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Abstract: This work numerically evaluates the role of advancing velocity on the water entry of
rigid wedges, highlighting its influence on the development of underpressure at the fluid–structure
interface, which can eventually lead to fluid detachment or cavity formation, depending on the
geometry. A coupled FEM–SPH numerical model is implemented within LS-DYNA, and three
types of asymmetric impacts are treated: (I) symmetric wedges with horizontal velocity component,
(II) asymmetric wedges with a pure vertical velocity component, and (III) asymmetric wedges with a
horizontal velocity component. Particular attention is given to the evolution of the pressure at the
fluid–structure interface and the onset of fluid detachment at the wedge tip and their effect on the
rigid body dynamics. Results concerning the tilting moment generated during the water entry are
presented, varying entry depth, asymmetry, and entry velocity. The presented results are important
for the evaluation of the stability of the body during asymmetric slamming events.

Keywords: slamming; fluid-structure interaction; fluid detachment; cavitation

1. Introduction

The phenomenon of a structure impacting on the water generally implies large forces
due to the massive fluid volume displaced in a small time. The duration of the slamming
event is in the order of milliseconds. These loads might damage the structure or, because
of their short duration, excite a dynamic response of the local structure of the hull and
cause vibrations. Non-symmetric impacts might further introduce a tilting moment and
influence the impact dynamics and structural stability.

The first analytical solution to solve the impact dynamics of rigid bodies entering the
water was presented by Von Karman [1], who developed a formula capable of predicting the
maximum force acting on a rigid body entering the water, to make a stress analysis on the
members connecting the fuselage with the floats of a seaplane. Many analytical methods
have been proposed to extend Wagner’s method to different shapes (e.g., [2–7]) and
most of them are very effective in predicting the water entry of simple-shaped structures
impacting the surface with pure vertical velocity. Some of these solutions are even capable
of accounting for oblique impacts (e.g., [8–12]). It is reported that particular conditions of
entry velocity, deadrise angle, and tilt angle might lead the fluid to detach at the wedge
apex, introducing difficulties in evaluating the pressure at the interface by analytical
formulations. A typical water entry event that largely deviates from a symmetric case is
ditching [13–15], where fluid detachment and cavitation arise if the advancing velocity
is sufficiently large. Another area of interest for asymmetric impacts is the analysis of
the response of planing hulls during the maneuvering operation since, depending on the
conditions, restoring or capsizing moments can take place [16]. Xu [17] defined two types
of asymmetric impact. Type A flow is the one when there is small asymmetry and the flow
moves outward along the contour on both sides of the vertex. Type B flow occurs when
there is large asymmetry and the flow detaches from the body contour at the vertex on
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one side. Chekin [18] concluded that there was only one unique combination of wedge
angle and impact angle at which no separation of flow from the vertex would occur. For a
given wedge shape and impact direction, any other impact angle would force separation.
Defining U as the horizontal velocity and V as the vertical velocity, the advancing ratio
U/V at which the flow separation appears is less for bodies of larger deadrise angles.
For small asymmetry impacts, the cavity flow during the water-entry is limited to a very
small region. Furthermore, the flow that separates from the apex quickly re-attaches to the
wedge. A symmetric body impacting with horizontal velocity will produce a flow similar
to asymmetric impact with only vertical velocity when a tilting motion is not permitted.
Judge et al. [8] performed experiments on wedges where asymmetry and horizontal impact
velocity were present and compared the results with an analytical solution, showing good
agreement for low angles of asymmetry and small advancing ratios.

Xu et al. [17] observed that the pressure near the tip of asymmetric wedges might
attain negative values with respect to the gauge pressure, and hence be lower than the
ambient pressure. They also observed that the peak pressure increases with the horizontal
velocity, and with it, an increase in the wave elevation on the upstream side and a decrease
on the downstream one. However, the simulations are based on the assumption of attached
flow. In this work, we also consider the eventual detachment at the wedge tip, similarly
to that described in [19] but utilizing a different numerical scheme. Semenov [20] studied
the effect of the horizontal component of the entry velocity for various wedge orientations.
Results show that certain configurations of the impact might induce a negative pressure
along the whole wetted length of the downstream side of the wedge, leading to flow
separation at the wedge apex. Semenov and coauthors [21–23] derived an analytical
solution for the asymmetric/oblique water entry of a wedge which does not assume flow
separation from the wedge vertex. It was shown that at some wedge orientations, the total
force acting on the wedge side with the larger deadrise angle may become zero, a condition
corresponding to flow separation.

