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Abstract

The Wagner theory, developed 80 years ago, is an analytical method for solving problems
where a body with small deadrise angle impacts onto an undisturbed water surface of infi-
nite depth. In this study, two-dimensional impact models based on the Wagner theory are
developed which account for the elasticity of the body, for large horizontal speed of the body
and flow separation from the body.

In chapter 3, the problems of inclined rigid and elastic plates, impacting the fluid verti-
cally, are solved. The elastic plate deflection is governed by Euler’s beam equation, subject
to free-free boundary conditions. In chapter 4 and 5, impact problems of rigid and elastic
plates and blunt bodies with high horizontal speed are considered. A smooth separation of
the free surface flow from the body is imposed by Kutta’s condition and the Brillouin-Villat
condition. In chapter 6, we account for fluid separation from the body in the free vertical
fall of a rigid plate and a blunt body. In all problems considered in this thesis, the rigid
and elastic plate motions, the fluid flow, and the positions of the turnover regions and the
separation points are coupled.

We found that hydrodynamic forces on an elastic body can be significantly different
from those on a rigid body. In particular, the elasticity of the body can promote cavitation
and ventilation. It is shown that horizontal speed of the body increases the hydrodynamic
forces on the body and the jet energy significantly. For free-fall problems at high horizontal
speed, the body can exit the fluid after entering if the forward speed is large enough. It is
illustrated that the hydrodynamic forces on the body and the motion of the body strongly
depend on the separation model. For the Brillouin-Villat separation criterion, we found that

the position of the separation point is sensitive to the body vibration.
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Chapter 1

Introduction

On the 15th January 2009 an Airbus A320-214 lost full engine power due to a bird strike
shortly after take-off. Since the airplane was still over New York, the pilot was forced to
carry out an emergency landing of the aircraft into the Hudson River in Manhatten and all
155 passengers survived (Hersman et al., 2010). This emergency landing has been described
as the most successful water landing in aviation history and is also known as the Hudson
River Miracle.

The controlled emergency landing into water, also known as ditching, is a risky process
and usually involves fatalities. According to Bertorelli (1999), the overall chance of surviving
such an airplane accident is about 90%. For a successful ditching, the pilot has to follow
ditching instructions: For example the Boing 737 Flight Crew Training Manual (The Boeing
Company, 1999) allows only a very low speed of descent of 1 to 1.5ms™! and a forward speed
of about 50ms~! shortly before ditching. If these instructions are not followed, the forces
caused during the aircraft impact into water can be so high that the aircraft breaks into
pieces, as happened to a Boeing 767-200ER in the accident of Ethiopian Airlines Flight 961
on 23th November 1996 (Hamilton, 1998).

Ditching of aircraft is a problem where a body hits the free water surface at high hori-
zontal speed. Such impacts also occur in slamming of high-speed vessels (Faltinsen, 2005)
causing unexpected vessel motions and damage to the vessel hull. Seal systems at the bow
and the stern of surface-effect ships can be damaged, since they are exposed to water impact
even in low sea states (Ulstein, 1995).

In slamming of light bodies at high enough speed, it can be observed that the impacting
body bounces out of the water after entry. Body bouncing can be a hazard for planing of
high-speed vessels and for the safe landing of aircraft on the water surface. On the other
hand, this effect can be utilised for the bounce of missiles on the free surface for military
purposes. For example a ‘bouncing bomb’ was used by the British Army in the Second World
War to destroy dams (see Johnson, 1998).

Body slamming into water with low or zero horizontal speed occurs in the dropping
of lifeboats from ships and offshore platforms. A prediction of the hydrodynamic loads is
necessary to assess the risk of injury to the passengers. Slamming can be also fatal when
waves hit structures, such as the wetdecks of catamerans and the decks of ships (Faltinsen,
2005). In high sea states, the bow-flare of ships can slam onto the water surface which is

also known as whipping (Kapsenberg, 2011). Whipping can cause, together with the global



bending of the ships known as springing, serious stresses leading to material fatigue or even
cracks in the structure.

Understanding the interactions between structures and the water during impact can help
manufacturers to find the right design for aircraft, ships and lifeboats, and can help to develop

guidelines facilitating safe emergency landing into water and sustainable ship maneuvering.

1.1 Wagner’s model for impact problems

High loads on the structure can be experienced during impact when the angle between the
tangent to the profile and the undisturbed free surface, also known as the deadrise angle, is
small. Pioneering works for such impact problems were written by von Karman (1929) and
Wagner (1932). In both models, the problem is solved using potential flow theory, where the
boundary conditions of the potential flow are linearised and imposed onto the undisturbed
free surface. Von Karman neglected the water surface elevation during impact so that his
model underestimated the impact loads. The account for the pile-up of the free surface in
Wagner’s model during impact improved the prediction of the loads. Zhao and Faltinsen
(1993) solved the impact problem for the fully nonlinear hydrodynamic model and showed
that the theoretical predictions of the hydrodynamic loads on the wedge in Wagner’s model
have an error of less than 10% for a range of deadrise angles of less than 10°. Wagner’s
model has received a lot of attention since the hydrodynamic loads are simple to calculate
and analytical, also for other body shapes (Howison et al., 1991), and are conservative
predictions. Excellent reviews of the Wagner theory are given by Korobkin (1988), Howison
et al. (1991) and Oliver (2002).

Modifications of the original Wagner theory were introduced to improve the predictions
of the hydrodynamic impact loads acting on different shapes entering water, most notably
the modified Logvinovich model in Korobkin (2004). Other modified Wagner models are
given in Zhao et al. (1996), Vorus (1996) and Cooker (1996). The original Wagner model
solves the impact problem in the leading order of the small deadrise angle. Second-order
extensions have been presented by Oliver (2007) and Korobkin (2007). They also found
significant improvements in the predictions of the hydrodynamic loads. However, the second
order models give hardly any improvements for the prediction of the size of the contact
region.

Much less work has been done on the Wagner model for three-dimensional problems, since
their solutions are much more complicated to achieve. Analytical solutions have only been
published for axisymmetric bodies and elliptic paraboloids (see Scolan and Korobkin, 2001;
Korobkin and Scolan, 2006). Recently, Moore et al. (2012b) presented results for the impact
of axisymmetric bodies with horizontal speed. Numerical evaluations of the three dimensional
Wagner model have been given by Takagi (2004) for elliptical paraboloids and Tassin et al.
(2012) for bodies of general convex shapes. It should be mentioned that problems of slender-
body impact can be solved by the strip theory (Wagner, 1932; Oliver, 2002). This method
reduces the three-dimensional problem to two-dimensional impact problems in transversal

cross-sections of the body.



1.2 Wagner’s model for the impact of elastic structures

Impact loads on the body during water impact can be extremely high, but they do not
directly imply high stresses on the body. To account for the stresses on a structure, its
elasticity has to be taken into account. If the stresses exceed the yield stress of the material
the body starts to deform permanently. Repeated impacts lead to material fatigue with a
decrease of the yield stress. The interactions of an elastic structure with the fluid flow are
coupled, which means that the elastic deformations of the body depend on the hydrodynamic
forces and vice versa. This subject of coupling is also known as hydroelasticity (Korobkin
et al., 2011).

The simplicity of Wagner’s model makes it possible to couple directly the hydrodynamic
model with the elastic deflection of an impacting body. Such a coupled model was first
studied by Meyerhoff (1965a), (1965b), who discussed the vertical entry of an elastic wedge
with small deadrise angle. The wedge material consisted of two simply supported beams
modelled by Euler’s beam equation (see Donnell (1976)). To couple the hydrodynamic loads
with the elastic deflection of the wedge, Meyerhoff used the normal-mode method. His results
showed that the flexibility of the plate first reduces the hydrodynamic forces compared to the
forces of a rigid wedge, but the hydrodynamic forces on the elastic wedge can be significantly
larger than for a rigid wedge later on during the impact. After Meyerhoff’s pioneering
work Kvasvold and Faltinsen (1993) picked up his idea for the discussion of the problem
of water impact against an elastic wet-deck. They showed that the hydrodynamic loads
are smaller than those occuring at a rigid plate if the wet-deck is flexible enough. Further
work on wave impact onto an elastic plate, simply supported at its ends, followed, most
notably by Korobkin (1998). He reduced the problem to an ordinary differential equation
system by formulating the hydrodynamic problem in terms of the displacement potential.
Unsymmetrical problems of wave impact on an elastic plate have been discussed by Korobkin
and Khabakhpasheva (2006).

1.3 Numerical vs. analytical methods in impact problems

Nowadays computers with high processing power are available to solve impact problems
with Computational Fluid Dynamic (CFD) techniques. But the numerical solution of water-
impact related problems remains difficult because of moving boundaries, localised high-
pressure zones and small-scale phenomena such as thin spray jets and coupled physical
processes such as in hydroelasticity. Numerical algorithms are not perfect, as they exhibit
numerical noise and one must overcome problems at the start of impact with a zero-wetted
body, in the fluid far-field, in the jet region and at points where the fluid separates from the
body.

Analytical methods in impact problems are limited in their application since results can
only be found for simplified shapes of the impacting body or give only asymptotic solutions for
shapes satisfying extreme conditions. However, we require analytical models to understand
coupled effects in the fluid-structure interaction, and the behaviour of the fluid in the jet,
fluid turnover region and the fluid separation region. Furthermore, the flow at the time of
initial contact of the body with the fluid free surface can only be found with the help of

analytical models.



Q/ (t,)

Figure 1.1: An example of a body impact onto deep water. The fluid region Q'(¢’) is bounded
by the free surface line D,(t') and by the wetted body surface Dg(t') at time ¢'.

1.4 The hydrodynamic model for impact problems

1.4.1 Modelling assumptions

We are concerned with impact problems of large bodies, where the contact region of water

and body is of the order of 1m and the vertical speed of the body is of order Ims~!.

In
particular, for such impact problems surface tension can be neglected. Water has a low
kinematic viscosity of 107%m?s~!, so that in our problems the Reynolds-number is of order
108. Hence, viscosity will be neglected in our models.

The presence of air between the water surface and the impacting body can be important
if the shape of the bottom of the body is of low curvature as air can be trapped and influence
the hydrodynamic loads on the body. A two dimensional model of impact of bodies of general
shape with account for air-cushioning was introduced by Wilson (1991). He showed that air
entrapment between body and fluid is more likely, the ‘blunter’ the body is at its bottom.
Experiments of a sphere impacting onto a water surface have been done by Hicks et al.
(2012). In particular, they showed that a thin air-layer is trapped, whose shape is almost
axisymmetrical. Their experiments and numerical calculations showed that the initial radius
of the air pocket decreases with the impact speed V of the body, as V~1/3.

The density of air is much smaller than the density of water, so that air cushions are very
thin and restricted to a small region under the bottom of the body. In the case of wedge
impact, air cushion effects were reported to have no significant effects on the hydrodynamic
loads for deadrise angle larger than 3° (see e.g. Chuang (1966)). For these reasons air cushion
effects are not included in the models presented in this thesis.

Compressibility effects are important if the vertical velocity of an impacting body is very
large. In weakly compressible fluids, like water, the impact of a body into the fluid generates
a shock wave at the initial contact region which propagates with the speed of sound to the
far-field (Lesser and Field, 1983). Korobkin (1992) uses the acoustic approximation to model
compressibility effects in slamming problems for weakly compressible fluids. However, for
the problems discussed in this thesis we assume that the impact velocity is of order Ims™?,
and the deadrise angle of the body is not too small, say about 10°, so that the Mach number
is small and compressibility effects can be neglected.

In summary, in this thesis we only consider two-dimensional problems of body impact
into fluid, where the fluid is assumed inviscid and incompressible, and where the presence of

air and surface tension are neglected.



1.4.2 Basic hydrodynamic equations

Here we give an outline of the basic equations which are used to analyse the fluid-body
interaction when a body penetrates the fluid free surface. These equations are basic and can
be found in most textbooks about fluid mechanics (see e.g. Lamb, 1945; Milne-Thomson,
1968). Initially the fluid is at rest. We introduce a Cartesian coordinate system z'Oy/,
so that the z/-axis points along the undisturbed free surface and the y/-axis vertically up-
wards. The Cartesian coordinate system is fixed such that the fluid in the far-field is at
rest. Throughout the thesis, dimensional variables are primed. We will drop the primes
for non-dimensional variables. Since we assume that the fluid is inviscid and initially at
rest, it follows from Kelvin’s theorem that the liquid flow is irrotational. For incompressible
fluid in irrotational flow, a velocity potential ¢/(z/,y’,t') exists, whose gradient V@' (2, 9/, ")

describes the velocity field of the fluid at time ¢/, and ¢’ satisfies Laplace’s equation
Vg =0 ((2.y) e (), (1.1)

where we define Q/(¢') as the fluid domain at time ¢’ (see Figure 1.1). In potential flow
theory for inviscid, incompressible fluid, the pressure in the fluid flow, p'(2/,y/,t’), is given

by Bernoulli’s equation
v~ p)
L+ @+ VI +ay =C'(t)  (@y) e (), (1.2)

where or is the constant density of the fluid, g is the acceleration due to gravity and C” is
an unknown function that only depends on time. Here ¢}, is the partial time derivative of

@'. Similarly, we will use the indices 2’ and 3 for the partial derivatives in terms of z’ and
/

Y.
The water is in contact with the body along DY(t') and the position of the free surface
is described by D'(t') (see Figure 1.1). We assume that the pressure on D7 (') is equal
to the constant atmospheric pressure pl,,,. This assumption is also known as the dynamic
boundary condition. We introduce the normalised velocity potential ¢’ and the normalised
pressure p’ defined as
/ t/
o =g +trmy [ Oy, P =~ - (1.3)
oF 0
Note that V¢’ = V&', so that ¢’ is also a potential of the fluid velocity. Equations (1.1) and
(1.2) in terms of ¢’ and p’ are given by

V' =0 ((=,y) e Y(t)), (1.4)
2
P tov+3 |V +gy' =0 ((«',y') € (1) (1.5)

For a unique solution Laplace’s equation (1.4) has to be supplemented by boundary condi-
tions. The dynamic boundary condition and equation (1.5) imply the following equation on
the free surface (2/,y') € Da(t):

2
oy + 3|V +gy =0 ((2/,y) € Dp(t)). (1.6)



The kinematic boundary condition assumes that fluid on the free surface is not able to

leave the fluid free surface and is given by

“‘Og/ = 77;5"‘)0;’ + 772’ ((xlvy/) S D/F(t/)) ’ (1'7)

where the multi-valued function 3y’ = #7/(2/,t') describes the position of the free surface,
(«',y") € Dip(t'). We assume that the fluid on the contact region D%(t’), described by the
function y' = '(2/,t’), cannot leave the contact region. Similar to equation (1.7), we find

the body boundary condition

oy =wpey +wp (1) € Ds(t)). (1.8)

Since the fluid in the far-field is at rest, the free surface elevation 1/ (2,¢') tends to zero as
|z’| — oo due to equation (1.7), and the initial condition 7’(z,0) = 0. Hence, it follows from
equation (1.6) that ¢}, tends to zero in the far-field along the free surface. We can conclude
from the initial condition ¢'(z',3’,0) = 0 and the far-field condition V¢'(z',y/,t') — 0 as
z? + 9% — o0, that ¢ satisfies the far-field condition

¢ =0 (2% 4+ 9* = ). (1.9)
Hence, to find the fluid flow, we have to solve Laplace’s equation (1.4) subject to the boundary
conditions (1.6) — (1.8) and the far-field condition (1.9). The pressure in the fluid is obtained
by Bernoulli’s equation (1.5).

1.5 Objectives and the structure of this thesis

The main objective of this thesis is to give novel two-dimensional models for plate and blunt
body impact with small deadrise angle into deep water within the Wagner theory. In these
models, we account for the elasticity of the body, the horizontal speed of the body, separation
of the fluid and a wake region generated due to detachment of the fluid from the body. The
separation and cavitation models suggested avoid unphysical low-pressure zones. In these
models, we couple together the fluid flow, the hydrodynamic loads and the motion of the
body, including the vibration of the body and the position of the mobile separation points
and turnover regions.

To achieve these objectives, we will solve mixed boundary-value problems in terms of
the acceleration potential, velocity potential and displacement potential to find solutions
of the impact problems. To couple the impact of an elastic plate into water, we use the
normal-modes method. Results in this thesis will be analytical and semi-analytical depending
on the complexity of the problem. As to the semi-analytical results, their final equations
are straightforward for numerical evaluations. In particular, this work will illustrate the
importance of the elasticity of the body and the choice of the separation criterion for the
hydrodynamic loads. We will show interesting scenarios due to the free vertical component
of motion of the body along with its fixed horizontal component of velocity.

The structure of the thesis is as follows. We start with a mathematical analysis of a

certain class of mixed boundary-value problems on the lower half plane in chapter 2. To



obtain unique solutions, we permit only certain behaviours of the solutions at the points
where the type of boundary condition changes and in the far-field. The solution of these
mixed boundary-value problems will be used in the subsequent chapters to solve the linearised
hydrodynamic part of the impact problems in terms of the acceleration potential, velocity
potential and displacement potential.

In chapter 3, we introduce the Wagner model for the vertical impact of a plate with small
inclination onto an undisturbed water surface. The Wagner model consists of the linearised
hydrodynamic problem and the Wagner condition to determine the size of the contact region.
We will show that the linearised hydrodynamic model breaks down at the initial penetration
point and at the fluid turnover region. Here we will only present the inner flow at the
turnover region and analyse the energy in the jet. Finally, we analyse the problem of an
elastic plate vertically entering the fluid where the plate elasticity is modelled by Euler’s
beam equation.

In chapter 4, we present a model for the impact of a body with small deadrise angle
at high horizontal speed using the Wagner theory and including a wake region behind the
body. If the fluid separates at the rear contact point, we impose Kutta’s condition and the
condition that the fluid boundary is continuous at the separation point. The forward contact
point is modelled by Wagner’s condition. We identify the energy in the jet and in the rest
of the fluid. In the first case study, we solve the problem of oblique impact of a rigid plate
at constant speed, where the separation point is fixed at the trailing edge. For general body
shapes we derive a formula for the position of the separation point along the smooth body,
which is shown to be equivalent to the Brillouin-Villat criterion. This criterion will be used
to determine the position of the separation point in the free impact of a rigid plate with
constant angle of attack. If the mass of the plate is small enough, the plate exits the fluid
after entry. In the case of plate planing after impact we analyse the long time behaviour of
the fluid flow and of the plate motion. Finally, we discuss the impact of a blunt body at high
speed and analyse the body behaviour in terms of different separation criteria. The work for
the impact of a blunt body has been published in Reinhard et al. (2012a).

In chapter 5, we analyse the impact of an elastic plate onto the water surface at high
horizontal speed. In the first section, we fix the position of the contact point at the trailing
edge. In particular, in this model we will identify the energy in the fluid and in the plate, and
analyse the possible plate-motion scenarios in detail. In the second section, the position of
the rear contact point is determined by the Brillouin-Villat criterion. We have to distinguish
between three flow regimes at the rear contact point since the motion of the separation point
is sensitive to the plate vibration. The work in the first section is under review for the
Journal of Fluid Mechanics (see Reinhard et al., 2013). The work in the second section has
been published in Reinhard et al. (2012b).

In chapter 6, we discuss two vertical impact problems where the fluid separates from a
part of the contact region. In the first problem, we consider the free impact of a rigid plate.
Due to the vertical deceleration and the rotation of the plate, the fluid can separate at the
lower edge of the plate or inside the wetted region. In the second problem, we discuss the
symmetric problem of vertical impact of a light blunt body with account for a cavity under
the body.

In chapter 7, conclusions are drawn and future work is suggested.



Chapter 2
Mixed boundary-value problems

Mixed boundary-value problems (MBVPs) for Laplace’s equation arise in many applica-
tions and are described for example in Duffy (2008) for various two dimensional and three-
dimensional problems mainly on strips, spheres and half-spaces, in Sneddon (1966) specifi-
cally for three-dimensional axisymmetric problems on the half space and in Gakhov (1966) for
two-dimensional problems. Here, we will mainly refer to Gakhov (1966). A typical definition
of a two-dimensional MBVP in terms of a function ¢(z,y), twice continuously differentiable

on an open domain §2, is given by

V=0 ((z,y) €Q), (2.1)
Y =1u ((Cﬂ,y) € an) ) (22)
g = u ((z,y) € 092), (2.3)

where the boundary of the domain €2 is decomposed into 9€; and 9€Qy. The functions uq
and uo are prescribed on 9€2; and 0€25. Here n denotes the exterior normal to the boundary
0€)3. The two-dimensional problem (2.1) — (2.3) can be related to a boundary problem of the
complex function f(z) = pz(z,y) —ipy(z,y), 2 = x +iy. Equation (2.1) implies that f(z) is
analytic, which means that it satisfies the Cauchy-Riemann equations 8% Re(f) = 8% Im(f)
and 8% Im(f) = _8% Re(f).

Many important electrostatic problems, diffusion problems, and problems in potential
flow theory can be formulated as MBVPs of the form (2.1) — (2.3). The two-dimensional
problems in this study, where a body with small deadrise angle impacts onto an initially
flat water surface, can be approximately described as MBVPs on the lower half-plane (see
e.g. Howison et al., 1991). In the following, we discuss such MBVPs in terms of analytic
functions.

In our problems, an analytic function f(z) = u(z,y) + iv(z,y) defined on y < 0, satisfies
the following conditions for given integers ky, k2, [ and given smooth enough functions wug(x)

for x < dy and z > dy and vy(z) for di < x < dg (see also Figure 2.1):
(i) f(z) can be continuably extended on y = 0, excluding the points z = d; and z = ds.
(i) f(2) = O(z'71) as |z| — oc.

(i) |f(2)] = O(|z — di|™"171/2) as 2z — dy and |f(2)| = O(|z — do| %27 Y/2) as z — dy.

(iv) Re(f(x —1i0)) = up(x) for x < dy and = > ds.



f(2) = O((z = di)™M712) f(2) = O((2 — d2)*271/%)

Re(f)—uo\_ Im(f) = v _/Re(f)—uo

d1 d2 t
f(2) analytic

f(z) =01

Figure 2.1: MBVP for the lower-half plane.

(v) Im(f(z —1i0)) = vo(z) for di < z < da.

We only consider boundary functions ug(z) and vg(z) which are consistent with conditions
(ii) and (iii). Condition (i) implies that ug(z) and wvo(x) are continuous functions. For
solutions f satisfying (i) — (v), which will be presented in section 2.3, we require stronger
conditions on the regularity of ug(x) and vg(z), which will be specified later. The solution
of this boundary value problem is linear with respect to ug(z) and vo(z). Any possible
solution of (i) — (v) can be obtained by adding eigensolutions to a particular solution of the
inhomogeneous problem. The eigensolutions are the solutions of the homogeneous problem,
where ug(z) = 0 and vo(x) = 0. Hence, the dimension of the space of solutions of (i) — (v) is
given by the maximum number of independent eigensolutions. We introduced conditions (ii)
and (iii) to control this dimension. The smaller the parameters k1, k2 and [ the smaller is the
dimension of the solution space. If the parameters ki1, ko and [ are too small, the problem
may have no solution. We will also address the question of the existence and uniqueness of
solutions in the following subsections.

Here we remark that the problem (i) — (v) can be transformed into the Riemann-Hilbert
problem (Gakhov (1966), King (2009) and Gillow (1998)), where the analytic function f(z)

is given by the relation

flz —10) + G(x) f(z —i0) = g(x). (2.4)

Here m is the complex conjugate of f(x — i0). In our problem, the functions G and
g are specified by G(x) = —1 and g(z) = 2ivg(x) for dj < = < dy and G(zr) = 1 and
g(x) = 2up(z) for x < dy and = > dy. Solutions of equation (2.4) can be obtained using the
Plemelj-Sokhotski formula (see equation (2.21)). However, in this thesis we will solve the
MBVP (i) — (v) directly by reducing it to a Dirichlet problem.

2.1 The homogeneous problem

In the homogeneous problem we seek all possible solutions f satisfying conditions (i) — (v)
with ug(z) = 0 for x < d; and = > dy, and vo(xz) = 0 for d; < = < dy in (iv) and
(v). The MBVP can be tranformed into a Dirichlet problem by multiplying f(z) with the

characteristic function

9(z) = (z = d))" TPz —dp) 2 (y <), (2.5)



where k; and ko are the integers given in (iii). In equation (2.5) we consider the branch of
g(z), for which g(x —i0) is positive for z > do. In particular, g(z) is analytic in y < 0. Note
that g(z) behaves in the far-field as g(z) = zF1+k2+1 1 O(z¥1++2), The values of g(z) on the
boundary y = 0 are

g(z —i0) = (=1)tketl (g — z)MF1/2(gy — g)k2t1/2 (z < dy) (2.6)
g(z —i0) = i(=1)k2H (z — dy) T2 (dy — z)k2t1/2 (dy < z < do) (2.7)
g(z —i0) = (x — dy)P T2 (& — dy)k2t1/2 (z > do). (2.8)

We introduce the product h(z) = if(2)g(z), which is analytic in y < 0, since f(z) and g(z)
are analytic in y < 0. It follows from (2.6) — (2.8) and up(z) = 0, vg(z) = 0 in conditions
(iv) and (v) that Im(h(z —i0)) = 0. Furthermore it follows from conditions (i) — (iii) that
h(z) inherits the following properties:

(a) h(z) can be continuably extended on y = 0, excluding the points z = d; and z = ds.
(b) h(z) = O (ZMTFH) as |z| — cc.
(¢) h(z) =0(1) as z — d; and z — ds.

Since h(x —10) is real-valued and satisfies condition (a), it can be analytically continued onto
C\{d1,ds} by Schwarz’s reflection principle (see Lang, 1993). Since condition (c) is satisfied,
Riemann’s theorem (Lang (1993)) implies that h(z) can be further analytically defined at
z =d; and z = dy. Since h(z) can be analytically continued on the entire complex plane and
is real-valued on y = 0 and satisfies condition (b), it follows from the generalised Liouville’s
theorem (see Gakhov (1966)) that h(z) can be written as the following polynomial on the

complex plane:

k1+ka+1

h(z) = Z a;2 (2.9)
j=0

with real coefficients a;. In particular, if k1 4+ k2 +1 < 0 we obtain that h(z) = 0 so that
f(z) =0. For k1 + ky +1 > 0, we find the following formula f(z) by using the definition of
h(z) and equation (2.9):

k1+ka+l
f(2) = —i(z — dy) 12z — dy)he"1/2 Z a;2 . (2.10)
=0

The function f(z) in (2.10) is an eigensolution of the homogeneous problem of (i) — (v)
for any real a;. Hence, the dimension of the solution space is ki + kg + [ + 1. This is in
agreement with the Riemann-Hilbert theory: If we formulate the MBVP (i) — (v) as the
Riemann-Hilbert problem (2.4), then x = k1 + k2 + [ is known as the index of the problem,
where k + 1 is the dimension of the solution space if k > 0.

Equation (2.10) shows that the eigensolutions f(z) can only have asymptotic forms f(z) ~
iC 2" 1 as |z] = o0, f(2) ~ Colz —dy) 12 as 2 = dy and f(z) ~ iC3(z — da)*¥5~1/2 as
z — do for integers k] < ki, k5 < kg and [* <[ where k] + k3 +1* > 0 and C}, Cq, Cs5 are

real and non-zero coefficients.

10



At the beginning of this chapter we assumed that ki, ks and [ are integers. In general,
for real k1, ko and [ in (ii) and (iii), it can be shown that they can be replaced by the integers
| k1], [ k2| and |I] to obtain all possible solutions. Here |z | is the integer lying in the interval
r—1<|z| <uz.

2.2 MBVP-solutions for boundary values of polynomial type

Here we consider the complex function f(z) satisfying (i) — (v) with the following boundary

functions in (iv) and (v):
uo(x) =0 (x <dy and x > da), (2.11)

vo(w) =) bja’ (di <z < dy). (2.12)
j=0

The function vg(z) in (2.12) is a polynomial of degree m. Note that vy(x) in (2.12) has to

be consistent with the conditions (ii) and (iii). We introduce the function
m .
Fi(z) = f(z) =iy b, (2.13)
=0

which is analytic for y < 0. Consequently, f*(z) satisfies the boundary conditions Re(f*(z)) =
0 for x < d; and = > dy and Im(f*(x)) = 0 for d; < = < dp. Conditions (i) — (iii) for f(z)
imply that:

(a*) f*(z) can be continuably extended on y = 0, excluding the points z = d; and z = dy,
(b*) f*(2) = O(2"71) as |z| — oo where Iy = max{l,m + 1},
(c*) |F*(2)| = O(|z — di| "71/2) as z — dy and |f*(2)| = O(|z — da| %>~ V/2) as z — d.

It follows that the function f*(z) is given by equation (2.10). Correspondingly, f(z) can be

written as
m . k1+ka+lo '
FR) =i bjrd = (z—d) 7Pz —dy) 712 N gl ] (2.14)
=0 j=0

where the real coeflicients a; have to be chosen in such a way that f(z) satisfies condition
(ii). If I > m+ 1 where m is the degree of the polynomial vg(z), condition (ii) is satisfied for
any a;. However, if [ < m + 1, we arrive at m — [ + 1 equations for a;. This is illustrated by
the following example:

We consider a function f(z) satisfying (i) — (v) for k1 = k2 = 1 = 0 and the boundary
functions ug(z) = 0 for z < dy and @ > da, vo(z) = = — 2(d1 + d) for di < z < dp. Formula
(2.14) with ly = 2 yields:

— Z—d1+d2— a222+a12+a0
f(z) = ( 5 \/(Z_dl)(z_d2)> , (2.15)

where ag, a; and ay are real. The far-field condition, f(z) = O(z7!) as |z| — oo, implies

that ag =1 and a1 = —(d; + dz). In this example the coefficient ag is still undetermined.
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In this subsection, we derived the solutions of (i) — (v) where ug(z) = 0 and vy(x) is a
polynomial. A similar approach can be used to obtain a solution if both boundary functions
up(z) and vg(z) are polynomials. However, if either ug(x) or vg(z) is not a polynomial, then
we need a different approach to solve the MBVP (i) — (v). This will be shown in the next

subsection.

2.3 Particular solutions of inhomogeneous problems

This subsection will give a particular solution of the MBVP (i), (iii), (iv) and (v). It will
depend on the choice of [, if this particular solution will also satisfy condition (ii). First, we

define the function ¢(x) by the following values:

c(x) = (—1)krthtlg, — x)klﬂ/?(dg — x)k2+1/2u0(x) (x < dy) (2.16)
c(x) = (=1 (z — dy)" T2 (dy — 2)P2 0 (2) (dy < = < dy) (2.17)
c(w) = (x — dy)P 2 (2 — dy) 2T Pug () (x> dy) (2.18)

where up(z) and vo(z) are the prescribed boundary functions in (iv) and (v). Here the

functions ug(x) and vg(z) are supposed to be such that ¢(z) satisfies the following conditions:
(I) c(x) is absolute integrable, so that [*_|c¢(£)]dE < oo.

(IT) ¢(z) is Holder-continuous with index 0 < A <1, i.e. a constant B > 0 exists such that
le(22) — e(x1)| < Blwg — x| (2.19)

for all real z1, xs.

Note that the Holder index is not related to the index of a Riemann-Hilbert problem. Since
c(x) satisfies condition (I), the Cauchy-type integral

ro() =2 [~ X ag (2.20)

& — 2

is well defined and analytic in y < 0. The behaviour of ho(z) in the far-field is O(z7!)
as |z| — oo. Since c¢(z) is Holder-continuous (condition (II)), the function hg(z) can be
continuously extended to the real axis using the Plemelj-Sokhotski formula (see Gakhov,
1966)

Mn/m d®<m:-ww@y+fm A9 ge, (2.21)

v—=0 ) € —2 N L
y<0

where the integral on the right-hand side of (2.21) is understood as a Cauchy principal-value

integral, which is defined as

e ([T [[800) e

12



Hence, for y = 0 the real and imaginary parts of ho(z) are given by:
Re(ho(z)) = ¢(x), (2.23)

Im(ho(z)) = l][oo &) d¢. (2.24)
] =
Equation (2.24) is known as Hilbert’s formula. Since c(x) is Holder-continuous, it can be
shown that Im(ho(z)) in (2.24) is also Holder-continuous (see Gakhov, 1966).
A particular solution fy(z) of the MBVP (i) — (v) can be obtained by introducing fo(z) =
ho(2)/g(z), where the characteristic function g(z) is given by equation (2.5). Hence fy(z)

can be written as

fol2) = 2 —ay Ryt [T A ge o). @)

Y
where &y and ko are the integers given in (iii). Note that ho(z) in (2.20) is analytic in y < 0,
and continuous in y < 0, so that the function fy(z) in (2.25) satisfies the conditions (i) and
(iii). It follows from (2.6) — (2.8), (2.16) — (2.18) and (2.21) that fy(z) in (2.25) satisfies the
boundary conditions (iv) and (v). As to condition (ii), it is satisfied for [ > —ky — ko — 1,
since the function fy(z) in (2.25) behaves in the far-field as

fole) ~ & [ dgaes ()5 o0). (220
—o0
Hence, fo(z) in (2.25) is the required particular solution satisfying conditions (i) — (v), if
l > —k1 — ko — 1. However, formula (2.25) cannot be used for arbitrary boundary functions
up(x) and vo(z) and integers ki and ko, because ¢(z) in (2.16) — (2.18) has to satisty conditions
(I) and (II). In particular, condition (II) implies that for all € > 0 the function ug(z) for
x < dy —e and x > dy + € and the function vo(z) for dy + & < = < d2 — £ have to be
Holder-continuous. It is possible for k; > 0 and k2 > 0 to use formula (2.25) for functions
uo(z) and vo(z) which are singular at = d; and = = da, as long (I) and (II) are satisfied.
In many problems in this thesis we will not be interested in fo(z) for y < 0 given in (2.25),
but in fo(z—10). For obtaining the limit y — 0 in (2.25) we use the Plemelj-Sokhotski formula

(2.21), so that the unknown parts on the x-axis are given by:

Im(fo(z —i0)) = (—1)Fr TRt (dy — 2) 172 (dy — 2) 7R 121 (2) (2 < dy), (2.27)
Re(fo(z —i0)) = (—1)2F(z — dy) 12 (dy — 2) "R 712 (2) (dp <z <dy), (2.28)
Im(fo(z —i0)) = (z — dy) "7 Y2(z — dy) %2121 (2) (x> dy), (2.29)

I(z) = / T A g (2.30)

TS o €—x

where ¢(z) is given by (2.16) — (2.18).

In this subsection we derived a particular solution of the MBVP given by (i) — (v), such
that we are able to find the general solution with the help of the eigensolutions (2.10). A
particular solution of the MBVP (i) — (v) exists, if [ + k1 + ko > —1 and ¢(x) in (2.16)
— (2.18) satisfies (I) and (II). A solution of the MBVP (i) — (v), if it exists, is unique for

I+ k1 + ko < —1 as we have seen in subsection 2.1. A solution of (i) — (v) may not exist for
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L+ K+ ko < —1.

Note that formulas (2.25) and (2.27) — (2.29) are also valid for boundary functions ug(z)
and vo(x) with discontinuities at xi,...,xy where the resulting c¢(z) in (2.16) — (2.18) is
supposed to be piecewise Holder-continuous. In this case we have to modify the continuity
condition in (i) at z1,...,xN, so that we account for the logarithmic singularities of fy(z) in
(2.25) at x1,...,zN.

2.4 Solutions for singular c¢(z)

If the boundary values ug(z) and vo(z) do not tend to zero as x — dy and z — da, the
function c¢(x) in (2.16) — (2.18) can only be Hélder-continuous for k; > 0 and kg > 0.
However, it is possible to use fo(z) in (2.25) for k; = —1 and ky = —1, also if ug(x) # 0,
vo(x) # 0 at * = di,d2. To do this we weaken condition (II) to the following alternative

condition:

(IT*) For all ¢ > 0 the function ¢(x) is Holder-continuous on the intervals (—oo,d; — €),
(dy +&,dy — €) and (dg + €, 00).

If ¢(x) satisfies condition (I) and (IT*) it can be shown that fp(z) in (2.25) still satisfies
conditions (i), (iv), (v), since we do not have to apply the Plemelj-Sokhoski formula (2.21)
to x = dj and = dy. The only drawback of condition (II*) is that it does not guarantee that
fo(z) in (2.25) satisfies condition (iii), so that we still have to find the asymptotic behaviour
of fo(z) as z — dj and z — da.

Below, we identify the behaviour of fy(z) in (2.25) at z = d; and z = dj for k; = —1 or
ko = —1 for functions ug(z) and vo(z) in (2.16) — (2.18) satisfying Holder’s condition with
Holder-index % < A < 1. In particular, for k; = —1 or ka = —1 the resulting function c(x)
given by (2.16) — (2.18) satisfies condition (II*) but not (II). We use the following result from
Gakhov (1966):

Let o(z) be a real valued function which satisfies Holder’s condition fora < x < b

with index % < A < 1. Then there exists a complex number 5 and an analytic

function ®y(z) in the vicinity of z =d, a < d < b, such that

b
[ e = e 0 s (231)

in the vicinity of z = d.

Then equation (2.31) implies that fo(z) in (2.25) with k; = —1 is continuously extendable
at z = dy, where conditions (iv) and (v) infer that fo(d;) = uo(d1) +ive(dy). Similarly, fo(2)
can be continuously extended at z = dy for ko = —1, where fo(da) = up(da) + ivo(dz).

In the following we derive the fundamental identity

—
di (€ —=2)\/(€—di)(da—¢)

= 0. (2.32)

First, we consider an analytic function f(z) satisfying the boundary conditions ug(z) = 0 for

x <dy,y=0,and x > dg, y =0, and vo(z) = 1 for di < x < dg, y = 0, which is bounded in
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the far-field and at z = dj, ds. This problem has no eigensolutions (see equation (2.10)), so
the solution of the problem is unique. The solution of this problem is f(z) = i. Moreover,
the solution of the problem is also given by the formula in (2.25) with k1 = k2 = —1 where
c(x) is obtained by (2.16) — (2.18). Hence

da 1
V(€ —d1)(dz —§)(€ —2)
It follows from equation (2.33) with f(z) =i that:
2 de¢ in
= — . .34
|, T vemas e .

Consequently, for di < z < dg, y = 0, we obtain from equations (2.21) and (2.34) the identity
(2.32).

Equation (2.32) helps us to reduce Cauchy principal-value integrals to regular integrals

de. (2.33)

f(2) = =1/ (z = di)(z — dp)

by the following identity for d; < x < da:

& F(¢) e [* 1 F(§) — F(x)
@ /(& —di)(dz2 — )€ — ) @ V(E—di)(d2—¢) &-w
where the quotient (F'(§) — F(x))/({ — z) does not have a singularity at £ = z, if F(§) is

differentiable in . For example if F'(£) is a polynomial in &, the value (F'(§) — F(x))/(§ — )

is a polynomial in £&. Hence, we can find an analytical solution of the right-hand side of

dé,  (2.35)

equation (2.35). For arbitrary but smooth functions F'(x), the right-hand side of equation
(2.35) is suitable for numerical evaluation.
This section discussed the particular solution fy(z) in (2.25) for square-root singular ¢(z)

and we investigated the asymptotic behaviour of fy(z) at z = d; and z = ds.

2.5 An integral relation

In this subsection, we consider an analytic function f(z) = u(x,y)+iv(x,y) which is defined
in y < 0. We specify the behaviour of f(z) at z = di,dy and in the far-field by f(z) =
O((z—d;)"Y?)as z = d;, i = 1,2 and by f(z) = O(272) as z — co. The aim of this section
is to derive a formula which expresses the integral fjf r(z)u(x,0)dz in terms of v(z,0) for
dy <z < dy and u(z,0) for x < dy and x > dy for a prescribed Holder-continuous function
r(z) with index A > 1.

We define an auxiliary analytic function g(z) = u(x,y) + i9(z,y) in the lower half-plane

given by the mixed boundary value problem

u=0 (y=0,z <d; and x > da), (2.36)
0 =r(z) (y=0,di <z <dy), (2.37)
g(z) =0(1) (z=dj and z = da), (2.38)
4(z) = 0(1) (12] - o0), (2.39)

where r(z) is a prescribed Holder-continuous function with index A > % In particular, it

can be shown that the MBVP (2.36) — (2.39) has no eigensolutions, so its solution is unique.
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Since f(2)g(z) decays as O(z72) in the far field and may be only square-root singular at

z = d; and z = dy, we obtain from Cauchy’s integral theorem that
/ f(z)g(z)dz=0. (2.40)

The real part of equation (2.40) is given by the following equation by substituting f(z) =
u+ v and g(z) = 4 + i0:

/d2 r(x)u(z,0)dr = — (/d; +/d:o> u(z,0)5(z,0) da — /d2 @(z,0)v(z,0)dz.  (2.41)

d1 dl

Solutions for @(z,0) for d; < z < dp and ¥(x,0) for x < d; and x > ds are determined by
(2.36) — (2.39) and are given by equations (2.27) — (2.29). Hence, if u(z,0) is unknown for
dy < z < dg, the left-hand side of (2.41) can be expressed by integrals, whose integrands are

known. Formula (2.41) will be used in sections 4.4 and 6.1 for 7(z) = z and r(z) = 2% —d;z.

2.6 Summary

This chapter discussed several particular types of MBVPs in the lower-half plane which will
be used in the chapters below. The behaviour at the points, where the boundary condition
changes, and in the far-field has to be restricted to obtain a finite-dimensional space of
solutions. We presented formulas for the particular solution on the lower-half plane in (2.25)
and along the z-axis in (2.27) — (2.29). The behaviour of these particular solutions in the
far-field and at z = dy, z = ds depend on the choice of k1 and ky. We showed that under
certain conditions also the choice k1 = —1 and ky = —1 is allowed. To obtain all possible
solutions of the MBVP we have to add the eigensolutions of the problem, given by equation

(2.10), to the particular solution. In subsection 2.5 we presented an integral relation.
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Chapter 3

Wagner model of vertical plate

impact

This chapter will give the reader an introduction to the original Wagner model (Wagner,
1932). The Wagner model gives an asymptotic solution for problems where a body with
small deadrise angle impacts onto an initially flat water free surface. We discuss the problem
of an inclined rigid plate vertically impacting onto the free surface in section 3.1, where we
introduce and solve the linearised hydrodynamic model. In particular, it will be shown that
the linearised hydrodynamic model is not valid in the turnover region, where a thin jet is
thrown off, and in the region of the initial penetration point, where a splash occurs. We
present an approach to find the local flow in the turnover region. We also calculate the
kinetic energy of the fluid and the portion of kinetic energy in the jet. In section 3.2 we
introduce the normal modes of a dry elastic beam governed by Euler’s beam equation subject
to free-free boundary conditions. These normal modes will be used in section 3.3 to discuss
the free fall of an elastic plate onto the free surface. In this problem we discuss both the
impact stage, where the fluid overturns under the plate, and the stage after the plate is fully
wetted (without the jet).

3.1 Impact of a rigid plate at constant vertical speed

The most popular shapes for impacting bodies in the literature are wedges and parabolas
(e.g. Wagner, 1932; Howison et al., 1991; Oliver, 2002). However, also bodies with sharp
edges can be exposed to slamming. In this section, we consider the two-dimensional unsteady
water flow due to an inclined rigid plate, which is vertically moving onto the initially flat
surface of deep water with constant speed (see Figures 3.1 and 3.2). We are interested in
the pressure distribution, the water flow on the underside of the plate, the motion of the
turnover region and the shape of the free surface during the initial impact stage. Although
there are many impact experiments of wedges and cylinders, we are not aware of impact
experiments of inclined plates.

The impact of a semi-infinite rigid plate with constant velocity onto a flat free surface is
self-similar, since the problem does not have a lengthscale. Faltinsen and Semenov (2008)
presented a method to obtain semi-analytic solutions for this problem, and they showed nu-

merical results for vertical impact alongside results where the plate enters the fluid obliquely.
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Figure 3.1: The left edge of the rigid plate initially touches the free surface at the origin, is
inclined by the angle € and has the initial vertical velocity V.

% —

Figure 3.2: The inclined plate pentetrates the free surface vertically with constant speed V.
At x = d the fluid overturns and a thin jet is thrown off. A splash occurs close to the initial
penetration point x = 0.

During the impact of an inclined plate a splash occurs to the left of the sharp impacting edge
(see Figure 3.2). Note that in Faltinsen and Semenov (2008) the fluid separates tangentially
from the plate edge. A similar condition has been used in Iafrati and Korobkin (2004),
where the profile of the splash has been analysed for the vertical impact of a horizontal plate
onto a flat water surface. The asymptotic model presented in this section will not resolve
the splash formation. In particular, we will experience an unphysical singular free-surface
elevation at the initial penetration point. More insight into the splash flow can be achieved

by investigating the inner flow structure.

3.1.1 The non-dimensional nonlinear hydrodynamic problem

We start with the formulation of the nonlinear problem and the scaling of the variables for
the plate impact problem. Initially, the fluid is at rest and covers the lower half plane, " < 0,
described by a Cartesian coordinate system z’Oy’ at time ' = 0. The coordinate system
'Oy’ is fixed such that the fluid in the far-field is at rest during the fluid-plate interaction.
Initially, the rigid flat plate of length L touches the free surface with its left edge at a single
point, which is taken as the origin O (see Figure 3.1). The plate is inclined to the liquid
free surface at a small angle . At time ¢ = 0 the plate starts to penetrate the liquid with

constant vertical speed. The position of the lower plate surface is given by
y =d' (2, ), (2! ) = 2’ tan(e) — Vi (0 <2’ < Lcos(e)). (3.1)

We assume the fluid to be inviscid and incompressible, and we neglect surface tension
and the presence of air (see subsection 1.4.1). Then the fluid flow is governed by equations
(1.4) — (1.9) and (3.1). We only consider the impact stage from the initial touchdown of the
plate with the fluid until the turnover region reaches the right edge of the plate. The impact
stage is completed before ' = L /V when the entire plate is below the initial equilibrium

position of the free surface. Note that during the impact stage the length of wetted region
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(without the jet) is of order L. This lengthscale is much larger than the vertical displacement

of the body, which is of order eL. We use the following scalings of 2/, 3/ and ¢
¥ =Lx, y =Ly, t = %t, (3.2)

where we drop the primes for the corresponding non-dimensional variables.

During the impact stage the free-surface elevation from the equilibrium position, vy =
n'(2',t'), is of the same order as the vertical displacement of the body, which is of order L.
For convex shaped bottoms without sharp edges this can be explained by the fact that the
free-surface elevation during impact is above its equilibrium position and below the surface
of the impacting body: 0 < n/(2/,t') < w/(2/,t’). For the impact of an inclined plate, a splash
occurs behind the sharp edge, with the free surface elevation being much larger than €L in
the splash region for small inclination angles of the plate. However, this splash is localised
at the initial penetration point and is shown to be thin in Iafrati and Korobkin (2004). The
horizontal extent of the splash region is of the order (V#'/L)?/3L which is much smaller than
the lengthscale L during the stage of impact. In Faltinsen and Semenov (2008), the free
surface elevation in the splash region is of order L for plates with inclination angle £ > 5°.

For the global flow, we scale the free-surface elevation and the vertical displacement as
n =eln, W =elw. (3.3)

Accordingly, the non-dimensional shape of the body surface and the position of the free
surface are given by y = ew(x,t) and y = en(z,t), respectively.

