et al.,
2015), as qualitatively represented in Fig. 1a, and the flow asymmetry is
defined by the ratio b* = b, /b1, where b; and b, are the jet root abscissa
on the lower and upper side of the wedge respectively. As in (Judge et al.,
2004), from now on we will refer to such a flow as type A flow. Increasing
the asymmetry (i. e. decreasing b*), a cavity should appear on the upper
side of the hull (see Fig. 1b) and the flow is denoted as type B flow (Judge
et al., 2004).

The encompassing fluid reacts to the wedge motion generating a force
that can be expressed as:

F= [{—pI+ u[Vu— Vu']}nds, 2)
X

(b) Type B flow

air

Undisturbed
water level

air

Undisturbed
water level

water

Fig. 1. Schematic representation of the problem in study for the two limiting flow conditions.
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where I is the identity matrix, ¥ is the hull surface, and n is the unit
normal to the hull. We define the moment of F with respect to the wedge
keel as:

M= [dx{—pI+u[Vu—Vu'|}ndz, 3)
z

being d the position vector evaluated from the keel itself.
With reference to Fig. 1, the geometrical wetted length projection
onto the undisturbed water line is defined as:

1 1
1, = &(1)-
&0 (m(ﬁ —0) tan(p 1 9))
Considering l,, and |v| as the impact characteristic length and velocity

scales, we define the following non-dimensional force and moment
coefficients:

4

2F,
=y (5)
pw}"' Ly
2F,
Fy = 2 (6)
/Jw}v| L,
2M.,
= 7
pw|v| [120

with Fy, F, and M, being the force components and tilting moment per
unit span, respectively. To study pressure variations during water entry
we also introduce the following non-dimensional pressure coefficient:

— 2(17 7poo)

CP 2
g

®

with p,, being the air pressure at ambient conditions. Finally, we define
the impact characteristic Reynolds number as:

_ pw|v{ '5rff
Hy

Re ©)]

where 6, is a reference value of the keel penetration along the
impact direction.

3. Methodology
3.1. Numerical method

We numerically study the flow induced by the wedge motion through
a method based on a special VOF implementation (Rider and Kothe,
1998; Scardovelli and Zaleski, 1999; Rusche, 2002) that is included in
the OpenFOAM-2.4 CFD package (OpenFOAM, 2015). Similar applica-
tions of such a method are, for instance (Facci et al., 2015, 2016; Facci
and Ubertini, 2015; Cavalagli et al., 2017), The incompressible flow of
two immiscible fluids is modeled through a single set of the
Navier-Stokes and continuity equations (see eq. (1)). The interface be-
tween the two phases is defined solving Eq. (10) (Rusche, 2002):
Da
r + V-ua(l —a)] =0, (10)
where a is the water volume fraction and u, is the relative velocity of the
two phases. The second term of Eq. (10) is introduced to compensate the
numerical smearing of the fluid interface (Rusche, 2002).

Equations (1) and (10) are discretized through a generalized un-
structured finite volume approach with a collocated arrangement of all
the flow variables (Ferziger and Peric, 2002; Greenshields, 2015a). The
pressure velocity coupling and the non linearity of Eq. (1) are solved
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using the Pressure Implicit with Split Operators (PISO) algorithm (Issa,
1985), keeping the original two-stage pressure correction scheme for
each time integration step At. The discrete version of Eq. (10) is solved
through the Multidimensional Universal Limiter with Explicit Solution
(MULES) procedure (Greenshields, 2015b). The solution of Eq. (10) is
sub-cycled in four steps for each At, and it is linearized using two addi-
tional steps of a fixed point iteration.

Temporal integration is performed through the Euler implicit method
(Greenshields, 2015b). The Gaussian integration with second-order
linear interpolation is adopted for all the spatial terms other than the
convective ones. For the latter a high-resolution NVD scheme (Jasak
et al., 1999) is utilized to balance numerical stability and accuracy.
Depending on the local flow conditions, this scheme bridges the standard
second-order central differencing with first-order upwind differencing by
means of a specifically designed nonlinear function. A smoothness factor
y controls the behavior of the bridging function, where y = 0 corresponds
to pure central differencing and y =1 to the maximum boundedness
level. Here we set y = 0.2, which means that central differencing is
applied in most of the cases.