Experimental evidence of the onset of cavity formation at high asymmetry ratios has
been provided by Shams et al. [24], who studied asymmetric water impacts experimentally
through particle image velocimetry.

In this manuscript, we initially define the problem of asymmetric water impacts
in Section 2 and we detail the numerical model utilized for the analysis in Section 3.
Asymmetric water entry events are then divided into categories and studied separately in
Sections 4–6, to finally draw some final remarks in Section 7.

2. Problem Statement: Water Entry of Asymmetric Wedges

In the most general case, wedges enter the water with combined vertical and horizontal
velocity components, whose ratio defines the advancing ratio ε, and are not symmetric
due to an initial tilt angle γ. As mentioned in the introduction, this kind of impact might
introduce ventilation into the fluid flow [8] due to fluid detachment at the wedge tip. A
sketch of the problem is shown in Figure 1: a wedge with nominal deadrise angle β enters
the water at the velocity V0 and is rotated by a tilt angle γ with respect to the water surface.
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Figure 1. Sketch of the asymmetric impact of a wedge.
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Figure 1. Sketch of the asymmetric impact of a wedge.

In the following, the analysis will always refer to wedges designed as symmetric
structures with nominal deadrise angle β but rotated by a tilt angle γ, hence presenting
different deadrise angles on the two sides (β1 = β− γ and β2 = β + γ). We also define the
advancing ratio ε as the ratio between the horizontal velocity U0 and the vertical velocity V0.
Utilizing such definitions, we here classify the water entry event into three main categories:

• γ = 0 and ε 6= 0—symmetric wedge with an horizontal velocity component;
• γ 6= 0 and ε = 0 —asymmetric wedge with pure vertical velocity;
• ε, γ 6= 0—asymmetric wedge with an horizontal velocity component.

In the case of vertical impact, fluid detachment is prone to happen only if the condition
β + γ ≥ π/2 is met. In the presence of a horizontal velocity component, it is reported
in the literature [20] that the flow separation from the wedge vertex may occur when
π − γinf < βL, being βL is the leeward-side deadrise angle, and γinf the water-entry angle,
as in these cases, the pressure near the tip might become negative [25]. Although this
phenomenon is well known, it is usually neglected due to the difficulties in treating the
fluid detachment. This work instead focuses on those cases where the fluid detaches at the
wedge vertex.

3. Coupled FEM/SPH Numerical Model

In this study, we assume that cavitation at the wedge vertex does not occur and flow
separation depends on the flow characteristics enabling ventilation. Gravity is always
neglected, while the entry velocity and tilt motion either follow the actual impact dynamics
or is set to a constant value, for in the latter case the solution is self-similar in time, hence
the results might be normalized by the entry depth. In the case of full fluid–structure
interaction simulations (hence modelling the whole impact dynamics) the solution is not
self-similar in time not only because of the role of acceleration but also because the tilt
motion modifies the deadrise angle. As a result, the jet of water piling up over the counter-
clock side thickens, while in the opposite side, the water is pushed by the rotating wedge
and the free surface profile near the wedge deforms significantly.

The 2D numerical model , presented in Figure 2, is based on the SPH solutor available
within the commercial software LS-DYNA. In all the numerical solutions, the fluid is mod-
elled by SPH particles with a constant diameter of 0.25 mm covering a region 0.8 m wide
and 0.3 m deep. Non-reflecting boundaries define the bounding box. The fluid is modelled
through an equation of state following the Gruneisen model and the fluid particles are
solved utilizing the SPH-enhanced fluid formulation (FORM = 16). Both wedge’s sides
are 0.3 m long and are modelled as a rigid shell composed by 100 elements on each side,
leading to an average of four SPH particles that make contact with a single element in
the wet region. Such a strategy allows to smooth out the marked pressure fluctuations
otherwise attained at the fluid–structure interface. Deadrise angle, initial rotation, and
entry velocities are parametrically varied, while the wedge mass is 100 kg per unit width.
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Figure 2. Two-dimensional numerical model with highlighted boundary and initial conditions.