We use the following scaling for the velocity potential ¢'(z’,1/,t"), since the fluid velocity
can be estimated by the impact speed of the plate into water, V:

¢ =VLyp. (3.4)

The flow velocity is much larger than V' in the splash region close to the sharp edge of
the plate, in the turnover region and in the jet developed in the turnover region. However,
Wagner (1932) and Howison et al. (1991) showed for the problem of a wedge with small
deadrise angle impacting the free surface that the size of the turnover region and the thickness
of the jet are small. The scaling of the pressure p/(2’,y',t') in the fluid is provided by

Bernoulli’s equation (1.2):
p=ctorV?p. (3.5)

Let us assume that the fluid occupies the region (2, y’) € Q'(t') at time ¢'. The fluid is in
contact with the body along D%(t") and the part of the boundary given by the free surface is
denoted D'x(t") as defined in section 1.4. Then equations (1.4), (1.6) — (1.9) can be written
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(0, y0)

Figure 3.3: The turnover region of the fluid, where a thin low-pressure jet is thrown off. The
position of the bend in the turnover region, (xg,yo), is marked by a black dot.

in the following non-dimensional form with respect to the scalings in (3.2) — (3.5):

Vip=0 (z,y) € Q), (3.6)
Py = Wi + EWr Py ((z,y) € Dg), (3.7)
Py = Nt + ENetpa ((z,y) € Dp), (3.8)
pr =—5(¢2 +9)) — 72y ((x,y) € DF), (3.9)
o(x,y,t) =0 (2% + 9% = 00), (3.10)

where the Froude number in equation (3.9) is defined as Fr = V/y/¢gL. The initial conditions
for the system (3.6) — (3.10) are

n=0, =0 (t=0). (3.11)

Once ¢ and n have been determined, we obtain the hydrodynamic pressure by Bernoulli’s

equation (1.5), which is in non-dimensional form

p=—oi—5(ei+¢)) —w=2y  ((z,9) €Q). (3.12)

Note that the solution of the unknown functions ¢ and n depend on the parameter €. We
will consider the problem (3.6) — (3.11) in the leading order for £ — 0.

Equations (3.6) — (3.12) have been analysed for the model problem of a wedge entering
the fluid at constant speed. This problem is also self-similar and can be reduced to a single
nonlinear integral equation (see e.g. Dobrovol’skaya, 1969). Fraenkel and McLeod (1997)
showed for the impact of a wedge that the limit of ¢, n and p in (3.6) — (3.12) exists for ¢ — 0.
For small ¢ the jets thrown off at the two turnover-regions are thin and have low pressure.
Wagner (1932) and Howison et al. (1991) showed that the thicknesses of the spray jets and
the size of the turnover regions are proportional to €2 for small . Numerical calculations (e.g.
Zhao and Faltinsen, 1993) and experiments (e.g. Greenhow, 1987) confirm for the impact of
a wedge that the size of the turnover region is very small and the jet is very thin for small
deadrise angles. Hence, the contribution of the jet onto the hydrodynamic loads acting on
the plate is negligible for small deadrise angle. We define the point (xo(t),yo(t)) to be the
turnover point on the free surface, where 7, (zo(t),t) = —oo (see Figure 3.3). The analysis

described in Wagner (1932) and Howison et al. (1991) suggests that this point approaches
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the surface of the wedge as ¢ — 0, such that for fixed non-dimensional time ¢ we obtain
n(xo,t) —w(xo,t) = 0 (e —0). (3.13)

However, a strict justification of (3.13) has not been done yet. The limit in (3.13) ase — 0
was exploited by Wagner (1932) to determine the position of the turnover region within the
linearised hydrodynamic model, which is derived in the next subsection for the impact of an
inclined plate.

We distinguish between an outer region where equations (3.6) — (3.10) can be linearised
in the leading order for small £, and inner regions where the leading order analysis breaks
down. The problem in the outer region will be discussed for the impact of an inclined plate
in the next subsection. In an aposteriori analysis it will be shown that the inner regions
are very localised in a zone close to the initial penetration point and at the turnover region
including the jet. An inner solution for the turnover region will be given in subsection 3.1.5.
An inner solution of the splash at the initial penetration point and of the jet region will not

be discussed in this thesis.

3.1.2 The linearised hydrodynamic problem

In this subsection, we derive the linearised hydrodynamic problem in the outer region and
introduce Wagner’s condition. We only consider impact speeds where the Froude number Fr

satisfies
— = o). (3.14)

It follows that the hydrostatic term in equation (3.9) is of order €. The hydrostatic term in
Bernoulli’s equation (3.12) is only of order € in the part of the fluid domain where y = O(e).
In the outer region, we expand the velocity potential, ¢ = g + e + O(e?), the free surface
elevation, n = ng + en; + O(e), the body displacement w = wg + ew; + O(e?), and the
hydrodynamic pressure p = po + ep1 + 0(¢?) as asymptotic series in terms of . In the
leading order for small £ the boundary conditions (3.7) — (3.9) are linearised. Since the
non-dimensional free-surface elevation is of order e, we can project the linearised boundary
conditions and the wetted part of the body onto the equilibrium position of the free surface,
y = 0. Equations (3.6), (3.7), (3.9) and (3.10) together with (3.1) form the following mixed

boundary value problem in terms of the velocity potential pg(z,y,t) (see Figure 3.4):

Vi =0 (y <0), (3.15)
Yoy = —1 (y=0,0<z<d)), (3.16)
wor =0 (y=0,z<0and z>d), (3.17)
wp — 0 (% 4+ y* — o0). (3.18)

Within this model, the thin jet formed in the turnover region is not taken into consideration.
The jet belongs to the inner flow and the parameters of this jet can be determined after the
flow in the outer region has been obtained (see Howison et al., 1991). Equations (3.15) —

(3.18) are written for impact problems, where the region in contact with the moving plate
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corresponds to the interval 0 < x < d on y = 0. Throughout the thesis we will call the region
0 <z <d, y =0 the ‘contact region’ or the ‘wetted part of the plate’, although we are aware
that the fluid in the problem (3.6) — (3.10) is also in contact with the body in the jet region.
In some literature 0 < z < d, y = 0, is also called the ‘contact set’ (see e.g. Howison et al.,
1997). The point z = 0, y = 0, corresponds to the left edge of the plate, and z = d, y = 0,
corresponds to the turnover region in the jet (see Figure 3.2). These two points are called
the ‘contact points’. The point z = d, y = 0, whose position is not prescribed, is also known
as a ‘free point’ (Howison et al., 1997).

Since the plate moves downwards and the free surface piles up in front of the turnover
region, we expect the contact region to grow, so that d > 0. Hence, integrating equation
(3.17) in time, using the initial condition (3.11) for ¢, and differentiating with respect to x
leads to (see Figure 3.4):

oz =0 (y=0,z<0and x >d). (3.19)

Note that time-derivatives of ¢ are not involved in the problem (3.15), (3.16), (3.18), (3.19),
so that d is here only a parameter. The uniqueness of the solution (3.15), (3.16), (3.18), (3.19)
for a given d is obtained by demanding that the kinetic energy in the fluid is finite (Wilson,
1991; Oliver, 2002):

1
5/ (b + ©5y) AV < o0. (3.20)
{y<0}

The non-dimensional energy on the left-hand side of (3.20) is scaled by oV ?L?. This term
only accounts for the kinetic energy in the fluid bulk, which is the fluid domain without the
jet region. The energy in the bulk and jet will be calculated later in subsection 3.1.5.

The position z = d cannot be determined by the linearised problem (3.15) — (3.18). The
x-position of the contact point, x = d, is defined as the limit of the xz-position of the turnover
point = = zp (see Figure 3.3) as € tends to zero. It follows from (3.13) that the position of
the free surface is equal to the position of the body at © = d as ¢ — 0:

no(d,t) =d —t. (3.21)

Condition (3.21) was first introduced in Wagner (1932) and is also known as Wagner’s
condition. The free surface elevation 79 in equation (3.21) is obtained from equations (3.8)
and (3.11):

Not = ¢y0 (y=0,zr <0and z >d), (3.22)
1o =0 (t=0). (3.23)

Note that it follows from (3.21) and (3.23) that d(0) = 0, which implies together with
equations (3.6) — (3.10) that ¢g = 0 for ¢ = 0. The leading order hydrodynamic pressure pg

is obtained from Bernoulli’s equation (3.12):

po=—vor+ 52y  (¥<0). (3.24)
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Figure 3.4: Mixed boundary value problems on the lower half plane

Note that for the region di < x < da, y = 0, corresponding to the wetted part of the body,
the hydrostatic term in equation (3.24) is zero. In the following we skip the indices in ¢y,
no and po.

The equations (3.15) — (3.24) give us an asymptotic solution of the impact problem in
the outer region. The solution of the problem (3.15) — (3.24) will be determined in the next
two sections. Even though the hydrodynamic problem is linearised, the problem (3.15) —
(3.20) is nonlinear due to Wagner’s condition (3.21). Note that no condition is needed at
the left edge of the plate. A condition at this edge would be necessary if the impact were

oblique, as will be shown in chapter 4.

3.1.3 The MBVP in terms of the complex velocity

In this subsection, we solve the linearised hydrodynamic problem (3.15) — (3.18) in order to
determine the fluid flow and the hydrodynamic pressure. However, the position of the forward
contact point, x = d, appears as a unknown parameter here, which will be determined in the
next subsection.

Since p(z,y, t) satisfies the far-field condition (3.18) there exists a stream function ¢ (x, y),

such that the so-called complex velocity potential
Fi(z,t) = o(z,y,t) + i(z,y,1),  z=z+iy, (3.25)

is analytic in z for y < 0 (see Lang (1993), p. 254) and satisfies the far-field condition
Fi(z,t) — 0 as 22 + y?> — co. The index t in Fi(z,t) denotes the time-derivative of the
complex displacement potential F(z,t), which will be introduced in the next section. The
function Fy(z,t) can be analytically extended onto the complex plane with a cut at © < d < 1,
y = 0. Hence, the far-field behaviour of Fy(z,t) is given by a MacLaurin series. Since
Re(Fy(z —10,t)) =0 for x <0, y =0, and = > d, y = 0 (see equation (3.19)), the behaviour
of Fi(z,t) in the far-field is

Fi(z,t) =iA(t)z" ' + 0(z72) (Iz] = o0), (3.26)

where A is a real-valued function depending only on time. It will be shown later that A(t) # 0
for ¢ > 0. The complex velocity fi(z,t) = vu(,y,t) —ipy(x,y,t), which is the z-derivative
of the complex potential Fj(z,t), is also analytic on the lower half plane with the far-field

behaviour

fi(z,t) = —iA(t)z72 + O(273) (|z] = o00). (3.27)
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Since the kinetic energy in the fluid is finite (see condition (3.20)), the solution f;(z,t) has
no poles. Then the solution of the problem (3.15) — (3.18) is given by the solution (2.14) for
k1 =0, ko =0, 1y =1, bg(t) =1 leading to

folzt) =i (1 - %) , (3.28)

where ag and a1 are determined by condition (3.27). We obtain ag(t) = —3d(t) and a;(t) = 1.
Eigensolutions of the problem (3.15) — (3.18) are not included in (3.28), because they have
stronger singularities at the contact points = 0 and = = d(t), which are not permitted
by condition (3.20). Note that fi(z,t) has square-root singularities at z = 0 and z = d.
This confirms that the linearised hydrodynamic problem (3.15) — (3.18) breaks down at
these points. Due to the weak singularities of f;(z,t), the complex velocity potential Fy(z,t)
is continuous at 0 and d. By integrating f;(z,t) in z and by taking into account, that

Fy(z,t) — 0 as z — 0o we obtain
Fi(z,t) = —i <—z + 44 /2(2 - d)) . (3.29)
By differentiating Fy(z,t) in time we obtain Fy(z,t) = ¢; + i1y where

Fu(zt) = -1 '<1 _ Td) . (3.30)

The real part of Fy(z,t) in the contact region, together with the linearised Bernoulli equation

(3.24), give us the hydrodynamic pressure acting on the plate:

p(z,0,t) =4, /-2 (0<z<d). (3.31)

In particular, equation (3.31) shows that the dimensional pressure on the underside of the
plate decreases to atmospheric value as the square-root of the distance from the sharp left
edge. At the contact point x = d, y = 0, the pressure is square-root singular, with the
horizontal velocity of the right contact point as a factor. This characteristic behaviour will
be also observed in other impact problems in this thesis. The non-dimensional vertical
hydrodynamlc force acting on the plate, F(t fo x,0,t) dz and the moment about the
left edge M(t fo ap(x,0,t) dz are given by

F(t)=12dd,  M(t)=32dd". (3.32)

In the next section, the position of the contact point x = d and the free surface elevation
are determined using Wagner’s condition (3.21) and reformulating (3.15) — (3.18) in terms

of the displacement potential.

3.1.4 The MBVP in terms of the displacement potential

To employ Wagner’s condition (3.21), we need to know the free surface elevation n(x,t). We
could evaluate n(z,t) by using ¢,(x,0,t) given by the imaginary part of fi(z,t) in (3.28)
and integrating the kinematic boundary condition (3.22) with respect to t. However, it is

more convenient to find the free surface by introducing the displacement potential ®(z,y, t)
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defined by (see Korobkin, 1982)

O(x,y,t) = /0 o(x,y,7)dr (y<0). (3.33)

Integrating the kinematic boundary condition (3.22) in time and using n(z,0) = 0, the free

surface elevation is given by
n(x,t) = ®,(x,0,t) (x <0and z > d). (3.34)

To obtain ®(x,y,t) we reformulate the hydrodynamic problem (3.15) — (3.18) with respect
to this potential (see Howison et al., 1991). Integrating the body boundary condition (3.16)

in time, using Wagner’s condition (3.21) and equation (3.34) we obtain
G(=)
Py (x,0,t) = / m(x,7)dr+ G(x) —t =z —t, (3.35)
0

where t = G(z) is the time when d(t) = z. In (3.35) we also used the assumption that d > 0.
Equations (3.34) and (3.35) show that the derivative ®,(z,0,t) provides the component of
vertical displacement of a liquid particle. In general (®,(x,y,t), ®y(x,y,t)) describes the
displacement of a liquid particle from its initial position. For large enough |z|, the velocity

potential ¢(x,y,t) is bounded by

a2 42
< —
4z — 4+ \/z(z = d)| ~ 2I7]

lp(z,y, )] < [Fi(2,t)| = (Jz] > d, y <0), (3.36)

where Fj(z,t) is given by (3.29). The inequality (3.36) implies the following far-field be-

haviour of ®:

td(t)?
2lz| -

[Py, )] <t max oy, )] < (3.37)

T€[0,t
By integrating equations (3.15) and (3.19) in time, together with equation (3.35) and the
far-field condition (3.37), we obtain the following mixed boundary value problem in terms

of the displacement potential:

V30 =0 (y <0), (3.38)
¢, =x—t (y=0,0<z<d)), (3.39)
o, =0 (y=0,z<0and z>d), (3.40)
= O((z® +y»)~Y?) (% 4+ y* — 00). (3.41)

We define the complex displacement f(z,t) = ®,(x,y,t) — i®,(z,y,t). The time derivative
of f(z,t) is the complex velocity f;(z,t). Now, ®(x,y,t) satisfies condition (3.41), we have

assumed d > 0, and fi(z,t) is square-root singular at z = 0 and z = d, so it follows that

f(z,t) = 0(z"1/?) (z = 0), (3.42)
f(z,t) =0(1) (z —d), (3.43)
f(z,t) = 0(z7?%) (|z| = 00). (3.44)
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We seek the solution f(z,t) satisfying the conditions (3.38) — (3.44). The solution is given
by equation (2.14) with k; =0, ko = —1, lo = 2, by(t) = —t, bi(t) = 1, so that we obtain

f(z,t) :z'(—z—i—t— @(—Hg)) : (3.45)

d(t) = 4t, (3.46)

where the position of the contact point is determined by equation (3.46) to guarantee that
f(z,t) in (3.45) satisfies the far-field condition (3.44). Hence, the position of the contact
point z = d(t) increases linearly in time, which is obvious due to the self-similarity of the
problem. Equation (3.46) confirms that = d(t) is beyond x = t. Note that z = ¢ is
the intersection between the initial position of the free surface and the plate surface, which
was introduced as the endpoint of the contact region by von Karman (1929). Substituting
equation (3.46) into (3.28), (3.31) and (3.32) provides explicit solutions of the fluid flow, the
hydrodynamic pressure along the contact region, the vertical hydrodynamic force and the
moment.

The free surface elevation of the fluid is given by the real part of f(z,t) in equation (3.45)
according to (3.34):

n(x,t) =z —t— (z—1) (z <0and z > %t) (3.47)
where d in (3.46) has been substituted. Equation (3.47) together with w(x,t) = = — ¢
verifies the continuity of the fluid boundary at © = d as required by Wagner’s condition
(3.21). However, the present linearised hydrodynamic model leads to a singular free-surface
elevation at z = 0. Note that the free surface elevation given by equation (3.47) is the outer
solution and is obtained without any further conditions at the left contact point x = 0, y = 0.
However, an inner solution of the splash region needs to satisfy a tangential detachment of
the fluid from the left edge of the plate as it was done in Iafrati and Korobkin (2004) and
Faltinsen and Semenov (2008). We will give a brief discussion of the inner solution in the
splash region in subsection 3.1.6.

The functions n(z,t), ¢(x,y,t) and p(x,y,t) in equations (3.47), (3.29) and (3.31) can
be written in the self-similar forms n*(z*) = n/t, ¢*(z*,y*) = ¢/t, p*(z*,y*) = p where
x* = z/t, y* = y/t. Moreover, we confirm that the non-dimensional functions n(x,t),
p(z,y,t), p(z,y,t) are of order 1 on the lower half plane except close to the origin, where
the plate penetrates the fluid initially, and except close to x = d(t), y = 0. An inner solution
for the turnover region corresponding to x = d(t), y = 0, will be presented in the next

subsection.

3.1.5 Inner solution in the jet region

In this section we consider the flow in the turnover region. During the early stage of impact
the flow in the turnover region can be approximated by a quasi-steady Kelvin-Helmholtz
cavity flow as shown in Howison et al. (1991) and Oliver (2002) (see Figure 3.5). We introduce
the inner variables & = (z — d)/e%, § = (y — ew(d,t))/e? and the inner velocity potential

@(Z, ) = e Lo(x,y)/d—Z, where here @(z, y) corresponds to the quasi-steady solution of the
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Figure 3.5: Kelvin-Helmholtz cavity flow as inner flow region with a free stream flow velocity
fi = —1. The flow in the jet in the far-field is f; = 1. The jet has thickness 6. The dashed
curve is the dividing stream line.

nonlinear hydrodynamic problem (3.6) — (3.10) in the turnover region. The inner complex
velocity is defined by f; = ¢, — i¢y. Then the free stream velocity for the cavity flow is
f; = —1 and the velocity in the jet tends to f, = 1. The speed of the fluid on the free surface
is 1. A solution of the Kelvin-Helmholtz flow can be obtained using the hodograph method
(see Birkhoff and Zarantonello, 1957). The inner complex potential of the nonlinear flow,

F; = ¢ + ith, where 9 is the stream function, is given by

~ ~ ~\ 2
= 0 Af 1—fi
= —— ———— 10 = . .
Fi=—— (ft+1)2+ g <1+ft> (3.48)

Here ft = ¢z — 1Py is the complex velocity and 4 is the thickness of the jet (see Figure 3.5).
Equation (3.48) shows that F, = 0 at the stagnation point. The point Z = & + i§, where the

fluid has the complex velocity f;, is given by the following complex integral

_ _ _\ 2

ft _

2:/ LdF dw=-2 4ﬂ+10g Loi) | s (3.49)
0o wdfy ™ (fe +1)2 1+ fi

The pressure in the inner region is given by p = %(1 —| ftlz), where the pressure in the inner
region is scaled by p = ep/ d?. Tt follows from equation (3.49) that the complex velocity in the
jet behaves as ft(é) 1~ =27 (20)45/2 a5 5 00, —6 < § < 0. Hence, the hydrodynamic
pressure in the jet along the plate decays exponentially to zero as Z increases. This confirms
that the forces on the plate in the forward jet are negligible.

Equation (3.49) also implies that the complex velocity in the far-field of the inner region,
|Z| = 00, ¥ < 0 (excluding the jet branch) is

fi(2) = —1— Zi\/g +0 ((—2)—3/2> (|2] = o0, § < 0), (3.50)

where the square-root is positive when its argument is a positive real number. We introduce

the intermediate region where the variables £ = ez and § = €y are of order 1. In this region,
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Figure 3.6: The contour C,.

we compare equation (3.50) with the outer flow velocity given by equation (3.28). Matching
their leading order terms determines the jet thickness (see Howison et al., 1991; Oliver, 2002)

5=t (3.51)
16

where § = €24 is the jet thickness in the scaling of the outer region. Equation (3.51) confirms
that the thickness of the jet is proportional to 2.

It is well known that the law of energy conservation is not satisfied within the classical
Wagner theory if the kinetic energy of the jet is not accounted for (see Scolan and Korobkin,
2003). The jet energy is not small and can be determined within our local analysis of the
flow in the turnover region. In the problem of the vertical water entry of a sphere at constant
speed, Cointe et al. (2004) showed that half of the work done by the sphere on the fluid is
expressed in the spray jet and the other half is the kinetic energy of the bulk of the fluid
domain. The corresponding two-dimensional problem of a parabolic body entering water at
constant speed was investigated by Korobkin (1994), who arrived at the same equipartition
of energy.

The non-dimensional jet velocity in the reference frame moving with the turnover region
is d, so the jet velocity in the global frame of reference 2Oy is 2d, hence the energy flux in
the jet is (see Cointe et al., 2004):

LB = 36 x d x (2d)* = 26d°. (3.52)

For the impact of an inclined plate onto the water surface at constant speed, J is given by
equation (3.51), so that we obtain the jet energy Fje, = %tQ. By using equation (3.15) and
the divergence theorem on a contour C,. shown in Figure 3.6 and by letting r — 0, the kinetic

energy of the fluid bulk (excluding that in the jet) can be written as

d
Ebulk = % / (903 + 903) dV = % / Qp(x’ Oa t) %Dy(l", Oa t) dz. (353)
y<0 0

Substituting equation (3.16) and the velocity potential ¢(x,0,t), given by equation (3.29),
into (3.53) leads to Epyx = %tQ. Hence, the energy in the fluid bulk is equal to the kinetic
energy transferred into the jet. It can be shown that the equipartition of kinetic energy
holds for vertical impact of general shaped bodies of small deadrise angle, y = ew(z,t), if

wy = 0 is satisfied at any time ¢. Since the vertical speed of the inclined plate is —1, the
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non-dimensional work, which has been done by the plate onto the fluid is
! 27 42
W:/O Fdt = 5t7, (3.54)

where the force F is given by (3.32). This confirms the conservation of energy in the linearised

hydrodynamic model:
W = Ejet + Fhulk - (3.55)

Equation (3.55) shows that in the leading order for small ¢ there is no additional source of
energy in the splash. This is due to the fact that the contact point is fixed at z =0, y =0
implying a square-root behaviour of the pressure at this point. However, the fluid velocity
is inverse-square-root singular at the origin indicating a significant amount of fluid kinetic

energy in this region, which we discuss in the next subsection.

3.1.6 The flow in the splash region

We start with quantifying the fluid kinetic energy close to the origin. We define 2, as the
lower half of the disk around the origin with radius r. It can be shown using Reynolds
transport theorem that, in the leading order for small &, the time-derivative of the kinetic

energy in {2, is given by
LB (1) = /8 _ pends (3.56)

where ¢, is the fluid speed normal to 9€2,. It follows from equations (3.28) and (3.30) that
EI((TI)I ~ grt as r — 0. For example we obtain the energy EIE?I;I)(O.S) = 0.026, which is about
15% of the total kinetic energy in the fluid.

The presence of an inverse-square-root singularity in fi(z,t) at z = 0 indicates the exis-
tence of an inner region, whose solution describes the local flow structure. Note that during
the impact stage, when 0 < d(¢) < 1, the nonlinear hydrodynamic problem (3.6) — (3.10)
is self-similar. Hence, the inner flow in the splash region has to be described by the fully
nonlinear problem which has been solved by Faltinsen and Semenov (2008) exploiting the
self-similarity. They showed that the contour of the splash has a corner point moving along
the y-axis. The speed of the corner point is of the same order as the speed of the plate for
e > 5°. However, for plates with almost zero inclination angle ¢, say where /¢ < 1, the flow
structure of the splash region is roughly given by the vertical impact of a rigid horizontal
plate after the plate is fully wetted. Here we only outline the ideas in Iafrati and Korobkin
(2004) for obtaining a local solution. In order to derive a local formulation of the problem
at the left plate edge, we introduce the stretched non-dimensional variables

t=2&T, o' = L%, y = L%, o =LVr'B¢, o =Lr?3¢.  (3.57)

<l

Substituting the scalings (3.57) into the nonlinear problem (1.4), (1.6) — (1.8), we find close
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to the left edge

V2 =0 in the fluid, (3.58)
by = —7/3 (y=—7Y3,u>0), (3.59)
bv = 3¢+ ¢ — §Cut+ Cudy (v=_C(u,7), u<0), (3.60)
1o+ 70 = —1(d2 + 62) + Z(udy + Vo) (v=C(u,7), u<0), (3.61)
¢ ~ —Re(v/u + iv) (u? + 1% — 0). (3.62)

Equation (3.62) is obtained by enforcing the matching between the inner solution and the
inner limit of the outer solution given by equation (3.28) where we set the wetted length
d = 1. Here we apply a continuous and tangential detachment of the fluid from the plate

which is given by
¢(0,7) = -3 ¢,(0,7) =0. (3.63)

During the initial stage, 7 < 1, several terms in (3.58) — (3.61) can be neglected in the
leading order. In the leading order, all ¢, and (; vanish for 7 — 0, implying that ¢ and ¢
are approximatively independent of time. However, the analysis of the resulting equations
remains difficult. Iafrati and Korobkin (2004) gave numerical results of the leading-order
equations and showed the contour of the splash. The jet forming at the left plate edge is
detached from the plate surface and its flow direction is approximately vertical upwards at
about u = 0.5. The jet is of infinite length and it narrows quickly for increasing distance

from the origin. Note that the jet forming in the turnover region is of uniform thickness.

3.2 Euler’s beam equation and normal modes

In the next section we will model the impact of an elastic plate onto the water surface. Since
hydrodynamic loads are very high for small plate inclination e, the flexibility of the plate
plays a significant role in the impact stage. We consider a plate, which has length L and
relatively small thickness h, such that h/L < 1. The plate material has constant density og,
Young’s modulus E and Poisson’s ratio v. The position of the plate at time ¢ is described
by the equation y' = w'(2/,t’) for 0 < 2/ < L, which includes both the rigid body motions of
the plate and its elastic deflection. For h/L < 1 the rigid and elastic body motion can be
modelled by Euler’s beam equation as long as w’,(2/,t') is small for 0 < 2’ < L (see Donnell

(1976)). Here Euler’s beam equation is formulated as

9% R

ST + DW =q' (2, t) (0<2' <L), (3.64)

osh
where D = Eh3/(12(1 — v?)) is the flexural rigidity and ¢/(2/,¢') is the pressure acting on
the underside of plate at time ¢. Equation (3.64) is written in the coordinate system with
the longitudinal coordinate along the plate being approximated as z’, which is correct in the
leading order for small inclinations of the plate. Only the bending stresses and the normal
shear forces are taken into consideration in Euler’s beam model in (3.64). The vertical forces

4w’

due to plate bending in equation (3.64), DG %, are obtained by the x'-derivative of the
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vertical shear stresses in the plate, S’. These shear stresses are given in terms of the bending
moment, M’, by

oM’ , 0w
= W 5 Where M = DW .

S’ (3.65)
The plate model (3.64) has also been used in the wave impact onto an elastic plate in
Kvasvold and Faltinsen (1993), Korobkin (1998) and Korobkin and Khabakhpasheva (2006)
where the ends of the plate were simply supported. Here the ends of the plate are modelled
to be free of stresses and moments, so equation (3.64) is subject to the free-free boundary
conditions

2,/ 3,
g;}z (2, 1) = g;;; (2, t)=0 (¢'=0anda’=1L). (3.66)

We formulate the problem (3.64) and (3.66) in terms of non-dimensional coordinates given in
(3.2), (3.3) and (3.5). Then the position of the plate is y = ew(z,t) where the plate motion

is governed by the non-dimensional problem

9w tw

- - PR <z< .
Pw  w
w(z,0) = wo(x), 88—0:(:6, 0) = wi(z) 0<z<1). (3.69)

where p = gShgl;lL*1 is a ratio of plate mass and fluid mass below the plate and 8 =
62DL_3V_QQI§1 is the kinematic rigidity. Equations in (3.69) are the initial conditions. The
external forces, ¢(x,t), will be given by the hydrodynamic loads during impact of the plate.
Note that they are inverse-square-root singular at the position of the Wagner contact point,
x = d(t) (see 3.1). In this case, equation (3.67) is only valid for 0 <z < dand d < z <1

instead of 0 < z < 1. Then we further require the conditions
[w] = [wx] = [wxx] = [Wxxx] = 07 (370)

where [w] = lims_,o(w(d — §) — w(d + §)). Formulations of Euler’s beam equation in the
subsequent chapters will be given in the form of (3.67) — (3.69) and we will implicitly assume
condition (3.70) wherever we have a inverse-square root singularity in ¢(x,t). The rigid
position of the plate and its elastic deflection can be decomposed into normal modes. The
normal modes will be discussed in detail in this section before we consider the impact of an
elastic plate into water in the next section.

For q(z,t) = 0 solutions of (3.67) and (3.68) are given by w(z,t) = o(t)1(x) where ¥(z),
0 < x < 1, is a dry normal mode of a free-free elastic plate and o(t) is the corresponding
eigenoscillation. Then a dry normal mode is given by the eigensolution of the boundary

value problem

4

(3715 = v 0<z<1), (3.71)
2 3

%:%:0 (r=0and z=1), (3.72)
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where the complex number v is the corresponding eigenvalue. The eigenoscillation is given
by

2
(?973 = —%1/0 (t>0). (3.73)

First we find the dry normal modes given by equations (3.71) and (3.72). Note that
we only consider non-trivial solutions ¥ #Z 0. We understand the fourth derivative in equa-
tion (3.71) as an operator T = g—;. For sufficiently smooth functions 1, satisfying the

conditions in (3.72), the operator T is self-adjoint and non-negative to the inner product

(Y, x) = fol ¥(z)x(x) dz. Here x(z) is the complex conjugate of x(z). An operator is self-
adjoint if (T, x) = (v, Tx) for all considered ¥, x and is non-negative if (7%, ) > 0 for all
considered 1. For a self-adjoint and non-negative operator all eigenvalues have to be real
and non-negative. Self-adjointness also implies that eigensolutions corresponding to distinct
eigenvalues are orthogonal. For v = 0 the space of solutions of (3.71) and (3.72) consists of

linear polynomials. We choose the two representative modes
Po(z) =1 and Uy (x) =312z — 1), (3.74)

which are orthonormal and describe the vertical translation and rotation of the plate, re-

spectively. For v > 0 the solution of (3.71) can be written as
P(x) = by cosh(Ax) + be sinh(Az) + b3 cos(Az) + by sin(Ax) (3.75)

where A = v1/4 with constants by, b, b3, by to be specified by the boundary conditions in
(3.72). An eigensolution 3 # 0 in (3.75) only satisfies the conditions in (3.72) if A satisfies

the characteristic equation
cosh(Ag) cos(Ag) =1 (k>2), (3.76)

where we assign \j, to the interval (7k — §,7k) for k > 2, k even, and to (7(k — 1), 7k — %)
for k > 3, k odd. The eigenvalues Aj in the given intervals are uniquely determined and
solutions of (3.76) outside these intervals do not exist. The space of eigensolutions for each

Ak, k > 2, is one-dimensional and we choose the representation

i(x) = cosh(Agz) + v sinh(A\gx) + cos(Agx) + Y sin(Agz) (3.77)
_cosh(Ag) — cos(Ag)
sinh(A\g) —sin(Ag)

Ve = (3.78)

The functions ¢y in (3.77) are called elastic modes, since they describe the elastic deflection
from the rigid plate position. It is shown in appendix A, that the modes ¢ (z), k > 2, given
by (3.77) and (3.78) are normalised. It follows that the complete set of eigensolutions, {t},
given by (3.74) and (3.77) is an orthonormal system, i.e.

1
/0 V()i (z) dz = b (3.79)

where 0y, = 1 for k = [ and d; = 0 for £ # . Nariboli (1965) proved that {¢y} is an
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orthonormal basis in the Lebesgue space L?(0,1) by converting the expansion of a function

f(x) in terms of the normal modes,

0 1
S o). a= [ s ds, (3.80)
k=0 0

to a Fourier series of f.
We investigate the behaviour of the eigenvalue Ay for increasing k. It follows from (3.76)

that cos(Ax) — 0 as k — oo, so that we obtain
Ao — (g Yk) =0 (k— o). (3.81)

Now, we derive a formula for the convergence speed of Ay — (7k — §) for even k for k£ — oo.
For k even, cos(\i) is bounded by the first and third order Taylor-series of cos(z) about

7k — 3, so that we get the inequalities

1 1
)\k—ﬂk+g—6()\k—7rk+g)3<cos()\k)<)\k—7r/<:+g (n(k = 5) < A < k).

(3.82)
We conclude from the first inequality in (3.82) and from equation (3.76) that
_ E Tk __ mk _ E _ mk
(A — 7k + 2)6 = cos(Ag)e™" + (A — k + 5 cos(Ag))e
ek 1 T
< —+ = — 7k + =)3e™. .
~ cosh(Ag) * 6()% e 2) ¢ (3.83)
Rearranging (3.83) and using (3.81) provides
(A k+ 7T)e’”’“ < e — 2¢™/? as k — oo (3.84)
—nk+ = . .
¥ 277 T [1 -1 — 7k + 2)2| cosh (M)

Using the second inequality in (3.82) and the characteristic equation (3.76) we obtain

7k

(A — 7k + %)eﬂC > cos(Ag)e™ = m — 2¢™/? as k — 00. (3.85)

It follows from inequalities in (3.84) and (3.85) that

lim (Ak — 7k + g) ™k = 9¢m/2 (3.86)
k even

A similar derivation of the convergence speed can be given for odd n. In this case we obtain

lim <)\k — ok + f) e™h = e/ (3.87)
k—o0 2
k odd

Hence, for both odd and even k, the series A\, —mk + 5 tends to zero exponentially. Formulas

—m(k=1/2) for k even

(3.86) and (3.87) provide excellent approximations A\j = w(k — 3) + e
and A} = m(k — 1) — e7™*=1/2) for k odd for the eigenvalues Ay, even for small k. For

example, for £ = 2 we obtain A\ = 4.73036, which is an relative error of about 0.007% of
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Figure 3.7: (a) The dry normal modes v (x) given by equations (3.71) and (3.72) for k = 2
(solid line), k = 3 (dashed line) and k = 4 (dashed-dotted line), (b) ¢ (x) for k = 15.

A2 = 4.73004. The approximation A3 = 7.85320 starts to differ from A3 at the sixth digit
behind the decimal point. Note that \x is found from equation (3.76) numerically by using
Newton’s method.

The linear increase of A, for growing k implies that 7 in (3.78) converges to —1 expo-
nentially as k — oco. For large k the first two terms of the right-hand side of (3.77) are
exponentially large in absolute values and they cancel each other for 0 < x < 1, so equation
(3.77) is not suitable for numerical evaluation of ¢ (x) for large k. To derive an alternative

formula for 1 (z) we use the following identities derived from equation (3.76):

(cos(Ag) sinh(\g))? = cos? (M) (cosh?(A) — 1) = sin?(\g) , (3.88)
(sin(Ag) cosh(\g))? = (1 — cos?(\g)) cosh?(\) = sinh?(\g), (3.89)

Note that cos(Ag) is positive and sin()g) is negative for k even, whereas both cos(\;) and
sin(\g) are positive for k£ odd. With the help of the identities (3.88) and (3.89) we find from

equation (3.78) the two alternative formulas

—tanh(i)\), (k even) tan(L\z), (k even)
e = 12 and v = 2 ) (3.90)
—coth(5A;), (k odd) —cot(5Ak). (k odd)
Substituting these formulas into equations (3.77) gives us
h((3 —2)A L)\
Yp(x) = cosh((3 - D) | cosl( - )A) (k even), (3.91)
cosh(5Ax) cos(5 k)
sinh(( = 2)\ din((: — 2\
ilz) = Uz —o)h) | sinlly —2)h) (k odd). (3.92)

+
sinh(2\y) sin(3\g)

Equations (3.91) and (3.92) show that vy (z) is symmetric about = = 1, if k is even, and
is antisymmetric about z = % with Q,Z)k(%) = 0, if £ is odd. We also can read off the values
¥ (0) = ¢Y(1) = 2 for k even and ¥ (0) = 2, ¢,(1) = —2 for k odd. The second summands
on the right-hand side of (3.91) and (3.92) dominate for z close to 3, so that we find regular
oscillations there with angular frequency )\, and amplitude of about /2. The dry normal
modes for k =2, k =3, k =4 and k = 15 are shown in Figures 3.7(a) and (b).

As to the corresponding eigenoscillations o (t) satisfying equation (3.73) its period is
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given by
_ —2/H\1/2
Ty =21\, (0) . (3.93)

The values T} are also known as the natural period of the dry normal modes 1;(x). As k
increases the period decreases as Ty ~ 2 (p/0)Y/2k=2.
In general, if the pressure g(x,t) in (3.67) is non-zero the plate position can be described

as an expansion of the dry normal modes,
o
wlz,t) = ap(t)yr(z), (3.94)
k=0

where the values ay(t) are called principal coordinates. The values of the principal coordi-
nates depend on the pressure ¢(x,t) and we do know apriori if the series (3.94) converges in
L?(0,1). Substituting (3.94) in (3.67) and projecting the result onto each individual mode
Yy (x) with the help of orthonormality relation (3.79) and equation (3.71), we obtain a system

of ordinary differential equations for the principal coordinates:

1
pin(6) + OXfan(t) = [ ala (o) do. (3.95)
0

Here we have interchanged infinite summation and differentiation as well as infinite sum-
mation and integration. This is valid if the principal coordinates and its first and second
time-derivatives, ay, ax, G, decay to zero quickly enough as k — oco. The analysis of decay
rate of ay, ag, dr can be investigated aposteriori. If the external force is decoupled from the

plate motion and we have initial conditions
ar(0) =0, ax(0) =0 (k>0), (3.96)

the principal coordinates are given by

_1
B

1
() =% [ o ou@s, = VT (3.98)

a(t) </0 cos(BgT)by (1) d7 sin(Skt) _/0 sin(Bg7)b(7) dr cos(ﬁmf)) (3.97)

For q(z,t) continuous in both variables it follows that by(t) = O(k~!) as k — oo, which
implies ay,(t) = O(k™5), ax(t) = O(k™3), dr(t) = O(k™!) as k — oo. It can be shown that
these decay rates are large enough to justify the normal mode expansions and Euler’s beam
equation in the form (3.95).

In the following we discuss Euler’s beam model (3.67) — (3.69) for inverse-square-root
behaviour of the external force. Such a behaviour is given for the leading-order hydrody-
namic pressure for a plate impacting a fluid free-surface in section 3.1. Then interchanging of
infinite summation and differentiation as well as infinite summation and integration to derive
equation (3.95) may be not valid. A singular forcing term in (3.67) can be avoided by refor-
mulating Euler’s beam model (3.67) — (3.69) in terms of the function W (x,t) = fg w(z,7)dr.
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Figure 3.8: The function f(x) = /x/(1/2 —z) (thin solid line), and the normal-mode
approximations S7(f) (thick sohd line), SH( f) (dashed line) and Si9(f) (dashed-dotted
line), where Sy, (f) = > i ax¥r(x), ar = fo f(u)p(u) du.

Integrating equations (3.67) — (3.69) with respect to time we obtain

0*wW oW ¢
= — <zx< .
v +60—— 5l ; q(z,7)dr — wi(z) 0<x<1), (3.99)
*PwW  PW
ow
W(z,0) =0, 5 —(2,0) = wp(x) 0<z<1). (3.101)

In particular, W (x,t) also satisfies the free-free boundary condition (3.100). Hence, we can
expand W (x,t) in terms of the normal modes (3.74) and (3.77):

= i Ar(t)vn(z). (3.102)

If g(x,t) is given by the hydrodynamic pressure, it follows from the linearised Bernoulli’s
equation (see equation (3.24)) that fot q(z,7)dT = —(x,0,t), where p(z,y,t) is the velocity
potential of the fluid flow. Hence, the right-hand side of equation (3.99) is continuous and

we can write equation (3.99) in the following form using the expansion (3.102):

. 1 1
pAR(t) + ONEAR() = —/0 o(x,0,t) g (z) dz — /0 w1 (z) g (z) dz . (3.103)

Note that if we differentiate (3.103) in time we obtain equation (3.95). We found it more
convenient to work with equation (3.95), so that in this thesis we will use equation (3.95) to
investigate impact problems of elastic plates.

We briefly discuss the decay of the normal modes and its time-derivatives obtained from
the system (3.95) and (3.96) applying the external force q(z,t) = \/x/(t — z), 0 < z < ¢, and
q(xz,t) =0,t <ax <1, for 0 <t < 1. Note that in this example the external force is decoupled
from the plate vibration. It can be shown that by(t) in (3.98) decays as O(k~/?), and
oscillates in t with period 27/\;. Equation (3.97) guarantees that the principal coordinates
and its derivatives decay at least as ay(t) = O(k~92), ax(t) = O(k~5/?), ax(t) = O(k~1/?)
as k — oo. However, computations indicate that the decay of ax(t) and () is quicker. We

found for the first 50 modes that ax(t) = O(k~7/?) and dy(t) = O(k™2).
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In impact problems, the hydrodynamic pressure depends on the elastic deflection of the
plate. Hence the problem is coupled and we have to be careful with the evaluation of equation
(3.95). After computing ay(t), ax(t) and dg(t), the pressure can be computed by substituting
ag(t), ax(t) and ak(t) directly into the pressure formula as shown in the next subsection. It is
not reliable to compute the hydrodynamic pressure via the partial sums of the normal-mode
expansion, Zivzo bi () (z) where by is given in (3.98). To demonstrate this we computed
the partial sums of the normal-mode expansions for the function f(x) = \/m .

Figure 3.8 illustrates that the partial sums converge to f(z) very slowly.

3.3 Free fall of an inclined elastic plate

In this section we analyse the interactions that occur when an inclined elastic plate falls onto
the free surface of deep water (see Figure 3.9). If the initial inclination angle of the plate
is small, the hydrodynamic loads are very high and the flexibility of the plate significantly
influences the interaction between fluid and body. To date it is simply supported plates
that have mostly been considered (see Meyerhoff (1965a); Kvasvold and Faltinsen (1993);
Korobkin (1998); Korobkin and Khabakhpasheva (2006)). In the present problem the ends
of the plate are not attached to an external structure and are free of stresses. Furthermore,
the plate is free to move, i.e. it is free in vertical translation and rotation. To show certain
hydroelastic features we will determine simultaneously the hydrodynamic loads acting on the
plate, the size of the contact region between the plate and the fluid, the rigid body motions,
and the elastic deflections of the plate.

3.3.1 Mathematical formulation

The elastic plate is initially undeformed, inclined to the liquid free surface at a small angle
e and touches the surface at a single point, the origin of the fixed 2'Oy’ coordinate system.
We consider a plate, which has length L and relatively small thickness h, such that h/L < 1.
The plate material has constant density gg, Young’s modulus E' and Poisson’s ratio v. The
plate position 3’ = &'(2/,t') is unknown in advance and must be determined together with
the liquid flow and the hydrodynamic pressure. We assume that the rigidity of the plate is
large enough, so that in the early stage of interaction w’,(z’,¢') is small in the region where
the fluid is in contact with the body.

We formulate the impact problem in terms of non-dimensional coordinates given in (3.2)
— (3.5). The boundary conditions (3.7) — (3.9) can be linearised and imposed on the original
position of the liquid boundary, y = 0, in the leading order for small € as shown in subsection
3.1.2. Within the linearised hydrodynamic model the spatial interval 0 < z < d(t) on y =0
corresponds to the contact region of the moving plate with the fluid. The point x =0, y =0
corresponds to the left edge of the plate, and the point = d(t), y = 0 is the Wagner contact
point. The function d(t) is unknown in advance and is determined as part of the solution.
For very flexible plates d(t) can become negative. Here we consider only plates and initial

configurations, where d(t) is positive during the impact stage. Then the velocity potential
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Figure 3.9: Vertical free fall of an elastic plate onto deep water.

o(z,y,t) satisfies the following equations:

Vip=0 (y <0), (3.104)
Py = Wt (y=0,0<z<d)), (3.105)
0z =0 (y=0,x<0and z>d), (3.106)
o = O((z® +y>) 71/ (2% +y* = 00). (3.107)

In contrast to the problem (3.15), (3.16), (3.19), (3.18), equations (3.104) — (3.107) are
for general body motion y = w(x,t). As in section 3.1, the velocity field has square-root
singularity behaviours at the left edge of the plate x = 0, y = 0 and at the Wagner contact
point z = d(t), y = 0. The solution ¢(z,y,t) in (3.104) — (3.107) depends on the length of
the wetted part, d(t). The function d(¢) is determined by the following equations:

n(d,t) = w(d,t) (0<d<1), (3.108)
M = Py (y=0,z<0and z>d), (3.109)
n=0 (t=0). (3.110)

Equation (3.108) is Wagner’s condition (see equation (3.13)) where the free-surface elevation
n(x,t) is obtained from the linearised kinematic boundary condition (3.109) and the initial
condition (3.110).

The problem (3.104) — (3.110) can be readily solved if the body position y = ew(z,t) in
equations (3.105) and (3.108) is known. But this is not the case, as the motion of the plate
will be determined by Euler’s beam equation with free-free boundary conditions given by
equations (3.67) and (3.68). In section 3.2 we showed that Euler’s beam equation can be
reformulated as equations (3.95) in terms of the principal coordinates ay(t) of the normal
modes ¥(x) given in (3.91) and (3.92). The function ¢(z,t) in (3.95) is given by the
hydrodynamic pressure together with the gravity force on the plate:

z,0,t) —puk 0z <c,
q(z,t) = Pl 0,8) —p (3.111)
— UK T >c,

where ;1 = osh/(orL) and k = egLV ~2. The initial conditions are given by
w(z,0) =z, wi(z,0) = —1. (3.112)

The pressure p(z,0,t) in (3.111) is determined by the linearised Bernoulli’s equation (3.24)
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through the velocity potential p(z,y,t), where ¢(z,0,t) is given by (3.104) — (3.108) depend-
ing on w(x,t). This implies that the problem is coupled: the flow, the pressure distribution,
the motions of the plate and its elastic deflections have to be determined simultaneously
along with the size of the contact region and the shape of the free surface (see Korobkin
and Khabakhpasheva, 2006). A direct numerical solution is difficult because the problem is
nonlinear and unknown functions could be singular. The solution of the coupled problem
(3.24), (3.94) — (3.112) depends on four parameters x, i, 6 and x.

3.3.2 Solution of the coupled problem

In the hydrodynamic part of the problem we seek the horizontal velocity ¢, (z,0,t) for
0 < < d and the hydrodynamic pressure p(z,0,t) for 0 < x < d. With the help of formula
(2.28) for k1 = ko = 0, we obtain the following horizontal velocity of the fluid along the plate
from the MBVP (3.104) — (3.107):

a 1 4 VEd—¢)
wz(2,0,t) = W\/m g - w(§,t)dE. (3.113)

Eigensolutions of the problem (3.104) — (3.107) with w;(z,t) = 0 are not included in (3.113)

because they have have stronger singularities.