The motion of the wedge within the computational domain is ob-
tained by reallocating the mesh nodes at each time step. Topology
modifications are not allowed. The grid deformation is performed using
the Laplace smoothing methodology (Jasak and Tukovic, 2007; Jasak
2009; Kassiotis, 2008), assuming a diffusivity coefficient distribution that
concentrates most of the deformation away from the wedge surface.

The linear systems of equations resulting from temporal and spatial
discretization are solved using the Geometric Agglomerated Algebraic
Multi Grid (GAMG) iterative algorithm for pressure and the Gauss-Seidel
method for other scalar quantities (Greenshields, 2015b).

We comment that turbulence modeling is not required for the nu-
merical solution of the hull-slamming problem. In fact, the impulsive
nature of the water entry related phenomena does not allow the devel-
opment of a proper energy cascade as demonstrated by (Seng et al.,
2012). The same consideration applies also for three dimensional effects
(Seng et al., 2012), that may only derive from edge effects that can be
safely discarded when the transversal dimension of the falling body is
much larger than the other ones, as we assume, without loosing gener-
ality, in the present study.

3.2. Domain discretization and boundary conditions

A domain of dimensions 2m x 2m is considered to minimize the ef-
fects of the imposed boundary conditions on the fluid flow in the vicinity
of the hull. The domain is discretized through the OpenFOAM®built-in
meshing tool snappyHexMesh, which is able to generate unstructured but
highly hexa-dominant grids with optional layer generation at the solid
surfaces. Regardless of the 0 value, all the employed meshes have the
following common characteristics (see Fig. 2):

(i) A background spacing level, which covers most of the domain; (ii)
a first refinement zone, extending from the left to the right wall and
including the falling wedge and the whole free surface; (iii) a second
refinement zone, placed below the lower surfaces of the wedge and
covering the free surface portion that is actually affected by the impact;
(iv) a third refinement zone, represented by a 1 cm wide belt around the
wedge; (v) three low aspect-ratio extrusion layers at the walls of
the wedge.!

Boundary conditions are set following the conclusions of previous
computational studies (Facci et al., 2015, 2016; Facci and Ubertini,
2015). The domain is considered as a tank with free-slip walls and an
open end on top. Table 1 summarizes the BC settings for pressure,

1 In single-phase flows highly stretched wall layers are commonly introduced to solve
boundary layers, assuming that gradients in the wall-normal direction are the most rele-
vant ones. In VOF solvers stretched cells should be avoided, as they tend to produce an
inconsistently biased transport of the liquid volume fraction.
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Fig. 2. Example of the computational grids utilized for the simulations.

Table 1
Boundary conditions adopted for the simulations.
Boundary Pressure BC Velocity BC aBC
Top P =DPw nVu=0 n-Va =0 (out), a = 0 (in)
Bottom n-Vp =0 free slip n-Va =0
Right n-Vp =0 free slip n-Va =0
Left n-Vp =0 free slip n-Va =0
Wedge n-Vp =0 u=v n-Va=0

velocity and the liquid volume fraction a. Note that to avoid backflow
phenomena the a BC at the open end changes its behavior depending on
the flux direction.

4. Validation

In this Section we compare our numerical results with experimental
measurements collected by (Judge et al., 2004) on various asymmetric
impact configurations. Table 2 shows the configurations considered for
this validation stage, in terms of the velocity ratio 7 and rolling angle 6.
The impact velocity magnitude varies between 2 m/s and 5 m/s
depending on the 7 value (Judge).

4.1. Effects of grid refinement and initial conditions

Preliminary computations are made to check the effects of grid
refinement and domain initialization. At this point = and @ are fixed to
0.75 and 26°, respectively. Experimental evidence has shown that these
values should produce a type B flow, close to the transition from non-
ventilating to ventilating flow (Judge et al., 2004).