The numerical results will be compared against established analytical solutions. It
has already been shown that the numerical scheme utilized within this work is in line
with the analytical predictions provided by Wagner’s model for the case of pure vertical
velocity [26,27] which, in turn, was shown to provide results in line with experimental
results conducted on rigid wedges [28–31]. In Wagner’s expanding plate model, which has
been formulated for symmetric impacts only, the pressure distribution along the wedge
edge is given by:

p
ρ
= V̇

√
r2 − x2 +

V r ṙ√
r2(t)− x2

− 1
2

V2 x2

r2 − x2 (1)

while the Modified Logvinovich Model (MLM), before flow separation, reads [32]

p
ρ
=

1
2

V2

[
ṙ
V

r(t)√
r2(t)− x2

− cos2 β
r2(t)

cr2(t)− x2 − sin2 β

]
(2)

where 0 < x < r defines the wet portion of the edge. Within this scheme, x is an abscissa
oriented horizontally, i.e., following the direction of the free surface, and r is a function of
the entry depth ξ and equals π

2
ξ

tan β . In the case of constant entry velocity, the horizontal

projection of the wet length reads r = π V t
2 tan β . MLM can be also utilized to study asymmetric

impacts. However, a simplified method considering an equivalent deadrise angle equal to
the average of the left- and the right-side deadrise angles is sufficiently accurate to predict
the overall impact dynamics [32]. Within this numerical scheme, the distribution of the
non-dimensional hydrodynamic pressure p̄, which is given by 2p tan β

ρV2 , over the horizontal
abscissa x is given by

p̄(x) =
π√

1−
( x

r

)2
− tan β

( x
r

)2

1−
( x

r

)2 (3)

The normalized pressure distribution for varying deadrise angle is shown in Figure 3.
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Figure 2. Evolution of the normalized pressure along the wetted edge for variable deadrise angles.

Following Wagner’s solution, the vertical force (per unit width) of the wedge can
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This shows that the ratio between the vertical force and the entry depth, which in
case of constant velocity equals Vt, is
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which is time-independent, being a function of the deadrise angle only. Here, vertical
force, horizontal force, and tilting moment will be normalized as
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Figure 3. Evolution of the normalized pressure along the wetted edge for variable deadrise angles.

Following Wagner’s solution, the vertical force (per unit width) of the wedge can then
be estimated as follows:

F(t) = 2
∫ 1

0
p̄dx

ρV2

2 tan β
r cos β or F(t) = F̄

π ρV3 t
2 tan β

cos β

tan β
(4)

This shows that the ratio between the vertical force and the entry depth, which in the
case of constant velocity equals Vt, is

F(t)
V t

= F̄
πρV2

2 tan β

cos β

tan β
(5)

which is time-independent, being a function of the deadrise angle only. Here, vertical force,
horizontal force, and tilting moment will be normalized as

F̄x,y = Fx,y
2 tan2 β

cos(β)πρV3
y t

and M̄ = M
2 tan2 β

cos(β)πρV2
y Vxt2 . (6)

4. Symmetric Wedges with Horizontal Velocity Component—γ = 0 and ε 6= 0

In this section, we investigate the effect of a horizontal velocity component on the
pressure distribution over a rigid wedge. At first, we concentrate on rigid wedges with
constant velocity and null tilt motion, since such approximation leads to a self-similar
solution and the impact time can be taken out of the analysis.

As a general result, the horizontal velocity component alters the fluid motion beneath
the wedge up to the point a cavity is formed. Indeed, a threshold value of it exists
for the onset of cavity formation. Figure 4 shows three images of the cavity predicted
by the numerical solutions on a wedge with β = 25◦ and varying advancing ratios ε.
Notably, fluid detachment is attained as ε exceeds 2 and the void region increases with the
advancing ratio.
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Figure 4. Fluid detachment at the vertex of a β = 25◦ wedge for varying advancing ratio
ε = 6

3 , 7
3 and 8

3 (left to right).

Indeed, pressure drops to zero in the dry region, the extension of which increases
with the advancing ratio ε. Figure 5 details the predicted pressure distribution over a
symmetric wedge with deadrise angle β = 30◦ entering the water with varying advancing
ratios ε. These examples report wedges running at a constant speed and the tilt motion is
inhibited. Each graph reports the normalized pressure over the normalized wet portion of
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the wedge at various instants of the impact. Notably, the solution remains self-similar for
all the advancing ratios considered, as the normalized pressure and void region are not
influenced by the entry depth. Interestingly, the leeward wedge side remains completely
dry as ε exceeds 2.
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Figure 5. Normalized pressure versus wet portion of a wedge (β = 30◦) at various instants of the
impact for varying ε.