To find the hydrodynamic pressure p(z,0,t) we solve the following mixed boundary-value

problem for the complex acceleration potential Fy(z) = ¢p + ity

Fy(2) analytic y <0),
m(Fy) = —wy + C(t)

( (3.114)
( (3.115)
Re(Fy) = (y=0,z<0and z>d), (3.116)
( (3.117)

=

y=0,0<z<d),

2| = 00),

where @y (x,t) = [ wi(&,t)d€ and C(t) is an undetermined term due to integration of
(3.105) with respect to z. Equations (3.114) — (3.117) are derived from the problem (3.104) —
(3.107). The function Fy(z) has an inverse square-root singularity at z = d and is bounded at
z = 0 (see subsection (3.1.3)). Formula (2.25) with k; = —1 and ky = —1 gives us a particular
solution Fj(z) of (3.114) — (3.116) where Fj;(z) = O(1) as |z| — oo and Fj;(z) = O(1) as
z — 0 and z — d. To obtain Fy(z) we add the corresponding eigensolutions to Fj;(z) (see
equation (2.10)):

wtt 5 t (t) z
Ful \/ / _g) ag -+ B(o), | . (3.118)

A relation between B(t) and C(t) is obtained by the far-field behaviour of Fy(z) given in
(3.117):

1 Qg )
CO=%) Vea—g

To specify B(t), we investigate the asymptotic behaviour of Re(Fy(2)) at z = d in detail.

de +iB(t). (3.119)
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Equation (3.113) shows that the asymptotic behaviour of ¢, (z,0,t) at = d is given by

(z@t):—i/d S e de(d—a) 24 0(1)  (w—d).  (3.120)
S wvdJo \[d—€" . .

We have assumed that d > 0, so that differentiating of (3.120) with respect to time and
integrating the resulting equations in x afterwards gives us the asymptotic behaviour of
or(x,0,t) at x = d:

x, 1/2 x ). .
o1(2,0,1) wf/ ,/ (€N dE(d—2)"V2400) (wod).  (3121)

The function B(t) in equations (3.118) and (3.119) is specified by the asymptotic behaviour

in (3.121):
7 d
£ = %/O 1/%_5%(5,75)(15, (3.122)

The real part of Fy(z) gives us together with the linearised Bernoulli’s equation (3.24) the
hydrodynamic pressure along the contact region, 0 < x < d, y = 0:

(0,1 \/7—35]1 e 5__\/:/\/75’

Now, we reformulate the problem (3.104) — (3.107) with respect to the displacement

(3.123)

potential, ®(x,y,t) as was done in subsection 3.1.4. We use equations (3.108) — (3.110) to

obtain
V20 =0 (y <0), (3.124)
¢, = w(z,t) (y=0,0<z<d)), (3.125)
®=0 (y=0,z<0and z>d), (3.126)
d = 0((z2 4 y>)~1/?) (2% + 9% = o0). (3.127)

The solution for the vertical displacement of the fluid along the free surface is given by

1 1VEd-9
®,(x,0,t) =% / w(&,t)dE. 3.128
The plus sign in equation (3.128) applies for # > d and the minus sign for z < 0. Note
that ®,(x,0,t) in (3.128) is also the free surface elevation of the fluid due to equation (3.34).
The complex displacement f(z) = ®,(x,y,t) — i®,(z,y,t) has a square-root singularity at
z = 0 and does not have a singularity at z = d (see also section 3.1.4). Hence, the integral

in (3.128) becomes zero for x — d, so that we obtain the following equation:

¢ ¢
/0 | /ﬁw(g,t) dé =0. (3.129)
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Equation (3.129) will be used to determine the position of the contact point x = d(t). For
the case w(z,t) = x —t, discussed in section 3.1, we obtain the solution (3.46) from equation
(3.129).

The structural part of the problem is calculated from (3.95) where g(x,t) is given by
equation (3.111) together with the hydrodynamic pressure in (3.123) and the shape of the

elastic plate in (3.94). Equations (3.95) are written in matrix form as
1.
(M(d) + pl)a = ——ddD(d)a — 0Sa — ureg, (3.130)
T
where a(t) = (ag(t),a1(t),as(t),...)" and ey = (1,0,0,...)T. Here S is a diagonal matrix,

S = diag(M\3, A1, A3, ...), and the elements of the matrix D are Dy, (d) = ['y(d)T',(d) where
I'k(d) is defined by

. — 4y (du) du. (3.131)

The inertia matrix on the left-hand side of the system (3.130) consists of the non-dimensional
structural mass matrix of the dry plate, ul, where I is the identity matrix, and the added
mass matrix M (d) defined by

Vall — ) ¥y (du) @ (dv)
My(d /][ W) Yud) (dV) 4 (3.132)

1—1) v—u

where Uy (z) = [ ¢5(u)du. The matrix M(d) accounts for the presence of the fluid in
contact Wlth the plate (see Newman (1977)). The elements of the added mass matrix are
zero when d = 0 and are increasing with the increase of the contact region 0 < x < d. The
concept of added mass is helpful to arrive at a suitable form of the equations describing
coupled structural and hydrodynamic parts of the problem by numerical means. It is shown
in appendix B, that the matrix M defined in (3.132) is symmetric. The system of second-
order differential equations (3.130) involves a damping term. It can be shown that half of the
energy leaving the plate due to the damping term is transferred into the jet. In particular,
this is the only mechanism to extract energy from the plate vibration. The right-hand side
of (3.130) depends on d. We obtain the following equation for d by differentiating equation
(3.129) with respect to t and using the expansion of w(z,t) in (3.94):

;_ (aT(d)
d= o AT (3.133)

where the elements of I'(d) = (I'y(d)) are defined by (3.131) and (v, va) is the scalar product
of the vectors v and vo. Substituting (3.133) into (3.130) gives an ODE system whose right-
hand side depends on a, a and d but not on t. Therefore it is convenient to take the quantity

d as a new independent variable with 0 < d < 1. Dividing the system of equations (3.130)
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by d and taking into account (3.133), we find the ODE system

da (a, %I‘)

W hI (3.134)
db d AT

7= M+ [—;Db + %(GSa + pkeo) | (3.135)
dt (a, LT)

= _ﬁ, (3.136)

where we defined b := a. Note that (3.134) follows from b = a and equation (3.133). The
initial conditions for the system of ordinary differential equations (3.134) — (3.136) are

11
a:<§,6\/§,o,o,o,...>, b=(-1,000,...), t=0 (d=0). (3.137)

Here equation (3.136) recovers, together with the initial conditions in (3.137) and I'¢(0) = 7,
%I‘O(O) =0, %I‘l(()) = 3% the initial contact point velocity d(0) = %, which agrees with the
one for the impact of a rigid plate at constant speed (see equation (3.46)). The system (3.134)
—(3.136) is suitable for the start of numerical calculations at ¢ = 0. This will be different for
the system of differential equations arising from the plate impact at high horizontal speed
(see sections 4.4, 5.1 and 5.2), where we have to replace the initial time integration by the
results of a simpler impact model.

The replacement of d as the integration variable for ¢ is justified only while d¢/dd >
0. Hence, the behaviour of dt/dd in equation (3.136) has to be monitored in numerical
calculations. We stop the calculation if d¢/dd becomes zero, which corresponds to an infinite
velocity of the turnover point z = d(t). Note that dt/dd > 0 is satisfied for small d, since
we start with d(O) = %. However, dt/dd = 0 is possible later, since the plate rotates during
impact, so that the inclination may become very small during impact, which corresponds
to large d. On the other hand, the unlimited growth of the derivative dt/dd means that
the velocity of the contact point can decrease to zero and the contact point may change its
direction, which cannot be accounted for in the present model. A shrinking contact region
indicates a partial exit of the plate from water. Both cases dt/dd — 0 and dt/dd — oo
were only found for small § (6 < 0.02), when the inclination angle of the plate becomes very
small during impact (e.g. dt/dd — 0 for p = 0.01, § = 0.01 and dt/dd — oo for p = 0.01,
6 = 0.02). These cases are of interest and may have specific effects on the fluid and on the
plate behaviour at the contact point.

We are also interested in computing the hydrodynamic pressure along the surface of an
elastic plate. If the plate is light and very flexible (u < 1 and § < 1) we expect that the
hydrodynamic pressure in (3.95) to depend strongly on the plate deflection, and the problem
is then strongly coupled. Furthermore, we should monitor the regions where the pressure is
negative, since fluid may separate from the body in these zones of low pressures with the
development of vapour cavities or air may be sucked under the plate. These phenomena are
known as cavitation and as ventilation, correspondingly. Both phenomena are important
issues and were reported in drop tests of horizontal elastic plates on a flat water surface
(Faltinsen, 1997). In particular, cavitation can cause serious damage to structures since

shock waves appear during the collapse of such cavities. In this section, cavitation and
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Figure 3.10: (a) Contact point motions for rigid plate without gravity (dashed line), for
elastic plate without gravity (solid line) and for elastic plate with gravity (dashed-dotted
line), (b) vertical force evolutions for plate configuration as described in (a).

ventilation are not considered. The fluid is attached to the plate from the left edge to the
turnover region, so that suction forces of the fluid contribute to the dynamics of the plate.
The pressure is obtained from (3.94) and (3.123) which give

! . 1 [z (a,T(d)?
p(x,0,t) = —?/x(d—x)(a, F@(z)) + NI o Era) (3.138)

where the elements of the vector F(4)(z) = (Fl(d) (x), FQ(d) (x),...) are defined by

@) — d U (§)
F! ()_/0 N (3.139)

The functions F; ,gd) () in terms of the quickly converging series given in appendix C. Note
that the functions Flid) (x) depend on the size of the contact region but not on the impact

conditions. This implies that these functions can be pre-computed for 0 < d < 1.

3.3.3 Numerical results

We use the discretisation d,, = nAd with constant integration step Ad. The number of
modes is limited in computations. We set ap = 0 for £ > M and we only retain the first M
equations k = 0,...,M — 1 in (3.134) and (3.135). By comparing the results obtained for
various M we can draw conclusions to the number of modes that give sufficiently accurate
results for the plate motion and the elastic deflections. However, the integration step Ad
has to be small enough, so that the maximum of the corresponding timesteps, given by
Admaxy %, has to be much smaller than the period of the highest mode, Ths_1, retained
in our calculations. We expect that the periods T} are about the natural periods of a dry
Euler beam given by equation (3.93).

The problem (3.134) — (3.137) is solved by the fourth order Runge-Kutta method. In
each step it is necessary to calculate the elements of the matrix M (d) and the vectors I'(d),
%I‘(d) for equations (3.134) — (3.136), (3.138). Their analytical expressions in terms of d
are presented in appendix B.

Numerical results are presented in Figures 3.10 — 3.13 for the impact of a steel plate onto

water. We fix the plate length L = 2m, plate thickness h = 2cm, density o5 = 8000kg m 3,
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Figure 3.11: (a) The depth h(t) := ag(t) — 2v/3a;(t) and (b) the instantanous inclination
angle, a(t) := a1(t)/(2V/3) for the rigid plate with gravity (solid line) and without gravity
(dashed-dotted line).

flexural rigidity D = 145 x 10°kNm and initial vertical velocity V = 3ms~!. The gravity
acceleration ¢ = 9.81ms~! acts on the plate. We select an initial inclination angle of 10°,
so that ¢ = 0.175. Then the non-dimensional paramters are p = 0.080, § = 0.061 and
k = 0.38. We compare the results of the elastic plate, where we use the first eight elastic
modes (M = 10), with the rigid plate impact. The computations for M = 10 were performed
with step size 2.5x10~* of the wetted length d, which can be shown to be sufficiently small, as
they correspond to non-dimensional time steps not exceeding 3.8 x 10~%. The step size is 26
times smaller than the natural period of the eighth elastic mode, which is the highest elastic
mode retained for the calculations. It was verified numerically that the relative accuracy
of d with eight elastic modes is better than 0.2% for the configuration described above. To
evaluate the free fall of a rigid plate, we set all principal coordinates aj; corresponding to
the elastic modes equal to zero (M = 2). Note that we will give analytic solutions for the
problem of rigid plate impact in section 6.1. To see the influence of gravity acting on the
plate, we also show results with and without the gravity term of equation (3.135).

The motion of the contact point for the rigid and the elastic plate, without gravity, are
shown in Figure 3.10(a). The two contact point motions hardly differ. However, the elasticity
of the plate notably increases the speed of the contact point for 0.7 < ¢ < 0.8, which leads
to an increase of the hydrodynamic loads (see equation (3.123)). Figure 3.10(a) also shows
that the contact point increases more quickly, if the gravity term in Newton’s second law is
included.

Figure 3.10(b) shows the vertical hydrodynamic forces acting on rigid and elastic plates.
For the rigid plate we find two local maxima. The first maximum is due to the initial increase
of the wetted region of the plate. This leads to strong deceleration of the vertical motion
and a decrease in the inclination angle of the plate. By the time of the second peak, the
angle is rather small and the vertical speed of the right edge of the plate is large. This
forces the contact point to move faster towards the right edge, increasing quickly the wetted
area of the plate and the hydrodynamic force acting on it. The forces on elastic and rigid
plates are different in amplitude but are similar in behaviour. Due to the faster contact
point motion of the elastic plate during the stage where the inclination angle is small, the
maximum vertical force acting on the elastic plate are about 40% higher than that acting on

the rigid plate. The difference in the force is explained by the higher speed of the contact
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Figure 3.12: (a) Pressure distributions along the elastic plate (dashed line) and along the
rigid plate (solid line), (a) at ¢ = 0.38 and (b) at ¢ = 0.89.

point at ¢t & 0.7, when the elastic plate bends towards the liquid. Just after the second peak
the force drops sharply below zero with the plate being completely wetted at the end of the
computations. The inclusion of gravity increases the vertical speed of the right edge towards
the free surface, resulting in larger forces shortly before the plate is fully wetted. However,
the behaviour of the hydrodynamic force is similar to that when gravity is not taken into
account.

Figures 3.11(a) and (b) indicate the rigid body motion of the plate through the pene-
tration depth of the left edge h := ag(t) — 2v/3a1(t), and the inclination angle of the plate
a := a1(t)/(2v/3), respectively, with and without gravity included. The motion of the rigid
plate and the rigid motion of the elastic plate hardly differ, so that we only plotted h and
« for the rigid plate. The inclusion of gravity increases the angular velocity of the plate,
resulting in larger forces shortly before the plate is fully wetted. Figure 3.11(b) indicates
that the angular velocity is zero when d = 1. This applies for any rigid plate (§ — oo) and
will be shown later in section (6.1).

The pressure distributions of rigid and elastic plates differ strongly during the impact
stage as shown in Figure 3.12(a) and (b) for times ¢ = 0.38 and ¢ = 0.89. A negative-pressure
zone initially appears close to the left edge and later moves along the plate with the negative
pressure being captured between positive-pressure zones. For an elastic plate the pressure
oscillates, so that the negative pressures are more pronounced, where the negative pressure
zone moves around quickly. On the other hand, the pressure in the contact region is rather
uniform for the rigid plate. Hence fluid cavitation and ventilation is more likely for elastic
plates than for rigid ones.

The maximum amplitude of the principal coordinates, a(t), and their derivatives are
defined by
di

(4)

Tk

= max , (3.140)
0<t<te

which indicate how many modes have to be taken into account in the calculations. The
maximum amplitude of the principal coordinates r,go) quickly decreases for large k, as shown
in Figure 3.13(a). We found that 74](60) decays approximately as O(k~%/2) | so that only few
normal modes need to be taken into account to get reasonable results for the elastic plate

deflection. We found that the order of convergence of rlgl) is about O(k~7/?) as k increases.
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Figure 3.13: (a) The maximum amplitude of the principal coordinates and their derivatives,
r,go) (solid line), r,(:) (dashed line) and ’I“](f) (dashed-dotted line), which are defined in the
text, for the first 51 modes, 0 < k < 50, in logarithmical scale. (b) The bending stress at the
plate centre, zy = 0.5, (solid line) at zp = 0.35 (dashed line) and at ¢y = 0.65 (dashed-dotted
line).

The maximum amplitude of dx(t) is large for the first two elastic modes ¥9(x), ¥3(x), but
we found a decay rate of O(k~2) for r,(f) as k increases. The speed of convergence of r,(f)
especially guarantees a quick convergence of (&, F((z)) in (3.138) for increasing number
of modes retained in the computations (see also appendix C). We found that the pressure
p(zx,0,t) is well approximated for M = 8.

The distribution of the bending stresses o’(s’,¢') in the plate and the maximum stress

/
max

stresses o’ are defined by o/ = (¢hE/2L)w,,. Figure 3.13(b) shows the time-evolutions of the

ol (t') are important characteristics of the elastic plate impact problem. The dimensional
bending stress at x = 0.35, x = 0.5 and = = 0.65 in non-dimensional form. The maximum
absolute values of the bending stresses are reached shortly before the plate is completely
wetted and is approximately 0.45, which corresponds to 79N mm~2. This is about a third
of the yield stress of A36 steel of about 250N mm~2. Bending stresses are higher for smaller
initial inclination angle and larger initial vertical velocity. Under certain circumstances the
bending stresses may be higher then yield stress such that the steel plate deforms plastically
or cracks during impact. The point on the plate, where the maximum bending stress occurs,
can be quite far from the midpoint (see Figure 3.13(b)): our calculations revealed that the
position, where the maximum bending stress occurs, is close to the contact point when
0.3 < d(t) < 0.7. This is due to the high hydrodynamic loads acting on the plate close to
the Wagner contact point.

3.3.4 Fluid structure interaction when the plate is fully wetted

In this subsection we investigate the plate behaviour and the hydrodynamic pressure after
the plate becomes fully wetted at time ¢t = ty. In this stage, which we refer to as the
penetration stage, we have no turnover region but we find a second splash at the right
end of the plate. Hence, the pressure peak disappears. Almost the same model presented
in subsection 3.3.1 can be used to investigate fluid-plate interaction for ¢ > tg. However,
instead of using Wagner’s condition, the position of the right contact point is fixed at the
right edge of the plate. It can be shown that the final system is given by (3.130) where d = 1.

The initial conditions for a and a are obtained by assuming continiuty of these functions at
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Figure 3.14: (a) Pressure distributions along the elastic plate at ¢ = 1.17 (solid line) and
at t = 1.38 (dashed-dotted line) and the almost constant pressure distribution along a rigid
plate (dashed line). (b) The bending stress at the plate centre, g = 0.5 (solid line). The
dashed line is the bending stress for larger non-dimensional rigidity 6§ = 0.1377.

the end of the Wagner stage. The pressure p(x,0,t) in this stage is given by (3.123), where
d = 0 removes the second term in (3.123) containing the inverse-square-root singularity so
that we have square-root behaviours at both ends of the plate, x = 0 and = = 1. Since it is
this term which mostly contributes to the hydrodynamic loads for ¢ < tg, the hydrodynamic
loads are much smaller for ¢ > ¢y than for ¢ < ¢5. As there is no jet leaving the fluid bulk,
energy cannot leave the plate-fluid system for ¢ > tg. This justifies the fact that equation
(3.130) has no damping term for ¢ > ¢.

The first two components of (3.130) imply that there are no hydrodynamic forces driving
the rigid plate motion. The plate accelerates vertically only due to the small non-dimensional
gravity force ux. To compute the problem in the penetration stage, we integrate equation
(3.130), where d = 1, in time by a fourth order Runge-Kutta method and use the values
a(t = tp) and a(t = tg) from the previous stage as initial conditions. In the following, we
show results for the pressure distribution along the plate and the bending stresses for ¢ > tg
with parameters p = 0.080, § = 0.061 and x = 0.38, which were already used in section
3.3.3. Then the plate becomes fully wetted at time tg = 0.916.

Figure 3.14(a) shows the pressure distribution along an elastic plate for ¢ = 1.17 and
t = 1.38, when the plate is in the concave (plate has n-shape) and convex bending state.
During concave bending negative pressure appears close to the ends of the plate, which may
enable the ventilation of air in these low pressure zones. During the convex bending large
negative pressure, even larger than for ¢t < ty, appear at the centre of the plate’s surface.
During the penetration stage, t > tp, it may be possible that air bubbles accumulate under
the plate, moving from the ends of the plate to its centre. The loads on a rigid plate are
small compared to the ones on the elastic plate. Since the acceleration of a rigid plate is
constant for ¢ > tg, also the pressure distribution is constant in time (see equation (3.123)).

Figure 3.14(b) shows the bending stresses at the centre of the plate for the impact and
penetration stage. In particular, the bending stresses at ¢ > ty are as large as the highest
bending stresses for ¢ < t3. The bending stresses seem to oscillate periodically. Lower impact
velocities decrease the bending stresses significantly, which is shown here for the example
V =2ms~! (instead of V = 3ms~!), which changes the parameter 6 to 0.1377.
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3.3.5 Discussion

A fully coupled model of elastic plate impact onto a liquid free surface has been developed.
Both rigid and elastic motions of the plate were determined simultaneously with the hydro-
dynamic pressure distribution, the shape of the free surface and the size of the wetted part of
the plate. The structural part of the problem has been solved by the normal-mode method.
In the present examples, the rigid body components of the plate’s motion are very close to
those of an equivalent rigid plate. However, the elastic plate experiences higher forces due
to the higher velocity of the turnover region. The highest loads occur almost at the end of
the impact, when the plate inclination angle is about a third of the initial inclination angle.
We found large bending stresses of about a third of the yield stress of the plate material.
Hydrodynamic pressures below atmospheric value were found in the contact region for the
rigid-plate impact. It was shown that elastic vibrations of the plate lead to even lower pres-
sures. We conclude that elasticity of the plate may promote cavitation of the fluid, and the
detachment of the fluid from the solid surface during the early stage of impact. The plate
impact model can be continued, when the plate becomes fully wetted. In this stage, the
loads due to the plate vibration dominate and we find large negative pressures which are of
the same order as in the impact stage.

The presented model deals only with a uniform distribution of mass and rigidity. A
similar analysis is possible for non-homogeneous mass and rigidity distributions. In this case
the parameters p and 6 in Euler’s beam equation are functions of the longitudinal coordinate.
The dry modes of a plate with non-uniform characteristics can be computed by using the
solution of the spectral problem:

p()

%(gw) = %%Mg 0<z<1), (3.141)

Y=Y =0 (s=0and s=1). (3.142)

In general, the eigensolutions and the corresponding eigenvalues can be evaluated only nu-
merically. Once the modes have been computed, the rest of the analysis is essentially the

same as that presented in this section.

3.4 Conclusion

This chapter gave an introduction to Wagner theory. We showed the derivation of the
linearised hydrodynamic model and used Wagner theory to solve the problem of an inclined
plate impacting onto the water free surface at constant speed. For vertical impact of an
inclined plate the present linearised hydrodynamic model leads to a singular free-surface
elevation close to the sharp edge. An inner solution in this splash region which accounts
for the nonlinear terms is needed. The inner solution in the turnover region was found by
matching the steady Kelvin-Helmholtz flow with the global flow. We discussed the vertical
impact of an elastic plate into water by using the normal-mode method.

The mixed boundary value problem (3.104) — (3.107) can be used for solving the impact
problem for bodies of any shape where the deadrise angle of the body is small and for variable

vertical velocity. In the next chapter we consider impact problems at high horizontal speed.
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For impact problems at high speed the model in section 3.1 has to be modified. It is
necessary to include a wake model behind the plate and to introduce a condition for the

fluid detachment in the outer solution.

49



Chapter 4

Water entry of a rigid body at high

horizontal speed

Slamming problems at high horizontal speed are characterised by high hydrodynamic loads,
flow separation on the rear part of the body and a turnover region of the flow where a jet
is thrown off (Faltinsen, 2005). Usually, much higher loads on the body are involved than
for vertical slamming. Some experiments of body impact at horizontal speed have been
reported. Smiley (1951) conducted experiments of a heavy rectangular steel plate landing
on water at high speed for various angles of attack and impact velocities. It was shown
that the hydrodynamic pressure acting on the plate is close to uniform in the transverse
direction. The measured pressure drops to the ambient value just near the transverse edges
of the plate. This observation supports our two-dimensional model which will be introduced
in this chapter. Rosselini et al. (2005) conducted experiments on skipping where disks were
shot onto the free surface with high horizontal velocity. They showed that the spin of a disk
is mainly responsible for the exit of the body after initial impact. Without spin, the disk tilts
during impact and dives into the water. Experiments about oblique impact of asymmetrical
wedges were done by Judge et al. (2004). Depending on the inclination of the wedge and
the entry velocity two different flow regimes were distinguished: Either the fluid overturns
on both sides of the wetted area or, for sufficiently large horizontal speed, the fluid detaches
smoothly from the vertex.

In this chapter we discuss the impact of bodies with small deadrise angle into water at
high horizontal speed. In section 4.1, the linearised hydrodynamic problem for the impact
of general-shaped bodies at high horizontal speed is derived and conditions at the ends of
the contact region are introduced. We give general results for the position of the forward
turnover region, for the hydrodynamic pressure acting on the body, for the wake flow, and
the energies in the fluid bulk and in the jet. In section 4.2, we specify the shape of the
body to be a plate which penetrates the fluid with constant horizontal and vertical velocity
components and where the fluid separates from the trailing edge of the plate. In section
4.3, we present conditions to determine the position of the separation point along a smooth-
shaped body. It will be shown that our proposed separation conditions are equivalent to
the Brillouin-Villat criterion. The Brillouin-Villat condition will be used in section 4.4 for
the free fall of a light plate at high horizontal speed. In particular it can be shown that
the body exits the fluid shortly after impact if the horizontal velocity of the plate is large
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enough. If not so, it is possible that the plate plans along the free surface after impact. In
section 4.4, we will also discuss the behaviour of the plate during planing. Finally, we discuss
the bounce of a blunt body at high horizontal speed in section 4.5, where we apply three
different separation criteria. We will show that the body motion depends strongly on the

separation criterion.

4.1 Impact of general-shaped bodies at high horizontal speed

In this section we discuss the impact of general shaped bodies with small deadrise angle
at high horizontal speed. In particular, we introduce the relevant scalings and derive the
leading-order MBVP governing the fluid flow in the small deadrise-angle regime. A general
pressure formula and a formula for the position of the leading contact point are found. We
further introduce Kutta’s condition to determine the fluid flow in the wake region. Finally,

the energy in the fluid bulk and the energy flux in the jet are identified in this section.

4.1.1 Non-dimensional and linearised hydrodynamic problem

We are concerned with the non-dimensionalisation of the problem of a flat body impact onto
initially flat free surface, where the body has initial vertical component of velocity V and
horizontal component U. In this chapter the body moves from left to the right. We assume
that the deadrise angle of the body is of small order . The shape and motion of the body
will be specified in sections 4.2, 4.4, 4.5 and 5.1. In general, the position of the bottom
of such bodies is described by the equation 3y’ = w(a’,¢'), where the Cartesian coordinate
system 'Oy’ is such that the fluid initially covers the lower half plane 3y’ < 0. The coordinate
system is fixed such that the fluid in the far field is at rest. The body starts to penetrate
the fluid at time ¢ = 0 at 2’ = 0 and ¢ = 0. For V >> €U the fluid flow is dominated by the
vertical motion of the body, so that we may use the scalings (3.2) — (3.5) and the linearised
equations (3.15) — (3.18) for vertical slamming. However, if the initial horizontal speed is
high such that

VU = O0(e), (4.1)

the contributions of the horizontal motion of the body to the fluid flow are significant. In
this case we need to find a different non-dimensional form of the impact problem governed
by (1.4) — (1.9). In this study, we assume that the horizontal speed of the body is constant,
since the hydrodynamic loads acting on a body with small deadrise angle are almost vertical
and the impact stage is of short time, such that the horizontal component of deceleration is
negligible.

The characteristical lengthscale L of the body is the lengthscale of the problem. We are
concerned with the initial stage of the body impact, whose duration is of order L/U. Hence,
the non-dimensional time is 1, when the plate travels horizontally by L. In this initial stage
of body impact, the vertical penetration of the body is small compared with L since we
assume condition (4.1). Due to the small deadrise angle of the body the fluid disturbance
due to the horizontal and vertical motion of the body is small, which gives a fluid speed of

order eU. In summary, the scalings used for impact problems at high horizontal speed in
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this chapter are given as follows:

2 =Lz, y =Ly, t'z%t, (4.2
n =eln, W =elw, (4.3)
¢ =eULgp, p =eorU?p. (4.4)

where ¢'(2/,y/,t’) is the velocity potential of the fluid flow, p/(z’, 4y, ') the pressure of the
fluid and y' = 1/ (2’,t’) describes the position of the free surface. Note that n/(z’,t’) can be
a multi-valued function of a’.

The fluid is in contact with the body along DY(t') and the free surface part of the liquid
boundary is along D% (t'). Then the governing equations of the fluid flow, the pressure
distribution in the fluid and the free surface elevation due to the body impact, (1.4) — (1.9),

are given in non-dimensional form by

Vip=0 ((z,y) € Q), (4.5)
Py = Wt + EWg Py ((z,y) € Ds), (4.6)
Py = 1t + €Nz Pa ((z,y) € Dp), (4.7)
p=—pi—5(0F+¢) — ==y ((z,y) € Ds), (4.8)
o1 =—5 (93 +9)) — 2V ((x,y) € Dr), (4.9)
p=0(("+y)?) (2% +y* = ), (4.10)

where the Froude number is defined as Fr = U//gL. The initial conditions of the system
(4.5) — (4.10) are

n=0, =0 (t=0). (4.11)

Equations (4.5) — (4.10) differ from equations (3.6) — (3.10), resulting from the scaling for
vertical impact problems, only in the hydrostatic terms in (4.8) and (4.9). While we had to
assume large enough vertical velocity for vertical impact problems to neglect the hydrostatic
pressure in (3.12) and (3.9), we have to assume for impact problems at horizontal speed that

U is large enough, such that

1
2 =0, (4.12)

Here, apart from (4.1) there are no further conditions for the vertical velocity V.

During the early stage of the interaction the deformation of the liquid boundary is small
compared with the length L of the body. This fact makes it possible to linearise the boundary
conditions (4.6) — (4.9) and impose them on the original position of the liquid boundary,
y = 0, in the leading order for small ¢ (see section 3.1). Together with the assumption (4.12)
equations (4.5), (4.6), (4.9), (4.10) form a mixed boundary value problem in terms of the
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velocity potential p(z,y,t):

Vip=0 (y <0), (4.13)
oy = wi(x,t) (y=0,d; <z <dy), (4.14)
=0 (y=0,z <d; and x > da), (4.15)
p=0(("+y>) %) (@ +y* = 00). (4.16)

Within this model, the thin jet formed in the overturning region is not taken into consider-
ation. Parameters of this jet can be determined after the flow in the main flow region has
been obtained (see section 3.1.5). Equations (4.13) — (4.16) are written for impact problems,
where the wetted part of the moving plate corresponds to one interval d; < x < ds on y = 0.
Here, the point x = dy, y = 0, corresponds to the rear contact point. The type of fluid flow to
be found at this contact point depends on the specific problem. We will distinguish between
a flow overturning at this contact point and fluid detaching from the body at this point. In
case of fluid detachment the rear contact point may be fixed at the end of a sharp edge as
it will be done for the problem discussed in section 4.2. A further condition is needed if the
separation point x = dy(t) is allowed to move along a smooth-shaped bottom of a body. To
determine such a point we will introduce a separation criterion in section 4.4. In all problems
presented in this chapter the point © = do, y = 0 corresponds to the forward overturning
region referred below as the Wagner contact point. The function da(t) is unknown in advance
and will be determined by Wagner’s condition.

The pressure at the contact region is given by the linearised Bernoulli’s equation and the

free surface elevation is given by the linearised kinematic boundary condition (see equations

(4.8) and (4.9)):

= —¥ (y =0,di<z< dg), (4.17)
Yy =Nt (y=0,x <d; and = > da), (4.18)
p=0 (t=0). (1.19)

Note that equations (4.15) and (4.17) do not contain any hydrostatic terms since we assumed
condition (4.12).

The linearisation and projection of the boundary conditions onto the z-axis is an ad-
missible simplification which is also well-known to bring satisfactory results in the airfoil
theory (see Newman (1977)). However, we have to be aware of the fact that the leading
order problem (4.6) — (4.9) breaks down close to a turnover region, since ¢, and <p;, are
of order U there and the slope of the free surface function, n,(2’,¢'), is unbounded in the
turnover region. In section 4.2, we will show for the oblique impact of an inclined plate that
linearisation and projection of equations (4.7), (4.8), (4.9) are also not valid at the initial
penetration point, since the free surface elevation n(z,t), given by the time integration of

equation (4.18), will be shown to be singular there.

4.1.2 The complex velocity and complex acceleration potential

In this subsection, we will present formulas for the horizontal velocity component of the flow

along the body and the hydrodynamic pressure acting on the body. The flow is governed by
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Figure 4.1: Ilustration of dy and the wake region for a given function d;(t) at time t = ¢;.
Note that dy(t) = dy(t) for t <ty with zero wake region.

the mixed boundary value problem (4.13) — (4.16). Differentiation of equation (4.15) with

respect to x and integration in ¢ implies for x < d; and x > dy that
0z (z,0,t) = / Ort(2,0,7)dT, L(x,t) ={1€[0,t] : di(1) <z <do(r)}. (4.20)
L(x,t)

The set L(x,t) consists of the time intervals, in which = belonged to the contact region at
an earlier time than ¢. For monotonically decaying d(¢) and monotonically increasing ds(t)
the set L(z,t) is empty for x < di(t) and = > da(t), so that p,(x,0,t) = 0 there. The same
observation has been made for the vertical impact of an inclined plate at constant speed
in section 3.1. We assume that dg(t) > 0 in the examples presented in this thesis, so that
L(z,t) is empty and, consequently, ¢, (x,0,t) = 0 for z > do. In impact problems where
the entering body has high horizontal speed, we cannot assume that d;(¢) is monotonically
decreasing in time. In fact, v, (z,0,t) need not to be zero for dy(t) < x < dy(t), where
do(t) = Or<nTi2t di(7). (4.21)
The position of dy has been illustrated in Figure 4.1. We will call the region dy < = < dj,
y = 0 the wake region which corresponds in airfoil theory to the position of the vortex line

behind the foil. In summary, we obtain from equation (4.20)

Or = @z(x) (y=0,dy <z <dy), (4.22)
@, =0 (y=0,x <dygand = > ds), (4.23)

where the time-independent wake function @, (x) must be determined as part of the solution
(see Figure 4.2). Hence, we have to impose a further condition to determine @,(z) (see
section 4.1.4). Since ¢, (x) does not depend on time, it needs to be determined only once
for any point in the wake region. Here we assume that the fluid velocity ¢, (z) is Holder-
continuous in the wake region dy < x < dy, y = 0 but ¢, (z,0,t) need not to be continuous at
x = dg, as will be shown in section 4.2, so that the fluid velocity may be logarithmic-singular
at x = dy, y = 0 as discussed in section 2.3.

Now we solve the mixed boundary value problem (4.13), (4.14), (4.16), (4.22), (4.23) with

the assumption that the kinetic energy in the fluid is finite. It can be shown as in section 3.1
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0z =0 Po = Po(x) Py = Wi @z =0

Figure 4.2: Mixed boundary value problem on the lower half plane for impact problems at
high horizontal speed.

that the complex velocity fi(2) = ¢z(z,y,t) —ipy(x,y,t) may have square-root singularities
at z = d; and z = dp. As it was shown in subsection (3.1.3) the far-field condition (4.16)
implies that | f;(2)| = O(z72) for |z| — co. We use formula (2.28) with k1 = 0 and ko = 0 to

obtain

B K(z,t) .
gpm(:v, O,t) = 7-(\/(,%' = dl)(dQ = x) (dl <z < d2) , (4.24)
where
d1 _ _ d2 _ —
Kt = | Vi =0 @ ae+f e A= Doe . @)

Note that eigensolutions of the problem (4.13) — (4.16) with w(x,t) = 0 are not included in
(4.24), because their strong singularities lead to infinite energy in the fluid.

To determine the complex acceleration potential Fy(z) = ¢ + 1)y, we specify the asymp-
totic behaviour of ¢¢(z,0,t) at © = dj and x = dy. First, we identify the behaviours of

vz (2,0,t) close to the contact points:

oz(x,0,t) = Wf(/%(x —d) Y24+ 00) (z —df), (4.26)
0z (x,0,t) = K(dy, 1) (dy —2)"Y2 +0(1) (x —dy). (4.27)

T/ doy — d

We assume that the contact point x = d;(t) does not have a fixed z-position, but is moving
in time. Here we do not specify if this point is moving in positive or negative direction. Since
dy # 0 and dy > 0, differentiating of (4.26) and (4.27) with respect to time and integrating
the resulting equations in x afterwards gives us the asymptotic behaviour of ¢¢(z,0,t) at
xr =d; and x = ds:
di K (dy,t
er(x,0,t) = —ﬁ
_ daK (da, t)
m/dy — dy

Now, we reformulate the mixed boundary value problem of the velocity potential, (4.13) —

(z—d) Y2 +0() (x —df), (4.28)

©i(2,0,t) = (dy — )2 +0(1) (z — dy). (4.29)
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(4.16), as the following problem in terms of Fy(z):

Fy(z) analytic (y <0), (4.30)
Im(Fy) = =@y + C(t) (y=0,dy <z <dy), (4.31)
Re(Fy) =0 (y=0,z <dy and z > da), (4.32)
Fu(z) = 0(=") (12] - o0), (133)

where @y (x,t) = fdxl wy(&,t)d€. Due to equations (4.28) and (4.29), Fi(z) may only have
square-root singularities at d; and dy. Formula (2.25) with k1 = —1 and k2 = —1 gives
us a particular solution Fj(z) of (4.30) — (4.32) where Fj5(z) = O(1) as |z| — oo and
Fi(z) =0(1) as z — dy, n = 1,2. To obtain Fy(z) we add the corresponding eigensolutions
to Fji(2):

Fu(2) = £T(2,t)\/(z — di) (2 — da) + Ba(t)/ 222 — Ba(t)\/ =2, (4.34)

) = @ wu(€,t) — C(t)
T ’t)_/dl (& —2)/(E—di)(dz — ) - (435

The functions Bj(t), Ba(t) and C(t) are given by the asymptotic behaviour of the real part
of Fy(z) at the contact points in (4.28) and (4.29), and by the far-field behaviour (4.33). We

obtain

dlK(d17 ) _ dQK(d27t)
Bit) = tay B = (4.36)
o= [ %D e B By (4.37)
- 1 2 . .

& V(E—di)(dy =€)

where K (x,t) was defined in (4.25). The real part of Fy(z) gives us together with the
linearised Bernoulli’s equation (4.17) a general formula for the hydrodynamic pressure along

the contact region:

p(x,0,t) = =2T(a,t)\/(x — d1)(dz — ) + By (t)/ L + Ba(t)/ 54 (4.38)
e [ (&, 1)
T = [ g (439

Due to identity (2.34), the function T'(x,t) does not depend on C(t) for d; < Re(z) < do
and Im(z) — 0.

The intensity of the singularities in the pressure distribution depend on the velocities of
the contact points, dq and dy. Even though we assumed d; = 0, it can be shown that equation
(4.38) also holds for dy = 0, where we obtain B (t) = 0, so that the pressure singularity at
the rear contact point is removed. We will show later, that the pressure singularity at x = d;

also diminishes if the fluid separates from the body smoothly enough.

4.1.3 The complex displacement and Wagner’s condition

Experiments (e.g. Judge et al., 2004) and numerical solutions (e.g. Faltinsen and Semenov,

2008) show that, for impact problems at horizontal speed, the free surface flow overturns at
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the forward end of the contact region, where a thin jet is formed adjacent to the impacting
plate and thrown forward (see Figure 4.3). As for vertical slamming problems, it can be
shown for bodies of general shape with small deadrise angle ¢, that the thickness of the
spray jet and the size of the turnover region are proportional to 2 (see later in section
4.1.5). Hence, we can determine the position of the forward contact point, dy, by Wagner’s

condition in the linearised hydrodynamic problem (4.13) — (4.18):
77(d2, t) = w(dz, t) . (4.40)

Furthermore, we impose the following continuity condition similar to equation (4.40) at the

rear contact point x = dj, y = O:
n(di,t) = w(d,t). (4.41)

Condition (4.41) corresponds to Wagner’s condition at the rear contact point if the flow
overturns at x = dy, y = 0, and dl < 0. Condition (4.41) is used to determine dy. If dl > 0,
condition (4.41) corresponds to the continuous separation of the fluid at the rear contact
point. In this case, condition (4.41) will determine a function characterising the wake region
and d; has to be either prescribed or determined by an additional condition.

To employ both conditions (4.40) and (4.41), we need to know the free surface elevation
n(x,t). We reformulate the hydrodynamic problem (4.13) — (4.18) with respect to the dis-
placement potential ®(z,y,t) defined in (3.33). The mixed boundary value problem in terms

of the displacement potential is given by:

Vi =0 (y <0), (4.42)
¢, = w(x,t) (y=0,d1 <z <dy), (4.43)
o, =0 (y=0,x <dyand = > da), (4.44)
O, =to,(x) + A(z) (y=0,do <z <dp), (4.45)
= O((z* + y»)~?) (22 + 1y = 00). (4.46)

Equations (4.42), (4.44), (4.45) and (4.46) are obtained by integrating equations (4.13),
(4.22), (4.23) and (4.16) in time (see also subsection 3.1.4). The function A(x) in equation
(4.45) is an undetermined term due to the time-integration. As for equation (4.43) we have
to be aware that a fixed point d;(t) < x < da(t), y = 0 may be behind the contact region,
x < di(7), or is in front of the contact point, x > da(7), at time intervals 7 € (to,t1), (t2,t3),

ooy (tn—1,tpn), where 0 =ty < t; < ... < t, < t. In particular, x belongs to the contact
region dy(7) < x < da(7) at time intervals 7 € (t1,t2), ..., (tn—2,tn—1), (tn,t). Then we
obtain together with equations (4.14), (4.18), conditions (4.40), (4.41) and initial condition
n(x,0) = 0:

to

t1 t
O, (x,0,1) :/ ©0y(x,0,7) dT—|—/ goy(:c,O,T)dT—i—...—l—/ y(x,0,7)dT
to t1 tn

=n(x,t1) —w(x,t1) + w(x, ta) —n(z,te) + ... — wlx, ty) + w(x,t) (4.47)
= w(z,t)
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A derivation similar to (4.47) using (4.14), (4.18), (4.40), (4.41) implies that
n(x,t) = ®y(x,0,t). (4.48)

Equation (4.48) is used to determine the free surface elevation, where ®,(z,0,t) is determined
by the problem (4.42) — (4.46).

The boundary-value problem (4.42) — (4.46) for ®(z,y, ) is similar to the problem (4.13)
— (4.16). We seek the solution of the problem (4.42) — (4.46) where ®,(z,y,t) and ®,(x,y,t)
are bounded at z = dy and = = dy, y = 0, since the complex velocity f;(z) is square-root
singular there and we assume that d; # 0 and dy > 0. We use equation (2.27) and (2.29)
with k1 = 0 and ks = 0 to obtain

E(z,t)
m/(z —di)(z — da)

Py (x,0,t) = £ (x <dy and x > da), (4.49)

where

o /(dy — €)(dy — d2 —d\)(do —
Blagy = MAZE=g o pyaeq [CVEZDWEZG e (450
do § - di 5 -
The plus sign in (4.49) applies for > dy and the minus sign for < d;. Note that the
first integral on the right-hand side of (4.50) is not a Cauchy principal value integral for
x < dg or x > dy. It follows from equation (4.48) that (4.49) gives the free-surface elevation
for < dy and > dy. The boundedness of ®,(x,0,t) at x = dy and x = dy implies that
E(dy,t) = 0 and E(dg,t) = 0. The formula (4.50) applied to z = d; and z = da yields two
integral equations
di
Jo

/dl
do

Equation (4.52) determines the forward contact point do. If d; > 0, equation (4.51) is used

da
peteconac= [\ et nac, (451)

da
BEg,(6,0,1) de = — /d e (4.52)

to determine the function A(x) in equation (4.45) in the wake region at x = d;. In this case,
dy(t) and @, (t) have to be either prescribed or determined by additional conditions. However,
if dy(t) < 0 at time ¢, the functions @, (x) and A(z) are already known and equation (4.51)
determines the position of the rear contact point d;, instead. In this case, no additional

equations are needed. Combining equations (4.51) and (4.52) we obtain

da w(§7t) df — @ (I>$(§707t)
di \/(da—€)(§—dy) do /(d1—&)(d2 — &)

Without accounting for the wake, equation (4.53) was derived by Korobkin (1995) for

de . (4.53)

vertical-impact problems.
To evaluate the hydrodynamic pressure acting on the plate, given by equation (4.38), we
also need to find dy. We obtain the following equation for dy by differentiating (4.52) in time
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and using equation (4.53):

. e JEE (€ de+ [ /S une ) de
dy = o . (4.54)

hoaig3ﬂ @”)td5_2f ¢w§5t(m -ﬁlyﬂ?EYET_ ds

Since in many examples discussed in this thesis a direct calculation of ds from equation
(4.52) is not possible, we will compute dy by solving the ordinary differential equation (4.54)
in terms of do numerically.

Combining equations (4.49) and (4.51) together removes the square-root singularity of
¢, (x,0,t) at © = dy, so that we obtain together with equation (4.48) the following formula

for the position of the free surface for z < dy:

n(x,t) = \%;iﬁﬂ(xw+wdb (z < dy), (4.55)

dl,
d gy — ¢ P §0t /@—w{t—w%)
(x,t) o Nd—e e—a fd d¢. (4.56)

Note that for (4.55) and (4.56) we used the following identity, which can be derived from
(2.34):

dg— x—dg
= -1 d d da) . 4.57
E ac —x < T d, ) (x < dy and x > da) (4.57)

The integrals in Hj(z,t) are bounded as  — d;. Similarly, we imply from (4.49) and (4.52)

the formula for the fluid elevation in front of the contact region,

n(x,t) = w(da,t) — \/ =P d ( Hy(z,t) + w(ds, t) (x > ds), (4.58)

dfdy — £ DBL(E,0,1) 2 [¢ —dyw(¢ @,)
2(z,1) Lo’ub—£ g d@+él,ub_ d¢. (4.59)

In particular, formulas (4.55) and (4.58) confirm the continuity of the fluid boundary at
x = d; and x = dy imposed by conditions (4.40) and (4.41). The formulas (4.55) and (4.58)

are suitable to compute the position of the free surface.

To obtain the asymptotical behaviour of the free surface at x = d; and x = do, we start
with the vertical velocity ¢y (z,0,t) given by the mixed boundary value problem (4.13) —
(4.16) where we use (2.27) and (2.29) with k; = ko = 0:

n K(x,t)
m/(z — d)(x — da)

The function K(z,t) is given by (4.25). The plus sign in (4.60) applies for z > ds and the

@y(xa 07t) -

(x <dy and = > dg). (4.60)

minus sign for x < d;. Integrating the asymptotic behaviour of ¢,(z,0,t) at x = d; and

x = dg in time and accounting for the continuity of the fluid boundary at x = d; and = = ds
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lead to

2K (dy,t
z,t) = w(dy,t - di —z+O0(dy — ) x<dy,r—d), 4.61
n(z,t) = w(dy,t) — 7Tdl\/m\/ 1 ( 1 1) (4.61)

n(x,t) = w(ds, t) — 5[5/522%\/ 2+ O(z — da) (x > do, x — da). (4.62)

If K(di,t) # 0 and K(dg2,t) # 0, we obtain the typical free surface-shape characterising

the turnover region in the linearised hydrodynamic problem. However, in the case of fluid
separation we expect that the fluid detaches tangentially.