The simulations have been performed with three different computa-
tional grids, each one characterized by a different minimum cell size in
the belt region (see Table 3). The water free surface is initialized at
1.6 cm below the wedge keel, and the specimen falls for 5 ms before
impacting the water surface.

Table 2
Impact parameters used for the validation.

T [ & [m/s] £ [m/s]
0.25 9°,13°,19°, 22°, 26°, 30° 1.20 4.80
0.50 9°,13°,19°, 22°, 26°, 30° 2.05 4.10
0.75 9°,13°,19°, 22°, 26°, 30° 2.40 3.20
2.00 5° 2.00 1.00

Fig. 3(a—c) show the time history of the forces and tilting moment per
unit span for the three considered meshes, up to 3.5 ms after the water
impact and with a 0.25 ms sampling resolution. For each mesh, we
calculate an average relative deviation parameter across the sampling
interval, which is defined as follows:

R

-1 ,zzl: max <?,) — min (?,)

AW[%] = 100 (11)

where N is the number of sampling points, ¥ is alternatively F, F, or M,

and the overline operator (-) represents the mean of the values predicted
by all meshes at a given sampling point. Table 4 collects the deviation
parameters for each mesh and force component, evidencing that the
overall dispersion is well below what would be typically desirable for
experimental data sets. In addition to the integral forces analysis, we
perform a local pressure coefficient monitoring over time at a given
measuring point located on the high pressure side of the impacting
wedge. Monitoring starts 5 ms before and ends 5 ms after the water
impact. Fig. 3d shows the C, time traces recorded for each mesh. It
highlights a close correspondence between the medium and fine cases.
Instead, the coarse mesh resolution seems not sufficient for the accurate
description of the steep pressure raise that occurs right after the impact.
Based on these considerations, the medium mesh is assumed as the
baseline option for all the subsequent simulations.

In addition to the effects of grid refinement, we analyze the influence
of the initial conditions on water impact hydrodynamics. We call type I
the initialization strategy already used for the grid analysis, with the free
surface placed at 1.6 cm below the keel of the wedge at the beginning of
the simulation. Conversely, we call type II an alternative strategy with
the keel placed exactly at the free surface when the simulation starts.
Both air and water are at rest. The latter, besides being a rather common
practice for the numerical simulation of water entry problems (Facci and
Ubertini, 2015; Facci et al., 2015; Seng et al., 2012) might also be useful
to save computational time in demanding scenarios, such as very fast
impacts and/or three dimensional and complex geometrical configura-
tions. Fig. 4 represents the water free surface for three time-steps after the
impact obtained with the two initializations for r = 0.75, § = 26°. Such a
configuration is ventilating (Type B flow) according to the experiments in
(Judge et al., 2004). Only Type I initialization predicts the transition to
type B flow. In fact, the air motion induced by falling wedge before the
water entry has a crucial influence on the ventilation occurrence during
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Table 3
Main characteristics of the employed numerical meshes.
Coarse Medium Fine

Total cell count ~ 110000 ~ 140000 ~ 275000
Cells in the belt region ~ 10000 ~ 40000 ~ 160000
Maximum cell size (mm) 44 44 44
Minimum cell size (mm) 0.69 0.34 0.17
Number of wall layers 3 3 3
Maximum cell aspect ratio 3 3 3

the initial impact stage. On the other hand Type II initialization assumes
air is at rest at the impact time, a rather unrealistic initial condition.
Further tests with increased vertical pre-impact paths (3.2 cm and
6.4 cm) have shown no significant changes. Therefore, we utilize Type I
initialization for all the configurations. Specifically, we assume that the
specimen falls for 5 ms before entering calm water, for all configurations.
The distance of the wedge keel at the beginning of the simulation varies
between 0.5 cm and 2.5 cm depending on the 7 value. We note that we
mark the impact time with ¢t = 0 s. Therefore, t represents the time after
the water impact and t = 0 s unequivocally identifies the impact time for
all the configurations.