The self-similarity of the results allows for the effect of the advancing ratio on the
pressure distribution along the body to be compared. Figure 6 reports results similar to the
ones presented in Figure 5, but stacked on a single graph to ease their comparison. Results
about β = 20◦ and β = 30◦ wedges with varying advancing ratios are presented. In the case
of pure vertical impact, such deadrise angles experience a hydrodynamic load that is almost
constant over the entire wet surface, as also predicted by the Wagner’s solution reported in
Figure 3. However, when a horizontal velocity component is introduced, the pressure on
the right side (that is, the windward side) is found to increase almost linearly moving from
the vertex to the free edge, while it remains constant on the leeward side, except for the
region experiencing fluid detachment. The graph reports a single solution for each case due
to the self-similarity of the results. In the case of β = 30◦, fluid detachment initiates when ε
becomes greater than 1 and the magnitude of the void region with respect to the overall wet
length increases with the advancing ratio, to eventually remain fully dry when ε is greater
than 2. Notably, for both the deadrise angles considered, the cavity incipient condition
is met as soon as β + arctan ε ≈ 1.3, while the cavity is completely formed as soon as
β + arctan ε ≈ π/2, a result which matches with the analytical predictions [25], validating
the capability of the numerical model to correctly capture the cavity formation event. The
pressure on the windward side is found to increase with the horizontal component while
it decreases on the opposite side. At the higher advancing ratio considered in this study
(ε = 2.5), the left side never makes contact with the fluid. Figure 6 also highlights, with
particular reference to the β = 30 case, how the pile-up on the windward side of the wedge
increases with the advancing ratio, while it decreases on the leeward side. These results
should be ascribed to the increasing horizontal component of the velocity.
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gets in contact with the fluid. Figure 5 also highlights, with particular reference to the154

b = 30 case, how the pile-up on the windward side of the wedge increases with the155

advancing ratio, while it decreases on the leeward side. These results should be ascribed156

to the increasing horizontal component of the velocity.157
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Having imposed a constant entry velocity further allows normalizing the impact158

forces and the tilting moment, whose magnitude remain constant during the whole159

impact event. The normalized results for all the cases considered are collected in Figure160

6. The normalized horizontal force Fx is found to linearly increase with the advancing161

ratio, as with it increases the horizontal velocity component, while both the vertical162

force Fy and the momentum Mz are found to remain constant (hence proportional to163

the vertical force only), to eventually diverge as e exceeds 2, which is the full cavity164

generation condition.165

Figure 6. Normalized pressure versus normalized wetted surface on a symmetric wedge with
β = 30◦ (left) and β = 20◦ (right), entering the water with different advancing ratios ε = Vx/Vy.

Having imposed a constant entry velocity further allows normalizing the impact forces
and the tilting moment, whose magnitude remain constant during the whole impact event.
The normalized results for all cases considered are collected in Figure 7. The normalized
horizontal force Fx is found to linearly increase with the advancing ratio, as the horizontal
velocity component increases with it—while both the vertical force Fy and the momentum
Mz remain constant (hence proportional to the vertical force only)—to eventually diverge
as ε exceeds 2, which is the full cavity generation condition.
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6. Asymmetric wedges with pure vertical velocity — g 6= 0 and e = 0166

This section firstly proposes to adapt simple analytical formulations to investigate167

the impact dynamics of asymmetric wedges. Later, the hydrodynamic pressure evaluated168

numerically will be compared against Wagner’s solution to assess its validity also in169

asymmetric water impacts.170

6.1. Impact dynamics of asymmetric wedges171

The impact dynamics of the asymmetric wedges impacting with pure vertical
velocity will be here approximated through Wagner’s formula, by adjusting the added
mass term to account for the different deadrise angles, hence the wet length, of the
two sides of the wedge. The mass of the expanding plate in Wagner’s approach is here
approximated by

m = r
p

2


1
2

✓
x

tan(b0 + g)
+

x

tan(b0 � g)

◆�2
(7)

And the impact dynamics is estimated utilizing equation 4 by substituting the term
tan(b) with

tan(b) = 2
tan(b0 + g) · tan(b0 � g)

tan(b0 + g) + tan(b0 � g)
(8)

The comparison between analytical predictions and the numerical results shows172

a fairly good match during the initial stage of the water entry, to slightly diverge after173

the peak acceleration is reached. Such a difference should be ascribed to the tilt motion174

which modifies the deadrise angle over time, an effect that is not accounted for in the175

analytical model. As title of example, figures 7 to 10 show the comparison between176
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Figure 7. Normalized horizontal force, vertical force, and momentum versus advancing ratio ε.