If d; and w(z,t) are prescribed and d; > 0, then we have three unknown functions,

namely dy(t), @, () and A(x), but we have only derived two equations (4.51) and (4.52). In

the next section we introduce Kutta’s condition to obtain a third equation, which determines

Oz ().

4.1.4 Kutta’s condition

In this section we introduce Kutta’s condition which characterises the fluid detachment at
the separation point. In viscous fluid, thin boundary layers are generated along the body
surface. Usually for high Reynolds-numbers these boundary layers are very thin and give
only negligible contribution to the global fluid flow so that we can treat the fluid as inviscid.
However, at sharp edges of the body, viscous effects play a significant role. While in potential
theory the fluid flows around the sharp edge with infinite flow speed, experimental and
numerical results show that the fluid separates from the body at the sharp edge (Batchelor,
1967). This phenomenon is also well known in air flow around thin wings where air along
the wing surface detaches from the wing at the trailing edge.

Inviscid fluid flow problems around a wing requires a condition to incorporate flow sepa-
ration at the trailing edge. Flow separation at edges can be enforced by the condition of finite
flow speed at the sharp edge, corresponding to Kutta’s condition (see e.g. Newman, 1977).
This condition is also suitable for unsteady problems and has been successfully applied in
many problems, e.g. two-fluid problems along a body with a sharp edge and separated flows
past bluff bodies (see Crighton, 1985).

For impact problems at high speed discussed in this thesis we use Kutta’s condition if
the fluid separates at the rear contact point. In the linearised hydrodynamic problem the

rear contact point corresponds to x = dy, y = 0, so that Kutta’s condition is given by
’V(P(dl,o,t)‘ < 0. (4.63)

Note that it is already sufficient to assume that only one of the velocity components, either
vertical or horizontal velocity component, is finite at the separation point. In general, condi-
tion (4.24) implies that the flow speed is singular at = d;, y = 0, so that condition (4.63)

gives us the following equation:
K(dy,t) =0. (4.64)

Equation (4.64) removes the inverse-square-root singularity of the hydrodynamic pressure

in (4.38) at x = dy. More precisely, the pressure decreases to the atmospheric value as the
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square-root of the distance from the trailing edge. Equation (4.61) indicates that Kutta’s
condition smoothens the fluid surface shape at the separation point. This will be discussed
further in section 4.3.

In the following, we show that the vertical fluid velocity is continuous at the fluid sepa-
ration point due to (4.64). By using the definition (4.25) for K(z,t), equation (4.64) can be

written as a square-root singular Volterra integral equation of the first kind w.r.t. @, (z):

/ SR () ae = / " B (e, de (4.65)
do d1—& P d E—dy t\SH . .

Similar results from Kutta’s condition in mixed boundary value problems can be found in

the two-dimensional thin-airfoil theory (see Newman, 1977). This equation will be used later
to determine @, (x). Similar to the vertical elevation of the fluid in the wake in equation

(4.55), it can be shown that the vertical velocity of the fluid can be written as follows:

oy (2,0,t) = wi(dy, t) ,/dl ( Hj(z,t) + wy(dy,t)) (x < dy), (4.66)
—§p dy — Ewi(€,1) —wtdh)
3(w,1) /d Mdl ££—x ,/5 i de¢. (4.67)

The integrals in Hs(x,t) are bounded for = close to d; if the functions ¢, (£) and wi(z,t)

are smooth enough in x. If so, the vertical velocity of the fluid ¢,(z,0,t) is continuous
at x = d;. This indicates that the fluid detachment from the body is tangential. A more
detailed asymptotic analysis of ¢, (z,0,t) and ®,(x,0,t) at = d; will be presented in

section 4.3.

4.1.5 Energy of the flow

The energy in the fluid bulk and the energy in the spray jet were calculated for the vertical
impact of an inclined rigid plate in section 3.1.5. In this section, we identify these energies
for the problem of body impact at high horizontal speed if Kutta’s condition is satisfied at
the rear contact point. We show that the total energy in this model is conserved for general
body shape and general body motion.

During the early stage of impact the flow in the jet root can be approximated by the
quasi-steady Kelvin-Helmholtz cavity flow as discussed in section 3.1.5. Here this cavity flow,
given by equations (3.48) and (3.49), is obtained for the inner variables & = (z — dg)/€2,
§ = (y — ew(da,t))/e? and the inner velocity potential ¢(z,9) = e 'o(z,y)/ds — &. The
solution of the cavity flow in the far-field is given by equation (3.48). We match this solution
with the outer horizontal flow velocity given by (4.24) in the region = = da + O(¢) to obtain

the non-dimensional thickness of the jet, ¢:

€2K2(d2, t)

_ g8l 4.68
Arr(dy — dy) d2 (4.68)

where K (z,t) is defined in (4.25). Equation (4.68) confirms that the thickness of the jet is
proportional to €2. The non-dimensional jet velocity in the reference frame moving with the

turnover region is da, so the jet velocity in the global frame of reference Oy is 2ds, hence
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the energy flux into the jet in non-dimensional variables is

d

12 d2 K2 (da, t
SE =1 [2d5| x ddy x & = 2 (2, )

2l =) (4.69)

where we scaled the energies by e20rU?L?. The rate of change of the kinetic energy of the
fluid bulk (excluding that in the jet) can be written, using equations (4.14) and (4.17),

S0 -2 dady = =< ( d
v =5 {ygo}(%ﬂoy) =30 ), ¢l
1 [ 1 [
:——/ pwtdx—l——/ gogoty‘ dz. (4.70)
2 dy 2 do y=0

where p = p(x,0,t) in this subsection. With the help of equation (D.1) derived in appendix

D and with the assumption that Kutta’s condition is satisfied at x = dy, we obtain

d /d2 d2 K% (da, 1)
—F = — de — ———=. 4.71
dg btk = 7 PO oy — dy) 4.7)
Equations (4.69) and (4.71) give
d (E(f) + E@) = /d2 pwrde (4.72)
dt bulk jet &

where the right-hand side is the time-derivative of the work done by the elastic plate on the
fluid and Et(;fglk + Ej(efz is the total kinetic energy of the flow both in the bulk and in the jet.
This confirms that the energy in the fluid-plate system is also conserved in the linearised

hydrodynamic model.

4.2 Oblique impact of a rigid plate at constant speed

We consider the unsteady water flow due to an inclined semi-infinite rigid plate which is
obliquely moving onto a flat water surface with constant speed (see Figure 4.3). This problem
is self-similar and was investigated for arbitrary angle of attack in Faltinsen and Semenov

(2008). In this paper, numerical results were presented for the fully nonlinear problem for

Y

. —_—

t+c t+1 B

Figure 4.3: Impact of a semi-infinite plate onto deep water at time ¢t > 0 as viewed in the
frame of reference, where the fluid in the far-field is at rest. Note the splash region at the
initial penetration point, the trailing edge at x = ¢, where the fluid detaches from the plate
and the jet thrown forwards from the turnover region at x =t + ¢. The plate descends with
constant non-dimensional vertical speed Y.
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a wide range of angles of attack of such a plate. The problem of oblique plate impact for
small angle of attack and horizontal speed much larger than its constant vertical speed can
be solved using airfoil theory together with Wagner’s condition at the forward contact point.
Such a model was investigated in Wagner (1932), Sedov (1940) and Ulstein and Faltinsen
(1996). Here, we reinvestigate this impact problem using the model introduced in section
4.1 and we will confirm the results in Sedov (1940) and Ulstein and Faltinsen (1996). We
will arrive to the same analytical results as presented in Sedov (1940). Analytical results
were not given in Wagner (1932) and Ulstein and Faltinsen (1996). It is worth to present
the following derivation of the results, since it is much shorter and simpler than the one of
Sedov (1940). Moreover, the results of the behaviour of the free surface elevation close to
the initial penetration point and the energy in the jet are new. The results of the speed of
the contact point and the velocity flow in the wake given in this section will be used later to
start numerical calculations of more complicated plate impact problems as discussed for the

free fall of rigid and elastic plates at high horizontal speed in sections 4.4, 5.1 and 5.2.

4.2.1 Mathematical formulation

Initially the liquid is at rest and occupies the lower half plane 1/ < 0. The rigid semi-infinite
plate is inclined to the liquid free surface at a small angle € and, initially, the trailing edge
of the plate touches the free surface at a single point which is taken as the origin of the
Cartesian coordinate system 2’Oy’ described in subsection 4.1.1. At time ¢ = 0 the plate
starts to penetrate the liquid vertically at constant velocity V', and to move horizontally at
the constant speed U, where we assume that U is large compared to V' (see equation (4.1)).
The shape of the plate is given by the function y' = (2/ — Ut’) tan(e) — Vt’ for 2/ > Ut’. We
choose a lengthscale L which is small enough such that the Froude number Fr = U/+/gL is
small and the hydrostatic terms in equation (4.8) and (4.9) can be neglected in the leading
order model.

We use the scalings given in equations (4.2) — (4.4). The non-dimensional position of the

plate is given by y = ew(x,t) at leading order in € where
w(z,t) =x— 1+ x)t (x >1). (4.73)

The parameter y = V/(eU) is the non-dimensional vertical velocity. In the linearised hy-
drodynamic model given by (4.13) — (4.19) the rear contact point x = dy, y = 0, where here
dy = t, corresponds to the trailing edge. At the trailing edge, we impose condition (4.41) and
Kutta’s condition (4.63). As to the forward contact point its horizontal speed ds is assumed
positive during the impact. Its position is given by Wagner’s condition (4.40). Note that
the solution of the problem (4.13) — (4.19), (4.40), (4.41) and (4.63) only depends on the

non-dimensional vertical penetration velocity x.

4.2.2 Solution of the problem

In the linearised hydrodynamic problem given by (4.13) — (4.19) in terms of the velocity
potential and given by the problem (4.42) — (4.46) in terms of the displacement potential
we have to find the position of the forward contact point x = da(t), y = 0, and the two

functions @, (z) and A(z) in the wake region between the initial splash and the advancing
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trailing edge, 0 < x < t. It has been shown in section 4.1 that the three functions are
determined by equations (4.51), (4.52) and (4.65) which are derived from the conditions
(4.40), (4.41) and (4.63). In this problem equations (4.51), (4.52) and (4.65) have the form

/0 VEEE u(€)de = 5 (1 + e, (4.74)
/0 VEEE (0 (€) + A(6) de =

/0 \/ T (192(€) + A(€)) d€ = Fe(—3c + 4xt) (4.76)

clc —4xt), (4.75)

e

where ¢(t) = da(t) — t is the length of the contact region. As mentioned before the flow
resulting from rigid plate impact at constant speed is self-similar with ¢/t depending on the
variables x/t, y/t, and n/t, w/t depending on z/t. As a result of this self-similarity, the speed
of the turnover point ¢ is constant with ¢(t) = ¢*¢, where the star stands for a constant value
of the corresponding function. Since the function ¢, (z,0,¢) depends on z/t and ¢, (z,0,t)
is time-independent for 0 < = < t, we find that ¢,(xz) = ¢} is constant. Then it can be
shown from (4.45) and the definition of the displacement potential, (3.33), that A(z) = A*z.
The self-similar representations of ¢, (x), A(x) and c(t) are used to evaluate the integrals in
(4.74) — (4.76). Changing the variable of integration in (4.74) — (4.76) to u = £/t, we obtain
a system of three algebraic equations with respect to three constants ¢}, A, and ¢.. The

solution of this system in parametric form is

R c T Xx—1+2¢°(1+2y) LAg? +1
Cy qa P 4q (q2 + 1)3/2 ) Pa 2q2 19 ( )
where ¢(x) depends on the downward velocity x through the following equation
3 —2x¢?
arsinh(q) = ¢v/¢®> + 1 X+ X4 (4.78)

X —1+4+2¢%(1 +2x)

For x > 0 it can be shown that both the numerator and denominator in the fraction in
equation (4.78) are positive. Hence, for any x > 0, equations in (4.77) show that the
horizontal velocity ¢} in the wake is always negative, and A, is always positive. In particular,
@z (x,0,t) is not continuous at = 0. The solution obtained in (4.77) will be used below to
start the computations of the unsteady motions of either a rigid or an elastic plate, governed
by either Newton’s law or Euler’s equation discussed in sections 4.4, 5.1 and 5.2.

For large x we found the asymptotic behaviour of ¢(x) from equation (4.78):
a(x) = V3Ex T = mx P+ 0T (x = o0). (4.79)

Equations in (4.77) gives us together with the asymptotics in (4.79) the asymptotic behaviour
for ¢., ¢} and A, for large x:

Ge=3x+ 5 +0K ) (x = 00), (4.80)
533 (39 + $07) 4 06 o G
A= 5VE (2 + 2307 £ o) (o0).  (482)
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Figure 4.4: Results for a rigid plate that enters the water surface with constant vertical
velocity x. (a) The horizontal speed of the forward contact point, ¢*, and (b) the horizontal
velocity of the fluid in the wake, ¥, as functions of x (solid lines). The dotted lines show
the approximations given by equations (4.80) and (4.81).

Figure 4.5: (a) A, as a function of x (solid line) and its approximation (dashed line) given
by equations (4.82), (b) the vertical hydrodynamic force acting on the plate (rigid) which

is compared with F| ..., = %’TV‘?QFE*Qt' (dashed line), which is the vertical hydrodynamic

force for vertical impact of an inclined plate.

Figures 4.4(a), 4.4(b) and 4.5(a) show ¢, ¢} and A, as functions of y, together with their
asymptotes for large x. The exact solutions already agree with their approximations very
well for x of order 1. Figures 4.4(a), 4.4(b) and 4.5(a) also show that nontrivial solutions
exist for negative x in the interval —0.0251 < x < 0. In this interval we find for each x
two possible solutions. These solutions may be not physical. Figure 4.4(a) also shows that
the relative difference between the wetted length ¢,t and the length of the plate below the
equilibrium position of the fluid, xt, the so-called Karman wetted length, is larger for small
X- So the water pile-up is more important for smaller non-dimensional vertical speed. For
large vertical speeds, when x — oo, we have ¢,/x — 4/3 (see equation (4.80)) agreeing
with the position of the contact point for the vertical impact of an inclined plate with zero
horizontal speed, where we found ¢ (t') = 3V /e (see section 3.1).

The pressure distribution along the wetted part of the plate, t < x < t 4 ¢4t, is given by
(4.38), where now Bj(t) = 0 due to equation (4.74) and the first term in (4.38) is zero due
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to equation (2.34), so that we obtain

p(@,0,t) :p*<x>,/$jlx/t, pe(X) :2x+1+;<q2—‘(xl). (4.83)

It can be shown, that p.(x) is positive for all x, so that the hydrodynamic pressure (4.83)
is positive on the wetted part of the plate. The pressure is square-root singular at the
turnover point x = t 4 ¢t and is zero at the trailing edge. The vertical component of the

hydrodynamic force F'(t) acting on the plate is
F(t) = Stp«(X)éx - (4.84)

The dimensional hydrodynamic force F’ is a linear function of time ¢ in this problem. The
force is scaled in the same way as in Ulstein and Faltinsen (1996) and Sedov (1940). Our
calculations yield

F’ ¢eps(X)

= . 4.85
orU2Vi'T 2x (4.85)

The non-dimensional force (4.85) is shown as a function of xy~! in Figure 4.5(b) and it is
identical to the results of Ulstein and Faltinsen (1996) and Sedov (1940). Furthermore, in
Figure 4.5(b) the hydrodynamic force is compared with the one for vertical impact of an
inclined plate (see first equation in (3.32)). It is shown that the loads are much larger when
the plate enters the fluid with large horizontal speed corresponding to small y. For y — oo,

we obtain

P« (x)

o = %XQ + }—gx +0(1) (x = 00), (4.86)

which is consistent with the hydrodynamic forces for vertical impact. As to the energy in the

fluid bulk and the energy lost in the spray jet we obtain from equations (4.69) and (4.71):

m™2(x)

. (X)(3 + X — 2x¢?) 2
4(1+¢%)

, 2. 4.87
8¢*(1 +¢?) (4.87)

Eoux(t) =

Eiet(t) =

The total energy in the fluid is given by Eiotal(t) = Ejet(t) + Epux(t). Figure 4.6(a) shows
the total energy in the fluid at time ¢ = 1 as a function of y. For large x this value increases
quickly by Fioa(1) ~ %X‘l. The portion of the energy lost in the jet, Fje, relative to the
total energy Fiota is plotted in Figure 4.6(b). This figure shows that for small positive x
the energy lost in the jet can be up to 80% of the total energy in the fluid. For large x the
value Fie/Eiotal asymptotes to 0.5, which agrees with the equipartition of Eje; and Epyy for
vertical slamming.

The free surface elevation behind and in front of the body can be calculated by (4.55)
and (4.58), where the horizontal displacement in the wake in equations (4.56) and (4.59) is
given explicitly by ®,(z,0,t) =tk + A.x, so that we can find an analytical solution for the

free surface elevation. However, here we only present the free surface elevation at the initial
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Figure 4.6: (a) The coefficient of the total energy FEioa(1) (see (4.87)) as a function of x.
(b) The ratio of the energy lost in the jet and the total energy in the fluid, Ejet/Etotal-

penetration point which behaves as

x/t
W@

n(z,t)
‘

=%(¢;+A*§)1og‘ ‘—<1+x)+%<1—2q2>+0(§) (5 -0).

(4.88)

This logarithmic singularity represents the splash behind the plate developing in the region
of the initial penetration point. Since the plate leaves the splash area quickly, this singularity
is less pronounced than the inverse-square-root singularity of the free-surface elevation for
the vertical impact of an inclined rigid plate as shown in section 3.1. Still, the presence of a
singularity in n(x,t) at * = 0 indicates the existence of an inner region. In this thesis, the

local flow structure at the origin is not discussed.

4.2.3 Comparison with experiments and numerical solutions

We compared the horizontal speed of the contact point x = ¢t with the horizontal speed of
the turnover regions in the numerical solutions of the fully nonlinear problem in Faltinsen
and Semenov (2008) and Iafrati (2010). Unfortunately in Faltinsen and Semenov (2008)
there is only one numerical solution available (¢ = 20°, V/U = 0.36), where the angle of
attack ¢ is small and the horizontal speed of the plate is much faster than the vertical speed.
Iafrati (2010) computed a numerical solution for ¢ = 10° and V/U = 0.03. Moreover, we
compared our solution with the data given by the experiments in Smiley (1951), which were
conducted for the oblique impact of a heavy steel plate with length 1.52m and width 0.30m for
various angles of attack and various impact velocities (see Figure 4.7). In particular, Smiley
(1951) presented results for the position of the maximum pressure, which we compare with
the position of the contact point in our model. Note that in these results the speed of
the maximum-pressure position, slightly decay in time, so that the experimental result do
only roughly agree with a self-similar solution. This may come from the gravity acting on
the fluid, the small deceleration of the plate during the impact and from three-dimensional
effects, since the width of the plate is rather small compared to the length of the plate. The
experimental data at the time shortly after the initial impact were chosen. We found a good
agreement with the experimental data, where the analytical results overestimate results from

the experiments slightly. Our analytical results for the position of the contact point agree
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analytical solution
o Smiley (e =6°)
x  Smiley (e =9°)
+ Smiley (¢ =12°)
%  Smiley (e = 15°)
o Iafrati (e = 10°)
o Fal. & Sem. (e =20°)

Figure 4.7: The self-similar solution of the position of the contact point, x/t = ¢é,, in terms
of x (see also Figure 4.4), the position of the turnover region for one solution in Faltinsen
and Semenov (2008, Figure 8d) and Iafrati (2010) and the position of the maximum fluid
pressures in the experimental results of Smiley (1951).

very well with the two numerical results.

4.3 The Brillouin-type separation

In the problem in section 4.2, where the impact velocity of the plate was constant, we imposed
fluid separation at the trailing edge. It is obvious that the fluid cannot detach earlier from
the plate, since the pressure is above atmospheric on the entire contact region. However, if
the vertical velocity of the plate is not constant with the plate decelerating quickly enough
during the impact stage, as will be considered in section 4.4, the pressure may be below
atmospheric on a part of the contact region. Then the fluid may separate from the plate
in the low pressure zone. For blunt-shaped bodies, which will be discussed in section 4.5,
we also have to account for fluid separation from the rear of the body. Difficulties arise in
the modelling and the computation of such impact processes, because we must identify the
location of both the spray root zone and the position where the water separates from the
smooth body surface. Although we are aware of the roles of viscosity in separation processes,
we aim to model flow separation in impact problems with large Reynolds numbers (~ 107 or
larger) as inviscid (see Sun and Faltinsen (2007)).

Here we are only concerned about flow separation at the rear contact point corresponding
to x = di(t), y = 0, where we assume that dy > 0. Flow separation at the forward contact
point, x = da(t), y = 0, may be also possible but is not considered in this thesis. We model

the position of the separation point and the horizontal fluid flow in the wake, @, (z), by the

Figure 4.8: The fluid separates from the smooth body surface at x = d; ().
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following conditions:

[Vo(z,0,t)|] < +oo (x=dy), (4.89)
n(z,t) = w(z,t) (r=dy), (4.90)
n(z,t) < w(z,t) (a<x<d), (4.91)
pz(z,0,t) >0 (r>dy, x— dy), (4.92)

where the velocity potential p(z,y,t) is given by the mixed boundary value problem (4.13) —
(4.16). Equation (4.89) is Kutta’s condition that the fluid velocity at the separation point is
finite. The fluid separates continuously from the body at the separation point in (4.90). Both
conditions (4.89) and (4.90) have been considered before (see equations (4.41) and (4.63)).
Equation (4.91) implies that the fluid free surface cannot intersect the plate surface behind
the separation point (see Figure 4.8), where a is the rear end of the body. Equation (4.92)
imposes that the pressure close to the rear contact point is not below atmospheric pressure.
Note that condition (4.92) does not imply that the pressure inside the wetted region has to
be above atmospheric pressure. It follows from (4.92) and from the behaviour of the pressure

at the rear contact point given in (4.38) that:

_ p(z,0,t)
L(dy,t) >0, L(dy,t) := lim ——=,
( 1 ) = ( 1 ) mindll \/x——dl
Hence we can only have p,(di,0,t) = 0 and p,(d],0,t) = oo, where d is the right limit to
dy.

In the following analysis we assume that the body-surface shape and motion, described

(4.93)

by y = w(z,t), are smooth enough, so that wy(x,t) has Holder index A > % as a function of x
and is differentiable in ¢. To obtain the asymptotic behaviour of the free surface elevation and
the hydrodynamic pressure as x — dj, we seek the complex acceleration fu(z) = @ui(z,y,t)—

iy (, y.1) given by

fu analytic (y <0), (4.94)
Im(fi) = w (y=0,d1 <z <dy), (4.95)
Re(fi) =0 (y=0,x>ds and x < dy), (4.96)
fie = 0(z7%) (Iz] = o0). (4.97)

Equation (4.95) and the far-field condition (4.97) are obtained by differentiating the bound-
ary condition (4.14) and the far-field condition (4.16) in time. Equation (4.96) is the -
derivative of equation (4.15). To obtain a unique solution of the problem (4.94) — (4.97), we
specify the behaviour of ¢,¢(x,0,t) as x — d; and as x — do. The asymptotic behaviour of
©zt(x,0,t), © < dy as © — dy is given by the t-derivative of ¢, (z,0,t) in (4.27), so that we

obtain:
_ dgK(dg,t) —3/2 —1/2
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Since we assume Kutta’s condition (4.89), the function ¢, (z,0,t) is non-singular at = = d;

and, hence, we obtain
(x —dy) out(x,0,t) =0 (x = dy, x>dp), (4.99)

The problem (4.94) — (4.97) is now uniquely determined by the asymptotic behaviours (4.98)
and (4.99). We use formula (2.25) for k; = —1 and ks = 1 to obtain a particular solution of
the problem (4.94) — (4.97). For the solution of the problem (4.94) — (4.97) we have to add
the eigensolutions, which satisfy (4.98) and (4.99), to the particular solution. Hence, fi(z)

is given by
iz —d)'V? [ (dy — &P wu(t) iD(1)
fu(z) = ;(Z_dQ)w/d € ) E £—» d£+( (2 — ) (4.100)
D(t) = %dgK(dg, ) d2 - d1 / wtt 5 t (4101)

In particular, for dy < = < dj, the imaginary part of fi(z — i0) determines the vertical
acceleration of the fluid in the wake region. Even though we assumed Kutta’s condition, the
acceleration of the fluid is singular at the separation point if D(¢t) # 0.

We analyse @y (,0,t) at a fixed point « = dy(to), which is the position of the separation
point at time ty and belongs to the free surface in the wake for t > ty3. In the following,
@yt (x,0,t) will be integrated twice in time for ¢ close to ¢ty where ¢ > tg. To do so, we assume
that the functions d;(t), dao(t) and D(t) are sufficiently smooth such that we can use the

expansions

dy(t) = di(to) + di(to)(t — to) + O((t — t9)?) (t = to), (4.102)
da(t) = da(to) + Ot — to) (t = to), (4.103)
D(t) = D(to) + O(t — to) (t — to). (4.104)

As to the first term on the right-hand side of equation (4.100) it can be approximated by
wit(di(t),t) + O((z — d)Y/?) for z — dy, if wy(z,t) is sufficiently smooth (see also equation
(2.31)). The imaginary part of equation (4.100) together with (4.102) — (4.104) gives us for
t — tg, t > tg and y = 0:

D(to)(t — to) 1/
dy (to) /2 (da(to) — di(t0))3/2

oye(di(t),0,1) = +wu(di(to), to) + O ((t - t0)1/2> . (4.105)

We integrate equation (4.105) in time and use the body boundary condition (4.18):

2D(to)(t — to) /2
dy (t0)"/?(da(to) — di(t0))?/?
+wn(di(to),to)(t = to) + O((t = t0)*"?). (4.106)

ne(d(to),t) = ne(da(to), to) +

Note that we also used 7:(d1(to),t0) = wi(di(to),to), which was shown in equation (4.66).

We integrate equation (4.106) once more and use the continuity of the fluid boundary at
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x = dy(tp) to obtain:

2D(to)(t — to)3/?
dy (to) /2 (da(to) — di(to))?/?
+ Lwn(di(to), to)(t —to)2 + O((t —to)?)  (t — to). (4.107)

n(di(to),t) = w(di(to), to) + wi(di(to), to)(t — to) +

In equation (4.107) we find the Taylor series of w(di(t9),t) about ¢ = ¢y. Since equation
(4.107) is valid for any to and the functions dj(tg), da(tg), D(to) are given by equations
(4.102) — (4.104), we can write for = < d; close to the separation point

AD(t)(dy (t) — x)3/?
3d (t)2(da(t) — dy(t))3/?

n(z,t) —w(x,t) = +O((dy(t) — :c)5/2) (x = dy(t)). (4.108)
Equation (4.108) shows that the free-surface leaves the body tangentially. Note that we
used Kutta’s condition (4.89) to obtain equation (4.108). The value D(¢) in equation (4.108)
is responsible, for whether or not the fluid intersects the body at the separation point. It
follows from equations (4.91) and (4.108) that

D(t) <0. (4.109)

Note that the inequality (4.109) is independent of condition (4.92). To apply condition (4.92)
we investigate the pressure behaviour at the detachment point dy. The pressure gradient
along the contact region, d; < = < da is given by the real part of fi;(z—i0) in (4.100) together
with the linearised Bernoulli’s equation (4.17). The asymptotic behaviour of p,(x,0,t) at

the separation point x = dj is

D(t)

pll?(xao’t) = m

(z—d) 2+ 0 <(x—d1)1/2) (z—dy), (4.110)
where the coefficient D(t) is given by (4.101). Since p(dy,0,t) = 0, integration of (4.110) in

x provides

2D(t)

p(x,0,t) = m

(x—d1)1/2+0((x—d1)3/2> (x — dy). (4.111)
The square-root behaviour of the pressure has already been confirmed in equation (4.38). If
D(t) < 0, the pressure gradient is —oo in the vicinity of the detachment point dy, so that we
obtain from equation (4.92):

D(t) > 0. (4.112)

Note that inequality (4.112) does not guarantee, that the pressure is positive inside the
wetted region. If we obtain negative-pressure zones inside the contact region dy < =z < ds,
we may remove them by allowing the free surface to separate inside the contact region, so

that cavities may develop.
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Finally inequalities (4.109) and (4.112) give us together with (4.101) the equation

. da
%dgK(dg,t) + %(dg — dl)/d A/ gQ_—Tifu}tt(f,t) d¢ =0. (4113)
1

We will use equation (4.113) to determine the position of the separation point d;(t). Note
that equation (4.113) can be only used if d;(t) > 0 and if wy(x,t) is smooth enough in
and t. Equation (4.113) shows that d;(t) depends on the acceleration of the body. This
indicates that dy(t) is sensitive to the motion of the body whereas a contact point modelled
by Wagner’s condition only depends on the position of the body surface shape as shown in
equation (4.52). It follows from equations (4.110) and (4.113) that p;(x,0,t) is continuous
at © = dy. Equation (4.111) implies that the following condition is equivalent to condition
(4.113):

L(dy,t) =0, (4.114)

where L(d1,t) is given in (4.93).

Equations (4.108) and (4.113) imply that the curvatures of the free and body surface
are equal at the separation point x = d;, which coincides with the Brillouin-Villat criterion
(see e.g. Crighton, 1985). Hence, we will call equation (4.113) the Brillouin-Villat criterion.
Equation (4.113) may not necessarily imply inequality (4.91). The higher order remainder
term O((dy(t) — x)°/?) in equation (4.108) may be positive, so that the fluid free surface
intersects the body surface at z = d; if D(t) = 0. However, numerical computations of
the free-surface shape for many impact problems confirmed that the free surface behind the
separation point is below the body surface, if condition (4.113) is satisfied. Since the Billouin-
Villat criterion does not allow negative pressure close to the separation point, this criterion
cannot incoorporate contact forces between fluid particles and the body surface, which have
to be overcome for fluid detachment from the body. Viscosity of the fluid, intermolecular

forces between fluid and body, and air flow may delay the separation of the fluid significantly.

4.4 Free fall of a rigid plate with high horizontal speed and

ventilation

In section 4.2 we discussed the impact of a plate at constant velocity. If a sufficiently
heavy plate impacts onto a fluid surface, the model in section 4.2 approximates closely
the hydrodynamic loads. However, for the free fall of a light body we expect significantly
different hydrodynamic loads compared with those predicted by the model with constant
impact velocity, since the hydrodynamic pressure also depends on the body deceleration.
For large horizontal speed of the body the hydrodynamic loads can be high enough for the
plate to bounce out of the water without deep penetration of the body through the water
surface as was shown in shallow water for plates by Hicks and Smith (2011) and for elliptic
cylinders by Khabakhpasheva and Korobkin (2012). When the body decelerates vertically,
the hydrodynamic pressure may drop below atmospheric pressure in the contact region, so
that air can be sucked from the trailing edge under the plate and the fluid may separate from

the body before the trailing edge. This phenomenon is known as ventilation. This section
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Figure 4.9: Plate impact onto deep water at time ¢ > 0 as viewed in the global reference
frame. Note the fluid separation from the plate at z = dy and the jet thrown forwards from
the turnover point x = do. The rigid plate freely descends and has unit horizontal velocity
component.

accounts for ventilation during the free fall of a rigid plate into water at high horizontal
speed.

We first discuss the problem for very large Froude numbers, such that both gravity on the
fluid and gravity on the plate can be neglected. It will be shown that with this assumption
the plate exits the fluid after the initial impact stage for any small angle of attack of the
plate and for any initial vertical velocity. Results show that ventilation only occurs if the
initial vertical velocity component of the plate is large enough. In subsections 4.4.5 and
4.4.6, we analyse the plate motion during impact when gravity on the plate is accounted for.
It will be shown for which initial impact velocities the plate does not exit the fluid. We also

investigate the asymptotic behaviour of the the plate and of the contact point for large time.

4.4.1 Mathematical formulation

Initially, the liquid is at rest and occupies the lower half plane 3’ < 0. The rigid semi-infinite
plate is inclined to the liquid free surface at a small angle e, and touches the free surface
at a single point, which is taken as the origin of the coordinate system 'Oy’ described in
subsection 4.1.1. At time ¢ = 0 the plate starts to penetrate the liquid vertically at the initial
velocity V' and to move horizontally at the constant sustained speed U, where V/U = O(¢)
(see Figure 4.9). The plate is not allowed to rotate. The shape of the body is given by
y' = (x/ = Ut')tan(e) — W' (t') for 2’ > Ut’ where h/(t') is the penetration depth of the plate
which is unknown in advance. It will be determined by Newton’s second law applied to the
vertical motion of the plate where the plate mass is m. Consequently, the motion of the
plate is coupled with the liquid flow and the hydrodynamic pressure.

In the problem of section 4.2, the plate impact at constant vertical velocity did not induce
a length scale. However, in the coupled case, the mass m and the fluid density pr induce
the length-scale L = \/n% Gravity can be neglected in the leading-order model for
Ut'/L = O(1) if the Froude-number Fr = U//gL is large enough, such that 1/Fr? = O(e).
Hence, the horizontal velocity of the plate is large and the plate is light. Below we use
the scaling given in equations (4.2) — (4.4) and the scaling b’ = eLh. The non-dimensional

position of the plate at leading order for small ¢ is given by y = ew(z,t) where
w(z,t) =x —t— h(t) (x>1). (4.115)

In the linearised hydrodynamic model, the spatial interval d; < x < dy on y = 0 corre-

sponds to the wetted part of the moving plate. The separation point x = dy, y = 0 of the
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fluid can move along the plate and is at or before the trailing edge z = t, so that d; > t. The
point z = da, y = 0 is the Wagner contact point. The speed of the turnover region, da, is
assumed positive during the early stage. The velocity potential p(z,0,t) satisfies the mixed
boundary-value problem (4.13) — (4.16).

Newton’s second law is given in non-dimensional form, at leading order for small €, by

Ft)=—h,  F(t)= /d " p(x,0,t)dzx, (4.116)
1

where F(t) is the non-dimensional vertical component of hydrodynamic force acting on
the plate scaled by corpU2L and p(z,y,t) is the non-dimensional hydrodynamic pressure
given by equation (4.38). The initial conditions for equation (4.116) are h(0) = 0 and
h(O) = —, where y = Ve 'U~! is the non-dimensional initial vertical velocity of the plate.
The equations in (4.116) are coupled with the fluid flow and they need to be determined
together with the position of the contact region, d; < x < ds.

The position of the forward contact point, z = ds, is determined using Wagner’s condition
(4.40) together with equation (4.18) and (4.19). To take the early water detachment into
account we determine @,(x) and d;(t) by conditions (4.89) — (4.92). Note that this system
of conditions can only be used if d; (t) > 0. However, in our computation we could not find
a parameter y where d; becomes zero. Hence, the case d (t) < 0 is not considered here.
Later in section (5.2), we will show that d;(t) can become negative for an elastic plate. The
time when d; > t is referred to as the ventilation stage. The conditions (4.89) — (4.92) are
satisfied not only in the ventilation stage, but also when d; = t, which is referred to as the
separation stage. For d; = t, condition (4.91) has no meaning, so that in this stage we apply
Kutta’s condition as long as L(t,t) > 0 where L(dy,t) is defined in (4.93). Once L(t,t) =0,
the position of the separation point is determined by the condition L(d;,t) = 0 (see equation
(4.114)). The impact problem in this section consists of the fluid flow described by equations
(4.13) — (4.16) together with the conditions (4.89) and (4.92), the structural part (4.116)
and the kinematic part given by Wagner’s condition at the forward contact point, equation
(4.40), and equation (4.18), (4.19), (4.90) and (4.91). The solution of the problem only

depends on the initial penetration velocity x.

4.4.2 Solution of the coupled problem

First, we determine the vertical motion of the plate using the expressions in (4.116). Equation

(4.38) gives us the hydrodynamic pressure on the wetted part of the plate, di < x < da,

ple.0.0) = /T a o) - 22 [ (1117)

d2 )
B(t) = /O =8 Pa(&) A€ — 3(dy — d1)(1 + ). (4.118)

y =0:

It can be shown that B(t) < 0 for ¢ > 0 so that the pressure’s square-root singularity at the
trailing edge is positive. Equations (4.116) and (4.117) give us the vertical deceleration of
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the plate:

doB(t)
2(1+ g(d2 —d1)?)

(4.119)

The term 1 + %(dz — d1)? in equation (4.119) consists of the non-dimensional mass of the
plate, which is 1, and the added mass §(da — d1)?, which increases the inertia of the plate
due to the fluid attached.

Now, we can simplify the formula for the hydrodynamic pressure (4.117) by substituting
equation (4.119) into (4.117). We obtain

_ d2B jr—di (4 3 1 1
p(@,0,) = 1 Z(de—dy)?Vdy —x (233 ~ iy gh ”(d2—d1)> ' (4.120)

It follows that the pressure p(z,0,t) in equation (4.120) has the same sign as the linear

polynomial in z in the brackets. Hence, the pressure is positive on the entire contact region,
if do —d; < 8 where § = \/W If dy — di > f, the pressure is negative for dy < z <
%dg + %dl — m and positive for %dQ + %dl — m < x < do. In particular, a negative
pressure zone cannot be captured inside the contact region. It will be shown later in section
4.5, 6.1 and 6.2, that zones of negative pressure can be well inside the contact region for the
impact of parabolic-shaped bodies and rotating plates. Here the time interval tg < t < ¢y
corresponds to the ventilation stage, where do(t) — ¢ > 5. In this stage, equations (4.90) —
(4.92) imply the criterion of smooth decay of the pressure in (4.120) at the separation point,
condition (4.114). Hence it follows that

dl(t) = dg(t) — ,8 (to <t< tl) . (4.121)

Equation (4.121) implies that the length of the contact region is constant in time for tg < ¢t <
t1. The intervals 0 < ¢ < ty and ¢ > t; correspond to the separation stage where d;(t) = t.
Note that do(t) —t = (8 for t =ty and t = ;.

Note that the separation stage and the ventilation stage also involve different behaviours
of the complex displacement, complex velocity and complex acceleration at the separation

point = dy, y = 0. In particular, the complex velocity fi(2) = ¢, — i@y is given by

fil2) = @uldy) — iwy(dy, t) + C1(t)(2 — d1)? + (Paw(d1) — iwia (d1, 1)) (2 — di)
+Cot)(z—d)*?+0((z—d)?) (2 —dy) (4.122)

where C;(t) is obtained from the behaviour of the pressure (4.120) at = d;. In the

separation stage, C(t) is positive and is given by

Cr(t) = dyB(t)(1 — 32 (dy — dy))

T w(dy — )PP+ Z(dy — dy)?) (4.123)

In the ventilation stage, it follows from equation (4.121) that Ci(¢) = 0. Equation (4.122)
confirms that the fluid-velocity behaviour at the separation point is smoother in the ventila-
tion stage than in the separation stage. We also verified numerically that the function ¢, (z)

is differentiable at x = tg and = = t1, such that we can exclude any square-root behaviour
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at this point.
Kutta’s condition (4.89) gives us the integral equation (4.65), which has the following

form here:

dy .
/0 Pt pu(§)dE = —5(do — dh)(1+ h). (4.124)

This equation will be used below to determine the wake function @,(x). In particular, the
wake velocity @, (z) depends on the position of the forward contact point, x = dy. To obtain
x = dg, we evaluate equations (4.51) and (4.52), which follow from Wagner’s condition (4.40),
condition (4.90) and the hydrodynamic problem (4.13) — (4.18). We obtain the following
equations from equations (4.51), (4.52) and (4.115):

d1

/0 V=2 (102(8) + A(€)) d§ = —E(dy — d1)(3da + dy — 4t — 4h), (4.125)
dy

/0 VB (602(8) + A(€)) dé = F(da — di)(3dy + dy — 4t — 4h). (4.126)

Equation (4.126) is used to determine the unknown function A(z). To decouple equation
(4.126) from the function @,, we subtract equation (4.124) multiplied by ¢, from (4.126):

/ " d2% A(&) d€ = Z(dy — d1)(3dy + dy — 4h(t) — 4th(t)) . (4.127)
0

If the penetration depth h(t) and the position of the separation point, = = d;, are assumed
given, then the system of integral equations (4.124), (4.127) and (4.125) determine the three
unknown functions @ (x), A(x) and da(t).

We are able to find h(t) by integrating Newton’s second law (4.116) in time. By inte-

grating (4.116) once and twice and using linearised Bernoulli’s equation (4.17) we obtain

dg . d2
/ xz(x,0,t)de = —h + x, / x®,(z,0,t)de = —h + xt, (4.128)
0 0
where we used ¢(x,0,t) = ®(z,0,t) = 0 for z = 0 and = = da, 2(0) = x, and h(0) = 0. We
use equation (2.41) for u = ¢g, v = ¢, and u = ®,, v = ®,, respectively, with r(z) = z to

obtain together with equations in (4.128):

. 1 _ d i
h = 1+ Z(dy —d1)? <X — F(dy — dy)? +/0 V(d1 = €)(da — &)@z (€) d£> , (4.129)
- T ("” T (d2 = d1)?(dy + d —21)
dy
v [ Vi =@ - e +A(£))d§> | (4130)

Substituting of equation (4.129) into (4.124) and equation (4.129) and (4.130) into (4.127)
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give us integral equations in terms of the functions @, (z), A(z), di and ds:

dy
/0 VIS (s + 3+ s — €) @e(©)dE = (14 ) (4.131)

dy
NE= (ﬁ +3dy + Ldy — 5) A@€)dE = 3dy + 1dy — T(dy — i) (4.132)
0

To obtain @(z) and A(z) we solve the two integral equations (4.131) and (4.132) numerically.
To evaluate do and ¢ in terms of d; we find an ordinary differential equation in terms of ds

by differentiating equation (4.125) in time:

d Ve d (4.133)
2 = -
o ol (t9a(2) + Ax)) A€ + 5(=3da + dy + 2t + 2h)

where the function h(t) is given by equation (4.130) and B(t) by equations (4.118) and
(4.129). The initial condition of the ODE (4.133) is d(0) = 0. The functions h(t) in (4.129),
h(t) in (4.130) and B(t) in (4.118) only weakly depend on the wake functions ¢, (z), A(x)
for x close to dy since the kernels in the integrals of these equations tend to zero as z — d;.
This fact is used later to compute h(t), h(t) and B(t), also when @, (), A(z) are unknown

for x close to dj.

4.4.3 Numerical implementation

Here we consider the numerical implementation in the separation stage ¢ < ty and ¢t > t4.
After the substitution of (4.118), (4.129) and (4.130) into equation (4.133), it forms an ODE

da(t) = R(t, d2; 80 (%) oe(0,0)> A@)|zeor)) (4.134)

with the initial condition d2(0) = 0 for the time interval 0 < ¢ < ¢y and the initial condition
da(t]) = dao(t]) for t > t;. The functions @, (z) and A(z) are given by the Volterra integral
equations (4.131) and (4.132), which can be written as

NG

[ VARG a6 d = 5300, (1130

K (L, dp, )2 (§) dE = S1(1), (4.135)

where the functions K, S; and Sy are explicitly known.

n)

‘We use the discretisation dg

stage. We use dgn)

= nd with constant step  where t,, = dgn)

in the separation
as the numerical value of ds(t,) and we approximate @, (z) and A(z) by
constant values gbgn) and A™ in the intervals (n — 1)6 < z < nd.

For each time step the numerical solver consists of two stages. In the first stage we use
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a modified Euler’s method to integrate equation (4.134):

R(()nfl) _ R(tn L d;nfl); Sb(xl)’ o ’Sz(xn—l); A(l), o ’A(n—l)) , 4.137
d(n) d(" 1) +5R(" 1)
R(" D _ = R(t, d(n),go() ‘ ,80§C" 1),¢(xn 1)’A(1)"”’A(n—l)’A(n—l)),

x e

dgn) _ dgn—l) + 5é—(R(()n—l) +R(n 1))

(4.137)
(4.138)
(4.139)
(4.140)

Note that we use gb;(vnfl) and A=Y as the n-th input for @, (z) and A(x) in (4.139), so that
~1)

of order 6°/? is introduced (see equation (4.133)). After one integration

: (n)
step the wake region 0 < z < dln

an error in Rgn
is increased by one panel, in which the wake functions
¢ (x) and A(x) are evaluated by integral equations (4.135) and (4.136) in the second stage.
We solve the equations (4.135) and (4.136) by the following product-integration method (see
Baker (1977)):

n—1 n—1
P = 51 <51< n) = Zﬁmnwg’m), A<">:5i<sz<tn)—2ﬁmn/ﬂm>> (4.141)

to obtain gbgn) and A" where B, is defined by

tm (n)
Bom = K (tn, dg’”,g)\/ 4 5 de. (4.142)

tm—1

Since the kernel of the Volterra integral equations is square-root singular we have (3, =
O(V/9) as the dy-step 6 tends to zero. The method in (4.141) is also suitable for small steps
0, since the (,, in (4.141) converge only slowly to zero as 6 — 0.

Equations (4.137) — (4.141) are used starting from n = 2. At d; = ¢, n = 1, the unknown
values are approximated by those for the oblique impact of a rigid plate with constant velocity
in section 4.2 (see equations (4.77) and (4.78)). Numerical investigations show that dy(t)
converges as 0(6?) and @, (z) and A(z) converge as O(8) as 6 — 0. These results agree with
the theoretical estimations of the convergence speed for the modified Euler method and the
product-integration method in their decoupled forms.

An analogue scheme is valid for the ventilation stage, t9 < ¢t < t;. Here the size of the
steps for d; is still constant, but the corresponding timesteps vary. We determine ¢ in terms
of dy by solving the ODE dt/dd; = 1/dy (see equation (4.121)), where ds is given by (4.134).
An initial condition for ¢ is obtained by assuming that ¢ is continuous in terms of dy at t = tg.
Note that da(t) = dy(t) — 8 can be substituted into (4.131) - (4.133). In particular, we can
use m + 3dy 4 1dy = dy for the integral kernels in equations (4.131) and (4.132).

4.4.4 Numerical results

There is only one non-dimensional parameter in this problem of rigid impact at high hori-
zontal speed, which is y. In this subsection, we present some results for y = 1.5 and y = 3
and show some impact characteristics in terms of y. Our computations terminate when
dy(t) = da(t) corresponding to the exit of the plate from the fluid. We found that the plate
exits the fluid for any x. It is verified numerically for x = 1.5 and x = 3 that the relative
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Figure 4.10: (a) Contact point motions co = dy —t and ¢; = d; — t for x = 1.5 (solid lines)
and x = 3 (dashed lines) each for the ventilated plate model in thick lines. The thin dashed
line shows ¢y for the non-ventilated plate model for y = 3. (b) the function —h as a function
of t for the cases described in (a).

error of @, (z) is smaller than 1% during impact if we choose an integration step § = 0.004.

It can be shown numerically that ventilation does not occur for any x < xo and ventilation
occurs for x > xo, where we computed xo =~ 1.02. For xy > xo we compare the results of
the ventilated plate, where we allow the separation point to move along the plate, with the
non-ventilated plate model, where we set d; = ¢ throughout the impact. Negative pressure
contributes to the hydrodynamic loads on the non-ventilated plate.