4.2. Comparison with experimental data

The flow asymmetry ratio b* is selected as the main validation
parameter. Data sampling is made every 0.5 ms starting from water
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where b; represents the j sample. Fig. 5 shows b* as a function of 6 for
three different values of 7. Present numerical results are compared with
the experimental and numerical results in (Judge et al., 2004). For
7 = 0.25, the numerical trends are very similar and both agree well with
the experiments up to § = 22°. For 6 > 22° the measured values seem to
point faster towards b* = 0, which represents the flow transition from
type A to type B. For = = 0.5, our CFD simulations still well agree with the
experimental trend, including the correct prediction of type B flow
occurrence at 6 = 30°. On the other hand, the numerical results from
(Judge et al., 2004) generally underpredict b*, but consistently capture
the flow transition to type B. The r = 0.75 graph is particularly inter-
esting, because it shows how for large impact asymmetries (i.e. large z
and 6 values) the reduced-order numerical method proposed by (Judge
et al., 2004) fails to correctly describe the wetted lengths ratio and the
transition to ventilation on the low pressure side of the wedge. This
aspect is also commented in (Judge et al., 2004) and represents one of the
main motivations for the development of multidimensional simulation
methods, such as the one presented in our paper. In fact, for = 0.75 the

Table 4
Average relative deviation of hydrodynamic forces for the different meshes, calculated
according to Eq. (11).

. . . C Medi Fi
impact while, following the approach suggested by (Judge et al., 2004), oarse edium mne
the b* value is determined from the average of 4 sequential samples ARy [%] 4.9 17 5.6
as follows: AFy[%] 1.5 1.1 1.9
’ AM; (%] 0.8 0.7 1.5
() (b)
0 ‘ 8,000 : ‘ ‘
—— Coarse
—e— Medium
—a— Fine
~500 - 6,000 .
g g
2, —1,000 - 2. 4,000 - .
e &
—1,500 - 2,000 | |
—6— Coarse
—6— Medium
—a— Fine
_2000 | | | | | 0 | | | | | | |
) 0 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5 4
t [ms] t [ms]
() (d)
500 T T T 25 T T T
—¢— Coarse Coarse
—e— Medium - - = Medium
—a— Fine 201 Fine -
375 -
E) 15
E 250 &
< ol
125
5 -
G 0 Il L L -
0 -5 -4 -3 -2 -1

t [ms]

t [ms]

Fig. 3. Hydrodynamic forces and pressure coefficient monitor as a function of time for the three different computational meshes and for r = 0.75, 6 = 26°.
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t=1.5ms
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t=2ms

t=2.5ms

Fig. 4. Free surface evolution after water impact obtained through CFD. Comparison between type I initialization (left) and type II initialization (right).

value of b* calculated through CFD is coherent with experimental eval-
uations on the whole theta range. In particular, CFD correctly capture the
transition from type A to type B flow.

Further validation is provided by comparing the free surface evolu-
tion in CFD and experiments. Fig. 6 shows type A and type B flow cases,
clearly highlighting that our computational model correctly predicts the
pileup and the interface dynamics. In particular, for the non ventilating
case, CFD correctly predicts the height of the risen water on both sides of
the wedge in the considered time interval. Such an aspect is particularly
relevant for the hull slamming as it largely determines the position and
the value of the pressure peak on the structure. In the ventilating case
CFD captures both the risen water height on the high pressure side of the
wedge as well as the position and dimension of the air cavity on the low
pressure side.

5. Numerical analysis of asymmetric impact

In this Section we leverage on CFD to dissect the hydrodynamics
related to the asymmetric water impact in terms of hydrodynamic
loading, pressure field and free surface evolution. Specifically, we seek to
assess the relative effect of = and 6 on impact hydrodynamics.

5.1. Free surface dynamics

The free surface dynamics, and in particular the occurrence of flow
separation, are distinctive aspects of asymmetric water impact (Judge
et al., 2004). When the wedge enters the water, the free surface warps

and the water level is increased with respect to the undisturbed one. Such
a deformation generates the well known pileup phenomenon, that is
widely studied for symmetric impacts (Wagner, 1932; Facci et al., 2015;
Panciroli et al., 2015b). In case of asymmetric impacts, the effective
wetted length is different on the two sides of the wedge. As already
discussed in the previous Section, the flow asymmetry can be quantita-
tively assessed through the non-dimensional ratio, b*, reported in Fig. 5.
Therein, it is shown that b* is consistently reduced by increasing the
geometrical asymmetry, for all the non ventilating cases. In fact, for a
fixed penetration, the rotation of the wedge increases b;, leaving sub-
stantially unchanged b5, as depicted in Fig. 7. Increasing the kinematic
asymmetry also reduces b*, but the kinematic asymmetry has a weaker
effect on b* compared to 6.