5. Asymmetric Wedges with Pure Vertical Velocity—γ 6= 0 and ε = 0

This section firstly proposes to adapt simple analytical formulations to investigate
the impact dynamics of asymmetric wedges. Later, the hydrodynamic pressure evaluated
numerically will be compared against Wagner’s solution to assess its validity in asymmetric
water impacts.

5.1. Impact Dynamics of Asymmetric Wedges

The impact dynamics of the asymmetric wedge impacting with pure vertical velocity
will be here approximated through Wagner’s formula, by adjusting the added mass term
to account for the different deadrise angles, hence the wet length, of the two sides of the
wedge. The mass of the expanding plate in Wagner’s approach is here approximated by

m = ρ
π

2

[
1
2

(
ξ

tan(β0 + γ)
+

ξ

tan(β0 − γ)

)]2
(7)
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And the impact dynamics is estimated utilizing Equation (4) by substituting the term
tan(β) with

tan(β) = 2
tan(β0 + γ) · tan(β0 − γ)

tan(β0 + γ) + tan(β0 − γ)
(8)

The comparison between analytical predictions and the numerical results shows a
fairly good match during the initial stage of the water entry, to slightly diverge after the
peak acceleration is reached. Such a difference should be ascribed to the tilt motion which
modifies the deadrise angle over time, an effect that is not accounted for in the analytical
model. As an example, Figures 8–11 show the comparison between numerical results and
analytical predictions of the impact dynamics of a β = 25◦ wedge varying tilt angle and
entry velocity.
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6. Asymmetric wedges with pure vertical velocity — g 6= 0 and e = 0166

This section firstly proposes to adapt simple analytical formulations to investigate167

the impact dynamics of asymmetric wedges. Later, the hydrodynamic pressure evaluated168

numerically will be compared against Wagner’s solution to assess its validity also in169

asymmetric water impacts.170

6.1. Impact dynamics of asymmetric wedges171

The impact dynamics of the asymmetric wedges impacting with pure vertical
velocity will be here approximated through Wagner’s formula, by adjusting the added
mass term to account for the different deadrise angles, hence the wet length, of the
two sides of the wedge. The mass of the expanding plate in Wagner’s approach is here
approximated by

m = r
p

2


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tan(b0 + g)
+
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tan(b0 � g)

◆�2
(7)

And the impact dynamics is estimated utilizing equation 4 by substituting the term
tan(b) with

tan(b) = 2
tan(b0 + g) · tan(b0 � g)

tan(b0 + g) + tan(b0 � g)
(8)

The comparison between analytical predictions and the numerical results shows172

a fairly good match during the initial stage of the water entry, to slightly diverge after173

the peak acceleration is reached. Such a difference should be ascribed to the tilt motion174

which modifies the deadrise angle over time, an effect that is not accounted for in the175

analytical model. As title of example, figures 7 to 10 show the comparison between176
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Figure 8. Impact dynamics of an asymmetric wedge entering the water at 8 m/s. Deadrise angle
b = 25�, tilt angle 5�.
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Figure 9. Impact dynamics of an asymmetric wedge entering the water at 4 m/s. Deadrise angle
b = 25�, tilt angle 15�.
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Figure 10. Impact dynamics of an asymmetric wedge entering the water at 6 m/s. Deadrise angle
b = 25�, tilt angle 15�.

6.2. Hydrodynamic pressure179

It has been found that the impact dynamics during the initial stages of the water180

entry process can be effectively predicted by a simple modification of the expanding181

plate model. To evaluate the effect of the tilt angle on the pressure distribution, we182

now concentrate on the hydrodynamic pressure at the interface and compare the results183

against Wagner’s predictions.184

Figure 11 shows the effect of the tilt angle on the pressure distribution for the case185

of a b = 30� wedge with constant entry velocity and null tilt motion. In such a condition186

the solution is found to remain self-similar in time and the trend of the hydrodynamic187

pressure follows Wagner’s prediction on each side of the wedge. The pileup coefficient188

Figure 9. Impact dynamics of an asymmetric wedge entering the water at 8 m/s. Deadrise angle
β = 25◦, tilt angle 5◦.
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6.2. Hydrodynamic pressure179

It has been found that the impact dynamics during the initial stages of the water180

entry process can be effectively predicted by a simple modification of the expanding181

plate model. To evaluate the effect of the tilt angle on the pressure distribution, we182

now concentrate on the hydrodynamic pressure at the interface and compare the results183

against Wagner’s predictions.184

Figure 11 shows the effect of the tilt angle on the pressure distribution for the case185

of a b = 30� wedge with constant entry velocity and null tilt motion. In such a condition186

the solution is found to remain self-similar in time and the trend of the hydrodynamic187

pressure follows Wagner’s prediction on each side of the wedge. The pileup coefficient188

Figure 10. Impact dynamics of an asymmetric wedge entering the water at 4 m/s. Deadrise angle
β = 25◦, tilt angle 15◦.