Motions of the forward contact point and the separation point in the body’s frame of
reference, cg = ds — t and ¢; = dy — t, are shown in Figure 4.10(a) for x = 1.5 and x = 3.
Initially faster vertical motion increases the horizontal speed of the forward contact point,
¢, as already shown in section 4.2. The function co decreases later, with the wetted length,
¢ — ¢1, decreasing to zero, so that the plate exits the fluid completely. For all our computed
examples, the forward contact point velocity, do, did not fall to zero, so that our model is
valid until the body exits the fluid at ¢t = teyt. In the two examples we find ventilation
starting at tp = 0.56 (x = 1.5) and ¢ty = 0.26 (x = 3). During the ventilation stage, ¢o
changes sign and cy decreases until the separation point reaches the trailing edge which
finishes the ventilation stage at t; = 2.12 (x = 1.5) and t; = 2.98 (x = 3). In general, ¢
exceeds 8 = \/W in the time interval tg < t < ty if x¥ > X0, and ¢y is below § and the
separation point stays at the trailing edge during the entire impact stage if x < xo. If x
is much larger than xo, we obtained notably larger values of ¢y for the non-ventilated plate
than for the ventilated plate (see Figure 4.10(a)). On the other hand we find hardly any
change in ¢y in both models, if y is slightly larger than xg.

Figure 4.10(b) shows the penetration depth of the plate, h(t). Since no negative load
is exerted on the rear part of the ventilated plate, this plate rises more quickly than the
non-ventilated plate, and this is more significant when x is much larger than xg.

Figure 4.11(a) shows the pressure distribution in the body’s frame of reference s = x — ¢
at time t = 1, which belongs to the ventilation stage for x = 3. The pressure distribution
in the ventilated plate is close to that of the non-ventilated plate in the s-interval where
the pressure is positive. However, for later times ¢ > 1 the rigid motions of the ventilated
and non-ventilated plates diverge, so that their pressure distributions also differ at the front

wetted part of the plate. Note that p,(z,0,f) = 0 at the separation point z = d; for the
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Figure 4.11: (a) Pressure distribution at time ¢ = 1 for ventilated (solid line) and non-
ventilated (dashed line) plate model for x = 3, (b) vertical hydrodynamic force F(t) for
X = 1.5 (solid line) and x = 3 (dashed line) for ventilated (thick line) and non-ventilated
(thin line) plate model. Note that for x = 1.5 the forces for both models are almost identical.

Figure 4.12: (a) Horizontal fluid velocity @.(z) shown for ventilated (solid line) and non-
ventilated plate model (dashed line) for y = 3. Both functions have singularities at & = texit.
(b) The maximum depth of the trailing edge, hmax, and the depth of the trailing edge at the
instant of plate exit, h(texit), as functions of x for ventilated (solid line) and non-ventilated
plate model (dashed line). Note that hymax > 0 and hA(texit) < 0.

ventilated plate when ¢y < t < ¢; (see equation (4.120)). The negative loads on the non-
ventilated plate, due to the negative-pressure zone, are small in absolute value compared
with the total loads.

Figure 4.11(b) shows the vertical hydrodynamic force on the plate as a function of time
for x = 1.5 and x = 3. The force reaches its single maximum before the ventilation stage
starts, and it decays to zero thereafter. Large differences in the force for the ventilated and
non-ventilated plates were not detected. For x = 1.5 the differences are barely visible and
for y = 3 the force on the ventilated plate is less then 10% larger than on the non-ventilated
plate for 0 <t < 2.

Figure 4.12(a) shows the horizontal fluid velocity in the wake for x = 3. The function
@z () is negative in the initial penetration region and changes to slightly positive values for
larger z. For @, (x), small differences are found between ventilated and non-ventilated plates.
The function @, (x) becomes positive singular at the point where the trailing edge exits the
fluid. The large positive values of ¢, (x) may come from the flow field in the contact region

approaching the trailing edge.
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Figure 4.13: (a) Maximum vertical hydrodynamic force Fiax = max; F(t) (solid line) and
maximum force without horizontal speed F} ., = 322—54\/ 10mx? (dashed line) as functions of
X, (b) c2max = maxy co(t) for ventilated (solid line) and non-ventilated (dashed line) plate.
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Figure 4.14: (a) Times tp (thick solid line), t., (thin solid line) when Fi,ax, €2 max are reached;
to (thin dashed line), ¢; (thin dashed line) when ventilation starts, ends; teyit (thick dashed
line) when the plate exits the fluid. (b) The vertical velocity of the plate when it exits the
fluid as a function of y.

Figure 4.12(b) shows the maximum depth hy.x = max; h(t) and the depth of the plate
when it exits the fluid, h(texit), as functions of y. Note that A(tet) < 0 for all x > 0, so
that the plate exits the fluid when the trailing edge is above the z-axis. In absolute value,
|h(texit )| increases, since larger x means a later exit of the plate with the pile-up of the fluid
in front of the contact point growing in time.

The maximum force Fiax = max; F(t) is compared with the maximum force when the
horizontal speed is zero, given by F} .. = 322—54@)(2 in Figure 4.13(a). The formula for
F*  will be shown later in section 6.1. Note that the dimensional maximum force F*/

max max

does not depend on U. The largest relative difference in Fya and F

o ax 18 for x — 0 since

Fmax ~ 0.15 for x = 0, corresponding to very large horizontal velocity U > V/e. For y — oo
the ratio Finax/Foy

model for vertical entry in section 6.1. Since the hydrodynamic force reaches its maximum

ax tends to 1, indicating that this model is consistent with the Wagner
before ventilation starts, Finax are equal for the ventilated and non-ventilated plates.
Figure 4.13(b) shows comax = maxy co(t) as a function of x. Note that cgmax =~ 0.12 for
X = 0 and comax = B for x = xo. The value of comax for the ventilated plate differs only
slightly from that for the non-ventilated plate for large x, with comax slightly larger for the

non-ventilated plate.
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Figure 4.14(a) shows the time ¢z when the force reaches its maximum, the time t., when
co reaches its maximum, the times ¢y and t; between separation and ventilation stages and
the time texiy when the plate exits the fluid as functions of x. This figure confirms that
tp < tg for 0 < x < 5. We also could not find values y > 5 where tp > ty. Figure 4.14(a)
also shows that ¢., only slightly changes as x increases. The value of ., is inside the interval
(1.05,1.25) for 0 < x < 5. We find ty = t; = t., for x = xo and the size of the time interval
to < t < t1 grows quickly as x increases.

Figure 4.14(b) shows the vertical velocity component of the plate when exiting the fluid.
For x < 0.69 the vertical velocity component at exit is faster than the one at entry. The
increase of kinetic energy comes from the work on the plate to keep the horizontal speed of
the plate constant. For x = 5 the coefficient of restitution —h(texit) /x is only about 0.2.

The horizontal component F,(t) of the hydrodynamic force acting on the plate can be
estimated as the normal force component given by F(t) = —ﬁ(t) multiplied by the angle
of attack. Hence the mean value of F,(t) in time given by F, = fgex“ Fo(t) dt [texit can be
written together with the first equation in (4.116) as

Fo=75(x — hltexit)) - (4.143)

texit

Now, we show that the viscous drag is small compared to F,. In steady flow, the dimensional
viscous force F7, is given by F,, = CpopL*U?. For viscous force acting on one side of a flat
plate, which is placed parallel to a uniform flow at speed U, the friction coefficient Cp is
about 0.003 (see Faltinsen, 2005, Table 2.1) and L* is the length of the plate. This formula
can give a rough estimate of the viscous drag in our unsteady problem, using the maximum
possible length of the contact region, L* = Lmin{f, ¢amax}. The non-dimensional viscous
force is given by JF, = %aflCFL* /L. Then the ratio of viscous drag and mean horizontal
hydrodynamic force can be estimated as F,/F, < 0.002¢~2 for any . Note that the mean
viscous drag provided by Rayleigh’s self-similar solution (see Acheson, 1990) for an infinite
long plate moving suddenly with constant velocity, was found even smaller than the estimate
based on steady flow. It follows that the mean inviscid force F,(t) is much greater than the
mean viscous contribution for not too small plate inclinations (¢ > 3°). In order to keep the
horizontal speed of the plate constant, the plate must do some work against this horizontal
drag. Without such a work the plate would only slightly decelerate horizontally to a velocity
Uexit With U — Ueyie = £(V — ' (£.,;,)), so that the results shown here would not differ much

from a plate, where also the horizontal speed is determined by Newton’s second law.

4.4.5 Long time planing after impact with gravity

Though we assumed that Fr > 1, the gravitational force acting on the plate is significant if
the Froude number is of order 1/y/c. It will be shown that two classes of plate impacts are
distinguished depending on the impact conditions: Either the plate exits the fluid soon after
the initial impact or the plate planes along the free surface after impact without exiting the
fluid. In this section we do not take ventilation into account so that we force d; = t.

With gravity included Newton’s second law has the form

Ft)=—h+r,  r=+/mfopge 'U>. (4.144)
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Figure 4.15: (a) Penetration depth as a function of time for y = 1 and x = 0 (solid line),
k = 0.3 (dashed line), x = 0.6 (dashed-dotted line). For x = 0 the plate exits at ¢ = 3.3 and
for k = 0.3 at t = 4.4. The plate does not exit for K = 0.6. (b) Plane of parameters x, x with
two scenarios of oblique impact of rigid plate divided by the solid line: (A) the plate exits
the water, (B) the plate is in contact with the water (ca(t) > 0) for 0 < ¢t < 40. Negative
pressure appears for (y, ) right of the dashed line. Left of the dashed line the pressure is
positive during the entire impact stage.

We can perform a similar analysis for non-zero gravity as in the previous section. In partic-
ular, equations (4.119), (4.129), (4.130), (4.131) and (4.132) are replaced by

T(1+¢)B+k

h="Tyza (4.145)

i 1 T 2 ¢ _

h= 11 (“t+X+§C +/0 \/(t—é)(t+c—£)%(£)d£> : (4.146)

t

h = 111 (%“t2+><t+%03+/0 \/(t—£)(t+c—£)(ts5x(£)+A(§))d§> o (4.147)
t

/(%+§+t—§) Bl (§)dE = —(1+ x + ki), (4.148)
0
t

/0(%"‘2""5—5) %A(f)(ﬁ:ﬁ—i-t—%cg—i—%%, (4.149)

where we define ¢(t) = da(t) — ¢t and B(t) in equation (4.145) is defined in equation (4.118).
Equations (4.117), (4.124), (4.125), (4.126) and (4.133) do not change, when the gravitational
force on the plate is included.

Figure 4.15(a) shows the penetration depth of the trailing edge for impacts with param-
eters K = 0, kK = 0.3 and Kk = 0.6. The penetration depth significantly depends on s and
delays the exit of the plate. For large enough k the ascending motion of the plate after entry
is slowed down so much that the plate does not exit the fluid region, and planes along the
water surface instead. Figure 4.15(b) shows the plane of parameters (x, k), which is divided
into two parts by the solid line. In region A the plate exits the fluid and in region B the
wetted length c¢ is positive for the time 0 < t < 40 for which we computed the fluid-plate
interaction. For all computed impact conditions corresponding to region A, the plate exits
the fluid when the plate ascends for the first time. So, if the plate does not exit the fluid
during its first ascent, the plate keeps on planing thereafter. Figure 4.15(b) shows also for
which parameters (x, ) the pressure decreases below atmospheric pressure. For large x a

model accounting for ventilation may be necessary as shown in section 4.4.2.
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Figure 4.16: (a) Penetration depth for x = 0.6 with initial vertical velocities x = 1 (solid
line) and x = 0.1 (dashed line). Dashed-dotted line shows the asymptotic behaviour h*(t) =
£(2 —log(22t)) presented in equation (4.155). (b) Wetted length c as a function of time for
conditions presented in (a). The function ¢ converges to ¢y = %/@ as t — oo (dashed-dotted
line).

We now show some results of the long time planing of the plate for k = 0.6. During
planing, h(t) oscillates, with the mean position increasing in time (see Figure 4.16(a)). This
paradox behaviour of the plate in long time planing is consistent with steady planing without
bouyancy investigated in Green (1936). Green showed that the free surface elevation behaves
logarithmically in the far-field behind and in front of the plate. This behaviour is also known
as Green’s paradox. The behaviour of the free surface in the far-field can be corrected once
gravity in the far-field is taken into account, as shown by Ting and Keller (1974). Also the
corresponding linearised flow problem for a steadily planing plate with small angle of attack
needs gravity to be included, because otherwise the velocity potential cannot be zero in the
far field (see Oliver, 2002; Howison et al., 2004). However, the force of gravity on the fluid
close to the plate may be negligible, as was assumed by Ting and Keller (1974). If the Froude
number is large, then the influence of gravity on the fluid is only negligible in the impact
stage when the duration of the fluid-plate interaction is of order L/U.

The length of the wetted interval, ¢(t), oscillates in time around ¢y = 0.38 (see Figure
4.16(b)). In both functions, h(t) and c(t), the period of oscillation, T', is constant in time with
T =~ 6.6. The amplitude of oscillation decays to zero for kK = 0.6 as t — oco. The asymptotic
behaviour of h(t) and ¢(t) for large time will be investigated in the next subsection. In Figure
4.16(a) and (b) the asymptotics are already indicated by the dashed-dotted lines.

The initial vertical velocity of the plate determines the initial amplitude of the oscillation
but does not influence the period of oscillation. But our computations showed that the period
of oscillation, 7', increases for growing . Also the rate of decay of the oscillation amplitude
depends strongly on k. The amplitude of oscillation is constant for xy ~ 0.55. For k > kg
the amplitude of oscillation is decreasing in time. For x = 0.8 the decay is already so large,
that the oscillation of h(t) is only visible in the first three periods. For k < kg the amplitude
of oscillation increases in time. Note that long time planing was only found for x > 0.51
(see Figure 4.15(b)). Hence, we find the effect of negative damping only on a small interval
0.51 < k < 0.55 and for small x. However, if the plate is guided by a prescribed h(t) in
the initial impact stage and later determined by Newton’s second law, we may analyse the

oscillations of the plate for k < 0.51 without the plate exiting the fluid.
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Figure 4.17: (a) @;(x) as a function of x for k = 0.6 with initial vertical velocities y = 1
(solid line) and x = 0.1 (dashed line). (b) r(z) = x@,(x) + A(x) as a function of x for
conditions presented in (a). The dashed-dotted line shows the constant function r¢y = k.

We also found oscillations for ¢, (z) and A(x) which are of the same period as the
oscillations of h(t) and c(t). For our specific example (x = 0.6) the oscillation amplitude for
A(z) grows in z. Hence, later for our analysis of the long-time behaviour we investigate the
function r(z) = x@,(x) + A(z) instead of A(x). Figure 4.17(b) shows that r(z) decays in
time. The behaviour of the function @, (z) is presented in Figure 4.17(a).

In the next subsection, we find the limits of the penetration depth, h(t), of the wetted
length, ¢(t), and of the wake functions ¢, (t) and r(t) as t — oo from equations (4.117),
(4.124), (4.125), (4.126), (4.145) — (4.149).

4.4.6 The plate and flow behaviour for large time

In this section we find ¢, @, (z) and r(z), for steady planing, from the equations in subsections
4.4.2 and 4.4.5. Note that the buoyancy term in Bernoulli’s equation is not included in this
analysis.

We assume that the impact of a rigid plate with constant angle of attack leads to steady
planing with the convergence of the wetted length ¢(t) — ¢, the horizontal velocity in the
fluid at the trailing edge @.(t) — fo, the second wake function r(¢) — ¢ and the horizontal
speed of the plate h(t) — 0 for large time t. We further assume that the convergence speed
of ¢,(t) is quick enough: there exist an o > 0 and a C' > 0 so that |p,(t) — fo| < Ct~ for
all ¢ > 0.

To find fy we divide equation (4.148) by ¢2, use the integral transformation ¢ = tu and

consider the behaviour of the resulting integral equation as ¢t — oo:

/1(1 — u) @y (tu) du = O(1) (t — 00). (4.150)
0

Since the left-hand side of equation (4.150) tends to %fo as t — oo, we finally obtain fy = 0.
To obtain ry we combine equations (4.126) and (4.146) so that

t
/0 B (€) e = wt 4 x + T — Teh — h(1+ Ec?). (4.151)

The right-hand side behaves as kt, since h/t tends to zero because h — 0ast — oo. It
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follows that ry = k. Combining equations (4.124) and (4.145) gives us

co

_ 2 T 2\ t_>00 2K
=13 (n—(l—i-gc )h) o1+ h) 5% 2 _p o (4152)

/ ez (§) d
0 V{t=Et+c—¢)

Since we assumed that |p,(z)| < Cz~* for some a > 0 for all x > 0, we obtain for ¢ > 4

dg

_ _ t d¢
1/2 a/2
< oMt~V 4 Ot /ﬁ N ETERIET ) (4.153)

t—é)

where M = max,~¢ |@z(z)|. As the integral on the right-hand side increases only weakly
as O(logt) as t — oo, the left-hand side of the inequality (4.153) tends to zero as t — oo.
Finally, we obtain ¢y = %n from equation (4.152). The formula for ¢y agrees with the length
of the wetted region of plate planing in heavy fluid which was presented in Dovgiy et al.
(2002). Subtracting equation (4.126) from (4.125) gives us together with equation (4.145)

h:ﬂ( ch — 151+ TA)h + 2 /\/t_ t+c—§)d£>' (4.154)

With r(z) — k as & — oo we obtain from equation (4.154)

h(t) — £(2—1log (£t)) -0  (t—o0). (4.155)

Numerical results presented in Figure 4.16(a), 4.16(b), 4.17(a) and 4.17(b) agree with the
derived asymptotic behaviour of h(t), c¢(t), ¢.(t), r(t). Consequently, a quasi-steady solution
exists where ¢(t) and the two wake functions ¢, (t) and A(t) converge for large time, but the
penetration depth of the plate, h, is unbounded for large time. Our asymptotic solution is

consistent with Green’s paradox.

4.4.7 Summary

We analysed the plate impact at high horizontal speed where the vertical motion is deter-
mined by Newton’s second law. In cases, where the Froude number is large, gravity in the
fluid can be neglected, since the time interval from entry to exit of the plate is short. We
accounted for the separation point moving along the plate by using the Brillouin-Villat cri-
terion. Gravity on the plate, with k large enough keeps the plate in touch with the fluid.
For large time we found quasi-steady planing of the plate with the plate’s height increasing

logarithmically with time.

4.5 Bouncing of a blunt body from a water surface at high

horizontal speed

We consider the free fall of a blunt body onto a water free surface at high horizontal speed.
Here the horizontal velocity component of the body is constant and the vertical velocity
component is determined by Newton’s second law. Initially, jets occur at the rear and front
of the wetted area (see Figure 4.18(a)). This stage has been discussed in Howison et al.

(2004) and Moore et al. (2012a) for constant vertical speed in two dimensions and in Miloh
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Figure 4.18: Blunt body impact onto deep water (a) 0 < ¢t < tg, when a spray jet emerges
at © = dy and (b) t > tg, when the fluid separates smoothly from the body at = = d;.

(1991) and Moore et al. (2012b) in three dimensions. In two dimensions, Moore et al. (2012a)
showed that the position of the free-surface and the positions of the two contact points in
the frame of reference with the body do not depend on the horizontal speed of the body.
A similar result has been shown for small-time oblique entry of a blunt body in Korobkin
(1988). A further characteristic of oblique impact of a blunt body is that the hydrodynamic
pressure under the body falls below atmospheric pressure. Moore et al. (2012a) showed, that
the negative-pressure zone reaches the rear contact point when the horizontal speed of the
rear contact point becomes zero. In this section we will not only consider the initial stage,
but also the subsequent stage, when the fluid separates from the body at the rear contact
point.

It is common to use the Brillouin-Villat condition for laminar separation in high Reynolds-
number flow. However, contact forces between the body surface and the fluid may delay the
detachment of the fluid from the body. Moreover, in body-impact problems at high-speed,
the fluid flow along the body may be turbulent, so that the fluid may detach far behind
the separation point given by the Brillouin-Villat condition. We could not find practical
separation criteria which account for such effects.

In this section we consider apart from the Brillouin-Villat criterion two further separation
criteria: Ome criterion imposes that the fluid separates parallel to the body velocity. The
other criterion imposes the separation point to be such that the kinetic energy in the fluid
is minimised. In this section we mainly focus on the effects of the three different separation
criteria on the body-water interaction. The work done in this section has been published in
Reinhard et al. (2011).

4.5.1 Mathematical formulation

Initially the fluid is at rest and occupies the lower half plane 3’ < 0. The blunt body initially
touches the free surface tangentially at a single point which is taken as the origin of the
Cartesian coordinate system 2’Oy’. Then the body starts to penetrate the liquid with initial
vertical velocity component V' and constant horizontal velocity component U where e = V/U
is small. The shape of the body surface near its lowest point is approximated as parabolic,
y' = 55(2' — Ut')2 — W(t), where R is the radius of the curvature of the body surface at its
lowest point. The function A/(¢') is the vertical displacement of the body at time ¢’ and is
determined by Newton’s second law. We account for the gravitational force acting on the

body. We assume that the Froude number F'r = U/\/2egR is large enough to neglect gravity
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in the hydrodynamic model.
We take L = 2¢R as the horizontal lengthscale of the problem. We use the scaling (4.2)
— (4.4) and W' = eLh. The body position at time ¢ is described in non-dimensional variables

by the equation y = ew(x,t) where
w(z,t) = (z —t)? — h(t). (4.156)

The velocity potential ¢(z,y,t) in the hydrodynamic model, linearised for small ¢, satisfies

the following equations:

V3o =0
py = 2(t —x) — h(t)

(y <0), (4.157)
( (4.158)
gy =0 (y=0, x> ds), (4.159)
( (4.160)
( (4.161)

y=0,d <z <dy),

(Px:@ar(x) y=0796<d1)7

o =O0((2> +y>)"1/?) 22+ — o0).
The wetted part of the body corresponds to the interval d; < x < do, y = 0, where condition
(4.159) implies that the speed of the forward contact point z = da(t) is assumed positive.
The rest of the z-axis corresponds to the free surface. We impose that the fluid boundary is

continuous at x = d; and x = ds in the linearised hydrodynamic model:
w(dy,t) =n(di,t),  wlda,t) =n(da,1) (4.162)
where the free surface elevation is given by

N = Py (y=0,2 <dj and = > da), (4.163)
n=0 (t=0). (4.164)

As to the rear contact point, x = d;(t), initially its speed is unbounded, dy (t) - —oco as
t — 0. Therefore, there is a time interval 0 < t < to, during which d; (t) < 0 and the function
@, (x) in equation (4.160) is zero. This stage is referred to as the Wagner stage. During the
Wagner stage both points x = d;(t) and = = da(t) model the forward and rear overturning
region, where a spray jet is formed. Their positions are determined by (4.162). The end of
the Wagner stage, t = t, is such that d; (to) = 0. We introduce dy = d;(tg) as the final
position of the rear contact point at the end of the Wagner stage.

In this model, the next stage t > ty of the impact is referred to as the separation stage.
We expect that the fluid separates from the rear of the body with the formation of a wake
on the free surface between z = dy and = = dy(t), y = 0 (see Figure 4.18(b)), where the
function @, (x) has to be determined as part of the solution. The function @, (x) is zero for

x < dy. For t >ty we additionally impose Kutta’s condition at the separation point:
|IVp(di,0,t)] < co. (4.165)

If di(t) and h(t) are prescribed, conditions (4.162) and (4.165) determine together with
(4.157) — (4.161) the position of the forward contact point x = da(t) and the wake function
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@z(z). A further condition is needed to determine the horizontal motion of the separation
point x = dy(t) for t > ty. We analyse the impact problem in terms of the following three

separation conditions:
(a) px(xv()?t) =0 (J'Zdir),
(b) wa&(dlat) = iL7

(¢) The position of the separation point, = dj, minimizes the increase of the total fluid
kinetic energy %Ekin(t) = — [ p(x,0,t)w;(z,t) dz at each time ¢ > t, compared with all

possible separation conditions.

Condition (a) is the Brillouin-Villat condition (see also equation (4.114)). Condition (b)
implies that the tangent vector on the body at the separation point is parallel to the body
velocity vector, which was used for example in Miloh (1990). In high-Reynolds-number cavity
flow past a body, experiments also show that the free surface separates close to the shoulder
of the body in a steady fluid flow (see Batchelor, 1967). Hence, we call condition (b) the
shoulder criterion. Since the fluid separation is tangential with Kutta’s conditon (4.165), the
fluid velocity at the separation point is parallel to the velocity of the body. As to condition
(¢), the kinetic energy in the fluid is evaluated in the frame of reference where the fluid in
the far-field is at rest. The function d;(t) may vary if another frame of reference is chosen.
We call condition (c) the energy criterion.

The vertical motion of the body of mass m is governed by Newton’s second law, which

is in non-dimensional form by

da
FO) =u(-h0)+x),  FO = [ p0.0ds, (4.166)
dy
where p = imUQQIZIV_zR_Z and k = 2gRU~2. The initial conditions for equations in
(4.166) are h(0) = 0 and A(0) = 1.
The problem depends on the parameters . and k. We first consider the Wagner stage to

obtain the initial values for h(t) and h(t) in the separation stage.

4.5.2 Wagner stage

For 0 < t < tp we analyse the problem with respect to the complex displacement potential
f(2) = ®p(z,y,t) —i®y(x,y,t) (see equations (4.42) — (4.46)). The solution of the problem

is given by

fz) = —i ((z 2 —h =z —d)(z —da) (2 — t)) , (4.167)
di=—V2h+t, dy=+V2h+t, (4.168)

where the contact point positions, © = d; and x = da, in (4.168) guarantee that f(z) decays
in the far-field as O(z=2). Equations in (4.167) and (4.168) show that the free surface
elevation given by n(z,t) = —Im(f(x — i0)) and the position of the contact points are
symmetric about x = t. It will be shown that the velocity field and the distribution of the
hydrodynamic pressure are not symmetric. In dimensional form, the free surface elevation

y' =n'(s + Ut',t') and the contact point positions ¢j = dj — Ut" and ¢, = d;, — Ut/, in the
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frame of reference moving with the body, s'Oy’, are independent of the horizontal velocity
U for 0 < t' < ty.
By integrating f(z) in equation (4.167) w.r.t. z and by differentiating the result twice

in time we obtain, together with the equations in (4.168), the complex acceleration Fy(z) =
Pt + iy

2)=il|(h—2)(z h— (h — z— z— (z—t—i—h)2
Fy(2) =i | (h=2)(z + 1) + 2h — (h = 1)y/(z — d1)( d2)+\/(2—d2)(2—d1) ,

(4.169)

The hydrodynamic pressure is given by the real part of Fy(z) in (4.169) together with the

linearised Bernoulli’s equation (4.17):

) e — (:c—t+h)2
p( ,O,t) (h 1)\/(d2 )( d1)+\/(d2_;g)(:c—d1).

Equation (4.170) indicates that the pressure can be negative if the body decelerates rapidly

(4.170)

enough and the vertical velocity is small enough. The vertical hydrodynamic force acting on
the body, F(t), is given by

F(t) = n(hh+ h?). (4.171)

It follows from equations in (4.166) and (4.171) that the vertical motion of the body is given
by —,uﬁ + pk = Thh + mh?. We integrate this equation twice in time to obtain

%hQ—,uh— %,ume—,ut:O (4.172)

In dimensional form, the hydrodynamic force in (4.171) and the evolution of the penetration
depth in (4.172) do not depend on the horizontal velocity of the body in the Wagner stage
0 < t < tg. The separation stage starts at time ¢ty when d1 (to) = 0. The expressions in
(4.168) and (4.172) imply that the penetration depth hg = h(tg) at the end of the Wagner

stage is given by:
212 h3 — w4 + k) + 20> (1 + K)ho — pu* = 0. (4.173)

We find the solution of (4.173) numerically. The time tp and the two contact points d; (t)
and da(tp), the speed of the forward contact point, da(to), the vertical velocity h(ty) and
vertical deceleration h(ty) are given in terms of hg using equations (4.168) and (4.172) and
their time derivatives. In particular, the horizontal velocity of the forward contact point is
given by dg(to) = 2. It can be shown, that the duration of the Wagner stage, tg, decreases
to zero as u — 0.

The pressure starts to be negative inside the contact region before the separation stage
starts (see Figure 4.19). The fluid may cavitate in the low pressure zones. Cavities in
the vertical impact of a blunt body have been considered by Korobkin (2003) and patch
cavities in flow past a smooth body surface have been discussed by Howison et al. (1994). In
this section the fluid stays in contact with the body surface along the entire contact region

dy < z < dg. In equation (4.170), the second term approaches zero as x — dj and t — tg
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Figure 4.19: The pressure distribution p(z, 0, t) along the contact region for the times ¢ = t(/3
and t = tg, where for u = 0.25 and x = 0.2 the end of the Wagner stage is at tg = 0.165

since x — to + h(tg) = = — dy(to). Hence, the first term in (4.170), which is negative, starts
to dominate for z close to d;. Consequently, at the end of the Wagner stage the negative-
pressure zone is not trapped anymore between zones whose pressure exceeds atmospheric
pressure. This confirms our model that the fluid starts to separate from the body at t = tg.

There are three reasons why the Wagner approach described in this section cannot be
used for t > to: Firstly, a Wagner contact point z = d;(t) has been shown to be unstable
to disturbances for dl(t) > 0 (Howison et al., 1991; Howison et al., 2004). Secondly, the
hydrodynamic pressure at a Wagner contact point is always positive singular at the rear
contact point, also for t > tp, which is unphysical at a fluid-separation point. Thirdly, the
velocity potential is not necessarily zero for dy < x < d;(t), y = 0.

Before we start with the separation stage we consider the Wagner stage for constant
vertical velocity. Results for constant vertical velocity are given by equations (4.167), (4.168)
and (4.170) for h(t) = t. In this case, the Wagner stage ends at to = %, where dy(tg) = —1.
Consequently, the dimensional duration of the Wagner stage, t(,, decays to zero for increasing
horizontal speed as U~2. For i < t < ty the dimensional pressure is below atmospheric

pressure in the interval
t—s(1+Vit—1) <z <t—-3(1-Vat—1). (4.174)

In the next subsection we consider the separation stage, where the fluid separates from the
rear contact point x = d;. We assume that the penetration depth of the body, h(t), and the
vertical velocity component of the body, h(t), are continuous at ¢ = ty. Below d; and h are
shown to be discontinuous at ¢ = t3. We superscript tg with a minus when we refer to values

before the jump and with a plus after the jump.
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4.5.3 Separation stage

The mixed boundary-value problems (4.157) — (4.161) and conditions (4.162) and (4.165)
imply three integral equations (see equations (4.51), (4.52), (4.65)):

dq1 )
[ Vi e e = 50 - vt — 3 — by — 20, (4175)
do

d1 .
/d LLA(E)dE = f5(da — du) (dg +2dydy + 5d} — 8t — 8(h — ht)) : (4.176)
0

dy
/ B2D,(8,0,)dE = 75(da — di) (5d3 + 2d1d + df — 12tdy — Atdy + 8t — 8h) .
do

(4.177)

where ®,(z,0,t) = t@z(x) + A(x). In particular, it can be shown that equations (4.175)
— (4.177) are statisfied for t = t; , where the integrals on the left-hand are zero, since
di(ty) = dp. To obtain the wake functions ¢, (x) and A(x) for t > ¢y we solve the equations
(4.175) and (4.176) numerically.

The forward contact point x = d; is evaluated by the time-derivative of (4.177), which

is given by
. 2B(t)
=g Vdi—¢€ 7r 2 2 2  (4178)
fdo (do—¢ 3/2(13 (.%' 0 t) d¢ — §(15d2 — 6d1dy — 24tdy — dl + 8tdy + 8t* — 8h)

dy .
BO) = [ \/8=E0a(O)d€ + 5o - d)(at —dy — 3y = 20). (4.179)

Since the rear contact point can jump at t = tg the wake region increases abruptly. A
jump of the contact point also implies that the fluid surface at dy < = < dj (t(‘]L ) detaches
from the body instantly in the present model. An inclusion of an air model in the region
of detachment may give more insight into the physics of flow detachment. Air effects in the
region of detachment may delay the fluid separation. Since the air speed is large during
inflow of air into the gap between fluid and body, the air pressure acting on the fluid free
surface decreases significantly. By including a local air model, the motion of the contact-
point might become continuous at the time of switch between Wagner stage and separation
stage. The air flow can be neglected again when the gap between fluid and body is large
enough. We assume that ¢,(x) = ¢.(2,0,t5) and A(z) = ®(x,0,t5) — towe(z,0,t, ) for
d{ < x < di(t§). Then it can be shown that equations (4.175) — (4.177) at t = t§ and
dg(taL) = 2 in (4.178) are satisfied for any choice of d; ().

In the separation stage, the pressure is not singular at the rear contact point. It is given
by equation (4.38):

B(t)d2 z—dy
7T(d2 — dl) da—a

p(x,0,t) = — +(h=2)\/(x —dy)(dy — ). (4.180)

We find numerically that the first term is positive and the second term is negative throughout

the separation stage. Together with equations in (4.166) we obtain the vertical deceleration
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Figure 4.20: (a) The pressure distribution at time t = ¢; (dotted line) and at t = t§ satisfying
Brillouin-Villat criterion (solid line), d; = dPV, satisfying shoulder criterion (dashed line),
dy = df, satisfying energy criterion (dashed-dotted line), d; = d¥’, (b) time derivative of
kinetic energy in the fluid at time ¢ = o and the position of the separation points at ¢t = ¢,
and t = t§ (legend see (a)).

of the body, h:

k _ %ng + %(dg — d1)2 + UK
p+ g (de — d)?

(4.181)

The initial conditions of the system of ordinary differential equations (4.178) and (4.181) are
given by the values h(ty ), h(t; ) and da(t ) at the end of the Wagner stage. The ODE system
(4.178) and (4.181) is solved by a modified Euler’s method. Since the pressure distribution
changes abruptly at t =t (see Figure 4.20(a)), h also jumps such that |h(tJ)| > |h(ty)]-
As to the separation point z = d;(t), it will be evaluated by the conditions in (a), (b)

and (c) (see subsection (4.5.1)), respectively. Now, we discuss the individual conditions:

Brillouin-Villat criterion: The Brillouin-Villat criterion is given by equation (4.113),

which is here

(dy —d1)(2—h)+dyB=0. (4.182)

Note that B given in (4.179) depends on d;. By substituting equations (4.178) and (4.181)
into equation (4.182), equation (4.182) only depends on di, da, h, h and ;. Equation
(4.182) will be solved numerically by the secant method at the end of each integration step
of equations (4.178) and (4.181).

Shoulder separation criterion: We obtain the following equation from the shoulder

separation criterion (b):
dy=t—1, (4.183)

Equation (4.183) can be substituted into equations (4.175), (4.176), (4.178) and (4.181).
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Energy criterion: Together with equations (4.156) and (4.180) the rate of change of the

kinetic energy in condition (c) is given by

dBin . . . . .
—HR = 2(dy — dy) |doB(8)(4t — di — 3y — 2h) + (d — d1)(2 + h)(2t — dy — dp h)] .

(4.184)

To obtain the minimum of %Ekin = %Ekin(t, dy) we differentiate it with respect to d; for
fixed t. The functions h(t), h(t), dz(t) and dy(t) are independent of the choice of the value d;.
For h(t), h(t), da(t) this independence follows directly from equations (4.178) and (4.181),
since their right-hand sides do not depend on di. The independence of dy from d; can be
shown by differentiating (4.178) in time. On the other hand i and B depend on d; and are
determined by equations (4.179) and (4.181). The d;-derivative of B(t) = B(t,d;) and h are

given by

dB B dh w(dy—dy)(h—2) —dyB
dd; - 2(d2 —dl) ’ dd; 4 n—+ %(dg —d1)2

(4.185)

dFEyiy
dt

follows after some calculations that either equation (4.182) or equation

Condition (c) implies that the d;-derivative of in equation (4.184) has to be zero. It

%(dg — d1)3 + M(4t —3d; —dy — 2h) =0 (4.186)

has to be satisfied. Figure 4.20(b) shows %Ekin as a function of dy at time ¢ = tg. Equation
(4.182) corresponds to a local mazimum of %Ekin- Since we cannot choose the separation
point upstream of the point = dPV (see Figure 4.20), we conclude equation (4.186) de-
termines a global minimum of %Ekin. Equation (4.186) will be solved numerically by the
secant method and is incorporated into the system (4.175), (4.176), (4.178) and (4.181).
For all three separation criteria the point x = d; jumps at t = ¢, such that dy(t3) > do.
The widest jump corresponds to the Brillouin-Villat criterion, the lowest jump corresponds

to the energy criterion.

4.5.4 Local behaviour of the complex velocity in the separation stage

In this subsection, we discuss the behaviour of the complex velocity fi(z) = ¢z — ipy,
z = +1iy at the points z = do, z = dy(tJ) and z = d(t). At t =ty we find from the mixed
boundary value problem (4.157) — (4.161) at ¢ = t; and the assumption @ (z) = ¢ (x,0,t;)
for dy < x < dy(tg) that

@x(x) =4 / ﬁ@x + dop — 3t0) (do <z < dl(tg_)) . (4.187)

In particular, the horizontal fluid velocity is continuous at x = dy. In section 4.2, we showed
for the problem of a plate impacting the fluid obliquely that the horizontal fluid velocity
is discontinuous at the rear end of the wake region, involving an unbounded vertical flow

velocity (see equation (4.88)). This is different in the present problem where, for ¢ > tg, the
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Figure 4.21: (a) The contact points ¢; and ¢g for g = 0.25 and k = 0.2, where the Brillouin-
Villat criterion (solid), shoulder criterion (dashed) and energy criterion (dashed-dotted) are
satisfied. (b) The penetration depth h for all three separation criteria (legend see (a)).

complex velocity close to z = dj is given by

3(d0 — to)
V2t

The vertical fluid velocity at = dy, y = 0 is given by ¢, (do,0,t0) = 2(to — do) — h(to)
at the beginning of separation, ¢t = tg, and can be computed by equation (4.66) for ¢ > t.

fi(2) = —ipy(do,0,t) — (z—do)? +0(z —dy) (2 — dp). (4.188)

By integrating fi(z) in (4.188) in time, we find that free surface-elevation has a square-root
behaviour coming from the fluid pile-up in the Wagner stage. The behaviour of fi(z) at

z = dy(t{) is more difficult to determine. We verified only numerically that

Po(@) = @u(di(t])) + Cla = di(t7) ? + Oz — i (t7))  (z = da(t]), = > da(t))
(4.189)

where the real-valued constant C' is positive if using the shoulder or energy criterion, and

C = 0 if using the Brillouin-Villat criterion. Hence, we obtain for ¢t > tg

Jil2) = @uld () — iy (A (1), 0,0) = Cz = du(t0) > + O = da(1)) (= = da().
(4.190)

The behaviour of the complex velocity at the separation point x = d;(t), y = 0 for ¢t > ¢y is
given by

filz) = @uldy) — iwy(dy, t) + C1(t)(2 — d1)? + (Paw(d1) — iwia (d1, 1)) (2 — d1)
+Cot)(z—d)*?+0((z—d1)?) (2 —dy) (4.191)

where C(t) is positive if using the shoulder or energy criterion, and C(t) = 0 if using the
Brillouin-Villat criterion.
4.5.5 Numerical results

Numerical results are presented in Figures 4.21 — 4.24 for p = 0.25 and x = 0.2, corresponding
to a body with curvature R = 1m, mass m = 10kg, horizontal velocity U = 10ms™ ',

initial vertical velocity V = 1ms™!, where the body is exposed to gravitational force with

95



06 -
0.5}
04f
b0 7
02}
01 T 7Tl

Figure 4.22: (a) The vertical hydrodynamic force in dependence of time for y = 0.25 and
k = 0.2, where the Brillouin-Villat criterion (solid), shoulder criterion (dashed) and energy
criterion (dashed-dotted) are satisfied, (b) The negative hydrodynamic force F~ (legend see

().

gravitational acceleration of g = 9.81ms~2. In Figure 4.21(a) the evolution of the contact
points in the frame of reference with the body, ¢; = di — ¢t and co = do — t, during the
Wagner stage is illustrated for 0 < t < g = 0.165. When ¢t = ty the rear contact point ¢y
jumps beyond the lowest point of the body if the Brillouin-Villat criterion is applied. In this
case the hydrodynamic loads are highest compared with the shoulder and energy criterion,
and the body is quickly forced out of the fluid (see Figures 4.21(b) and 4.22(a)). The energy
criterion provides the smallest jump of ¢; at t = tg and the largest delay in the exit of the
body from the fluid.

Figure 4.22(a) shows the hydrodynamic force acting on the body. Note that the initial
force in the Wagner stage is F(0) = 7, which decays in the Wagner stage to F(t;) = 0.31
and jumps to one of the three force values at ¢t = ¢y corresponding to the three separation
criteria. The hydrodynamic force corresponding to the Brillouin-Villat criterion is larger at
t = to than for the two other criteria, but the force decays more quickly in the separation
stage since the body exits the fluid more rapidly than for the two other separation criteria.
The evolution of the vertical hydrodynamic force is quite similar to the shoulder and energy

criteria. We define the negative part of the hydrodynamic force as

/ p(z,0,t)dz| . (4.192)
{z:p(x,0,t)<0}

For the Brillouin-Villat criterion negative pressure zones do not exist, so F~ (¢) = 0. Figure

F(t) =

4.22(b) shows that F~(t) is largest if we apply the energy criterion. The differences in the
negative forces for the different separation criteria is mainly responsible for the different
outcomes of the plate motion (see Figure 4.21(b)).

Figure 4.23 shows the time series of the position of the body and the free surface elevation
in the separation stage, where we applied the energy criterion. The positions of the free
surface have been computed using equations (4.55) and (4.58). In the zone d;(t;,) < z <
dy (t(‘]L ) a splash develops. The last frame of the series shows the body at the exit, where the
body is completely detached from the fluid.

Figure 4.24 compares the coefficient of restitution, |i(texit)/2(0)], for & = 0 for the three

separation criteria as a function of the non-dimensional mass y. For increasing p the body

96



Figure 4.23: Body positions and free surface elevations for p = 0.25 and x = 0.2 at times
t=017,¢t =079, t = 1.6, t = 2.4, and t = 3.2, where we applied the energy separation
criterion. The peak of the splash is at = 0.29 and the bottom of the splash at x = 0.10.
Note that the y-axis is stretched.

can keep a larger part of its initial kinetic energy after the exit of the body. The suction
forces are responsible for a smaller restitution for shoulder and energy criterion compared to

the Brillouin-Villat criterion.

4.5.6 Discussion

A coupled model of blunt body impact onto the free surface at high horizontal speed has
been developed. The model consisted of a first stage with two turnover regions at the edges
of the contact regions and a second stage where the fluid separates at the rear contact point.

The negative pressure is released at the moment when the separation stage starts. In the
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Figure 4.24: The coefficient of restitution |/(texit)/h(0)| for £ = 0 for the Brillouin-Villat
criterion (solid line), the shoulder criterion (dashed line) and the energy criterion (dash-
dotted line).
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separation stage, the position of the contact point was modelled by three separation criteria,
where the choice of the criterion is significant for the outcome of the fluid-body interaction.
Experiments on blunt body impact at high speed may be very helpful to choose the right
separation condition.

We focused on the effects of the different separation criteria on the body-water interaction
and wanted to keep the body shape and dynamics as simple as possible. A pitch degree of
freedom might be introduced. If the body’s surface shape is an ellipsoid, the rotation of the
body may influence the hydrodynamic loads significantly, as illustrated by the analysis of
Khabakhpasheva and Korobkin (2012). A modified model may be used for stone skimming.
In stone skimming the spin of the stone is important for the body dynamics and can be taken
into account by a restoring force for the pitch motion. The spin itself has only negligible

influence on the water flow.

4.6 Conclusion

This chapter introduced the theory of body impact at high horizontal speed for the linearised
hydrodynamic problem. A general form of the pressure distribution has been found by
considering the complex acceleration potential. The position of the forward contact point
has been determined by Wagner’s condition. The type of fluid flow at the rear contact point
and the position of the contact point depends on the specific shape of the body and the
motion of the body. In the first case study, where we considered the impact of a plate onto
the water surface at constant speed, the fluid separates at the trailing edge. We imposed
Kutta’s condition at the separation point to obtain tangential flow separation. The free-
surface elevation is logarithmic singular at the initial penetration point. In a second study,
we determined the vertical motion of the plate by Newton’s second law. If the plate is light
enough it strongly decelerates in vertical direction. In this case, the hydrodynamic pressures
at the rear part of the plate is below atmospheric pressure. We applied the Brillouin-
Villat separation criterion and we showed that the contact region stays constant if the fluid
separates ahead of the trailing edge. Finally, we discussed the impact of a blunt body onto
the water surface. In this problem a negative pressure zone develops inside the contact region
and expands to the rear contact point. We showed that the choice of the separation criterion

influences significantly the motion of the body.
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Chapter 5

Free fall of elastic plates at high

horizontal speed

In this chapter we analyse the interactions that occur when an elastic plate falls onto a
water free surface at high horizontal speed (see Figure 5.1). As we already have seen for the
impact of rigid plates at high horizontal speed in sections 4.2 and 4.4, the hydrodynamic
loads are high for small angles of attack, so that the flexibility of elastic plates may play a
significant role in such interactions. We have shown for the problem of vertical impact of an
elastic plate in section 3.3 that owing to the elastic deformation of the plate, the loads acting
on the plate can differ significantly from those for a rigid plate. Hydroelastic effects due
to slamming at high horizontal speed can be observed for high-speed vessels and should be
accounted for during the design process. Ulstein (1995) investigated the fluid interaction with
a flexible stern seal bag on surface-effect ships. The dynamic change in air cushion volume
in the bag caused by waves leads to the cobblestone effect even in mild sea states where
the bag alternately jumps out of and re-enters the water. Also the aircraft and spacecraft
industries are interested in the hydroelastic effects (see Seddon and Moatamedi, 2006), in
both the regular landing of aircraft and spacecraft onto water and for the safe landing during
emergencies. The slamming loads in all of these problems may cause unwanted structural
responses.

We will model the elasticity of the plate by Euler’s beam equation, as was done in section
3.3. A mathematical model of the interactions of a flexible body and the water free surface at
high horizontal speed were analysed by Ulstein (1995). To couple the structural part with the
hydrodynamic part, he approximated the vertical motion. In the present chapter we consider
the same linearised hydrodynamic problem, but overcome the difficulties in the coupling by
using our explicit form of the hydrodynamic pressure in the contact region in equation (4.38).
Furthermore, our formulation of the impact problem in terms of the displacement potential
simplifies the determination of the size of the contact region.

In this chapter we are also concerned with the global characteristics of elastic plate
impact. The decomposition of the energy and time evolutions of energy components are
shown for two cases. It will be shown for these cases that more than 75% of the total energy
of the fluid-plate system is carried away with the spray jet and only a minor part is kept as

kinetic energy in the bulk of the flow domain.
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Figure 5.1: Impact of an elastic plate onto deep water at time ¢ > 0 after the initial touch-
down of the trailing edge. The plate freely descends and has unit horizontal velocity com-
ponent.

5.1 Separation of the fluid at the trailing edge

In this section the fluid is assumed to be attached to the plate from the turnover region to the
trailing edge, so that the separation point is fixed at the trailing edge and any suction forces
of the fluid contribute to the dynamics of the plate. It will be shown that a sub-atmospheric
pressure zone occurs on the rear side of the plate attached to the trailing edge, which arises
due to the rotation of the plate. Elastic vibrations of the plate lead to even lower pressures.
The fluid may detach from the body well before the trailing edge. In section 5.2 we will
account for fluid separation along the elastic plate surface by determining the position of the
mobile separation point by the Brillouin-Villat criterion.