Both CFD and experiments demonstrate that, for = 0, a type B flow
never occurs, not even for ¢ as large as 30°. For 7 = 0.5 type B flow is
obtained only for § > 30°, which is a very large geometrical asymmetry
considered that g = 37°. Finally, for r = 0.75, a completely ventilating
flow is detected for & > 26°, both according to CFD and to experiments
(Judge et al., 2004). All these findings suggests that the ventilating cavity
formation should be mostly dominated by the direction of the impact
velocity relative to the geometrical symmetry axis. In a perfectly sym-
metric impact, the relative velocity is parallel to the symmetry axis of the
wedge and two equally directed liquid jets are generated by the flow
splitting at the keel. If such parallelism is broken, due to a rolling angle
and/or kinematic asymmetry, one of the two jets will start aligning with
the solid surface on the low pressure side. At some point the jet will be
ideally parallel to the low pressure side and further changes in the impact

(a) 7=10.25 (b) 7=0.5 (c) 7=0.75
0.6 T T T T T T T
¢ Judge et al. (exp.)

0.5 — Judge et al. (num.) [| b b

0.4 N -B-  Present study i i
|5 0.3 * *

0.2 - * *

01 . .

0 5 B

0 [deg.]

0 [deg.]

20
0 [deg.]

Fig. 5. Flow asymmetry as a function of = and §. Comparison between present results and literature experimental and numerical results.
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(W)

Fig. 6. Free surface evolution after water impact. Comparison between present CFD (right) and experiments from (Judge et al., 2004) (left) for: (a) type A flow, z = 0.25, 6 = 9°; (b) type B

flow, 7 = 2.00, § = 5°.

direction will produce favorable conditions for liquid flow separation
with air entrainment. For the given geometrical features of the wedge in
study, such conditions cannot be apparently reached with changes in the
rolling angle only.

Further details on the free surface evolution and on flow ventilation
are gained from Fig. 7, which represents the free surface evolution

through the water volume fraction as a function of ¢t and 6 for z = 0.75.
We selected a case with a large kinematic asymmetry because it allows
dissecting the transition from type A to type B flow by varying 6. For low
values of 0 (Fig. 7(a-d)) the flow is completely attached to the wedge
surface, during the whole period of observation. Increasing the asym-
metry (Fig. 7(e-h)), a small air cavity appears immediately after water
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impact. The cavity suddenly closes and the flow reattaches, as the
penetration is increased. For § = 30" the cavity does not close during the
whole simulation and the transition to type B flow is completed, as shown
in Fig. 7(i-1). The role of kinematic asymmetry in promoting the transi-
tion to type B flow is also evidenced in Fig. 6 which shows that, for r = 2,
flow ventilation is already obtained for 6 as low as 5°.

5.2. Pressure field

Fig. 8 shows the C, on the high pressure side of the wedge as a
function of the non-dimensional wetted length and of the flow configu-
ration. On the high pressure side C, exhibits a self-similar behavior,
analogous to the symmetric impact pressure (Facci et al., 2015; Facci and
Ubertini, 2015; Panciroli et al., 2015b). Therefore, in Fig. 8 we system-
atically represent C, for a single time after the impact onset (i.e.
t = 2ms). We comment that y/& = —1 corresponds to the wedge keel,
y/& = 0 identifies the intersection between the wedge and the undis-
turbed water level, and y /&> 0 represents the pileup region. The contour
plots of the non-dimensional pressure, depicted in Fig. 9 for = 0.75 and
as a function of t and 6, confirm the self similarity of the pressure on the
high pressure side of the wedge. Note that in Fig. 91 the high pressure side
of the wedge is already completely submerged (see Fig. 7). Thereafter,
there is no pressure peak on the wetted surface and self similarity with
the contour plots depicted in Fig. 9(i-k) is not expected. For all the