Appl. Sci. 2021, 11, 2029 9 of 14

Version January 30, 2021 submitted to Appl. Sci. 8 of 13

numerical results and analytical predictions of the impact dynamics of a b = 25� wedge177

varying tilt angle and entry velocities.178

0 3 6 9 12
0

15
30
45
60
75
90

Time [ms]

D
is

p
[m

m
]

Numerical
Analytical

0 3 6 9 12
3
4
5
6
7
8
9

Time [ms]

Ve
l[

m
/s

]

0 3 6 9 12
�600
�500
�400
�300
�200
�100

0

Time [ms]

A
cc

[m
/s

2 ]

Figure 8. Impact dynamics of an asymmetric wedge entering the water at 8 m/s. Deadrise angle
b = 25�, tilt angle 5�.

0 3 6 9 12
0

10

20

30

40

50

Time [ms]

D
is

p
[m

m
]

Numerical
Analytical

0 3 6 9 12
2

2.5

3

3.5

4

4.5

Time [ms]

Ve
l[

m
/s

]

0 3 6 9 12
�200

�150

�100

�50

0

Time [ms]

A
cc

[m
/s

2 ]

Figure 9. Impact dynamics of an asymmetric wedge entering the water at 4 m/s. Deadrise angle
b = 25�, tilt angle 15�.

0 3 6 9 12
0

20

40

60

80

Time [ms]

D
is

p
[m

m
]

Numerical
Analytical

0 3 6 9 12
2

3

4

5

6

7

Time [ms]

Ve
l[

m
/s

]

0 3 6 9 12
�400

�300

�200

�100

0

Time [ms]

A
cc

[m
/s

2 ]

Figure 10. Impact dynamics of an asymmetric wedge entering the water at 6 m/s. Deadrise angle
b = 25�, tilt angle 15�.

6.2. Hydrodynamic pressure179

It has been found that the impact dynamics during the initial stages of the water180

entry process can be effectively predicted by a simple modification of the expanding181

plate model. To evaluate the effect of the tilt angle on the pressure distribution, we182

now concentrate on the hydrodynamic pressure at the interface and compare the results183

against Wagner’s predictions.184

Figure 11 shows the effect of the tilt angle on the pressure distribution for the case185

of a b = 30� wedge with constant entry velocity and null tilt motion. In such a condition186
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Figure 11. Impact dynamics of an asymmetric wedge entering the water at 6 m/s. Deadrise angle
β = 25◦, tilt angle 15◦.

5.2. Hydrodynamic Pressure

It has been found that the impact dynamics during the initial stages of the water
entry process can be effectively predicted by a simple modification of the expanding
plate model. To evaluate the effect of the tilt angle on the pressure distribution, we now
concentrate on the hydrodynamic pressure at the interface and compare the results against
Wagner’s predictions.

Figure 12 shows the effect of the tilt angle on the pressure distribution for the case of a
β = 30◦ wedge with constant entry velocity and null tilt motion. In such a condition, the
solution is found to remain self-similar in time and the trend of the hydrodynamic pressure
follows Wagner’s prediction on each side of the wedge. The pileup coefficient [33] is not
influenced by the initial tilt angle and it remains approximately constant to π/2, matching
with the analytical value predicted for symmetric wedges.
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Figure 11. Effect of the initial tilt angle on the pressure distribution on a b = 30� wedge entering
the water with pure vertical velocity for varying initial tilt angle.

[30] is not influenced by the initial tilt angle and it remains approximately constant to189

p/2, matching with the analytical value predicted for symmetric wedges.190

Indeed, if velocity is not prescribed a priori the simulation loses the self-similarity191

and the solution changes over time. Figure 12 reports as title of example the time192

evolution of the pressure at the fluid/structure interface of a wedge with deadrise angle193

b = 25� entering the water with an initial tilt angle of 5� and initial velocity 6m/s. The194

hydrodynamic pressure compares well during the initial stage of the impact but soon195

diverges in both sides, to eventually switch the side experiencing the higher pressure. As196

already mentioned before, such a difference should be ascribed to the tilt motion, which197

is not taken into account in the analytical model. Please note that the sudden pressure198

jump at the keel, which magnitude increases with e, is a graphical artefact introduced by199

the normalization of the results.200
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Figure 12. Asymmetric wedge entering the water at 6 m/s with pure vertical velocity. Deadrise
angle b = 25�, tilt angle 5�. Pressure distribution at 4, 8, 12, and 16ms from the impact.