Preliminary results were presented in Reinhard et al. (2011). The analysis done in this
section has been published in Reinhard et al. (2013).

5.1.1 Mathematical formulation

Initially, the liquid is at rest and occupies the lower half plane 3’ < 0. The elastic plate is
initially undeformed, inclined to the liquid free surface at a small angle €, and touches the
free surface at a single point which is taken as the origin of the Cartesian coordinate system
2'Oy’. The plate material has density og, Young’s modulus E and Poisson’s ratio v. The
plate is of length L and small thickness h, such that h/L < 1. At time ¢t = 0 the plate starts
to penetrate the liquid vertically at the initial velocity V', and to move horizontally at the
constant sustained speed U, where V/U = O(e). The initial angular velocity is zero. While
the horizontal speed of the plate is constant, the vertical motion of the plate is free and will
be determined by Euler’s beam equation (see equation (3.64)). We are concerned with the
initial stage of the plate impact, whose duration is of order L/U. We use the scaling given
in (4.2) — (4.4).

The position of the plate at time ¢ is described, in the non-dimensional variables, by the
equation y = aw(z,t), which includes both the rigid body motions of the plate and its elastic
deflection. The function w(z,t) is unknown in advance and must be determined together
with the liquid flow and the hydrodynamic pressure. In the coordinate system of the plate,
the shape of the plate is described by the equations

y = a((s,t), s=x—t (0<s<1), (5.1)

such that ((s,t) = w(s + t,t). We model the plate motions, both rigid and elastic, with
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Euler’s beam equation subject to free-free boundary conditions (see equations (3.64) and

(3.66)), which in non-dimensional form are given by

p25 4+ 028 = p(s +1,0,t) — px 0<s<1), (5.2)
% a—C 0 (s=0and s=1). (5.3)

The non-dimensional parameters are given by pu = QshQEIL_l, 0 = DQ}IL_gU_Q, K =
gLa U2, where D = Eh3/(12(1 — v?)) is the flexural rigidity of the plate. Note that
equation (5.2) is written in the moving coordinate system sOy. In the global coordinate
system Oy, the moving plate corresponds to the interval y =0, t < x < t + 1. The initial

conditions for equations (5.2) and (5.3) are

C(S’O) =3, Ct(S,O) ==X (5'4)

where x = V/(aU) is the non-dimensional initial vertical velocity of the plate. The rigid
body motions of the plate and its elastic deflection will be evaluated in subsection 5.1.2 by
the normal-mode method.

The scheme of the flow produced by the plate impact is shown in Figure 5.1. In the
linearised hydrodynamic model the interval ¢t < z < t + ¢(t) on y = 0 corresponds to the
wetted part of the moving plate. The point x = ¢, y = 0 corresponds to the trailing edge
of the plate, and the point © = ¢t + ¢(t), y = 0 is the Wagner contact point. The speed
1+ ¢(t) is assumed positive during the early stage. The velocity potential ¢(z,y,t) satisfies

the following equations:

Vi =0 (y <0), (5.5)
0y = wi(z,t) (y=0,t<z<t+c), (5.6)
0z =0 (y=0,z<0and x >t+c), (5.7)
Pz = Pu() (y=0,0<z<t), (5.8)
p=0((="+y")?) (@® +y* — 00). (5.9)

The wake function @,(z) must be determined as part of the solution. The length of the
wetted part of the plate, ¢(t), is determined by using Wagner’s condition at x =t + ¢:

n(t+c,t) =w(t+ect), (5.10)

where the shape of the free surface is given by equations (4.18) and (4.19). The wake function
@z (x) in (5.8) is obtained with the help of Kutta’s condition at the trailing edge together
with the condition of continuous separation of the free surface from the trailing edge, at

x =t:

IVe(t,0,t)] < o0, (5.11)
n(t,t) = w(t,t). (5.12)

The solution of the coupled problem (5.2) — (5.12) depends on four parameters y, u, f and

k. Our analysis will treat both rigid and elastic motions of the plate, and the associated
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hydrodynamic loads. The flow, the pressure distribution, the motions of the plate and its
elastic deflection have to be determined simultaneously with the size of the contact region

and the shape of the free surface.

5.1.2 Solution of the coupled problem

The function ((s,t) in (5.1) is presented as a linear superposition of normal modes ¥ (s):
t) = ar(t)in(s) (0<s<1) (5.13)
k=0

with the principal coordinates a(t) to be determined. The normal modes ¢ (s) are defined
to be the dry modes of a free-free elastic plate. Properties and explicit forms of these modes
were given in section 3.2.

Wagner’s condition (5.10), the continuity condition (5.12) and the hydrodynamic problem
(5.5) — (5.9) gives an equation for the position of the forward contact point x = ¢+ ¢(t) (see
equation (4.54)):

de _ 2B(!)
& sl 0.0) 5—(% T (we) + TE )] + 200 ()

/ \/E - akIé”(%)) + (dkarf(;l)(%)) ; (5.15)

where the terms in brackets in (5.14) are inner products, (ay, bx) = > pe axbr. The functions

—1, (5.14)

1y, are defined as the s-derivatives of 1. The functionals Fgl) and Fg) are defined as

i (f) = /0 Py du,  TO(f) = /0 et f(u) du. (5.16)

Wagner’s condition (5.10), Kutta’s condition (5.11), the continuity condition (5.12) and the
hydrodynamic problem (5.5) — (5.9) give us two integral equations for the wake functions
@z (x) and A(x) (see equations (4.51) and (4.65)):

/t e e = <%F(2 (%)) - (ak,l“ﬁz’(%)) : (5.17)
/ t+c £)d¢ = (ak - tak,I‘( (qpk)) +t <ak,pg2) (Mc)) ) (5.18)

If the motion of the elastic plate given by (ay(t)) is prescribed, then the system of equations
(5.14), (5.17) and (5.18) serves to compute the three unknown functions ¢,(x), A(z) and
c(t).

The hydrodynamic pressure, the flow in the wake, and the motion of the turnover point
x =t + ¢(t) are coupled with the motions of the plate. We substitute (5.13) in (5.2) and
project the result onto each individual mode 9 (s) with the help of the orthonormality

relation (3.79). We obtain a system of ordinary differential equations for the principal coor-
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dinates a/(t):

iy + O\tay = / p(s +1,0,t)Yr(s)ds — ukdog (k=0,1,2,...). (5.19)
0
Here 0 = 1 for kK = [ and 0y = 0 for & # [. An explicit formula for the hydrodynamic

pressure p(z,0,t) in (5.19) is given in (4.38) where Bj(t) = 0 due to Kutta’s condition and

w(z,t) is given by (5.13). Then equations (5.19) are written in matrix-vector form as
t
M(c)a =D (c,é)a+ S(c,¢)a+d(cé) / % 0.(£)dE — preg, (5.20)
0

where a(t) = (ag(t),a1(t),as(t),...)T and eg = (1,0,0,...)”. The elements of the matrices
M(e), D(c,é), S(c,¢é), and the vector d(c, ¢) are

Mp(c) = Ac(Vi, Yx) + pokr (5.21)
Dia(e.é) = 20,6, v3) = =IO @) (), (5.22)
(e, é) = ~Acfu, ) — 0N + - TO IO W) (523)
dile, ) =~ (), (5.21)

where k and [ are non-negative integers and Wy (s) = [ ¢ (u) du. The functionals T and
'Y are defined in (5.16) and the functional A, is defined by

Aclfi, f2) = %/O /O,/ZEZ:Z; fl(;‘)_fi}(”) dudv . (5.25)

It can be shown that A.(¥;,¥x) = Ac(Pg, 1), which implies that the matrix M defined in

(5.21) is symmetric. A proof for this symmetry and analytical forms of the matrices and the

vector in (5.21) — (5.24) in terms of ¢ are presented in appendix B. The initial conditions

for the system of ordinary differential equations (5.14) and (5.20) are
a(0) = (3,2v3,0,0,..)", a(0) = (-x,0,0,0,...)", ¢(0) =0. (5.26)

The functions ¢, (z) and A(x), which are needed to calculate the integrals in (5.14) and
(5.20), are obtained by solving the integral equations (5.17) and (5.18).

5.1.3 An account of work and energy

In this section we identifiy the energies contributing to the fluid plate system. We already
showed in section 4.1.5, that the energy in the fluid generated by the impact of the plate
is distributed in the kinetic energy of flow in the jet and in the liquid bulk (see equation
(4.72)), where their time-derivatives are given in (4.69) and (4.71).

We only need to consider the energy in the plate and the work that must be done on the
fluid to keep the horizontal velocity component of the plate constant. To account for the

energy in the plate we multiply Euler’s beam equation (5.2) with (;(x,t) and integrate the
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terms from x =t to x =t + ¢. Hence, we obtain

d c
g(El(qﬁ + B+ Eé%) = /0 pGdz, (5.27)

where the kinetic energy, the elastic potential energy and the gravitational potential energy

of the plate are

1 1
=t [ D=t [ cas mo=w [ cs G2
0 0

respectively. Now, to keep the horizontal velocity component of the plate constant, the plate
does work W (t) on the fluid. The time derivative of this work in non-dimensional variables

is given by

d t+c
aW = / pwyde. (5.29)
t

By combining equations (4.72), (5.27) and (5.29) we find

d
Em <E1(<113 + E(eid + E(p) + El()fglk + E( )

= (), W-w)=0. (5.30)

Equation (5.30) implies that the total energy of the plate-liquid system including the jet
energy is constant. The components of the total energy can be of different magnitude. It is
valuable to investigate where the energy supplied to the plate-liquid system goes. It will be
shown in the next subsection that the main part of this energy leaves the flow region with
the jet.

For numerical implementation the kinetic energy, the elastic potential energy and the

gravitational potential energy of the plate in (5.28) can be written as

“ 0o
klljn - 5 Z bend Z )‘ Eélrje)w = IU”{aO(t) : (531)
k=0

The time-derivative of the work W (t) in (5.29) can be calculated as

Sw - 1:00'3@ (a7 1) (5:32)
- Z (Wi ) aun(t) — 28 (v, ) (t) + Ac(vf, ¥i))ar(t)] aw(t) . (5.33)
k,1=0

where B(t) is given by (5.15). As to the kinetic energy in the fluid bulk, its time derivative
given by (4.71) can be written as

d  _d d () / e
— Sw— 34
dt bulk dt dt Jet + . p($, 07 t)Ct (.%', t) dz ) (5 3 )
t+c 1 4 é )
/ p(2,0,8)C (2, 8) de = —— S B(1) (ak,r?) (zpk)> (5.35)
t iy

- Z (U1, 9n))an(t) — 28e (v, ) ) (t) + Ae(¥f, ) ar (t)] an(t) - (5.36)

k,1=0
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Figure 5.2: The maximum amplitude of the principle coordinates, max; |ay(t)| and their first,
max; |a(t)|, and second, max; |d ()|, derivatives for 0 < k < 32 in logarithmical scale.

where the energy flux %E.(f) is given by (4.69). Note that A.(V;,¥k)), Ac(tr,vr)) and

jet

Ac(Y), 1)) are already computed in (5.21) — (5.23).

5.1.4 The hydrodynamic loads on the plate

Equation (5.19) for k = 0 and k& = 1 provides the following formula for the hydrodynamic
force F(t fo (s+t,0,t) ds acting on the plate and the moment M (¢ fo sp(s+t,0,t)ds

about the trailing edge in terms of the principal coordinates of the rlgld modes ag and aq:

1
F(t) = p(ao(t) + k) , M(t) = r (—dl(t) + do(t) + /<;> . (5.37)
2\V3
The hydrodynamic pressure is given by (4.38) where By (t) = 0 and ¢ is given by (5.14). As
to the functions By(t) and T'(s+¢,t) in equation (4.38), they are given by (4.36) and (4.35).
Using equation (5.13) they can be written as
1+¢
Ba(t) =~ B, (5.33)

e

T(s+t,t)= (ak,Fél)(s)) <a F(Q)( )) + (dk,Fég)(s)> 0<s<ec). (5.39)

where the elements of the vectors Féi)(s) are defined as:

FY(s) = ’ V() du, 5.40
b ) ]ﬁ (u— s)\/u(ec—u) ( )
F(s) = ’ Vi(w) du, 5.41

b ) ]é (u— s)\/u(ec—u) ( )
F®(s) = ]g = j’“(;‘()c — du. (5.42)

Note that these functions depend on the size of the contact region but not on the impact
conditions. This implies that these functions can be pre-computed for 0 < ¢ < 1. We
found analytical forms for Fkgi)(s) in terms of ¢ which are presented in appendix C. As to
the convergence of (ak,F,il)(s)), (ag, F,gQ)(s)) and (dk,F,i?’)(s)), it can be shown that F,gi)(s)

(1

behaves as O(k?~%) for large k for fixed x and fixed c¢. In particular, F, diverges for

growing k. However, Figure 5.2 shows for the impact problem with parameters u = 0.18,
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Figure 5.3: Plane of the parameters x, p for the rigid plate impact without gravity (a) and
plane of the initial vertical speed V and initial inclination angle e for the elastic steel plate
impact with gravity (b). There are four scenarios of oblique impact of the free plate: (A)
the plate is completely wetted at the end of the calculations; (B) air cavity is trapped close
to the leading edge of the plate; (C) wake regions appear on both sides of the wetted area
of the plate; (D) the plate exits the water before being completely wetted. Classes (A), (B)
and (C) are also found to occur in the shaded region of Figure 5.3(b). The points marked
by + correspond to Cases 1 and 2 described in the main text.

6 = 0.36, x = 1.67, x = 0.273 that max; |ax(t)] =~ O(k~*7), max; |ax(t)] =~ O(k=3%) and
max; |d(t)] =~ O(k~'?). Hence, the products ak(t)Flgl)(s), dk(t)F,f)(s) and dk(t)F,gg)(s)

converge quickly to zero for increasing k.

5.1.5 Numerical results

For numerical implementation we use the time discretisation t,, = nAt with constant timestep
At. We approximate @,(x) and A(x) by constant values gb;(,;n) and A™ in the intervals
x € (tp—1,t,) for n =1,..., N. The number of modes is limited in computations by setting
ap = 0 for k > M. Only the first M equations k =0,..., M — 1 in (5.20) are retained. Then
equations (5.14), (5.20), (5.17) and (5.18) are solved by a numerical scheme analogue to the
one discribed in subsection 4.4.3. In this scheme the time step At has to be much smaller
than Ths_1, which is the period of the highest mode retained in our computations. Equation
(3.93) shows that the period of the eigenoscillations quickly decreases as T}, = O(k~2) as k
increases.

There are many physical parameters in the problem of elastic plate impact. We are con-
cerned with conditions when the elasticity of the plate matters and the structural behaviour
of the plate is strongly coupled with the flow generated by the impact. We found that the
time of interaction between a light plate and the fluid in oblique impact is very short, so that
the elasticity of the plate is barely noticed. At the end of the short interaction stage for a
light plate, the plate leaves the water by bouncing back up. The hydroelastic effect is much
more pronounced for relatively heavy thick plates, when the interaction stage is longer.

There are two non-dimensional parameters, x and p, which govern the rigid plate impact,

when the gravity force is neglected compared to the hydrodynamic force acting on the plate.
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Depending on the values of these parameters four scenarios of the plate interaction with
water were revealed as shown in Figure 5.3(a). The corresponding sketches of the flow
configurations are shown in Figure 5.4. To determine the regions corresponding to the
different outcomes of the plate impact, the calculations were performed for x from 0.3 to
3 with step 0.03, and for p from 0.01 to 1 with step 0.01. We computed a walk along the
dividing curves, where we determined the next point with a fixed distance from the previous
point by the bisection method.

For impact conditions from region A, the plate is completely wetted at the end of the
impact, with the speed of the Wagner contact point, 1 + ¢(t), being positive from the be-
ginning to the end of the impact stage. The computation terminates when ¢ becomes 1. In
region B, the leading edge of the rigid plate enters the liquid free surface before the Wagner
contact point arrives at the leading edge. This is also the time when our computation ter-
minates. Despite the high forward speed, the subsequent scenario is similar to the so-called
blockage phenomenon discussed in Korobkin and Khabakhpasheva (2006) for an elastic plate
entering the water vertically. In particular, an air cavity is captured under the plate. Due
to the horizontal speed of the plate, the leading edge of the plate will be submerged by fluid
in the subsequent stage. We also have to consider the impact of the forward jet onto the
free surface. This phenomenon already occurs shortly before the leading edge collides with
the free surface. Since the jet is of high speed, the fluid free surface may be significantly
disturbed which makes the modelling of the leading-edge impact and the subsequent cavity
stage more difficult. Here, we do not further investigate these flow regimes. In region C, the
speed of the Wagner contact point in the global coordinate system, 1+ ¢, becomes zero well
before the plate is completely wetted an we stop the computation at that timestep. Here,
the velocity of the forward jet decays to zero and the jet detaches from the fluid bulk. In
the subsequent stage, the free surface at the forward contact point starts to separate from
the plate. A wake region can be introduced to replace the Wagner contact point at the time
instant when ¢ = —1. This subsequent stage is not further discussed in this thesis. The
impact conditions from region D provide an exit of the plate from the liquid. In this class,
the wetted length of the plate increases initially but shrinks later on, with ¢(t) decreasing to
zero while 1+ ¢(¢) remains positive from the beginning to the end of the interaction process.

Apart from the scenarios A, B, C and D, no other types were distinguished in our explo-
ration of the (x, u)-plane in Figure 5.3(a). In particular, we could not find impact conditions
which lead to steady planing of the free plate. The impact problems belonging to classes
A and D are covered by the model presented in this section. Regions B and C are nar-
row and it was discovered that in these classes the height of the left edge, h(t) = eap(t),
becomes positive and the inclination angle, a(t) = 2ev/3a1(t), becomes negative before the
present model becomes invalid. In these flow regimes, we require non-trivial extensions of the
present impact model to accommodate the discussed phenomena of flow separation, bubble
entrapment and jet impact. Note that a jet impact close to the plate may also occur outside
of class B if the plate is flexible and the jet separates from the plate at a point zg where
wz (o, t) < 0.

In our calculations detailed in this section the plate length L is 2.4m with plate thickness
h = 54mm. The plate is made of steel with density og = 7850kgm ™2 and flexural rigidity
D = 2860kNm. The horizontal component of the plate velocity was fixed as U = 24ms~!.
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Figure 5.4: Sketches of the four flow configurations at the end of computations for an elastic
plate within the present model. Classes A, B, C, D are described in the main text and in
the caption for Figures 5.3(a) and (b).

The gravity acceleration g is 9.81ms™? in the calculations. The mass of the plate per unit
width is rather high, 1017.36kgm™"', which guarantees that the interaction time is long
enough for the elastic effects to be well pronounced. The values above specify the parameters
i =0.18 and 0§ = 0.36. Although the plate is very thick, the rigidity parameter 6 is rather
small due to the large horizontal speed of the plate. The hydrodynamic forces acting on
the plate were found to be large and strongly dependent on the plate flexibility. The only
parameters which have not been fixed yet are the vertical component of the initial velocity
of the plate, V', and the initial angle of attack e.

In Figure 5.3(b) the distinguished regions A, B, C and D are shown in the (e, V') plane
with the parameters u, k, 0 and the horizontal velocity U specified above. In contrast to
Figure 5.3(a) the plate is elastic and gravity is taken into account in the equations of the
plate motions. We first consider the flow regimes where the mean inclination angle of the
plate, defined by a(t) = 2ev/3a1(t), becomes zero. Then our computations stops shortly after
the time when «(t) = 0 and we mainly arrive at the fluid regimes B or C. The deflections
of the elastic plate with free ends are of highest amplitude at the end points of the plate.
If the contact point comes close to the leading edge at the instant when the current mean
inclination angle of the plate is negative, then the class of the impact strongly depends on
the current deflection of the leading edge of the plate. This makes the boundary between
regions A and B less certain. We identified a region, shaded in Figure 5.3(b), in which we
found examples of classes A, B and even C. The boundaries between B, C and between C,
D are still sharp for a flexible plate. The regions A — D for the rigid plate have almost the
same boundaries as in Figure 5.3(b), except for the shaded area, which becomes narrower as
the plate rigidity increases, and it becomes sharp when the plate is rigid. Values of € and V'
which lead to steady planing of the elastic plate were not detected.

Two cases were selected to illustrate the elastic plate motions with initial conditions from
region A (Case 1, ¢ = 8.6°, V = 6ms™!) and region B (Case 2, ¢ = 11.5°, V = 4.5ms~!) in
Figure 5.3(b) which corresponds to the parameters p = 0.18, 8 = 0.36, x = 1.67, k = 0.27
and p = 0.18, § = 0.36, x = 0.94, kx = 0.20. Calculations were performed with five elastic
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- t' = 24ms
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Figure 5.5: Elastic plate position (thick line), free-surface elevation (thin solid line), and
the free-surface elevation for a corresponding rigid plate (thin dashed line) for Case 1. The
vertical scale is the same as the horizontal scale.

0.48m = 0111;
t' = 17ms
t' = 35ms
t' = 53ms
t' = 70ms
| | | | | | | |
0 05 1 15 2 25 3 35 4

Figure 5.6: Elastic plate position (thick line), free surface elevation (thin solid line), and
the free-surface elevation for a corresponding rigid plate (thin dashed line) for Case 2. The
vertical scale is the same as the horizontal scale.

109



m
A(t') (ms™)

=

-

05 -

0 0.02 0.04 0.06 0 0.01 0.02 0.03 0.04 0.05
t' (seconds) t' (seconds)

Figure 5.7: (a) Contact point motions in Case 1 (solid lines) and Case 2 (overlapping dashed
lines) for elastic (thick lines) and rigid (thin line) plate, (b) horizontal fluid velocity @, (t')
at the trailing edge in Case 1 shown for elastic (solid line) and rigid (dashed line) plate.

modes (M = 7) and an integration time step At = 5 x 1074, The non-dimensional period of
the fifth elastic mode is 0.01, which is 20 times larger than At. It was verified numerically
that the relative error of the solution with five elastic modes is smaller than 1% for Case 1.
The numerical solutions were compared with those for rigid plates.

The positions of the plate and the free surface at several times are shown in Figures 5.5
and 5.6 for Case 1 and Case 2, respectively. The rigid-plate solutions for the free surface
are shown with dashed lines. The free surface elevations have been computed with the
help of equations (4.55) and (4.58). Note that the positions of the plate and the free-surface
elevations in front of the moving plate are weakly dependent on the plate elasticity. However,
the free surface shape in the wake behind the plate is smooth for the rigid plate but visibly
reproduces the vibrations of the elastic plate. For the initial conditions from region B (Figure
5.6) the leading edge of the plate collides with the free surface when less than a third of the
plate is wetted (¢’ = 0.75m at ¢ = 70ms). A thin air bubble is captured under the plate at
this instant. Figure 5.5 and 5.6 also show the logarithmic-singular free surface elevation at
x = 0, which we found in section 4.2 (see equation (4.88)).

Motions of the contact points for elastic and rigid plates in Cases 1 and 2 are shown
in Figure 5.7(a). The initial inclination angle ¢ is smaller in Case 1, which leads to faster
motion of the contact point than in Case 2. The motion of the contact point for the elastic
plate only differs weakly from that of a rigid plate. A similar result was shown for the vertical
impact of an elastic plate in section 3.3. The contact point speed, ¢, is more sensitive to
the plate bending in Case 1. Elasticity of the plate temporarily increases the speed of the
contact point and, correspondingly, increases the hydrodynamic loads. Note that the speed
of the contact point in Case 2 is rather low.

The horizontal component of velocity at the trailing edge, @, (t’), is plotted as a function
of time in Figure 5.7(b) for Case 1. This velocity is rather different for elastic and rigid
plates, with corresponding differences in the free surface elevation (see Figure 5.5). At the
beginning the horizontal flow velocity is negative, but then changes to positive values, which
continue to be much smaller than the horizontal plate velocity.

Figure 5.8 shows the vertical hydrodynamic forces acting on rigid and elastic plates in
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Figure 5.8: Vertical force evolution for elastic plate (thick solid line) and rigid plate (thin
solid line) for Case 1 and for elastic plate (thick dashed line) and rigid plate (thin dashed
line) for Case 2.

Cases 1 and 2. The forces on elastic and rigid plates in Case 1 are different in amplitude but
similar in behaviour. As for the vertical impact of an elastic plate in section 3.3 we find two
local maxima for the rigid plate in Case 1. Note that the maximum hydrodynamic force for
the elastic plate is 415kNm™!, which is double the corresponding force for the rigid plate.
This amplification in the maximum force is explained by bending of the elastic plate towards
the liquid and, as a result, a higher speed of the contact point. Just after the second peak
the force drops sharply to zero, with the plate being completely wetted at the end of the
computations. For Case 2, the difference between the forces acting on rigid and elastic plates
is also well pronounced. The force has a single maximum, which is smaller than in Case 1.
At the end of our calculations, the forces become negative in Case 2, which indicates that
the hydrodynamic pressure in the wetted area takes negative values.

Figure 5.9(a) shows the pressure distributions for Case 1 at those times when the vertical
force (see Figure 5.8) reaches its second maximum (¢/(45ms) &~ 2.1m for rigid and elastic
plate) and when the plate is fully wetted (¢/(49ms) &~ 2.4m for the rigid and elastic plate).
Corresponding curves for Case 2 are shown in Figure 5.9(b) for ¢ = 34ms and ¢’ = 45ms. In
Case 1, the pressure in the wetted area oscillates for the elastic plate but is rather uniform
for the rigid plate. The negative pressures are more pronounced for elastic plates in both
cases. The fluid may cavitate in the zones of negative pressures, and this is more likely for
elastic plates than for rigid ones.

Figure 5.10 shows how the total energy of the plate-liquid system is partitioned into the

)

kinetic energy of the plate El(ﬁ(t), elastic potential energy of the plate E](Den 4(t), gravitational

potential energy of the plate Eg&v(t), kinetic energy of the flow in the main region Eé{l%k(t),
kinetic energy in the spray jet Eje(t) and the work W (t) done by the plate on the fluid
to keep the horizontal velocity constant. Note that El(f: )

. (t) includes the energies of vertical

motion and rotation of the plate, as well as the energy of the elastic deflection. In both
Cases, the work W (t) is an important component in the energy balance. Figures 5.10(a) and
5.10(b) indicate that the energy supplied to the system mainly goes to the jet. In Case 1

the kinetic energy of the plate almost decays to zero, whereas in Case 2 the plate keeps a
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Figure 5.9: (a) Pressure distribution along the plate at ¢ = 45ms (dashed line) and ¢’ = 49ms
(solid line) for rigid (thin line) and elastic plate impact (thick line) in Case 1, (b) pressure
distribution at ¢ = 34ms (dashed line) and ¢ = 45ms (solid line) for rigid (thin lines) and

elastic plate impact (thick line) in Case 2.
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Figure 5.11: Maximum bending stress for the coupled problem (solid line) and for the un-
coupled problem (dashed line) as functions of time, (a) for Case 1 and (b) for Case 2.

large part of its initial energy due to its rotation. A minor part is transfered into the kinetic
energy of the bulk water flow. The contribution of the plate-bending energy to the energy
balance is negligible. The energies presented in Figures 5.10(a) and (b) are much lower than
the kinetic energy of the plate due to its horizontal motion, Eﬁ?r) = 318 kJm~!. The latter
energy is independent of time ¢. If the horizontal motion is free and determined by Newton’s
second law, then El((}ilr?r) will be reduced by W, which is less than 15kJm~"! in both Cases.
This implies that the plate will only slightly decelerate in the horizontal direction and the
results of the presented analysis will not change significantly.

The distribution of the bending stresses ¢/(s’,t') in the plate and the maximum stress
oh.ax(t)) are important characteristics of the elastic plate impact problem. The dimensional
stresses o’ are defined by o’ = (Eeh/2L)(ss, where ((s,t) is the non-dimensional deflection

of the plate during the impact. The maximum stress is calculated at each time instant ¢’ as

/ e o4l
Omax(t') = [max, lo’(s',t)].
Figure 5.11 shows the time-evolutions of maximum bending stresses for Cases 1 and 2.
Dashed lines in this Figure correspond to maximum stress estimated by the uncoupled prob-
lem of plate impact. In the uncoupled problem we apply the pressure, determined in the
problem of the rigid plate impact, to the elastic plate. There is no elastic interaction between
the plate and the fluid. However, the rigid motions of the plate are determined together with
the fluid flow. In both Cases the bending stresses, calculated by the coupled and uncoupled
approaches, are in good agreement at the beginning, but later differ strongly. For Case 1
the maximum bending stress is comparable with the yield stress which is about 250MN m ™2
for A36 steel, at the end of the impact stage. In Case 2, see Figure 5.11(b), the spatial
maximum stress reaches its global maximum when the plate bends for the first time. Due to
low hydrodynamic forces later, the maximum bending stress decays thereafter. It is possible

that the stresses will increase again when the leading edge of the plate collides with the water

free surface.
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5.2 Fluid separation from the plate surface

In the last section, it was shown that the pressure in front of the trailing edge can be
below atmospheric pressure, which may lead to separation of the liquid surface from the
solid surface of the plate. Free-surface separation from the plate near the trailing edge can
matter, since, in this case, negative loads cannot appear under the rear part of the plate.
Here we introduce a mobile separation point on the plate whose position is determined by
the Brillouin-Villat criterion. However, we are aware that there may be other separation
criteria as discussed in section 4.5, which may give more plausible results and, in particular,
allow pressures to be below atmospheric value in the rear part of the contact region.

The mathematical formulation of the problem is similar to the one for the problem in
section 5.1. It will be shown that the motion of the separation point is sensitive to the
vibration of the plate. As suction forces are absent in this model, the rigid motion differs
notably from that with the separation point fixed to the trailing edge. The work done in
this section has been published in Reinhard et al. (2012b).

5.2.1 Structural problem

As in section 5.1 we expand the plate deflection ((s,t) defined in (5.1) in terms of the dry
normal modes v (s) given by (3.77) and (3.78) (see equation (5.13)). Here, Euler’s beam
equation (5.2) in terms of the principal coordinates ay(t) is similar to the equations (5.19)

and has the form

da
iy + OXtay = / p(z, 0, ) (x — t) ds — purdog (k=0,1,2,...) (5.43)
di

where = di, y = 0, and = = ds, y = 0, correspond to the rear and front contact points.
The parameters in (5.43) are given by u = gshgl_mlLfl, 0= Dg;lL*?’UJ, k= gLe 'U2.
The integral (5.43) contains the hydrodynamic pressure given in (4.38), where we use (5.13)

for the shape of the elastic plate. Then equation (5.43) can be written in the matrix form
M(dy,d2)a = D(dy,ds,d1,do)a+ S(dy,d, di,ds)a+b (dh da, dy, da; @x(ﬂﬁ)) » o (5.44)

where a(t) = (ag(t),ay(t),aa(t),...)" is the vector with the principal coordinates of ¢(s,t).
The matrices M, D and S and the vector b are explicitely given by
My =T (¥, ) + 116 (5.45)

Dy = 2T ¢y, ¥x) + m <d1F(2) (e) TP () — d2F(1)(¢k)F(1)(¢l)> ; (5.46)

St = —D(), g) — ONEOw — m (AT ()@ () = d T O ()T D)), (547)
b= — <d1r<2><wk> / " JEE o (e + () / R=ar df)

ﬂ(d2 —dl) ; d—¢¥Px 0 dp—E 7T

— pkdok (5.48)

114



where Wy (s fo ¥ (u) du. The functionals A, I'D and T'® are defined by

v —c1)(e2 —v) fi(u)fa(v)
A(f1, fo) = / / \/u—cl e —w) u—wv dudv, (5.49)
= / eafu)du,  TO(f) = / 2 () du. (5.50)

where ¢1(t) = di(t) — t and co(t) = do(t) — t. It is shown in appendix B that A(W¥;, ) =
A(Wg, ). Hence, the matrix M defined in (5.45) is symmetric. Analytical expressions of

the matrices and the vector in (5.45) — (5.48) can be found similarly as for equation (5.21) —
(5.24). Setting d; =t in (5.44) — (5.48) and using equation (5.17) gives us equations (5.20)
— (5.24). However, here we need the general form in (5.44) — (5.48) to accommodate all

possible fluid flow regimes at the rear contact point, as will be shown in the next subsection.

5.2.2 Hydrodynamic problem

The forward contact point, x = da(t), is determined by equation (4.54), which can be written

as

d2(t) = TWagl(dlaana, a; be(x)’A(x)) s (5'51)

where Tiyag1 is an explitely known function.

The position of the rear contact point x = di(t) is determined as follows: As we have
seen in section 5.1 the pressure along the body is initially positive, so that the rear contact
point stays at the trailing edge as long the pressure is positive. This is referred to as the

Kutta regime, where we use the same model as in section 5.1. As soon as

. p(@,0,1)
L(t)=0,  L(t):=lim —2==,
(t) (1) = lim =2 —

the rear contact point is ahead of the trailing edge, d;(t) > t, and its position is determined

(5.52)

by the Brillouin-Villat criterion given in equation (4.113). This type of flow is referred to as
the Brillouin regime. Note that the Brillouin-Villat criterion can only be used if the velocity
of the rear contact point is positive, dl(t) > 0. Our computations of rigid-plate fall at high
horizontal speed only detected the case dq (t) > 0. However, we found for elastic plates,
that d;(t) can become negative. When dy(t) < 0, we impose Wagner’s condition at the rear
contact point. We call this type of flow the Wagner regime. We discuss the three regimes
starting with the Wagner regime.

Wagner regime: In the Wagner regime the horizontal velocity of the rear contact point
is negative, di(t) < 0, where dj(t) > t. In this regime we have to find the functions dj (t),
da(t) and a(t). The position of the rear contact point is determined by Wagner’s condition

which is given by equation (4.51). By using equation (4.53) with dy = 0, we find that the
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time derivative of equation (4.51) implies

. J3 ) E200() A€ — Ra(dr, do, 2, 4)
I 0 di—¢ ’ (5.53)

i VB 002 €) + Au(€)) € — Rt 2, 0(0)

where R; and Ry are explicitly known functions. The wake functions ¢, (z), @zz(2), Az(z)
are known for 0 < z < d; since the wake region 0 < x < d; shrinks. They are determined in
the Brillouin regime and the Kutta regime, respectively (see below). In the Wagner regime
the functions d;(t), d2(t) and a(t) are solved by the ODE system (5.44), (5.51) and (5.53).
The Wagner regime ends either when d; increases to zero, where we switch to the Brillouin
regime. Note that we have not found any initial configurations where the position of the
rear contact point x = d; reaches the left edge x = ¢, because the Wagner regimes are only
of short time with the speed of the rear contact point being low. However, if there is a case
where x = dy, we switch to the Kutta regime. It will be shown later that the transition from

Wagner to Kutta regime is complicated.

Brillouin regime: The Brillouin regime is defined to be at the times when d; (t) > 0 and
di(t) > t. In this regime we have to determine the functions d;(t), d2(t), a, ¢z(z), A(z),
Oz (x) and Ay (x).

The functions d; () and a(t) are obtained by the system of ODEs (5.44) and (5.51), where
D, S and b in (5.44) do not depend dy since Kutta’s condition is satisfied. As to the position
of the rear contact point, x = dj, it is determined by equation (4.113), where we define the
right-hand side of (4.113) by Rs, so that equation in (4.113) can be written together with
equation (5.13) as

R3(dy,da, do, a4, ;3. (r) = 0. (5.54)

The functions a(t) and dy(t) in equation (5.54) are obtained by equations (5.44) and (5.51).
We need to find ¢, (z), @uz(x), A(z), Az(z). The functions ¢, (z) and A(x) are given by
(4.51) and (4.65), which can be written as

dy
/ _g- (€) dé = Ra(dy,ds,a,4), (5.55)

e

where Ry is an explicitly known function. We differentiate equations (4.51) and (4.65) in

d§ R4(t dl,dg,a a) (5.56)

time to obtain the following integral equations for @, (x) and A, (x):

. 1
/ V O Pen(§) A€ = R5(dy, da, 2, &; %)er-—Rg, (5.57)
1

e

where Rj is an explicitly known function. Note that Rs in equations (5.57) and (5.58) is

(§)d§ =Ry —tR5 — d—Rs, (5.58)

zero in the Brillouin regime, as equation (5.54) is satisfied. The Brillouin regime ends either

if d;(t) = 0, where we switch to the Wagner regime, or if d; () = ¢, where we switch to the
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Figure 5.12: The three flow regimes at the rear contact point and the conditions when to
switch to a different flow regime. The arrows in the sketches show the direction of the motion
of the rear contact point in the frame of reference where the fluid in the far-field is at rest.

Kutta regime.

Kutta regime: In the Kutta regime we set dy(t) = ¢, and we have to determine the
functions dy(t), a(t), ¢.(z), Prz(x), A(x), Az(x). As in the Brillouin regime we solve the
ODE system (5.44) and (5.51). The wake functions ¢, (z) and A(x) are described by the
integral equations (5.55) and (5.56). As to the integral equations of (5.57) and (5.58), they
are also valid in the Kutta regime, where we set d; = 1. Note that @, () and A, (z) depend
on & and dy, which are given by equations (5.44) and (5.51). We force the contact point to
stay at the trailing edge as long as the pressure close to the trailing edge is positive, which

is equivalent to R3(t) < 0. As soon as R3(t) = 0 we switch to the Brillouin regime.

5.2.3 Implementation and the switch between the flow regimes

We investigate numerically the interaction between the plate and the fluid free surface by
setting ar = 0 for £k > M and taking only the first M components k = 0,...,M — 1
of (5.44) into account. To integrate (5.44), (5.51) and (5.53) we use a modified Euler’s
method. If we are in the Brillouin or Kutta regime, the system of ODEs (5.44), (5.51) and
(5.53) is coupled with the integral equations in (5.55) — (5.58). In these regimes we used
a numerical scheme similar to the one described in subsection 4.4.3. Accurate results for
0z (), A(T), Prz(x), Az(x) are necessary to evaluate equation (5.53) in the Wagner regime,
so that we approximated the functions @, (z), A(x), @zz(z), Ax(x) by linear splines instead
of approximating them by piecewise constant functions. In the Brillouin regime we find d; (¢)
from equation (5.54) by a secant method.

Initial values dy(0), @,(0), A(0) and A,(0) are taken from the self-similar results (4.77)
of the oblique impact of a rigid plate with constant velocity in section 4.2. For @,,(0), we

have to account for the presence of gravity on the plate, so that it is given by

4

Pua(0) = _Tc'(O)AQC(O)’ (5.59)

where A;(0) is obtained from (4.77).
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An overview of the different regimes and the conditions for the switch of the regimes is
shown in Figure 5.12. A similar transition from the Kutta regime to the Brillouin regime
and back has been discussed for the free fall of a rigid plate at high horizontal speed in
section 4.4. Since R3(t) = 0 at the end of the Kutta regime and we solve R3(t) = 0 after the
switch in the Brillouin regime, d; () does not jump at the moment of the switch. We also did
not find any difficulties for the switch from the Brillouin regime to the Kutta regime. The
behaviour of the complex velocity in the transition of these two regimes has been described
in subsection 4.4.2 (see equation (4.122)).

Now we discuss the two switches between the Brillouin regime and the Wagner regime.
The switch from the Wagner regime to the Brillouin regime is similar to the transition from
the Wagner stage to the separation stage discussed in the bounce of a blunt body at high
horizontal speed in section 4.5. At the moment of switch, ¢ = typ, the jet at the rear
contact point vanishes and the fluid detaches instantly from the rear part of the contact
region where the hydrodynamic pressure is negative. Hence, the rear contact point jumps
at t = typ (see Figures 5.13(a) and (b)). Since dl(t;‘/B) = 0, equation (5.53) implies that
equation (5.55) is satisfied for ¢t = ¢;, 5 and we only experience a square-root behaviour of
@x(r) at * = di(ty). A small singularity appears for A(x) at © = di(t; ), which comes
from small numerical inaccuracies. If we choose a sufficiently small time step this singularity
disappears. We verified numerically that the functions ¢, (z) and A(x) are differentiable at
z = di(t). A more detailed discussion of the flow behaviour in the transition from the
Wagner regime to the Brillouin regime is given in subsection 4.5.4. Difficulties arise at times
t = tpw when we switch from the Brillouin regime to the Wagner regime. Before the start
of the Wagner regime, d;(t) is approaching zero, while @, (z) and A(z) become singular at
x = di(tpw). At t = tpw the numerator and the denominator of the fraction in equation
(5.53) are zero, since the equations (5.55), (5.57) and (5.58) are satisfied at ¢ = ty,. To
avoid the evaluation of equation (5.53) we directly solve the following equation derived from

Wagner’s condition at the rear contact point to determine d;(¢) (see equation (4.52)):

dy
/0 \ e (00 (€) + A(€)) dE — 1Ry — Ry = 0. (5.60)

Equation (5.60) is solved by the bisection method for the first few timesteps after ¢t = tgyy .
We experienced a small jump of di(¢) at time ¢ = ¢ty due to numerical inaccuracies. The
value di(t5y,) converges slowly to di(tgy,) for smaller time steps, so that a jump is not
visible anymore for very small timesteps. Hence, it is advantageous to sharply reduce the
time step shortly before the switch. As soon as the denominator of the fraction in equation
(5.53) is distant enough from zero, we determine d;(t) by equation (5.53). In the transition
from the Brillouin regime to the Wagner regime, the complex velocity ¢, — iy, becomes
square-root singular at x = di, y = 0. The intensity of this singularity is zero at t = tpw
and is continuously increasing in time for ¢ > tgyw .

Finally, we discuss the switch from the Wagner regime to the Kutta regime. We have
mentioned before that we did not find any initial configuration where the rear contact point
reaches the rear end of the plate in the Wagner regime, since the Wagner regimes are only
of short time with the speed of the rear contact point being low. However, for prescribed

motion of the plate, d; =t can certainly happen in the Wagner regime. In the switch from
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Figure 5.13: (a) The motion of the contact point for 0.2 < t < 0.225 for the parameters
pw=0.16, 8 = 0.24, x = 1.7 and k = 0.28 where the first 8 elastic modes are retained. The
small circles on the curve show the times when the local hydrodynamic pressure p(z,0,t)
close to the rear contact point is plotted in (b). The dashed curve in (b) is the local pressure
after the jump of d.

the Wagner regime to the Kutta regime we would experience inverse-square-root singularities
of the wake functions ¢, (x) and A(x), because equations (5.55) and (5.56) are not satisfied
at t =ty ;. Equations (5.55) and (5.56) are satisfied for ¢ = ¢}, only if

(ﬁx(.%') ~ Cl(.%' — dl(tWK))_l/z s A(.%') ~ Cz(m' — dl(tWK))_l/Q (1‘ — dl(tWK)+) s (5.61)

where the constants C; and C5 are given by

Cr= - Ro(t W) ¢ d £ 6
b 7T\/dQ(tWK) —di(twk) 2(twrc) 0 di(twi)—¢ P (§)dE) | (5.62)
1
)

Ra(twx) / O JB=E 6) ) (5.63)
—di(twk) 0 WK

Cy =

ﬂ\/dg(tWK

It follows that @,,(x) and A,(x) are not integrable, which is needed to derive equations
(5.57), (5.58) and (5.53). New equations need to be derived to account for the singular
behaviour (5.61). Such an analysis has not been done and is not necessary, since we have

not detected such a transition so far.

5.2.4 Numerical results

Numerical results are presented in Figures 5.14 — 5.19 for p = 0.16, 6 = 0.24 and x = 1.7.
These parameters correspond to the impact of a steel plate onto water, where the plate
length is L = 2.5m, the plate thickness is A = 0.05m, material density is og = 8000 kg m~3,
the flexural rigidity is D = 2300kN m, the initial plate inclination is € = 8°, the horizontal
velocity component is U = 25ms~!, the initial vertical velocity is V = 6ms~! and the
gravitational acceleration is ¢ = 9.81ms™2. As discussed in section 5.1, the computation has
to be stopped when the mean inclination angle a(t) = 2v/3a;1(t) becomes negative, because
either the plate gets fully wetted or the free surface touches the dry part of the plate ahead
of the wetted part. We compare the results of the elastic plate, where we use 8 elastic
modes (M = 10), with the rigid plate impact (M = 2). The computations for M = 10

were performed with variable non-dimensional time step ranging between 8.8 x 107° and
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Figure 5.14: (a) Pressure distribution at times ¢t = 0.20 (thin lines) and ¢ = 0.39 (thick lines)
for ventilated elastic (solid lines) and non-ventilated elastic (dashed-dotted lines) plate, (b)
vertical hydrodynamic force for ventilated elastic (solid line), ventilated rigid (dashed line)
and non-ventilated elastic (dashed-dotted line) plate.
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Figure 5.15: (a) The rigid motion of the plate through the mean penetration depth of the
trailing edge, h(t) = ag(t) — v/3a1(t), and (b) the instantanious angle of attack a(t) =
2v/3a1(t), for ventilated rigid (dashed line), ventilated elastic (solid line) and non-ventilated
elastic (dashed-dotted line) plate.

8.8 x 107*, where we choose smaller timesteps when d; (t) is close to zero. To see the effects
of the fluid separation before the trailing edge (which is referred to as the ventilated plate),
we also show the results for a non-ventilated plate where we enforce d;(t) = ¢ as presented
in section 5.1.

The pressure distribution in Figure 5.14(a) of the ventilated plate is close to that of
the non-ventilated plate in the interval where the pressure is positive. Note that in the
Brillouin regime the pressure distribution along the ventilated plate passes smoothly to zero
pressure at x = dy(t). However, for later times the rigid motions of the ventilated and non-
ventilated plate diverge, so that their pressure distributions differ at the front wetted part of
the plate. In the Wagner regime, the pressure has an inverse-square root singularity at the
rear contact point, the coefficient of which has a factor d; (see equations (4.36) and (4.38)).
The function d; is usually close to zero in this regime, and so the pressure singularity at
x = dj is barely pronounced. Figure 5.14(b) shows differences in the force as a function of
time between the rigid and elastic plates. Since no negative pressure zones contribute to the
total hydrodynamic loads of a ventilated plate, higher loads can be seen for the ventilated

elastic plate as soon as dj(t) > t. Large hydrodynamic loads occur here for ¢t > 0.4, when
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the angle of attack is very small and the downward motion of the leading edge is still quick.

Figure 5.15(a) and Figure 5.15(b) indicate the rigid body motion of the plate through
the penetration depth of the left edge, and the inclination of the plate, respectively. Since
no negative load is exerted on the rear part of the ventilated plate, the trailing edge is
rising more quickly and the angle of attack is decaying to zero more quickly than for the

non-ventilated plate.