(@t=1ms—0=9° (b)t=2ms — 0 =9°
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considered combinations of 6 and z, the pressure peak is located at the
same non-dimensional coordinate y/¢ that corresponds to the jet root
location, as can be argued by comparing Figs. 9-7. The pressure peak is
dramatically increased by increasing the geometrical asymmetry. Such
an evidence can be interpreted noting that the larger is 0, the lower is the
effective deadrise angle, and thus, the larger is the pressure peak (Wag-
ner, 1932).

Fig. 8 shows that the pressure is significantly reduced by increasing z.
This is explained by considering that the pressure force represents the
reaction of the displaced fluid to the acceleration imposed by the wedge
(added mass effect). The velocity of increment of the displaced water is
proportional to the vertical penetration velocity, that, in turn, decreases
by increasing z (see Table 2). On the other hand, the velocity scale
selected for the definition of C,, |v|, is theoretically not influenced by the
kinematic asymmetry. Experiments show only a minor reduction of |v|
with 7 increasing from 0 to 0.75, presumably caused by the increased
friction on the experimental struts. As a consequence, C, is reduced by
increasing the kinematic asymmetry.

Fig. 9 shows that the pressures field in the low pressure side of the
wedge is not self similar in time. In particular, the partially ventilating
configuration (see Fig. 9e-h) is characterized by an evident low pressure
zone close to the keel, that exhibits a clearly unsteady behavior. Never-
theless, to dissect the effects of kinematic and geometrical asymmetry, in
Fig. 10 we systematically represent C, on the low pressure side of the

©t=3ms—0=9° (dt=4ms —0=9°

(e)t=1ms — 6 =22°

(G)t=2ms — 0 =30°

f)t=2ms — 6 =22° (g)t=3ms — 6 =22° (h)t =4ms — 6 =22°

(i)t =1ms — 6 =30°

Fig. 7. Free surface evolution represented through the water volume fraction contour plots as a function of t and 0 for.z = 0.75.

(k)t=3ms — 6 =30° ) t=4ms — 6 =30°

393



V.K. Krastev et al.

100 T T T

Ocean Engineering 147 (2018) 386-398

(b) T=0.25

(¢) T=0.50 (d)1t=0.75
100 T T T T T T
80 - 8 - 8
60 |- 8 - 8
o)
40 | N .
20 - 8 8
0 i I I I \m al |
-1 -075 -05 -025 O 025 05 075 1 -1 -075 -05 —-025 O 025 05 075 1
y/& ¥/é

Fig. 8. Pressure profile on the wetted surface of the wedge as a function of 6 and 7, high pressure side, t = 2 ms.

wedge as a function of z and 6, for t = 2 ms. When 6 < 13°,  has a minor
impact on Cp, with a slight progressive pressure reduction in the prox-
imity of the keel as 7 increases. This is presumably related to the
increasing horizontal component of the water velocity relative to the
wedge keel. In these configurations the water flow is completely
attached, as, for instance, the one represented in Fig. 7. For larger 6 and ¢
values, the pressure drop becomes stronger and extends along the wedge
surface. By comparing Fig. 10 to Figs. 7 and 9 we note that such a low
pressure zone is distinctive of a flow transition from type A to type B.
During this transition air is trapped on the low pressure side, but without
the formation of a fully ventilating cavity. After the complete transition
to type B flow, that is for > 0.75 and 6> 26°, the cavity is completely
open and thus the pressure flattens towards the atmospheric pressure.

Fig. 11 displays the temporal evolution of C, on the low pressure side,
for = 0.75, and should be evaluated together with Figs. 7 and 9, which
show the free surface and two-dimensional pressure contours dynamics
under the same flow conditions. For type A flow (0 =9°) and for
completely developed type B flow (6 = 30°), the variation of C, in time is
insignificant. On the other hand, for = 22°, during the flow transition
from type A to type B, C, shows an unsteady behavior. Initially, as shown
in Fig. 7, the cavity is open and p = p.,. Afterwards, for t > 2 ms, the
cavity closes (see Fig. 7) and p is reduced below atmospheric pressure.
The linear dimension of the air cavity is initially larger and is gradually
reduced, compared to the wedge penetration. The pressure within the
closed air cavity does not vary significantly in time.