Figure 12. Effect of the initial tilt angle on the pressure distribution on a β = 30◦ wedge entering the
water with pure vertical velocity for varying initial tilt angle.

Indeed, if the velocity is not prescribed a priori, the simulation loses the self-similarity
and the solution changes over time. Figure 13 reports, as an example, the time evolution of
the pressure at the fluid–structure interface of a wedge with deadrise angle β = 25◦ entering
the water with an initial tilt angle of 5◦ and initial velocity of 6 m/s. The hydrodynamic
pressure compares well during the initial stage of the impact but soon diverges in both sides,
to eventually switch the side experiencing the higher pressure. As already mentioned
before, such a difference should be ascribed to the tilt motion, which is not taken into
account in the analytical model. Please note that the sudden pressure jump at the keel, the
magnitude of which increases with ε, is a graphical artefact introduced by the normalization
of the results.
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p/2, matching with the analytical value predicted for symmetric wedges.190

Indeed, if velocity is not prescribed a priori the simulation loses the self-similarity191

and the solution changes over time. Figure 12 reports as title of example the time192

evolution of the pressure at the fluid/structure interface of a wedge with deadrise angle193

b = 25� entering the water with an initial tilt angle of 5� and initial velocity 6m/s. The194

hydrodynamic pressure compares well during the initial stage of the impact but soon195

diverges in both sides, to eventually switch the side experiencing the higher pressure. As196

already mentioned before, such a difference should be ascribed to the tilt motion, which197

is not taken into account in the analytical model. Please note that the sudden pressure198

jump at the keel, which magnitude increases with e, is a graphical artefact introduced by199

the normalization of the results.200
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Figure 12. Asymmetric wedge entering the water at 6 m/s with pure vertical velocity. Deadrise
angle b = 25�, tilt angle 5�. Pressure distribution at 4, 8, 12, and 16ms from the impact.

Figure 13. Asymmetric wedge entering the water at 6 m/s with pure vertical velocity. Deadrise angle
β = 25◦, tilt angle 5◦. Pressure distribution at 4, 8, 12, and 16 ms from the impact.

The presented results show that, on one side, an eventual asymmetry during the water
impact does not have a remarkable effect on the impact dynamics and on the maximum
impact force, since the peak force is attained in the early stage of the impact, prior to
a substantial tilt motion. On the other side, the tilt motion is found to largely alter the
hydrodynamic pressure distribution at the larger entry depths.

The next section presents some numerical solutions for asymmetric wedges entering
the water with combined vertical and horizontal velocity to investigate the combined
influence of tilt angle and horizontal component.

6. Asymmetric Wedges with Horizontal Velocity Component—ε, γ 6= 0

In this section, asymmetric wedges with combined vertical and horizontal impact
velocities are studied, which represents a combination of the impact conditions studied
in Sections 4 and 5. The analysis considers only the cases where the advancing ratio is
in the same direction of the tilt angle (left direction in Figure 1, and counter-clock wise
rotation). Advancing ratio, deadrise angle, and tilt angle have been parametrically varied
in the numerical analysis, but only some reference cases are reported here for brevity.

As an example, two cases representative of incipient cavity formation are presented:
Figure 14 compares the numerical results and analytical predictions of the pressure over
a 25◦ wedge with an initial tilt angle of 15◦ entering the water with vertical velocity
vy = 4 m/s and horizontal velocity vx = 2 m/s. Figure 15 shows a wedge with
a deadrise angle of 25◦ and tilt angle of 5◦ entering the water with vertical velocity
vy = 4 m/s and horizontal velocity vx = 4 m/s (ε=1).
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The presented results show that, on one side, an eventual asymmetry during the201

water impact does not have a remarkable effect on the impact dynamics and on the202

maximum impact force, since the peak force is attained in the early stage of the impact,203

prior to a substantial tilt motion. On the other side, the tilt motion is found to largely204

alter the hydrodynamic pressure distribution at the larger entry depths.205

The next section presents some numerical solutions for asymmetric wedges entering206

the water with combined vertical and horizontal velocity to investigate the combined207

influence of tilt angle and horizontal component.208

7. Asymmetric wedges with horizontal velocity component — e, g 6= 0209

In this section, asymmetric wedges with combined vertical and horizontal impact210

velocities are studied, which represents a combination of the impact conditions studied211

in Section 5 and 6. The analysis considers only the cases where the advancing ratio is212

in the same direction of the tilt angle (left direction in figure 1, and counter-clock wise213

rotation). Advancing ratio, deadrise angle, and tilt angle have been parametrically varied214

in the numerical analysis, but only some reference cases are reported here for brevity. As215

title of example, two cases representative of incipient cavity formation are presented:216