0.8

Figure 5.16: The positions of the contact points ¢; and ¢y as functions of time for rigid
(dashed line) and elastic (solid line) plate with ventilation.
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Figure 5.17: (a) The function ¢;(¢t) for 1 (thin solid line), 3 (dash-dotted line), 5 (dashed
line) and 7 (thick solid line) elastic modes retained in the calculations. (b) A magnification
of figure (a) in the time interval 0.20 < ¢ < 0.27

Figure 5.16 shows the positions of the contact points in the coordinate system moving
with the plate, ¢1(t) = di(t) —t and co(t) = da(t) — t, as functions of time. Since the rigidity
of the plate is high, the motion of the leading contact point s = co(t) for the ventilated
elastic plate only differs weakly from that of a ventilated rigid plate. The position of the
separation point, s = c1(t), stays at the trailing edge s = 0 before starting to move forward
along the plate at time tg. For the rigid plate the separation point departs from the trailing
edge earlier (t(()r) = 0.09) than for the elastic plate (tée) = 0.16), since the bending of the
plate delays the occurrence negative hydrodynamic forces on the rear part of the plate. Due
to the rotation of the plate the coordinate ¢;(t) is increasing quickly for ¢ > t(()r) and t > tée),
respectively. The length of the wetted region does not exceed one-third of the length of the
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Figure 5.18: Maximum bending stress omax(t) = maxg |0 (s, t)| for the ventilated elastic plate
(solid line) and non-ventilated elastic plate (dashed-dotted line).
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Figure 5.19: Free surface elevation y = en(z,t) for x < dy and = > ds and the position of
the plate y = ew(z,t) when t = 0.37 .

plate. The vibrations of the elastic plate lead to oscillations of ¢;(t) such that d (t) <0,
occasionally, where we switch to the Wagner regime. For M = 10 the computation changes
from the Brillouin regime to the Wagner regime and back nine times between t(()e) and 0.42.
The number of switches increase, if more elastic modes are retained in the computations.
We verified for up to 9 elastic modes retained in the calculations (M = 11) that the function
1 converges. In Figures (5.17)(a) and (b) the function ¢;(¢) is shown for 1, 3, 5 and 7 elastic
modes. The convergence is visible from this figure.

Figure 5.18 presents the maximum bending stress of the plate opax(t) = maxg|o(s,t)]
where 0 = e Eh(ss/(2L). The bending stress for a non-ventilated elastic plate is higher than
for a ventilated plate. In particular, large bending stresses are observed close to the forward
contact point of the plate s = ca(t), since the pressure is highest there.

Figure 5.19 shows the free surface elevation in the wake region and in front of the plate.
We need to know the free surface shape to verify that the free surface does not contact the
plate behind the separation point. Figure 5.19 indicates that, indeed, the free surface is
below the plate. Figure 5.19 also shows the logarithmically-singular free surface elevation at

x = 0. The plate bending is barely visible to the naked eye.
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5.3 Discussion

In this chapter we presented two models for the fall of an elastic plate at high horizontal speed.
In the first model we forced the rear contact point to stay at the trailing edge. We identified
four different classes of plate motions depending on the impact conditions. We presented
specific results for a rather thick steel plate. In this case the rigid body components of the
plate’s motion are very close to those of an equivalent rigid plate. However, the elastic plate
experiences higher forces due to higher velocity of the turnover region. The highest loads
occur at the end of the impact when the plate inclination approaches zero. The maximum
bending stress in the plate was found to be close to the yield stress of the plate material. We
showed that the bending stresses are overestimated if the problem is solved by a decoupled
approach. Hydrodynamic pressures below atmospheric value were found in the contact region
for the rigid-plate impact. It was shown that elastic vibrations of the plate lead to even lower
pressures. Furthermore, it was confirmed that the shape of the free surface, hydrodynamic
pressure and the flow are sensitive to such vibrations. We studied the evolutions of different
energy components of the fluid-plate system. It was shown that the largest part of the plate
energy was transfered into the kinetic energy in the jet and only a minor part was in the
fluid bulk.

In the second model the rear contact point was able to move along the plate. The second
model is more complicated since the flow regime at the rear contact point changes many
times, if the plate is elastic. Difficulties in modelling the rear contact point when dl(t)
reaches zero have been overcome by introducing the Wagner regime. The motion of the rear
contact point is very sensitive to the plate vibration, so that we found strong oscillations in
the rear contact point. We obtained lower bending stresses in the second model than in the
first model.

The initial angular speed of the plate was zero in both models presented. A non-zero
angular speed can be included simply by changing the initial condition a(0) in (5.26). The
analysis presented in this chapter can be used for further impact problems. For example,
the elastic plate can be considered as the bottom of a bigger structure landing on the water
surface at high horizontal speed. In such problems realistic end conditions for the plate must
be decided upon. Such a configuration makes it possible to consider more flexible plates

than those treated in this chapter.

123



Chapter 6

Free-fall problems with flow

separation

In this chapter we discuss vertical free-fall problems of a rigid plate and a rigid blunt body
onto an initially flat free water surface accounting for fluid separation from the body surface.
Fluid separation may occur due to vertical deceleration and rotation of the body which often
involve a drop of the hydrodynamic pressure below atmospheric. In section 6.1 we analyse
the free fall of a rigid plate onto the water surface, where our model involves the separation
of the fluid from the lower edge of the plate, corresponding to air ventilation under the plate.
In section 6.2 we discuss the free fall of a blunt body accounting for the development of
cavities at the bottom of the body. The method used to analyse these problems is similar
to the technique used for impact problems of bodies at high horizontal speed introduced in

chapter 4.

6.1 Free vertical fall of a rigid plate with flow separation

In this section we consider the free fall of an inclined rigid plate onto a liquid surface initially
at rest. This model is for general mass distribution of the plate. As we have seen in section
3.3 for the fall of an elastic plate, the plate starts to decelerate vertically and rotate so that
the inclination angle decreases during the impact stage. If fluid separation is not included
in the hydrodynamic model, the hydrodynamic pressure falls below atmospheric pressure
on the underside of the plate either close to the impacting edge or well inside the contact
region. Negative pressure zones may promote vapour cavities or air bubbles to appear under
the body (Type I) or the air ventilates under the rear part of the body (Type II) (see Figure
6.1). In this section we only account for ventilation for impact problems of Type II. In the
case of a wedge or blunt body impact it is unlikely that air from outside the impact region
is ventilated into the low pressure zones, since these zones are enclosed by high-pressure
turnover regions. The situation is different for the impact of an inclined plate: Since a
turnover region at the left edge of the plate (see Figure 6.1) does not exist, air can be sucked
under the plate from the initial splash region.

The type of separation depends on the mass distributions along the plate and the initial
impact speed of the plate. First we identify for the impact problem without fluid separation

the conditions, under which the hydrodynamic pressure first starts to drop below atmospheric
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Figure 6.1: Vertical free fall of a plate onto deep water after the initial Wagner stage. Type
I: The fluid separates from the plate well inside the interval 0 < x < ¢o. Type II: Ventilation
occurs on the left side of the plate. The fluid is detached from the body along an interval
0 < x < ¢1. Note for both, Type I and II, the splash region is close to the initial penetration
point = 0 and the jet is thrown forwards from the turnover region z = cs.

pressure at the left edge of the body. For the identified impact conditions we derive a model
which accounts for the detachment of the fluid from the plate starting at the left edge (see
Figure 6.1, Type II). The plate will be in contact with the fluid between the turnover point
and a second point where the free surface separates as soon as the fluid detachment occurs.
The position of the separation point is determined by the Brillouin-Villat criterion (see
section 4.3). Although the coupling between the plate motion, the hydrodynamic pressure,
the fluid flow and the motions of the contact points is complicated, we will obtain semi-
analytical solutions of the modified model reducing the problem to two Volterra integral
equations.

We show that the region on the plate surface, where the fluid detaches from the plate,
is larger the more distant the centre of mass of the plate is from the trailing edge and the
smaller the inertia of moment (about the centre of mass) of the plate is. Since negative
pressure is not present in the modified model the plate rotates slightly quicker than in the
model without account for separation. We will also compare our results with those of a plate

which is not allowed to rotate.

6.1.1 Mathematical formulation

Initially, the fluid occupies the lower half-plane, 3’ < 0, and is at rest. The left edge of
the inclined semi-infinite plate touches the free surface at a single point, which is taken as
the origin. The initial inclination angle € between the plate and the undisturbed free water
surface is small. Then at ¢ = 0 the plate starts to penetrate the liquid with initial vertical
speed V' and without initial rotation. The position of the plate is described by its vertical
displacement from the undisturbed free surface, y' = 2’ tan(a/(¢')) — h/(¢'). The position of
the plate is written in terms of the penetration depth of the left edge of the plate, h'(t'),
and the inclination angle o/(¢') between the undisturbed free water surface and the plate.

The plate is free in vertical motion and free to rotate. The functions h/(t) and (') are
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determined by Newton’s second law where the forcing term is given by the hydrodynamic
pressure acting on the plate.

The plate has mass m, where the distance of the centre of mass of the plate from the
trailing edge is D.. The moment of inertia of the plate about the centre of mass is J. We
choose L = \/n% as the lengthscale of the problem, as in section 4.4. We assume that the
initial vertical velocity is large enough that the Froude number V2/(gL) > ¢, so that we can
neglect gravity as the external force acting on the plate and in the hydrodynamic model.

The body motions are governed by Newton’s second law

d2y6 d2 a/

dt’2 - f;(t/) 5 JW - Ml(tl) 5 (61)

where ]:3//(75,) is the vertical component of the hydrodynamic force acting on the plate surface
in the contact region and M’(t') is the moment of the hydrodynamic force about the centre
of mass. The function y;(t') is the height of the centre of mass of the plate above the
equilibrium position of the free surface.

We use the scaling in (4.2) — (4.4) and A’ = eLh, o/ = ea. In particular, the body
position at time ¢ is described in non-dimensional variables by the following equation at the

leading order as € — O:
y = ew(z,t), w(z,t) =ax —h (x >0). (6.2)

The boundary conditions can be linearised and imposed on the initial position of the liquid
boundary, y = 0. The wetted part of the plate corresponds to the interval ¢; <z < ¢o, y = 0.
The rest of the z-axis corresponds to the free surface, where the hydrodynamic pressure is
zero. The hydrodynamic pressure is given by Bernoulli’s equation (3.24). The velocity

potential ¢ satisfies the following equations:

Vi =0 (y<0), (6.3)
@y =Gz —h (y=0,c1 <z <ca), (6.4)
@z =0 (y=0,z<0and z > c), (6.5)
Pr = pz() (y=0,0<z<c), (6.6)
o =0(@*+y*) ) (@ +y* > 0). (6.7)

where the wake function ¢, () must be determined as part of the solution. The point
x = ca(t) models the forward overturning region, where a spray jet is formed. Condition
(6.5) implies that the speed of the contact point is assumed positive. The position of this

point is given by Wagner’s condition together with the kinematic boundary condition:

n(ca,t) = acy — h (ce >0), (6.8)
— (=00 <o <), (6.9)
n=0 (t=0). (6.10)

As to the rear contact point we focus on impact conditions corresponding to Type II (see

Figure 6.1). The pressure distribution at the start of impact is approximately given by the
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pressure distribution for plate impact at constant vertical velocity (see equations (3.31)),
which indicates that there is a time interval 0 < t < ¢y, during which the pressure is positive

close to the sharp left edge:

. z,0,t
L(O, t) > 0, L(Cl, t) = mli)rl;ll % .

This time interval is referred to as the Wagner stage. During the Wagner stage the rear

(6.11)

contact point, z = ¢;(t), stays at x = 0, corresponding to the sharp left edge of the plate.
The Wagner stage stops at t = tp, when L(0,t) = 0. The time interval ¢ > t( is referred to
as the separation stage. The model of the separation stage accounts for the fluid separation
from the rear part of the plate with the formation of a wake on the free surface between z = 0
and x = ¢1(t). We determine the motion of the rear contact point by the Brillouin-Villat

criterion if ¢;(¢) > 0 (see section 4.3):
L(cr,t) = 0. (6.12)

We stop our calculations as soon as ¢1(t) = 0. For ¢ > ¢y, we assume that the fluid elevation

at x = c; equals the corresponding plate elevation:

w(er,t) =nler,t). (6.13)

As seen from section 3.1, condition (6.13) will not hold at x = 0 in the Wagner stage
0 < t < tg, where the free surface elevation is square-root singular. Finally, in the separation

stage we assume Kutta’s condition
[V(e1,0,t)| < 400, (6.14)

as outlined in subsection 4.1.4 to determine the vertical velocity component of the fluid in
the wake region 0 < z < ¢, y = 0.

To determine the position of the right contact point and the free surface we work with the
displacement potential ®(z,y,t) which satisfies the following mixed boundary value problem
(see equations (4.42) — (4.46)) obtained from (6.3) — (6.8) and the kinematic boundary
condition (6.9):

V20 =0 (y <0), (6.15)
¢, =ax—h (y=0,c1 <z <ca), (6.16)
o, =0 (y=0,z <0and z > c), (6.17)
S, =tp, + A (y=0,0<z<c), (6.18)
= O((z* + y»)~?) (z® +y* = 00). (6.19)

Equation (6.18) characterises the wake formation with unknown wake functions @, (z), A(x)
and is applied only when ¢ > ¢y. The conditions (6.13) and (6.14), together with the
condition that the kinetic energy in the fluid is finite, guarantee that the mixed boundary
value problems (6.3) — (6.7) and (6.15) — (6.19) have unique solutions for given x = ¢;(t),
a(t) and h(t).
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The functions «(t) and h(t) are given by equations in (6.1). The non-dimensional form

of equations in (6.1) at leading order are given by:
Ft)=ba—h, M) =0, (6.20)

where b = D.+/or/m and 0 = Jop/m? are the non-dimensional coordinate of centre of mass
and the non-dimensional moment of inertia. In the case of a finite plate of length L* with
constant density we obtain b = %E and 6 = %62 where ¢ = L*\/pr/m. The initial conditions

for equations in (6.20) are
h(0)=0, h(0)=1, «a0)=1, &0)=0. (6.21)

In (6.20) the non-dimensional vertical hydrodynamic force and the non-dimensional moment

about the centre of mass at leading order as € — 0 are given by

f(t):/CQP(s,O,t)ds, M(t):/CQ(s—b)p(s,O,t) ds, (6.22)

Cc1 C1

in terms of the hydrodynamic pressure p(x,y,t) in the contact region ¢; < x < ¢g, y = 0.

6.1.2 Wagner stage

In this subsection we find analytical solutions for the motion of the plate, the hydrodynamic
pressure, the positions of the right contact point and the free surface elevation during the
Wagner stage, 0 < t < t5. We also identify the values of the parameters b and 0 for which the
hydrodynamic pressure becomes negative at the left edge of the plate (Type II) and becomes
negative inside the contact region (Type I) (see also Figure 3.2). Note that in the Wagner
stage we have ¢; = 0 and we set ¢ := co.

We analyse the impact problem by using the complex displacement f = ®, —i®,, which
is analytic in the lower half plane y < 0. The function f(z) decays as 272 in the far-field
and behaves as |f(2)| = O(|z|7'/?) when z — 0 and is bounded at z = ¢. The solution of
the problem (6.15) — (6.19) is given by (see equation (2.14))

flz)=1 (—az +h+ \/%(az + tac— h)> , (6.23)
h = %ac. (6.24)

Equation (6.24) guarantees that f(2) in (6.23) decays as 22 in the far field. From the com-
plex displacement in equation (6.23) and the time integrated kinematic boundary condition

(3.34) we find that the free surface elevation is given by

n(z,t) = ax — h — \/ =<(ax — ac — h) (x<0and z > c¢). (6.25)

The free-surface elevation has the typical square-root singularity at z = 0 as was already
shown in section 3.1. The displacement potential and velocity potential in the contact region

0 <z < ¢, y=0, are obtained from equation (6.23) subject to the conditions at the left
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edge ©(0,0,t) = ©(0,0,t) = 0:

®(2,0,t) = —2Va(c—2)3/? O<z<e), (6.26)
o(x,0,t) = (%o'zx + Léie — h) z(c—x) O<z<e). (6.27)

Both formulas (6.26) and (6.27) are needed later to find explicit solutions for h, a, h and
¢&. The time-derivative of (6.27) and Bernoulli’s equation (3.24) together with the time-

derivative of equation (6.24) show that the hydrodynamic pressure on the plate is given

by

.2

p(z,0,t) = 3aé® /2 + (h — La(2x + c)) z(c—x) 0<z<ec). (6.28)

CcC—Xx

Substituting (6.28) in the force and momentum formulas (6.22), we find:

F(t) =mc (l%ozc'2 + %c'ﬁ - %026[) , (6.29)

M(t) =nc? (62040'2 +Leh - 2—?)60264) —bF(@). (6.30)
Formulas (6.25), (6.28), (6.29) and (6.30) are written in terms of the functions c(t), h(t)

and «a(t). For these three unknown functions we have three equations (6.20) and (6.24).
Equations (6.29) and (6.30) give:

1+ ZAh— b+ Ec)a = —3Tace? (6.31)
(b+ EcHh — (0 + 0 + o = —Lacke?. (6.32)

The coefficients of the system (6.31) and (6.32) form the inertia matrix M (c), which consists
of the non-dimensional structural mass matrix M, of the dry plate and the added mass

matrix Mg(c). The matrices M, and M, are given by

i (18 =16
My = <b —9—b2>’ Male) = e’ <C/16 —9c2/256>' (6.33)

The system of ordinary differential equations consisting of the equations (6.31), (6.32) and
equation (6.24) can already be solved numerically. However, analytical solutions are obtained
by exploiting the fact that the right-hand sides of equations in (6.20) have simple time-
integrals. Using the linearised Bernoulli’s equation (3.24) we integrate the equations in
(6.20) in time and use the fact that ¢(0,0,¢) = 0 and ¢(c,0,t) = 0 to obtain the equations

/cgp(s, 0,t)ds = (h—1) — bex, /ngp(s, 0,t)ds = b(h —1) — (6 + b*)cx. (6.34)
0 0

Substituting expression (6.27) into equations (6.34) gives us a system in terms of i and d:

M(c) (Z) = G)) ; (6.35)

where M(c) = My, + M,y(c) and M, and M,(c) are given in (6.33). We integrate equations
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in (6.34) once again to obtain the expressions:
/ ®(s,0,t)ds =h —t —b(a — 1), / s®(s,0,t)ds = b(h —t) — (0 + b*)(a — 1), (6.36)
0 0

which can be coupled with (6.26). The resulting equations can be written as:

M(c) (Z) = <bti;ib2> : (6.37)

which do not depend on the time-derivatives of the unknown functions c, h, «. Equations
(6.24) and (6.37) contain the variables ¢, h and « which can be viewed as functions of c.
Equations (6.24), (6.35) and (6.37) provide

9+3203b—% ’ 94—%0%—%—”6047
h=do (-0+Elb— £, a= iy (BPb - ), (6.39)
¢= —ggaamr (0 + 55670 — 555¢")?, (6.40)
det M = —0 — T(0 + b*)c® + The® — It — O (6.41)

It can be shown that det M in (6.41) is negative for ¢ > 0. Since det M is negative for ¢ > 0
and 0 + b — 3% = 0 only if t = oo (see first equation in (6.38)), it follows from (6.40)
that ¢ > 0 for ¢ > 0. This is consistent with our assumptions.

The formula for « in (6.38) implies that the inclination angle initially decreases in time
down to its minimum value amin = 6/(6 + Zb*), where the contact point is ¢ = 2b, and
that « increases when ¢ > 2b. If the mass is umformly distributed along a finite plate, the
angular velocity is zero when the plate becomes fully wetted. A similar result can also be
shown if a gravity force is applied to the plate. In particular, the inclination angle cannot be
negative for the vertical impact problem, in contrast to the problem where the plate impacts
the water at high horizontal speed, as shown in section 5.1.

The vertical acceleration i and the angular acceleration ¢ are obtained from (6.31) and
(6.32):

2 33, 3m 4 _3._=m.3
o0+ 0% — 3bc — 555c . ob—gc

3 32€
= 5 6.42
det M ’ @ 16 det M ’ ( )

h = 32 ace?

where ¢ is given by (6.40). Hence, we find the pressure distribution, force and momentum
from (6.28), (6.29) and (6.30). With the help of (6.40) and (6.42), equation (6.29) gives us

the vertical hydrodynamic force as a function of c:

me (0 + L3 — 2Ech)t
3 6(det M)3

F(t) = — (6.43)

Note that the force is positive for any ¢ > 0. Similarly, we find the hydrodynamic pressure
given by (6.28):

2(0+ 3—”20313 — 235%64)3 = o)
3 0(det M)3 ez W8

p(z,0,t) = — q(z) = ap + a1z + agz?, (6.44)
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1.5

Figure 6.2: Plane of the parameters b and 6 for the vertical plate impact showing four classes
of solution bounded by the solid and dashed curve: (A) negative pressure zone appears inside
the wetted area and expands to the left edge later, (B) negative pressure zone appears inside
the wetted area and disappears without reaching the left edge, (C) negative pressure zone
starts at the left edge, expands, then shrinks and disappears finally at the left edge, (D)
negative pressure zone starts at the left edge, expands and moves into the wetted region,
and is then closed from the left. The grey-shaded region (classes A and B) corresponds to
impact of Type II, the remaining part to impact of Type I. The four classes are divided by
the two curves at which ay = 0, dag/dec = 0 (dashed line) and ag = 0, a; = 0 (solid line).
The dashed and solid line meet tangentially at the point marked by o. The dotted line shows
the possible values for a plate with uniform mass distribution.

where the coefficients a1 (c), az(c), ag(c) of the polynomial ¢(z) are defined by

2
ao(c) = 0 — 32(0 + b*)c® + 3Zbc® — LA + 2160 (6.45)
ai(c) = Ze(40 + 4b* — 2bc — 2% — 2t az(c) = Fe(=b+2c+ Ec). (6.46)

Equation (6.44) shows that the polynomial ¢(x) has the same sign as p(z,0,t). Note that
initially, when ¢ = 0, the polynomial ¢(z) is a positive constant. The negative pressure zone
can start either at the left end of the plate, which corresponds to Type II (see Figure 6.1),
or somewhere inside the wetted region, 0 < x < ¢, which corresponds to Type I.

The parameter plane (b,6) can be divided into four regions, as shown in Figure 6.2.
To determine the regions corresponding to the four different scenarios of negative-pressure
development during the plate impact, the calculations were performed for b from 0.01 to 1.5
with step 0.01 and for 6 from 0.01 to 1 with step 0.01. For the plates from region A, negative
pressure zones appear inside the wetted area (Type I). The negative pressure zone is growing,
such that the left end of the negative pressure zone reaches the left edge of the plate. In
region B, the negative pressure zone also starts inside the wetted interval (Type I) but stays
inside the wetted area with its left boundary in z > 0. In regions C and D, negative pressure
first appears at the left edge (Type II). For plates from region D, the negative pressure zone

is moving inside the wetted region later so that the negative pressure zone gets trapped
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between positive pressure at the forward contact point and at the left edge. In region C,
the negative pressure zone does not get trapped. Hence, we subdivided each type of impact,
Type I and II, into two classes C', D and A, B, respectively.

The precise dividing curves have been calculated analytically. Negative pressure appears
first at the left edge at the time instant when the coefficients of the polynomial ¢(z) in (6.44)
satisfy ag = 0, a; > 0 and dag/dec < 0. To obtain the boundary in the (b,6)-plane of the
zone corresponding to Type II, we determine the curve at which ap = 0 and dag/dec = 0,
shown as the solid line in Figure 6.2. The dashed line corresponds to the values b and 6
for which ag = 0 and a3 = 0. These two curves divide the (b, #)-plane into the four regions
A, B, C, D. Figure 6.2 shows that for a plate of length L* with uniformly distributed mass
for 0 < 2’ < L*, all four cases are possible (see dotted line), depending on the value of
L* \/M In Figure 6.2 the two boundaries, given by the solid and dashed line, meet
tangentially at the point b = \/6/(57), § = 27/(207). This point corresponds to the case
when the pressure at the left end of the plate has the behaviour p(z,0,t) = O(z%/?) as z — 0
when ¢ = \/W and becomes negative inside the wetted region thereafter.

Apart from the four classes no other cases were distinguished in our calculations. In
particular, we could not find impact conditions that do not lead to negative pressure zones.
However, if the mass of the plate and the moment of inertia are large, the negative pressure
zone appears at sufficiently large times ¢.

Impact problems of Type I require the calculation of three contact points, two of which
determine the spatial boundaries of the cavity. The beginning of the cavity stage, t = t,
is given by a?(tg) = 4ao(to)az(to), when the hydrodynamic pressure becomes zero inside
the contact region. This case is not discussed further in this thesis. We consider a simpler
problem with cavitation in section 6.2. The separation stage for Type II impact starts at
t = to where ag(tg) = 0. The problem during the separation stage, t > tg, is solved in the

next subsection.

6.1.3 Separation stage

This subsection concerns with the free-fall of the plate onto the water free surface during
the separation stage t > ty for impact problems of Type II. Since our model includes a wake
region 0 < x < ¢1, y = 0, the problem is complicated and it was not possible to find analytical
results. However, we can reduce our problem to two Volterra integral equations of the first
kind and one algebraic equation, which are suitable for numerical analysis. The method for
the solution of problems in which a body impacts the fluid free surface at high horizontal
speed, described in chapter 4, can also be used in the present problem. In particular, the

Brillouin-Villat condition implies (see equation (4.113))

—4h + (3¢1 4 )i = ﬂ(iéiqu)Q , (6.47)
B(t) = 5(c2 — c1)h — §ca — e1)(Bea + e1) v — /001 Ao, (6)dE. (6.48)
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Equation (6.47) helps us to determine the pressure distribution along the contact region. By
combining (6.47) and (4.38), we obtain
p(z,0,t) = i%@dw + 3éie; — ey — 4h) (c1 <z <ca). (6.49)

Note that the pressure (6.49) depends explicitly only on ¢, c2, & and h. However, we
substituted the Brillouin-Villat condition (4.113) into (6.49). This means that the contact
point ¢; depends on the rotational velocity ¢ and the vertical velocity h, so that p(z,0,t)
depends implicitely on & and h.

We formulate the hydrodynamic force and moment and couple them with the structural
part given in equations (6.20). We obtain the vertical hydrodynamic force F'(t) and the
moment about the left edge, M (t), from (6.49):

F(t) = E(co — e1)?(diey + 5éer — 6h), (6.50)

M(t) = Z(cy — c1)? (%54503 +22c1¢9 + 5c2) — Lh(5ey + cl)> —bF(). (6.51)

By substituting (6.50) and (6.51) in Newton’s second law equations (6.20), we find

(1= 3 (cy — 1)) h+ [~b+ E(c2 — c1)*(c2 + 5e1) ] @ =0, (6.52)
[b— Z(ca — c1)?(5¢q + a)) h+ -0 — v’ + 22 (co — c1)2(5c5 4 22¢i1¢o + 56%)] a=0.

(6.53)

This linear system has a non-trivial solution only if its determinant is equal to zero:

0 — (co — 01)2 [235—”6 (503 + 22c1c9 + 50%) + %”(9 + b2) — 3%b(cl + 02)] + %(02 — 01)6 =0.
(6.54)

This equation provides the coordinate c¢; of the separation point as a function of co. This
function is plotted in Figure 6.3 for three sets of parameters (b,0). We compare these curves
with the ones arising from the zeros of the pressure in (6.44) in the model without account
for separation. For b =1, 6§ = % and b = %, 0= %, the separation point is below the zero of
the pressure for the model without account for separation. For b = 2, 8 = % the separation
point is also intially below the zero of the pressure, but becomes larger than the zero of the
pressure for co > 1.3. Figure 6.3 also shows that the function ¢; can have a maximum, so
that ¢; < 0 after the maximum, which is not accounted for in this model. However, the
present model could be modified to accommodate the change of direction of the separation
point as shown in section 5.2.

Next, we find h and «. We use the time-integrated versions of Newton’s second law,
presented in (6.34) and (6.36). Integrating the left-hand sides of equations in (6.34) and

(6.36) by parts and using formula (2.41), for v = ¢,, v = —¢, and u = ®,, v = —®, where
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Figure 6.3: Graphs of ¢; as a function of ¢o for b = 1, § = % (solid line), b = %, 0 = %
(dashed line), and b = 2, § = 1 (dashed-dotted line), all in thick lines. Thin lines show the
zero of the pressure as a function of ¢y in the model without account for separation for the
same sets of the parameters.

r(z) = z and r(z) = $2% — c12 we obtain

M) (Clv 02) <Z> = V(@x) + <ll)> ) (6'55)

M) ¢y, e2) <Zh> v(A) — <9fb2> , (6.56)

where the functions dy,, d, are given by

dp=h—th, do=a—tq. (6.57)

and the functions ¢, (x) and A(z) arise as unknowns in the mixed boundary-value problems
(6.3) — (6.7) and (6.15) — (6.19), respectively. The functional v(f) is defined by

v(f) = ( Jo Vler=8)(e2 = 19 de ) |
T Ger + 02) + 3/ (e2 = O)er — )£ (€) de

The values v(@,) and v(A) in equations (6.55) and (6.56) describe the influence of the wake
in 0 < x < ¢p, y =0 on the motion of the plate. The added mass matrix in the separation
stage, M) is defined by M) = M, + Més), where the structural mass matrix M), is given
in (6.33) and the added mass matrix, M s given by

(6.58)

(6.59)

M) (er, 00) = w(co — 1)’ ( 1/8 1+ ) /16 ) |

(c1+ ¢2)/16  —(9¢2 + 14cy ¢y + 9¢3) /256

(s)

Note that for ¢; = 0 the added mass matrix in the separation stage, M,", coincides with
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the added mass matrix for the non-ventilated plate, M,, defined in (6.33).

Equations (6.55) and (6.56) can be regarded as two linear equation systems in h, ¢ and
dp, d,, respectively, which depend on ¢;, where ¢y is a function of ¢; via (6.54), and @, (),
A(z) are assumed to be known. In fact, the functions @, (z) and A(z) are determined by the
conditions (6.13) and (6.14). Conditions (6.13) and (6.14) imply (see equations (4.65) and
(4.51)):

/oc1 V2800 (6) A€ = ez — 1) (Bder + ey — 4h), (6.60)

/OCI E?:EA(S) dé = —g(CQ — Cl)dh + %(CQ — cl)(3cl + Cg)da . (6.61)

Consequently, we have two independent systems to solve: We find h, & and @, in terms of
1 from equations (6.55) and (6.60), while dj,, d, and A are found from equations (6.56) and
(6.61) with co given by equation (6.54). The right-hand sides of the linear systems (6.55)
and (6.56) depend weakly on the functions ¢,(z) and A(z) for = close to d;. To evaluate
the functions dj, da, h, ¢ in terms of ¢, we need to find a relation between ¢; and ¢: We use
the problem (6.15) — (6.19) to obtain (see equation (4.52))

t = —% <%(C2 —c1)dp — F(ez — 1) (32 + ¢1)dq —/0 1 2—:§A(f) d§> ; (6.62)

where B = B(cy,c2;@,) is given by equation (6.48). Since we know ¢, dp,, d,, h, ¢ in terms
of ¢1, equations in (6.57) establish relations between h and ¢ as well as « and t.

To evaluate the pressure distribution along the plate by equation (6.49), the vertical
force in equation (6.50) and the moment in equation (6.51), we need to know ¢ and h. To
avoid numerical differentiation, we solve the system of equations (6.47), (6.52) with known
right-hand sides for h and é. The horizontal velocity of the forward contact point, ¢o, in

equation (6.47) is given by the time derivative of (6.62):

2B

i Lo (480 @) + (@) d€ + F(acs — 3acy + 2h)

by = — (6.63)

By using the obtained values of i and ¢ we calculate the force and pressure distribution by
formulas (6.28) and (6.50).

6.1.4 Vertical impact without rotation

Before we show some numerical results we consider the impact of a plate which is not allowed
to rotate. A solution of this problem is obtained from the results of the previous section by
increasing the moment of inertia of the plate: § — oo. Note that the same solution can be
obtained by solving this specific free-fall problem of a plate with constant inclination. Since
the response in vertical translation of the plate depends on the total mass but not on the
mass distribution, the results from letting § — co must be independent of b. We obtain from
equations (6.24) and (6.38):

t:?f—Qc?’—i—%c, a=1, h:%c. (6.64)
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where we set ¢co = ¢ in the Wagner stage. In contrast to the previous section, the first
equation in (6.64) shows that the contact point position, = ¢(t), increases to infinity as
t — co. The functions A, h and ¢ are given by equations (6.39), (6.42) and (6.64):

1 - mC 1

h = h=——r—M— . 6.65
14 Zc? ’ 3 (14 §c2)? ( )

The vertical hydrodynamic force on the plate is F(t) = —h and from (6.44) the pressure is
given by

92— 3%c2 4 g

4
p(x,0,t) = I - (6.66)

For a non-ventilated plate, negative pressure arises on the underside of the plate, starting at
z =0, when ¢ = /8/(37). The first formula in (6.64) implies that to = %W At this
instant we find from (6.65) that h(to) = 3/4 and é(tg) = 1.

Simplifications are also obtained in the separation stage. We obtain from equation (6.54)

a relation between ¢; and ¢y for ¢ > tp:

Cy — C1 :,8, ,8:: 8/(3 ) (6.67)

Hence the length of the region in contact with the fluid is constant. We obtained the same
results for the free fall of a plate at high horizontal speed in section 4.4. Note that for
c1 = 0, when the separation stage starts, the position of the forward contact point agrees
with ¢(tg) = 5 at the end of the Wagner stage. Due to equation (6.67) it is helpful to

introduce the following scaling:

co=P0r, c=p8c, t=pt", h=ph", h=h", (6.68)
dp = By, @u(a) = ¢3(r)/B,  Ax) = A*(r)/B. (6.69)
In particular, we obtain from equation (6.67) that ¢5 = 14r. A plate with infinite moment of

inertia cannot rotate, so that & = 0 and o = 1. This is confirmed by the second component
in each of (6.55) and (6.56). The first component in each of (6.55) and (6.56) provide

() = (/0 NG CE— du+1> , (6.70)

dy(r) = % </Or \/(r —u)(14+7r—u)A*(u)du + %6(27’ + 1)) . (6.71)

We eliminate A* and df by combining equations (6.70) with (6.60) and combining (6.71)

with (6.61), so that we obtain the two following convolution type integral equations:

T(14r—u)? T(Lr—u)?

Substituting do, = 1, & = 0 and equations (6.70) and (6.71) into (6.62) to eliminate A and
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dy, gives us

r—u)3/?

. 6+7"—f0 E/W—UA (u)du

£ = e . (6.73)
i (u) du

The integral equations in (6.72) can be solved by the Laplace transform. Here we define
the Laplace transform of an integrable function f : RT — R by L(f fooo e f(r
where the argument of the transformed function, s, is complex. We evaluate the Laplace
transforms with the help of the following relations (see Woods (1961), p. 370):

1 3/2 1
<+\/;) ! PV D+ T, (6.74)

r(r+1)
£ ((rr+ 1)) =

D(v+3)e? Ky (3)
\/Ts? ’

where K, is the modified Bessel function of the second kind. After transforming the integral

(6.75)

equations in (6.72) we find

. _ 26—5/2
Llpa)(s) = T sKo(s/2) + (1 + s)K1(s/2) (6.76)
LOA")(s) = (L + 1) 22 (6.77)

67sKo(s/2) + (1 +s)K1(s/2)

Unfortunately, we could not find analytical forms for ¢%(u) and A*(u). However equations
(6.76) and (6.77) can be inverted numerically.

We found the asymptotic behaviour of ¢%(r) and A*(r) as r — 0 by expressing /r¢%(r)
and /rA*(r) in the integral equations in (6.72) as Taylor series about zero:

v (r) =+ (_7”7% + %T% - %T% - 16T2 + 424723%“) +0 <r%) ’ (6.78)

A¥(r) =1 <%r_% + %T% — %r% + %r% + SSEOT%) +0 <’I“%> . (6.79)

Hence, the horizontal velocity in the fluid, ¢, (x), is square-root singular at = 0, which
agrees with the horizontal velocity ¢, (z,0,t9) at the end of the Wagner stage. Together
with the expansions (6.78) and (6.79) we find an expansion of t* in terms of r from equation

(6.73):
) =3 +r+ 47+ 5" +00%)  (r—=0). (6.80)

Equation (6.80) shows that the horizontal velocity of the separation point and the forward
contact point starts with velocity ¢; = 1 in the separation stage, which is equal to the velocity
of the forward contact point at the end of the Wagner stage.

Substituting (6.78) back into equation (6.70) and substituting (6.79) into (6.71) we obtain

expansions for h* and h* about r = 0:

b=
h* =
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Figure 6.4: Motion of the forward contact point and the separation point point (solid lines)
for Cases 1, 2, 3 and 4. Motion of the forward contact point and the zero in the pressure for
a non-ventilated plate are drawn in dashed lines.

Equation (6.82) shows that h* in (6.82) is well approximated by h* = 3(1 + r), which is
the solution of the penetration depth in the model without account for separation (see third
equation in (6.64)).

For impact of a plate with constant inclination angle onto the water free surface we
found three different methods to find the motion of the contact points and the motion of the
plate. In the first method, equations (6.70) — (6.73) can be solved numerically by introducing
piecewise constant functions as approximations of ¢%(x) and A*(z). The second approach
is to invert equations (6.76) and (6.77) and to substitute the solution into equations (6.70),
(6.71) and (6.73). The third solution method is an expansion in terms of the position of the
rear contact point given by equations (6.78) — (6.82).

6.1.5 Numerical results

In this subsection we present some results for the impact of a plate onto the free surface.
For the impact of a plate which is free to rotate there are two physical parameters, which
are b and #. We show results for the plate configurations used above (see caption of Figure
6.3): For Case 1 welet b=1, 6 = %; for Case 2, b = %, 0= %; and for Case 3 we choose the
parameters b = 2, § = % Results for a plate which is not able to rotate (§ — oo) is shown
as Case 4. Results for the separation stage are compared with a non-ventilated plate where
the rear contact point is forced to stay at the left edge: ¢; = 0. For the non-ventilated plate
we apply formulas in subsection 6.1.2 for time ¢ > t.

In the separation stage, x = ¢;(t) increases until the time ¢; when ¢;(¢;) = 0 for Cases 1

and 2. Since we expect c¢;(t) to decrease for ¢t > t1, we had to stop computations at ¢ = 1

138



1.5+ PR 1 1

.- 08}
I .7 ]
< - 30.6}
s 04}
0st . ]
P/ 0.2,
0 : 0
0 05 1 15 2 25 3 0

Figure 6.5: (a) Penetration depth for Case 3 (solid line) and Case 4 (dashed line) for the
ventilated plate (thick line) and non-ventilated plate (thin line), (b) inclination angle with
lines described in (a).

for Cases 1 and 2. However, it is possible to model the motion of the rear turnover point
for ¢t > t1 as shown in section 5.2. This modelling has not been done here and we stop the
calculations at t = ¢; for Cases 1 and 2. Our computations for Cases 3 and 4 show that ¢ (¢)
does not become zero for 0 < ¢ < 4.

Figure 6.4 compares ¢1(t) as a function of time with the zero of the pressure for the
impact of a non-ventilated plate, ¢}, given by ¢(c¢f) = 0 where ¢ is defined in (6.44). The
value of ¢] increases more quickly than c;, as we already have seen in Figure 6.3. However,
¢ and ¢} share similar trends, so that for Cases 1 and 2 we expect a quick decay of ¢ (t) for
t > t1, since c] decreases quickly for ¢ > ¢;. It may be possible that an air bubble is captured
under a ventilated plate, if the rear edge or any part of the plate contacts the fluid behind
the rear contact point before ¢; reaches 0. For Cases 3 and 4 the separation point increases
quickly so that a large part of the plate surface is dry behind the contact region.

The forward contact point follows closely the motion of the contact point of a non-
ventilated plate, ¢5. Only in Case 3 do the functions cp and c¢§ differ notably for t larger
than 1. When the inclination angle becomes small, the forward contact point moves rapidly
from left to right. In particular, in Case 3 the horizontal speed of the forward contact point
is very high for 2.2 < ¢ < 2.4 resulting in a large hydrodynamic pressure close to the forward
contact point.

All further plots are shown for Cases 3 and 4 only. Figures 6.5(a) and (b) show the
plate motion through the penetration depth of the left edge, h(t), and the inclination angle,
a(t), respectively. Since no negative load is exerted on the rear part of the ventilated plate,
the left edge rises more quickly and the inclination angle decreases more quickly than for
a non-ventilated plate. The penetration depth and the inclination angle for ventilated and
non-ventilated plates deviate very slowly at the beginning of the separation stage, but deviate
significantly for larger times. For the inclination angle a minimum is visible for Case 3, which
is much smaller for the ventilated plate than for the non-ventilated plate.

Figure 6.6 shows the vertical hydrodynamic forces acting on the plate for Case 3 and 4.
In Case 3 the force has two local maxima. The first maximum is due to the initial increase
of the wetted area, which leads to the deceleration of the vertical motion and a decrease
in the inclination angle of the plate. By the time of the second maximum, which is much

larger than the first local maximum, the angle is rather small but the vertical speed of the
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Figure 6.6: Vertical force for Case 3 (solid line) and Case 4 (dashed line) for the ventilated
plate (thick line) and non-ventilated plate (thin line).

leading edge of the plate is large. This forces the contact point to move faster forwards,
increasing the hydrodynamic force acting on the plate. Just after the second peak the force
drops sharply to zero. The vertical forces on the plate for the ventilated and non-ventilated
plate are significantly different. The maximum hydrodynamic force for the ventilated plate
is more than double the corresponding one for the non-ventilated plate. In Case 4 the force
has only one maximum. A second maximum is missing in Case 4 because the inclination

angle is fixed. In Case 4 the force of the ventilated and non-ventilated plate hardly differ.

6.2 Free vertical fall of a blunt body with cavitation

In this section we consider the free fall of a symmetric light blunt body onto a flat free surface
of deep fluid. The free fall of a blunt body has been analysed in Oliver (2002) within the
Wagner theory. Due to the large hydrodynamic loads a light blunt body decelerates quickly
and hydrodynamic pressures far below atmospheric occur in the contact region. As shown
in Oliver (2002) the low pressures lie well inside the contact region, so that a cavity may
develop under the body. This chapter discusses the case where cavities develop as soon as
the pressure drops below atmospheric pressure. In classical cavitation, cavities occur not
before the hydrodynamic pressure drops below the vapour pressure of water, which is 23hPa
at 20° Celsius. This is close to absolute zero pressure. However, cavities may develop at
about atmospheric pressure if air is ventilated under the body or air bubbles, already present
in the fluid, accumulate in the low pressure zones.

In order to take cavities into account, one needs to modify the boundary condition on the
wetted part of the body. The account of a cavity in blunt body impact has been studied in
Korobkin (2003) for general entry motion. Korobkin (2003) presented asymptotic results of
the problem for times when the cavity is small compared to the length of the contact region.
The analysis is complicated because both the position of the free surface in the cavity region
and the four contact points are unknown.

The analysis given in this chapter for the free-fall of a blunt body provides results not
only a short time after the formation of the cavity but also for times when the length of the
cavity region becomes large. We will compare the models where a cavity is accounted for
with the classical impact results without a cavity. In particular, it will be shown that the

length of the negative pressure zone in the latter model is significantly larger than the size of
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Figure 6.7: Blunt body impact onto deep water at time ¢ > ¢ty when a cavity develops at the
bottom of the body. The spatial position of the cavity is —dy < = < d;.

the cavity in the model with fluid separation. We also show that the cavity is thin compared

to the horizontal length of the cavity.

6.2.1 Mathematical formulation

Initially the liquid is at rest and occupies the lower half plane 3y’ < 0. The blunt body
initially touches the free surface tangentially at a single point which is taken as the origin of
the coordinate system. Then the body starts to penetrate the liquid vertically with initial
speed V. The shape of the body surface near its lowest point is approximated as parabolic,
with ¥ = 22/(2R) — h'(t'), where R is the radius of curvature of the body surface at its
lowest point and h/(t') is the penetration depth of the body at time ¢’. The function h'(t")
is determined by Newton’s second law. We choose L = \/W as the lengthscale of the
problem. We assume that the mass m of the body is small enough so that ¢ = L/(2R) is
small and the Froude number V/1/gL is large enough to neglect gravity in the hydrodynamic
model and in Newton’s second law. Below we use the scaling given by equations (3.2) — (3.5)

and the scaling b’ = eLh. The non-dimensional position of the body at time ¢ is given by
y =ew(z,t), w(z,t) = z* — h(t). (6.83)

It follows from the symmetric shape of the body and the symmetric geometry of the initial
hydrodynamic configuration, that the generated flow is also symmetric.

Figure 6.7 shows the blunt body as it penetrates the fluid free surface. In the linearised
hydrodynamic model, we distinguish between two stages during the impact. In the first
stage, which we define as the Wagner stage, the wetted part of the body corresponds to the
interval |x| < dg, y = 0, where the pressure along the contact region is positive. The second
stage starts at the time instant ¢ = t; when the pressure has first decreased to zero at z = 0.
In this second stage, which we call the cavitation stage, the fluid is wetted in d; < |z| < da.
The interval |z| < dj, y = 0 corresponds to the region where the fluid is detached from the
body and a cavity develops. Note that for |z| < dj the position of the body surface given
by (6.83) and the position of the free surface y = en(x,t) define the boundary of the cavity
between the fluid and body.

To omit repetitions we define the set R(t), which defines the x-values of the region where

the fluid is in contact with the body in the linearised hydrodynamic problem:

R(t) = {z:|z| < da(t)}, (0 <t <tg) (6.84)
{CE : dl(t) < |£C| < dz(t)} (t > to)
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The region |z| > dg, y = 0, corresponds to the free surface outside the impact region. The
hydrodynamic pressure is given in terms of the velocity potential ¢(z,y,t) (see equation

(3.24)), where ¢(z,y,t) satisfies the following equations:

Vip=0 (y <0), (6.85)
@y = —h (y=0,zeR(E), (6.86)
=0 (y=0, z € Rt)), (6.87)
o =0(+y*) %) (2 +y* — 00), (6.88)

where R€ is the complement of the set R. The points x = —ds, y =0 and x = do, y = 0
correspond to the overturning regions. We assume that the horizontal velocity of the contact
point at = = da(t) is positive so that equation (6.87) implies that ¢(x,0,t) = 0 for |z| > ds.
The positions of z = —dy(t) and x = da(t) are determined by using Wagner’s condition and

the linearised kinematic boundary condition,

n(x,t) = w(z,t) (x = —dg and x = dy), (6.89)
e = Py (y =0,z € R°(1)), (6.90)
n=0 (t=0). (6.91)

In the cavitation stage, t > to, equation (6.87) implies ¢, (x,0,t) = @, (z) for |z| < dy, where
the function @, (x) has to be determined as part of the solution in the cavity region |z| < d;.

If di(t) > 0, the functions d;(t) and @,(z) are determined by the following conditions:

n(z,t) = w(z,t) (|| = di), (6.92)
[Vo(x,0,t)| < 400 (|z] = dr), (6.93)
pz(x,0,t) =0 (lx| = d1 +0). (6.94)

Our computations only detected the case dy > 0, so that we do not have to consider the case
dl < 0.
The vertical motion of the body is governed by Newton’s second law, which is in non-

dimensional form and in leading order for small ¢ (see also equation (4.116)):
Ft)=—-ht), F(t)= / p(x,0,t)dz. (6.95)
R(1)

The equations in (6.95) are subject to the initial conditions ~(0) = 0 and A(0) = 0. We also
assume that the functions h(t) and h(t) are continuous at t = to.

The solution of the problem (6.85) — (6.88) is not dependent on any parameter. Our
analysis will be focused on the motion of the body and the contact points, the hydrodynamic
loads and the shape of the cavity region. We start with the Wagner stage 0 < t < tg to

obtain the initial conditions for the cavitation stage.