The dependence of the flow on the Reynolds number is analyzed in
Fig. 12a and b, for a type A-to-type B transitional configuration (z =
0.75,6 = 26°), The different Re values are obtained by changing the

impact velocity magnitude, while 5 is kept constant to 8 x 1073 m.
Note that Re = 16000 corresponds to the impact speed previously
adopted for all the cases with z = 0.75. On the high pressure side, the C,
distribution reveals a substantial insensitivity to Re, which again is
consistent with previous findings on symmetrical impact wedge studies
(Facci and Ubertini, 2015). The low pressure side shows a relatively weak
dependence on the Reynolds number, thus indicating that viscous dissi-
pation related to the large velocity gradients at the wedge keel concurs at
the pressure reduction on the low pressure side for partially ventilating
configurations.

5.3. Fluid forces

The fluid force time history has been already shown in Section 4.1 for
a single combination of 7 and 6. To gain a better insight on how hydro-
dynamic loads are affected by the two types of asymmetry considered, we
adopt the non-dimensional force coefficients introduced in Section 2. It is
worth to note that, if the following fitting curves are used for F(t)
and M(t)
F(1) (13a)

at,

M(1) = bt*, (13b)
the time dependence is effectively removed from the non-dimensional
coefficients definitions. Therefore, coefficients are plotted as a function
of 7 and 6 only.

Horizontal force trends are reported in Fig. 13a. When the asymmetry
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(@t=1ms — 6 =9°

(b)t=2ms —6=9°

(@)t =1ms — 6 =22° (b)r=2ms — 6 =22°

=30°

(i)yt=1ms —

()t=2ms — 8 =30°

Fig. 9. Non-dimensional pressure contour plot as a function of t and 6 values for r = 0.75.

is introduced, a non-zero horizontal force rises and points towards the
negative x-direction, from the high to the low pressure side of the wedge.
Such an horizontal force is generated by a pressure unbalance between
the two sides of the wedge, clearly visible from Figs. 8-10. We also
comment that, in the case of symmetric impact (r = 0 and ¢ = 0) and the
numerical model correctly returns Cr, = 0. For all the 7 values |Cr,| in-
creases with 6. The trend is linear for @ < 19°. This situation corresponds
to the flow configuration depicted in Fig. 7(a—d), that is for completely
attached configurations. Notably, in partially ventilating configurations,
the Cp, is insensitive to 7. This means that, while on the high pressure side
Cp is reduced increasing 7 (see Fig. 8), on the low pressure side the size of
the low pressure bubble increases as evidenced in Fig. 10. When the flow
transition to type B is completed, |Cr, | suddenly decreases because, as the
cavity opens, p = p,, on the low pressure side. As expected, |Cry| in-
creases with z. Such a dependency is larger at low # and saturates
for § > 9.

The vertical force coefficient is reported in Fig. 13b as a function of
and 7. The kinematic asymmetry has a minor impact on Cp,. Only for 7 =
0.75 Cp, is appreciably lower compared to the other cases. On the con-
trary, 6 dominates the Cr, behavior. In fact, the larger is 6, the lower will
be the effective deadrise angle on the pressure side of the wedge, and, in
turn the larger is the wetted surface for a fixed penetration as evidenced
in Fig. 7. The effect of the effective deadrise angle is coherent with
symmetric impacts (Wagner, 1932). In conclusion, the vertical hydro-
dynamic force behavior for asymmetrical and symmetrical water impacts
is similar, being Cp, largely determined by the pressure on the high
pressure side of the wedge. This can be explained by observing from

(¢)t=3ms — 6 =9°

()t =3ms — 6 =22°

k)t =3ms —
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Figs. 7-10 that, not only C,, but also the effective wetted area is much
larger on the high pressure side of the wedge with respect to the low
pressure one.