Figure 13 compares numerical results and analytical predictions of the pressure over a217

25� wedge with 15� initial tilt angle entering the water with vertical velocity vy = 4m/s218

and horizontal velocity vx = 2m/s, while Figure 14 shows a wedge with deadrise angle219

of 25� and tilt angle of 5� entering the water with vertical velocity vy = 4m/s and220

horizontal velocity vx = 4m/s (e=1).221
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Figure 13. Asymmetric wedge entering the water at 4 m/s (y) + 2 m/s (x). Deadrise angle b = 25�,
tilt angle 15�.

In the case shown in figure 14, the high horizontal velocity component induces the222

fluid to detach from wedge tip, as visible in Figure 15, reporting the fluid velocity. Since223

air is not considered in the numerical model, the numerical solution might not represent224

the real behaviour of the fluid. Nevertheless, results show that even if there is a region225

Figure 14. Asymmetric wedge entering the water at 4 m/s (y) + 2 m/s (x). Deadrise angle β = 25◦,
tilt angle 15◦.
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Figure 14. Asymmetric wedge entering the water at 4 m/s (y) + 4 m/s (x). Deadrise angle b = 25�,
tilt angle 5�.

where the pressure drops to zero, the maximum pressure compares well with Wagner’s226

model, even if the overall shape changed: the maximum pressure on the leeward face is227

now located where the fluid reattach to the wedge rather than in the fluid jet.228
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In the case shown in Figure 15, the high horizontal velocity component induces the
fluid to detach from the wedge tip, as visible in Figure 16, reporting the fluid velocity. Since
air is not considered in the numerical model, the numerical solution might not represent
the real behaviour of the fluid. Nevertheless, the results show that even if there is a region
where the pressure drops to zero, the maximum pressure compared well with Wagner’s
model, even if the overall shape changed: the maximum pressure on the leeward face is
now located where the fluid reattach to the wedge rather than in the fluid jet.
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Overall, the results show that the combination of leeward deadrise angle and ad-
vancing ratio resulting in incipient cavity formation is β + arctan ε > 1.2, and full cavity
formation is attained when β + arctan ε > π/2. These results are in line with the ones
obtained for the symmetric wedges with horizontal velocity component presented in
Section 4.

7. Conclusions

This work demonstrates that the proposed numerical solution scheme based on a
coupled FEM–SPH approach allows for prediction of the hydrodynamic pressure during
asymmetric water entry of rigid bodies and also in the case of cavity formation at the
wedge vertex. The following three cases were considered: symmetric wedges entering the
water with a velocity vector with components normal and tangential to the fluid surface,
asymmetric wedges falling vertically, and, finally, the combination of asymmetry and a
generic velocity vector. In the first scenario, the results show that the horizontal component
of the velocity influences the fluid motion beneath the wedge and that a threshold value
of the ratio between the horizontal and the vertical velocity components exists, leading to
the onset of the cavity formation. This threshold depends on the deadrise angle. Cavity
formation has an influence on the impact forces and on the tilting moment that increases
significantly for advancing ratios above the threshold. On the other side, in pure vertical
entry events, it is found that an asymmetry in terms of the initial tilt angle does not affect
the maximum hydrodynamic load. This is very important because, as a consequence,
the impact dynamics can be effectively predicted by simply introducing the tilt angle in
the analytical formulations developed for symmetric impacts. However, the tilt motion
alters the hydrodynamic pressure distribution at the larger entry depths. Finally, the
combination of the two conditions shows that the maximum pressure is comparable to
Wagner’s solution, even if the pressure distribution is very different and presents zero
pressure zones. As in the symmetric case, the cavity formation presents a threshold, which,
in this case, is a function of the deadrise angle and the advancing ratio. As a further
step, the proposed numerical scheme can be coupled with FEM to determine the effect of
asymmetry on the hydro-elastic behaviour of flexible structures.
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