6.2.2 Wagner stage

First we consider the solution of the problem in the Wagner stage 0 < t < tp, which has
been discussed in Oliver (2002). The complex displacement f(z) = ®, — i®, is determined
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by the time-integrated problem of (6.85) — (6.88) (see also (3.124) — (3.127)). Its solution is
given by

f(z)=—i (;;2 —h— A/ﬂ) , (6.96)

dy = V2h. (6.97)

Equation (6.97) has to be satisfied to guarantee that the complex displacement satisfies the
far-field condition f(z) = O(z72) as z — oo. By integrating f(z) in equation (6.96) with
respect to z and by differentiating the result twice in time we obtain the complex acceleration
Fi(2) = ot + ithe(2):

Fu(z) =i [h <z — /22— d§> + \/;72—7@] : (6.98)

In particular, the hydrodynamic pressure is given by the real part of Fy(z) together with
the linearised Bernoulli equation (3.24):

52

2

p(x,0,t) = hn/d? — 22 + (6.99)

5

The first term on the right-hand side of equation (6.99) indicates that the pressure can be
negative if the body decelerates quickly enough and the vertical velocity of the body is small
enough. Equations in (6.95) and equation (6.99) imply that 7(hh + h%) = —h, which can be
integrated twice in time together with the initial conditions h(0) = 0 and A(0) = 1. Hence,

Ih*+h—t=0. (6.100)

Equations (6.97), (6.99) and (6.100) determine the start of the cavitation stage ¢t = tg, when
p(0,0,%9) = 0, together with the values h, ds and their derivatives at this time:

=3, di)=y2, ) =13, (6:101)

h(to) =%, h(to) =3,  hlto) =— (6.102)

oo|x

Note that the hydrodynamic pressure becomes negative when the body mass is equal to the
added mass, which is in nondimensional form 7wh. The pressure starts to become negative
at x = 0, so that the cavity will develop from the bottom point of the body surface. Note
that the vertical hydrodynamic force at the end of the Wagner stage given by F(to) = § is
only one-eighth of the initial force F(0) = 7. In the next subsection we consider the impact

problem in the cavitation stage.

6.2.3 Cavitation stage

To solve the problem in the cavitation stage we analyse the complex acceleration fi(z) =

Out(x,y,t) —ipy (x,y,t), the complex velocity fi(2) = ¢ (x,y,t) —ipy(x,y,t) given by (6.85)
— (6.88) and the complex displacement f(z) = ®,(z,y,t) — i®,(z,y,t). We start with the

boundary problem in terms of the complex acceleration f(z) resulting from the problem
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(6.85) — (6.88):

Jie analytic (y <0), (6.103)
Im(fy) = h (y=0,di < |z| <dy), (6.104)
Re(fy) =0 (y =0, |z| > dy and |z| < dy), (6.105)
Jie = 0(272) (Jz] = o0). (6.106)

Note that the function ¢, (z) does not appear in the problem (6.103) — (6.106). The boundary
problem (6.103) — (6.106) does not recover the problem (6.85) — (6.88) completely: Problem
(6.103) — (6.106) is satisfied for any pressure in the cavity —dy < = < d; which is constant
in . Furthermore, the problem (6.85) — (6.88) is independent of the initial vertical velocity
of the body. Since we know that da(t) is determined by Wagner’s condition (6.89) and the
conditions (6.92) — (6.94) are satisfied at the inner contact points, we obtain the asymptotic
behaviours of fy(z) at z = —dg, —dy,dy, da:

fi(2) = O((z + d1)"/?) (z — —dy), (6.107)
fi(2) = O((z — d1)"/?) (z = dy), (6.108)
fi(2) = O((z + dy)%/?) (z = —dy), (6.109)
fi(2) = O((z — dy)~%/?) (z — dy) (6.110)

A solution of the problem (6.103) — (6.110) can be derived similarly as in chapter 2, where
we consider the homogeneous problem for fi:(z) = fi(z) — ih and replace the characteristic
function in (2.5) by g(z) = (22 — d?)~Y2(2% — d3)?/2. Then the solution of the problem
(6.103) — (6.110) is given by

2

fu(z) = ih (1 (*”27;2;2/2@ + A(t ))) (6.111)

where A(t) is an unknown function of time. In particular, fy(z) in (6.111) satisfies the
far-field condition (6.106), so that

fue(2) ~ia_gz> (|z| = o0), (6.112)

as=h(-3dj+1di - A) . (6.113)

To find A(t) we specify a_s. It follows from Cauchy’s integral theorem that Re(f06 Fu(z)dz) =
0, where Fy(z) = ps+it)y is the complex acceleration potential and the contour of integration,
Cs, is defined in Figure 6.8. Since Fy;(z) = —a_o2~ " as |z| = o0, Fy(2) = O((z 4 do)~/?)
as z — —dy and Fy(2) = O((z — d2)~'/?) as 2z — dy, we obtain for § — 0 the equation

/OO Re(Fy(x —i0))de = ma_z . (6.114)

—00

Using the linearised Bernoulli equation (3.24) and the equations in (6.95), we deduce that
a_o(t) is given by:

a_s(t) = Lh(t), (6.115)
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Figure 6.8: The contour Cj.

Figure 6.9: Plot of d; as a function of ds (solid hne) and the asymptotic behaviour at d; =0

given by do = /2/7—+/7/2d3(log(+/7/32d1)+%) (dashed-dotted line) (see equation (6.118))
and for d; — oo given by d1 =dy —2/V37m (dashed line).

so that we obtain from equation (6.113):
Aty = -1+ 1df - 3d5. (6.116)

The function h appears as a factor in (6.113) and (6.115), so that A(t) does not depend on
h. Note that h # 0 since the body still decelerates in the cavitation stage due to the positive
hydrodynamic loads.

Equation (6.105) and the linearised Bernoulli’s equation induce a pressure distribu-
tion along the cavity region |x| < d; which is constant in x, but not necessary zero.
Equation (6.87) and the far-field condition ¢;(0,y,t) = O(y~!) as y — —oo imply that
ffoo ©yt(0,y,t) dy = 0. It follows from the last integral, where ¢, is given by the imaginary
part of fi(z) in (6.111), that dy and dy can be written in the following parametric form with

parameter q:

[ (2= K@\ 4
di = |:7T <2—2q2 E(q))] , do = 71_(12 (0<¢g<1), (6.117)

where K and E are the complete elliptic integrals of the first and second kind. The value

q = 1 corresponds to the start of the ventilation stage, where the following asymptotic
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behaviour of dy in terms of d; is obtained from equations in (6.117):

dy= /2~ \[3d2 (108 (/1) +1) + 0 (d1og’(dr)  (di —0). (6.118)

For large dy, which corresponds to ¢ = 0, we obtain from (6.117) that the size of the region
in contact with the fluid for x > 0 is limg_; dy — di = 2/@ Figure 6.9 shows d; as a
function of dy and the asymptotic behaviours of these functions at dy = \/g (¢ =1) and as
dy — oo (¢ =0).

The equations in (6.117) give us a relation between d; and ds. However, we have three
unknown functions d; (t), da2(t) and h(t) in time to be determined. We find further equations
when we solve the hydrodynamic problem in terms of the complex velocity fi(2) = ¢ — iy,
given by equations (6.85) — (6.88). In particular, equation (6.87) gives us ¢, (x,0,t) = 0
for |z| > do and @, (z,0,t) = ¢, (x) for |z| < di, where the function ¢, (z) arising from the
integration of equation (6.87) has to be determined as part of the solution in the cavity-
region |x| < di, y = 0. Since the flow is symmetric with respect to z = 0, we obtain
@z(—x) = =@, (). The problem (6.85) — (6.88) can be reformulated as a Dirichlet problem
if we consider the function (f;(z) — ih)g1(z) where g1(z) = (22 — d3)V/?(2% — d3)"/2. Then

the complex velocity is given by

i Kzt) +T(t) — hz?

fi(z) =1 <h + NCETICE d2)> ; (6.119)
di —u —u

K(z,t) = = vy — Zglz )% (Vu) du. (6.120)

In equation (6.120) we used that @, (x) is anti—symmetric We determine J = J(t) by the
specific far-field behaviour f;(z) ~ —(h 1)z=2 as z — oo obtained from (6.112) and (6.115).
It follows that, J(¢) in equation (6.119) is given by

Jt)=L(d+dh)Hh+L(h-1). (6.121)

Equations (6.107) and (6.108) imply that f;(z) is not singular at z = dj, so that we obtain

the integral equation:

d2 d2 .
/ 1/d2 —[53(d5—di)+1]h+1. (6.122)

Note the similarity of conditions (6.122) and (4.65). Equation (6.122) will be used later to
determine the wake function ¢,. Comparing the asymptotic behaviour of f;(z) in (6.111)
and fy(z) in (6.119) at z = dy gives us

. dQCiQB( t)
_ 6.123
h= —d2)+1) ( )

/dQ\/i_u ) du— (§(d3 —di) — 1) h—1. (6.124)

Equation (6.123) has similarities with the Brillouin-Villat criterion (see e.g. equation (4.119)).

This equation will be used to determine h(t)
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We have used the vertical speed of the body, but not the shape of the body. The calcu-
lations above in this subsection are also valid for the free fall of general-shaped symmetric
bodies, w(z,t) = S(z) — h(t) where S(—z) = —S(x). We have three equations (6.117),
(6.122) and (6.123) for four unknowns @ (x), di(t), d2(t) and h(t). We obtain a complete set
of equations when we also analyse the impact problem in terms of the complex displacement
f(2) = ®y(z,y,t) —i®y(z,y,t). Integrating equations (6.85) —(6.88) in time, using the initial
conditions and Wagner’s conditions (6.89) we derive the following mixed boundary value

problem

V2P =0 (y <0), (6.125)
o, =22 —h (y=0,d < |z| <dy), ( )
$, =0 (y=0, |z| > d2), (6.127)
P, = tpy(x) + Az) (y = ( )

(«? ( )

o = O((2* + %)% 2+ g —>C>O),

where A(x) is an undetermined term due to the time-integration. Since ®,(x,0,t) and @, ()
are anti-symmetric with respect to the origin, A(x) is also anti-symmetric. The condition
of continuous separation (6.92) together with (6.126) and the kinematic boundary condition
n = @y gives us the free surface elevation n = @, for |x| > da and |z| < d;. Since f;(z) has
only square-root singularities at the points z = —ds and z = do and we assume that these
points are moving (d; > 0), we seek the solution ®(z,y,t) of the problem (6.125) — (6.129)
which is continuous together with its first derivatives ®, and ®, in the flow region y < 0.
The boundary value problem (6.125) — (6.129) for ®(z,y,t) is similar to the problem
(6.85) — (6.88) for ¢(z,y,t). By using the same techniques, we find the elevation of the free

surface in the form

, E(z,t) + 21 — (h+ 3(d3 + d3))22 +C(t ))
z)=1(—-2+h , 6.130
1) ( e (6.130)
£ =1 [ A B g () A au, (6131
Ct)= (3t + 35+ 1) h—L(d5 —d})* - L, (6.132)

where equation (6.132) follows from the far-field behaviour f(z) = L (h—1)2724+0(272) (see

T

equations (6.112) and (6.115)). Since f(z) is not singular at z = d; and z = dj it follows
that the numerator in the fraction of equation (6.130) has to be zero at z = d; and z = ds.

Hence, we obtain the integral equations

/ ' dQ—“m<ﬁ>+A<ﬁ>>du:—%(d%—d%><3d%+d%—4h>—h+t7 (6:132)

/d \/Zz (1@ (V) + A(Vu)) du = §(d — d})(3d} + d3 — 4h) —h +t. (6.134)

Equation (6.133) is used to determine the positions of the outer contact points x = —da,
x = dg, y = 0. Subtracting the other equation (6.134) from (6.122) multiplied by ¢ yields an
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integral equation for A(x):

d% d2 —u .
/0 B AW du= = [F(d3 — d}) +1] (h = th) + F(d — d})(3d} + d3) . (6.135)
1

To obtain ¢, (z) and A(z) we solve numerically the two integral equations (6.122) and (6.135).
The functions d;(t) and dy(t) are obtained from the t-derivatives of (6.117) and (6.133),

which are given by:

. dy B2 — B E(q)? — 20! E(@)K (q) + K (g)? Nz
LRk R T e e A GO L
b= b (6.137)

- d_ 2 \Jd—u o, _ - '

Note that the system of ordinary differential equations (6.123), (6.137) and (6.136) for h,
dy and dp only weakly depends on the wake functions ¢,(x) and A(z) for = close to d;.
Hence, we can evaluate (6.123), (6.137) and (6.136) together with the integral equations
(6.122) and (6.135) by a similar numerical scheme as it was presented in subsection 4.4.3.
Equations (6.123) and (6.136) depend on da, which can be substituted by equation (6.137).
The initial conditions of this system (6.123), (6.137) and (6.136) is (see equations in (6.101)
and (6.102)):

Gito) =0, do(to) =\/2, ht)) =1, hit)=3 (to=2). (6.138)

We solve the final system of equations with a constant time step At with the time discreti-
sation t, = to + nAt. The functions ¢,(z) and A(x) are approximated by constant values
in dy(ty) <z < di(tpy1).

We compare our numerical results with the following expansions obtained by equations
(6.117), (6.122), (6.123), (6.133) and (6.135):

da(t) = /2 + (¢ — t0)/3 + 0 (¢ — 10)?)

( (6.139)

h(t) = % + 5t —to) — f5(t —t0)* + O ((t — t0)*) ( (6.140)
tdr) = to — 24 (log (\/Fdr ) + 1) + O (d} log(d)?) (di —0), (6.141)
( (6.142)

( (6.143)

t—)to),

t—)to),

oz(x) = %\/ﬁx + O(:c2)
Alx) = 3\/2e+ 0(?)

x—0),

x—0).

Equations (6.139) and (6.140), together with the equations in (6.101) and (6.102), imply
that the functions dy(t) and h(t) are continuous at ¢ = to.

The pressure p(z,0,t) along the contact region will be determined by integration of
pz(x,0,t) w.r.t. z. The function p,(x,0,t) is obtained from the real part of f;(z) in equation

(6.111) and the linearised Bernoulli’s equation:

. A fx2 — d2
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Figure 6.10: (a) The contact points d;(t) and da2(t) as functions of time (solid line) and the
position of the zero of the pressure for the model without cavity (dashed line). (b) The
penetration depth h(t) as a function of time for the models with cavity (solid line) and
without cavity (dashed line).

where h is determined by equation (6.123). The thickness of the cavity at = 0 is defined
as 0(t) = w(0,t) —n(0,t) and the volume of the cavity is defined as V' (t) = fflél (w(zx,t) —
n(x,t)) dz. The function ny(z,t) is given by the imaginary part of f;(z) in equation (6.111),
so that the second time-derivative of d(¢) and V (t) are given by

d
5ty = G (4 + 3t = §a8) (6.145)
" h d; dy

v = [(% ~&Z-B)E (d—2> +(-2+d-d) K <d—2>} : (6.146)

We numerically integrate equations (6.145) and (6.146) twice in time to obtain 6(¢) and V' (¢).
The asymptotic behaviour of §(¢) and V (¢) at the beginning of the cavitation stage as d; — 0
is given by

8(t) = z\f”wdf’ [1 og <\/7d1> + Qog <\/7d1> ?;—} +0 (dllog*(dy)) . (6.147)
V(t) = \/_215/2 df [log2 <\/3172d1> + 1 log <\/3172d1> - %} +0 (d]log®(d1)) . (6.148)

The asymptotic behaviours of §(t) and V' (¢) will be compared with the numerical results.

6.2.4 Numerical results

Computations only need to be done once since the problem given by (6.123), (6.136), (6.137),
(6.122) and (6.135) does not depend on any parameter. We compare our results with the
ones in which a cavity is not accounted for, which was presented in section 6.2.2.

Figure 6.10(a) shows the motion of the inner and outer contact points d; and dy. The
motion of d; is compared with the position z = dj(t) at which the hydrodynamic pressure
on the non-cavitated body is zero, i.e. p*(dj,0,t) = 0. The pressure distribution p* is given
by (6.99). Figure 6.10(a) shows that dj increases more rapidly than d;. Note that there
is hardly any difference in the motions of the Wagner contact points. As already observed
in previous sections, the motions of the Wagner contact points is insensitive to the flow in

other parts of the fluid region.
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Figure 6.11: (a) The hydrodynamic pressure p(x,0,¢) on the positive part of the contact
region, 0 < x < dy, for t = tg, t = 0.74 and ¢t = 1.0. The solid line is the pressure for the
blunt body impact with cavity and dashed line for the model where a cavity is not accounted
for. (b) The vertical hydrodynamic force F acting on the body as a function of time (solid
line). The dashed line is the vertical force for the model without cavity. Note that Figure
6.11(b) does not show the hydrodynamic force in the Wagner stage 0 < ¢ < t.
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Figure 6.12: (a) The thickness of the cavity at « = 0 (solid line). The dashed line shows the
asymptotic behaviour of §(t) at t = to (see equation (6.147)). (b) The volume of the cavity,
V(t), as a function of time (solid line). The dashed line shows the asymptotic behaviour of
V(t) at t = to (see equation (6.148)).

Figure 6.10(b) shows that the difference in the penetration depths of the models is rather
small. This is due to the small difference in the hydrodynamic loads of the models in the
cavitation stage (see Figure 6.11(b)).

Time series of the pressure distributions of both models are presented in Figure 6.11(a).
At t = ty these pressure distributions are identical. Apart from the region close to = = dj,
the differences between the pressures are small. In particular, the pressure distributions are
very similar for z close to dy. In Figure 6.11(b) the hydrodynamic force is up to 30% smaller
for the impact model where a cavity is accounted for ¢y < t < 3, however the absolute
difference between the forces is small compared to the initial force F(0) = 7. This is due to
the rapid decay of the forces during the Wagner stage.

Figure 6.12(a) shows the thickness §(t) of the cavity. The thickness of the cavity grows
slowly and is much smaller than the length of the cavity, 2d;. Hence, the volume of the
cavity is very small (see Figure 6.12(b)).

Figure 6.13 shows a time series of the development of the cavity. The free-surface in the

cavity region is obtained by the imaginary part of f(x—i0) in equation (6.130). In particular,
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Figure 6.13: (a) The position of the body (thick line) and the shape of the cavity (thin line)
for the times t = 0.48,1.23,1.98,2.73.

we checked that the thickness of the cavity at x = 0 agrees with the explicit calculations of
the thickness given by equation (6.145). Note the smooth transition from the cavity surface

to the body surface at =z = d;.

6.3 Discussion

This chapter considered two vertical impact problems where fluid separation is accounted
for as soon as the hydrodynamic pressure dropped below atmospheric pressure. In the first
model we discussed the free fall of a rigid plate onto a fluid surface. We identified the
parameters corresponding to fluid detachment inside the contact region (Type I) and the
one starting at the left edge of the contact region (Type II). In this model we only accounted
for the detachment of the fluid corresponding to Type II and our model was restricted to the
case where the rear contact point moves from left to right. We had to stop calculations when
the horizontal speed of the rear contact point became zero. An analysis of the subsequent
stage may be of interest since high hydrodynamic forces can act on the plate close to this
contact point. Furthermore an air-bubble may be trapped under the plate. On the other
hand it has been shown that the fluid can detach from a large part of the contact region.
An account for fluid separation increases the plate rotation, which can lead to much larger
peaks in the vertical hydrodynamic forces on the plate.

In the second model we considered the free fall of a blunt body onto the free surface.
The model includes a cavity region that grows from the centre of the bottom of the body.
We compared the model with the one in which a cavity region is not included. The motion
of the body and the hydrodynamic loads of the models with and without cavity agree well
at the beginning and start to differ for large non-dimensional time. The expansion of the
negative pressure zone in the model without cavity is significantly quicker than the expansion
of the cavity region in the model with cavity. Consequently, the size of the negative-pressure
zone is not suitable as a practical estimation of the length of the cavity. The shape of the
free surface in the cavity region showed that the cavity thickness is much smaller than its
horizontal extension. This model only considered cavity pressures which are equal to the
atmospheric pressure. The presented model may be modified to account for any constant
cavity pressure.

In general for both models, the motions of the Wagner contact points do not significantly
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change if fluid detachment is not accounted for. However, we showed that the negative
pressure zones in the model without fluid detachment give only a rough estimation of the
location at which the fluid detaches from the fluid. Both models neglect gravity force on the
body, so that the model presented in this section is only valid for very large Froude numbers.
In cases where the Froude number is not sufficiently large, a gravity term has to be included
in Newton’s second law (6.20), which makes the calculations in the cavitation stage far more

complicated than presented here.
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Chapter 7

Conclusions and further work

7.1 Conclusions

We developed and analysed a number of novel fluid impact models for bodies, with small
deadrise angle, impacting on a water surface within the framework of Wagner theory. We
included the elasticity of the body using Euler’s beam equation, a fixed horizontal speed
of the body, fluid separation from the edge and along the smooth surface of the body. We
accounted for a wake region behind the contact region.

In chapter 3, we analysed the vertical impact of a rigid and an elastic plate. For the
rigid plate we found analytical solutions for the size of the contact region, the fluid velocity
and the free-surface elevation. The solution involved a singularity of the fluid velocity and
of the vertical free-surface elevation at the initial penetration point, where nonlinearity in
the hydrodynamics is important. However, we believe that this singularity has only a minor
effect on the global fluid flow. We found the equipartition of energy in the jet and in the fluid
bulk. We established a fully coupled model of an elastic plate falling onto the water surface.
We showed that the inclusion of elasticity changes significantly the hydrodynamic loads on
the plate, and can increase the maximum hydrodynamic forces. Hydrodynamic pressures
below atmospheric were already found for the rigid-plate impact, but it was shown that
elastic vibrations of the plate lead to even lower pressures. We conclude that the elasticity
of the plate may promote cavitation of the fluid and its detachment from the solid surface
during the early stage of impact. The vibrations of the body remain large after the plate is
completely wetted.

In chapter 4, we analysed the impact of rigid bodies onto the water surface at high
horizontal speed. We showed that, for the oblique impact of a rigid plate at high horizontal
speed, the forces on the plate are much larger than without horizontal speed. The part of the
energy in the jet can be up to four times larger than the energy in the rest of the fluid. At the
initial penetration point the vertical free-surface elevation is logarithmically singular. This
singularity is weaker than for vertical impact. If the plate falls freely onto the water surface
the plate exits the fluid and the duration of impact is of order U\/m/or if V/(eU) = O(1).
If the vertical speed is large enough (V' > £U), the pressure below the rear part of the plate
can be below atmospheric and the fluid may detach from the plate before the trailing edge.
We modelled this early detachment with the Brillouin-Villat criterion, and showed that due

to the missing negative pressure the plate can exit the fluid slightly earlier. Furthermore, a
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coupled model of blunt body impact onto the free surface at high horizontal speed has been
developed. The model consisted of a first stage with two turnover regions at the edges of
the contact regions and a second stage where the fluid separates at the rear contact point.
The negative pressure is released at the moment when the separation stage starts. In the
separation stage, the position of the contact point was modelled by three separation criteria,
where the choice of the criterion is significant for the outcome of the fluid-body interaction.

Fully coupled models of elastic plate impact with high horizontal speed have been dis-
cussed in chapter 5. In the first model the fluid separates at the trailing edge. We distin-
guished four different regimes of plate motions. In an example of a thick plate the forces
on the plate can be so high that the resulting bending stresses were found to be close to
the yield stress of the plate material. Also here we found hydrodynamic pressures in the
contact region below the atmospheric value. It was shown that the shape of the free surface
in the wake region is sensitive to the plate’s vibrations. We studied the evolutions of different
energy components of the fluid-plate system. It was shown in two cases that more than 75%
of the total energy of the fluid-plate system is carried away with the spray jet and only a
minor part is kept as kinetic energy in the bulk of the flow domain. In the second model the
separation point on the plate was determined by the Brillouin-Villat criterion. Difficulties in
modelling the rear contact point have been overcome by introducing Wagner’s condition at
this point when the wake region shrinks. We conclude that the rear contact point is sensitive
to the plate vibrations. An early fluid detachment decreases the bending stress on the plate.

In chapter 6, we presented two models for the free fall of light bodies where we account
for the separation of the fluid from the body. In the first study where a plate of general
mass distribution falls freely onto the water surface, we showed that the fluid may separate
either inside the contact region or at the edge of the contact region. Accounting for fluid
separation only changes slightly the motion of the plate. However, this can have large effects
on the hydrodynamic loads when the inclination angle reaches its minimum. In the model
of the vertical impact of a light blunt body, the fluid separates inside the contact region. In
particular, we showed that the expansion of the cavity between the body and fluid surface is
significantly smaller than the expansion of the negative pressure zone in the model without

cavitation.

7.2 Future work

This topic is far from being complete. Some problems considered in this thesis need further
discussion. For example, in section 3.1 and 4.2, the flow behaviour at the initial penetration
point due to the impact of a plate with a sharp edge has to be analysed with account for
nonlinear terms in the hydrodynamic model. Differences in the splash development for a
plate impacting with and without horizontal speed might be of interest. In sections 4.4
and 4.5, a further discussion is needed for the flow behaviour at the contact region shortly
before the body exits the fluid. In chapter 5, a new model for plate impact at horizontal
speed is required when the leading edge of the plate collides with the free-surface and when
the horizontal velocity of the forward contact point becomes zero. In sections 4.5 and 6.1,
we did not account for cavitation when the pressure becomes negative inside the contact

region. To find a solution for the cavity is more difficult in these unsymmetric problems
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than in the one discussed in section 6.2, which is symmetric. In section 6.1, we had to stop
computations when the horizontal speed of the separation point reaches zero. As in section
5.2 we could continue the calculations by introducing Wagner’s condition at this point. A
detailed analysis of the flow at this point during the switch of the flow regimes may be of
interest.

Further models can be suggested, whose analysis shall be straightforward with the tools
provided in this thesis. For example, the impact of an elastic plate attached to a bigger
structure into water at high horizontal speed is similar to the analysis in chapter 5. The
problem of a vertical impact of an elastic shell onto a flat free surface, where fluid detachment
is accounted for, may show bigger cavities than for a rigid blunt body presented in section
6.2. The model for an elastic cylindrical shell given by Ionina and Korobkin (1999) may be
suitable to tackle the structural part of the problem. Furthermore, it is necessary to find
solutions for the problem of vertical blunt body impact for any cavity pressure. With such
a modified model we can account for cavitation developing at the vapour pressure.

In section 4.4, we showed that a plate ascends during planing logarithmically in time.
This abnormality may be removed by taking far-field gravity into account. We believe that a
linearised hydrodynamic model in the near field is valid, but such a model has to be properly
matched with the correct far-field behaviour of the fluid flow.

In theory it is common to use the Brillouin-Villat criterion to determine the position of
fluid separation. However, the fluid separates much more downstream from such a point in
nature, especially, if the flow is turbulent. Using boundary layer theory requires advanced
models, which can only be solved numerically with large computational expense. A prac-
tical separation condition approximating the separation point in reality would significantly
simplify research in impact problems at high speed. Experimental results on unsteady flow
separation at high speed may be very helpful to choose the right separation condition.

Further experiments and numerical solutions of plate impact at high horizontal speed
are needed to assess our asymptotic model. Within the Wagner theory hydrodynamic forces
on a wedge are overestimated. Several modified models, for example the modified Logvi-
novich model in Korobkin (2004), are available for vertical impact to correct the error in the

asymptotic model. Similar modifications may be done for body impact at horizontal speed.
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Appendix A

The norm of the eigenmodes

The elastic eigenmodes of a dry Euler beam are given by
Y(r,x) := aj cosh(rz) + ag sinh(rx) + ag cos(rz) + ay sin(rzx) , (A1)

where the constants ai, ag, ag, as and 7 depend on the conditions at the beam’s ends x = 0
and x = 1. Here we give a general formula for fol ,7)? dz in terms of the values of (r,0),
%¢(T’O)’ aa—;gi/)(r, 0), ¥(r,1), 8$¢(T‘ 1) and 821/)(7“ 1) In particular, we find the norm of
Yr(z), k > 2, in equation (3.77), when we set a1 = ag = 1, ag = aq = Y, r = A\ where A\
and vy are given by equations (3.76) and (3.78).

The function ¢(r,x) in (A.1) satisfies the following two relations:

2, 2) = (), (A.2)
ra(r,x) = gy (@), (A.3)
for any real r and x. In the following, we will only use the two conditions (A.2) and (A.3) to

find a formula for fol Y(r,)? dr. We obtain the following identity by using equation (A.2)
and by integrating by parts twice:

52 0 v=1
w (2 )b(ro, @) do = Zsw(r,a)b(ro,7) — Fxtb(r.a) (o))
1
+ [ o) i) da (A4)
0
where we define [f(2)]%=% = f(b) — f(a). We obtain a similar identity if we replace 74 on the

left-hand side of (A.4) by r¢. By subtracting the second identity from the first we obtain

7“—7“0/1/)7“:6 (ro,x)dz
= | &5 ((r,2) —v(ro,2))(ro,2) = (W) = ¥(ro, ) s v(ro, o)
+ &0, 2) — (o, ) Zatro, ) — Za((r,7) — Ylro, @) ob(ro,2)] . (A5)

Now, the right-hand side of identity (A.5) is free of integrals. We divide the identity (A.5)
by 74 — g, let 7 — ry and use the relations (A.2) and (A.3) to obtain the following identity
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for any ro # 0:

2

1
/O $(ro,@)? da =k (rivb(ro, 1)? — 22410, 1) Extb(ro, 1) + (Zorv(ro, 1))

+ 35t (ro, De(ro, 1) = Fzth(ro, 1) gp(ro, 1)
= 3251(r0,0)(r0,0) + Ztb(r0,0) & 16(r0,0) ) . (A6)

This identity (A.6) can be used for ¢(r, z) in (A.1) for any ai, az, as, a4 and r. For example,

we obtain from (A.6) for ay = ag = a3 = 0, agy = 1, r = 7wk, where k is an integer, the
1
5-
The dry normal modes of an Euler beam with free-free ends, ¥y (x), k > 2, are given by

well-known identity fol sin(mkx)? dz =
equation (3.77) and satisfy the boundary conditions 88—;21,Z)k(:c) = 59—9:31#;9 (r)=0at x =0 and

x =1 (see conditions (3.72)), so that we obtain the following formula for the norm of the

normal modes :

(/01 Vp(z)? dﬁﬂ) 1/2 = 3[ve(1)]. (A7)

Equations (3.91) and (3.92) show that |¢x(1)| = 2, so that equation (A.7) implies that the
modes 9y, in (3.91) and (3.92) are normed.
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Appendix B

Coeflicients in the final equations
for impact problems of elastic

plates

In this appendix we find analytical expressions for

[ A0 o)
() = /0 ﬁf(U)du, re)(f) = /0 = f () du, (B.2)

where the functions f and g are either normal modes v given in (3.74) and (3.77) or their

derivatives or indefinite integrals. Hence f and g in the arguments of A, ') and I'® can
be polynomials or a linear combination of trigonometrical and hyberbolical functions of the

forms

p(z) = Bo+ Bz + Baz®,  q(x) = Ag + A, (B.3)
P(A,a;x) = aj cosh(Azx) + ag sinh(Ax) + ag cos(Azx) + as(Az), (B.4)

where A > 0 are the corresponding eigenvalues. Expressions of the form (B.1) and (B.2) are
given in equations (3.131), (3.132), (5.16) and (5.25).
In subsection B.1 we show that A satisfies the following symmetry condition for any

smooth functions v(z) and w(x):
Aw,vz) = Av,wy) . (B.5)

If f and g are functions of the form (B.4), they can be represented as a linear combination of
exponential functions e where we choose r = A, —\, %A, —iA. Hence, it is sufficient to find
A(es®, 7€) for complex constants 7 and s. An analytical form of A(e%®,e™) will be derived
in section B.2. In section B.3 we will present the specific values of A(¢(p,b;-)), ¥ (A, a;-)),
Alp,(N a;+)), A(w(N a;-),q) and A(p,q). The dot signifies that (A, a;-) appears in the
arguments of A as functions in terms of x. Finally, in section B.4 we give results for the
values of T (q), T®)(q), TM (N, a;-)) and T3 (4(), a;-)).
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B.1 The symmetry of A(v,w,)

To show the symmetry relation (B.5) we assume that the z-derivatives of the w(z) and
v(x) are Holder-continuous in 0 < z < ¢. We define the auxiliary complex function f(z),

z = x + iy on the lower half plane as the solution of the following mixed boundary value

problem:
f(2) analytic (y <0), (B.6)
Im f(z —1i0) = v(zx) O<z<e, (B.7)
Re f(z —1i0) =0 (r <0and z>c), (B.8)
fz)=0("") (2] = o0), (B.9)
f(z) = o) (12 = 0), (8.10)
f(z) = o) (12 = o). (B.11)

The solution of the problem (B.6) —(B.11) is given by equation (2.25) with k; = ko = —

Ly/z(c—z / \/07—5— d¢dz (y <0). (B.12)

It was shown in section 2.4 that f(z) is continuous at z = d; and z = dg since v(x) is
differentiable. Hence, equation (B. 8) implies Re( f ( —iO)) =0at z =0and x = c. It follows
from (B.1) and (B.12) that A(wgy,v) = [5 wy(x)Re(f(z — i0))dz. Integrating A(w,,v) by

parts gives us

A(wg,v) = — /ch(x) Re(f.(x —i0))dx, (B.13)

where f.(z) is the complex derivative of f(z). We reformulate the problem (B.6) — (B.11) in
terms of f,(z):

f2(2) analytic ( (
Im f.(z —i0) = vy () ( (
Re f.(z —i0) =0 (x <0and z > ¢), (B.16
f-(2) =0(z7?) ( (
f(2) = 0(z"17) ( (
f-(2) = O((z = ¢)7'/?) ( (

The solution of the problem (B.14) — (B.19) is given by formula (2.25) with k&1 = 0 and
ko = 0:

Re(f.(z — i0)) = m][ véle—¢ O<z<o). (B.20)

Substituting Re(f,(x—10)) in (B.20) into equation (B.13) and an interchange of the integrals

proves equation (B.5).
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B.2 An analytical expression for A(e’, %)

In this section we derive a formula for A(e®*, ™€) where A is given by (B.1). Since
A(es®, €)= §erH/2A% (57 ) (B.21)

where

A*(f, / ][ V1-E9(©) ) deda. (B.22)

V1—22 Cﬂ—f

We only have to find an analytical expression for A*(e*®, e™).

An expansion of e** in terms of the Chebyshev polynomials of the first kind, 7},, is given
by e =" | fnTn(x) where the coefficients f,, are obtained by
fn= 2 1 e T(z) dz = 2 /7T e* ) cos(nu) du = 21,,(s) (B.23)
"o 1 V1 =22 ™ Jo " . .
In (B.23) we used the relation 7}, (cos ) = cos(nf) for the Chebyshev polynomials and the
integral representation for the modified Bessel functions of the first kind, I,,. With the help
of Gradshteyn and Ryzhik (1994, item 7.344) we have

! T,(x) .
/1 G_evioa =0, (B.24)

where Uy, (z) are the Bessel functions of the second kind. Hence, with the expansion of e**

and with equation (B.23) we conclude that
00 1 00
~Yn OV e =7 Y 13 (1) = L (7). (B25)
n=1 - n=1

where we used U, (cos ) = sin((n + 1)#)/sinf. To rewrite the right-hand side of equation
(B.25) we employ the following recursion formula from Abramowitz and Stegun (1965, item
9.6.26):

In1(2) = Inga(z) = 221,(2). (B.26)

We use the identity (B.26) twice with z = s and z = r, and then divide the relations to

obtain

$In(8)In—1(r) = Ing1(r)) = In(r)(In-1(s) = Int1(s)) .- (B.27)

Finally it follows from equation (B.27) that

+ 50> In(8)(In-1(r) = Inga(r)) = Ii(s)Io(r) + Io(s)Ta (). (B.28)
n=1

For s # —r, the identity (B.28) gives us together with equation (B.25) the following formula
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for A*(e5%,em):

AF (es:v, 67’5)

_ {1 [To(r)I1(s) + Io(s)I1(r)] , (s # 1) (B.29)

—72 (7’112(7“) — ’I“Ig(’l“) + Iy(r) (7“)) . (s=-r)

By substituting equation (B.29) into (B.21), an explicit formula for A(e*,e"¢) is obtained.

B.3 Expressions for A(f,g) for specific f and ¢

This subsection presents the specific expressions for A(¢¥(u, b, +)), (A, a,-)), A(p, (A, a,-)),
A(p(N a,-),q) and A(p,q). To write the results in a compact form, we define the following

for k= 0,1 in terms of A and a:

LF (N, a) = I(52)(aq cosh(§A) + agsinh(£X)) (B.30)
I (N a) = I(§A) (a1 sinh(§)) 4 ag cosh(5))) , (B.31)
J (N a) = Je(5))(ag cos(§A) + agsin(5N)), (B.32)
J, (A a) = Ji(5A)(—azsin(§A) 4+ agcos(5A)) . (B.33)

It follows from (B.29) that A(¢ (i, b, ), (A, a,-)) has the following explicit form

mwes (a(\ p,a,b) BN p,a,b)
A . ) = 22 B.34
(¢(M7b7 )7¢()‘7a7 )) 2 < A2 — :U‘2 + )2 _|_M2 ’ ( 3 )
where
a(A p,a,b) =

v
sy (A a) I (,b) + If (L &)y (1 b) + Iy (A a)Ji (1. b) + I (A a)Jy (b)) (B.35)

/8()\7/’[/7a7b) =
PIIF (0 &) Jy (i, b) — Iy (A a) Iy (1, b) + Jf (\ &)y (1, b) — Jy (A, &) (1, b)
5[ (A a) I () + I () (. b) + I (A a) I (1, b) + I (A a) Iy (u,b)]. (B.36)

For y = )\ we consider the limit of A — u in (B.34), where the limit of (), 1, a, b) /(A2 — p?)
as A — u is given by

lim a(A, u,a,b) _
A= A2 — ,u2
5y 1 e () = I (s ) I () 1 (@) () = 1 (1,20 ()
= 7 (@) () = Jg (@) i (. B) 4+ Ji (@) Iy 1) + I (p1,2)Jg (1, b)
+ I () (o) + Jy () (b)), (8.37)
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For polynomials p(z) = By + Biz + Bez? and q(x) = Ag + Az we obtain the analytical

expressions:

Apv(Xa,) = Bigc (I () +Jf (Va)) + By [K (17 (Aa) + Jp (A, a)

+ £(2IF (N a) + 201 (N, a) + Iy (A, a) — J; (A a))], (B.38)

AW a,),q) = Ao (I (ha) + I (&) + Ar [ = 30 (V) + I (V)
+ £(2I7 (N a) + 2J7 (A, a) + I (A, a) — JF (A a))] (B.39)

and
2
A(p, q) = ? (A()Bl + AlBl + cAgBs + 6C AlBg) . (B40)

In the next section we evaluate T (f) and I'®)(f) for f = g and f = (), a, ).

B.4 Expressions for I'V)(f) and I'®(f) for specific f

Results for TV (¢) and T'®)(q), where I'¥) is defined in (B.2) and q(z) = Ag + Ay, are given
by

IrM(g) = ZeAg + 224y, (B.41)
T (q) = ZeAg + gcml . (B.42)

We found the following equations by using the integral representations of the modified Bessel

functions Iy and Iy:

PE(e™) = 5 (Io (§) + 11 (%)) ¢ (B.43)
M) = % (0 (8) ~  (§)) e (B4
By using the identities (B.43) and (B.44) we obtain
TV @\ a,) =% (If (\a) + IT (\a) + J (\a) + J7 (\a)) | (B.45)
@ w(\a,) =% (If (\a) — I} (\a) + J (\a) — J; (\a)) , (B.46)

where I,", I”, J;" and J,  are defined by equations (B.30) - (B.33).
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Appendix C

Some specific Cauchy

principal-value integrals

In this appendix we give analytical expressions for the following integrals for 0 < s < ¢:

FOg = [ Q) du, C.1
k) /o (u—s)y/u(c—u) (1)
FP(s) = ’ V() du, C.2

) /o (u— 8)\/u(ec—u) (©2)
FIEB’)(S) = /0 (o j]k(z()c ) du, (C.3)

where ¢ () are the dry normal modes given by equations (3.74) for £k = 0,1 and by equations
(3.91) and (3.92) for k > 2. The integrals (C.1) — (C.3) appear in equations (3.138) and
(5.39).

For kK = 0 and k = 1, expressions for F,gi) in (C.1) — (C.3) can be found using the identity
(2.35), so that we obtain:

F{(s) =0, FY(s) =0, (C.4)
FP(s)=0, FP(s) = 2v/3r, (C.5)
F¥s) =, FOs)=nV3(s+£—1). (C.6)

For k > 2 we can evaluate F,gi)(s) by writing the right-hand sides of (C.1) — (C.3) as an
expansion in terms of Chebyshev polynomials of the second kind, U;, with the help of the
following identity:

¢ el AT re 0o e

where I; are the modified Bessel functions of the first kind. The identity (C.7) is obtained
from the expansion €™ = 2% 7 I,(r)T,(z) in terms of the Chebyshev polynomials of
the first kind, 7}, (see equation (B.23)) and equation (B.24). The identity (C.7) for r =
+ g, £iA; together with equations (3.91) and (3.92) for k > 2,0 <z < cand i = 1,2,3 give
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us

i 47T)\27i > 7 c 7 c
B @) = =2 S (AL (5M0) + B (0311 (5M) ) Uy (2z/e = 1), (C8)
=0

where the functions Jj(x) are Bessel functions of the first kind. For k even, the coefficients

Al(;]) and B,(jj) are defined by AI(;) = alg?/cosh()\k/Q) and BIE‘Z) = ﬁliij)/COS()\k/Q)' For k even

VI J
and j even the elements ag} and B,(;J) are given by

af) (¢) = cosh(fy), BLY (¢) = (~1)7/%* cos(fi), (C.9)
o (¢) = —sinh(fi), B (c) = (~1)/sin(fy) (C.10)
o) (¢) = cosh(fi)., B () = (~1)7/% cos(fr) (C.11)

where fi = %)\k- For k even and j odd we obtain

ol (¢) = —sinh(fy), B (€) = (1) sin( ), (C.12)
o) (¢) = cosh(fi) B (0) = (- 2eos(fy),  (C13)
ol (¢) = —sinh(fy), B () = (1) 2 sin( ) . (C.14)

For k odd we set Agj) = ag}/sinh()\k/Z) and Blilj) = B,(g?/sin()\kﬂ). For k odd and j even

the elements 04,(3 and ﬁ,(jj) are defined by

oy (c) = sinh(fy) . B (e) = (~1)/* L sin(fy) (C.15)
o (¢) = = cosh(fi), B () = (—1)/* cos( ), (C.16)
o) () = sinh(fy) B (e) = (~1)"2sin(fy,) (C.A7)

For k£ odd and j odd we obtain

ol (¢) = — cosh(fy) | B (e) = (~1)UD/2 cos(fy) . (C.18)
af) (c) = sinh(fy) B () = (1)U 2 sin( ), (C.19)
o) (c) = — cosh(fi) . B () = (1) cos(fy). (C.20)

As to the convergence of the series (C.8), for increasing j the values I;(§A;) and J;($A\x)
quickly tend to zero as O(%(%)\k)j) for j > §A\x and U;_1(2x/c — 1) diverges only weakly
and only close to the edges z = 0 and = = ¢ as O(j). The convergence of the series is quick,
since the series is alternating due to regular sign changes for Agj) and B,(;]) and irregular sign
change of U;(2x/c — 1) in j. For evaluations of the pressure in section 3.3 and in section
5.1 we obtained good results for Fj(x) when we truncate the series in (C.8) after the 10th
summand.

As to large k, the values Ay;j(c)lj11(5Ak) and Byj(c)Jj11(5A) tend to zero as k — oo
with order O(k~1/2) for fixed j. We found numerically that Féi) (r) = O(k* %) as k — oo
for fixed x and c¢. Hence, the series ), F,gl)(x)ak(t), >k F,iz) (x)a(t) and >, F,ig) (x)ag(t)
in equations (3.138) and (5.39) converge, since it was shown that the magnitudes of ax(t),

ay(t) and dy(t) approximately decay as O(k=%), O(k~%) and O(k~2), respectively.
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Appendix D

An integral relation

Our expression for the rate of change of the kinetic energy in the fluid bulk, %Eﬁ{jk, in (4.70)
includes, in particular, ¢(z,0,t) for x: ¢t < x < t+c. Its computation requires the evaluation
of ¢z (z,0,t) in (4.24), which involves two integrals (see equation (4.25)) to be computed for
every point t < x < t 4 ¢. The aim of this appendix is to show the following identity

a2 a2 - K2(do,t
/ o(2,0,t) @y (x,0,t)dz = —/ p(z,0,t) w(x,t) de — do (da, 1) (D.1)
0

d m(dy —dy)’
where K (z,t) is defined by equation (4.25). Equation (D.1) helps us in (4.70) to confirm
that Ej(eft) and El()ﬁ
right-hand sides of (D.1) we can verify the accuracy of the numerical results in chapters 4 and

. make up the total energy of the fluid flow. By computing the left and

5. To prove (D.1) we need some properties of the complex velocity potential Fy(z) = ¢ + i)
and the complex acceleration fy(2) = ¢ — i@y given in section 4.1: The functions Fy(2)
and fi(z) have the following behaviours at z = dj, d2 and in the far-field (see also equation
(4.34)):

Fiz) = 0(1),  fu(z) = O((= — dy)~"?) (zod), (D2
Fi() = iy, 0.8) — 220 (g2 0 dy) (2 dy) (D.3)
t\Z2) =1 2, U, Zﬂ_m z 2 z 2 z 2), .

B doK (d, t) _ _
fule) = i3 2 B (e = )97 4 O((x ) ) (zsdy), (D)
F(2)=0GY),  fulz) =0 (= o). (D)

Furthermore, due to equation (4.15) the real part of Fy(z) is zero for x < dy, y = 0 and
x > dg, y = 0, and the real part of f(z) is zero for x < di, y = 0 and = > dy, y = 0.
Since Fy(z) and fy(z) are analytic functions, we can apply Cauchy’s integral theorem for the
function Fy*(2)fi(z) where we define Fy*(z) = Fi(z) — iy(dz,0,t). We obtain

Im ( | E @) dz> ~0, (D.6)

where we define the closed contour C. (described clockwise) by the four sections of the
contour Cél), C’€(2), 05(3) and C§4), which are sketched in Figure D.1. In particular C’E(Q) and
05(4) are contours on semi-circles with radius ¢ and 7!, correspondingly. By integrating

by parts, using the asymptotic behaviours in (D.2) and using ¢(x,0,t) = 0 for x < dy and
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do ch Y dy %

di ) v

Figure D.1: The contour integral C. = Cg(l) + 05(2) + Cg(?’) + C€(4).

o(x,0,t) =0 for z < d; we find

da
lim [ Im (F(2)fu(2)) dz :/ wyapt‘ dx —/
do y=0

. D.
ool i w7

y=0

For the integral on the contour section Cé2) we use the asymptotic behaviours of Fi(z) and

fu(2) in (D.3) and (D.4) to obtain

lim Im (Fy (2) fu(2)) dz = —w

. D.8
e—0 C§2) 7T(d2 — dl) ( )

Owing to the far-field behaviour of Fi(z) and fi(z) given by (D.5) and ¢(x,0,t) = @ (2, 0,t) =

0 for z > do, we obtain

lim Im (F{(2) fu(2)) dz = 0. (D.9)
e—0 053)_’_054)

In conclusion, the limits of the integrals in equations (D.7) — (D.9), together with (D.6), the
linearised Bernoulli equation (4.17) and the linearised kinematic boundary condition (4.18),

give us alltogether equation (D.1).
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