The Cy, trends are shown in Fig. 13c. For 6 < 19° the moment gen-
eration is largely dominated by the geometrical asymmetry and the effect
of 7 is negligible. Further increasing 0, for partially ventilating flows,
there is a systematic drop in Cy, followed by a recovery at higher 6
values, except for = 0. Such a recovery is much faster for - = 0.25 and
7 = 0.5, thus producing an increment of Cy, at & = 30° of about 50%,
compared to the case with z = 0.75. This again could be related to the
type B flow occurrence.

6. Conclusions

In this paper, the 2D hydrodynamics generated by the asymmetric
water impact of a wedge-like section was numerically investigated. The
free-surface flow modeling is based on a finite volume VOF imple-
mentation, with a special numerical treatment to avoid artificial smear-
ing of the air-water interface across the computational domain. The study
was focused on the influence of geometrical and kinematic asymmetries
on the impact hydrodynamics and includes a preliminary assessment on
the adopted numerical setup.

The preliminary analysis showed a high sensitivity of the computed
flow with respect to the numerical domain initialization. More in details,
to correctly predict flow splitting at the keel a free path prior to water
impact should be introduced. This was found to be fundamental for the
prediction of ventilation on the low pressure side of the wedge, thus
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Fig. 10. Pressure profile on the wetted surface of the wedge as a function of ¢ and 7, low pressure side, t = 2 ms.
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Fig. 11. Pressure coefficient on the low pressure side of the wedge as a function of time and y/¢&, for r = 0.75.

providing a useful information for the practical setup of such type of
numerical simulations. A comparison between CFD and experimental
data available in literature demonstrated the reliability of the proposed
numerical method in predicting the wetted lengths and the transition
from non-ventilating to ventilating flow conditions, as functions of the
kinematic and geometrical asymmetry.

The validated methodology was used to investigate fluid forces and
pressure field variations with respect to the asymmetry angle 6 and the
kinematic asymmetry ratio z. The horizontal force generation strongly
depends on the level of asymmetry introduced: for ¢ <19° both param-
eters affect the horizontal force coefficient value, while, above this
threshold, the ¢ influence becomes largely dominant. The vertical force

coefficient appears to be weakly dependent on the kinematic asymmetry,
showing a nonlinear increase with 6 and a nearly self-similar trend for the
considered 7 values. The tilting moment coefficient has a characteristic
drop-and-recovery trend for 7 > 0, with the drop located approximately at
6 = 22°. Prior to the drop point, there is very small r dependence, while,
after that, the recovery is faster for lower z values. The slow recovery for
7=0.75 might be explained by transition to fully ventilated low-
pressure side.

The pressure distribution on the wedge surface is essentially self
similar on the high-pressure side, which is consistent with previous
theoretical and numerical findings on symmetric impact cases. The low-
pressure side has a less predictable behavior, due to the changes in the
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Fig. 13. Hydrodynamic force coefficients as functions of  and ¢; maximum deviations from the fitted values are also reported.

flow regime depending on the impact asymmetry level. For small § and =
the flow remains attached and with a pressure drop close to the keel. At
intermediate 6 and 7 the pressure drop becomes stronger and a dynamic
flow separation-reattachment process occurs. When 6 and z get both large
the separation dominates and the low-pressure side becomes fully
ventilated with a pressure recovery towards the atmospheric value. The
effect of Re is negligible on the high-pressure side and appears to be
relatively weak also on the low-pressure side, even for transitional
configurations.

Overall, the hydrodynamic load characteristics of wedge-like sections
during asymmetric water entry seems to be mostly governed by the
geometrical parameters of the impact, which essentially determine ver-
tical force and tilting moment coefficients. The kinematic asymmetry is
less important in the main integral force components generation, but
produces significant local fluid dynamics phenomena that may lead to
sudden liquid flow separation and air entrainment on the low pressure
side of the wedge.

Future studies should be focused on coupled analysis of the fluid-
structure interaction for asymmetric impacts, including the eventual in-
fluence of flow ventilation on such analysis.
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