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Abstract
A two-dimensional finite wedge entering water obliquely in freefall with three degrees of freedom is considered
through the velocity potential theory for the incompressible liquid. The problem is solved by using the boundary
element method in the time domain. The scheme of the stretched coordinate system is adopted at the initial stages
when only a small part of the wedge near its tip has entered water. The auxiliary function method is adopted to
decouple the nonlinear mutual dependence between the body motions in three degrees of freedom and the fluid flow.
When the liquid has detached from the knuckle of the wedge, the free jet is treated through the momentum equation.
The developed method is verified through existing results for one degree of freedom in vertical motion. Various case
studies are undertaken for a wedge entering water vertically, obliquely and with rotational angles. Results are
provided the accelerations, velocities, pressure distribution and free surface deformation, and the physical
implications are discussed.
Keywords:
Oblique water entry; Boundary element method; Flow detachment with free jet; Free fall motion; Multi degrees of

freedom; Auxiliary function.
1. Introduction

Fluid/structure impact is a major concern for marine and coastal structures. A typical example is
slamming of a ship. At large heave and pitch motion, its bow can emerge from water and then reenter
water at high speed. When that happens, the ship may also have sway and roll motions. In such a
case, each cross section of the ship enters water obliquely together with rotational velocity. A two
dimensional wedge is commonly used in analysis. One reason is that the cross section of high speed
craft is V-shaped. Another important reason is that understanding obtained from a wedge is highly
relevant to many more general cases.

There has been extensive research on problems related to fluid/wedge impact, based on the
incompressible velocity potential theory on the basis that the Mach number in such a case is
relatively small and the period of impact is very short. Based on whether water entry is in freefall
or in the prescribed motion, and whether the wedge is finite or infinite in width, the work can be
broadly divided into four categories. In the first category, an infinite wedge enters water with
prescribed velocity, either constant or varying. In the first category, an infinite wedge enters water
with prescribed velocity, either constant or varying. Dobrovol’skaya [1] used the complex conformal
mapping to consider a symmetric wedge vertically entry water with constant speed. She obtained a

self-similar solution which satisfied the nonlinear free surface boundary condition. Zhao & Faltinsen
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[2] considered the same problem using the boundary element method in the time domain. Adopting
the integral hodograph method and using the velocity magnitude and direction as the variables,
Semenov & lafrati [3] solved the problem of vertical water entry of an asymmetric wedge. Using
the Cauchy theorem for the complex potential, Xu et al. [4] solved the problem of oblique entry of
an asymmetric wedge.

In the second category, the wedge is finite in width. However the entry speed is still prescribed
as either constant or varying. In such a case, the flow will detach from the knuckle of the wedge
shortly after initial impact. The flow after detachment is no longer self similar even at constant speed
and zero gravity. Zhao et al. [5] considered vertical water entry of a symmetric wedge. The velocity
continuity condition was imposed at the knuckle after flow detachment. They also carried an
experiment to verify their numerical results. lafrati & Battistin [6] investigated a symmetrical wedge
vertically entering the calm water at constant speed. Tassin et al. [7] used an analytical model based
on the Logvinovich model for a finite wedge. Bao et al. [8] simulated oblique water entry for an
asymmetrical wedge. The gravity effect was included. The fluid was assumed to leave the knuckle
tangentially after flow detachment. The thin jet flow was treated through momentum equation from
which the solution could be obtained independently and directly. Semenov & Wu [9] obtained the
self-similar solution of an expanding wedge. When the ratio of the expansion speed to the entry
speed is below a limit, flow detachment can occur.

In the third category, an infinite wedge enters water in free fall motion. Before the body touches
water, its acceleration is equal to that due to gravity. As the body enters water, the acceleration
changes due to hydrodynamic force. It becomes unknown and has to be found from the solution of
the problem. The body motion and the fluid flow is therefore fully coupled. Wu et a/. [10] considered
a symmetric wedge vertically entering water in free fall motion. The nonlinear mutual dependence
of the body motion and fluid flow was decoupled by the auxiliary function method [11]. Experiment
was also undertaken and the acceleration from the simulation was in good agreement with the
measured data at initial stage. While the wedge in the above work has only one degree of freedom,
or the body is allowed to move only vertically downwards, Xu et al. [12] considered water entry of
a wedge through free fall in three degrees of freedom. When rotation is included, the flow is no
longer self similar even when the speed is constant as the ratio of the translational velocity and the
angular velocity can be a length scale. Stability and accuracy of the numerical simulation is more
important in three degrees of freedom, as numerical error could lead to motion instability.

In the fourth category, the wedge entering water through free fall motion is finite in width. Sun
[13] simulated a wedge entering water vertically. The results were compared with the experimental
data of Aarsnes [14]. More recently, Wang et al. [15] further studied this problem numerically and
experimentally. However, it is still limited to one degree of freedom. The present work considers a
finite wedge entering water through free fall motion in three degrees of freedom. Before flow
detachment, the problem is similar to that considered by Xu et al. [12] for an infinite wedge.
However, gravity effect in the free surface boundary condition and on the hydrodynamic force will
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be included here. Major differences occur after flow detachment. For an infinite wedge, its wetted
surface keeps increasing and most part will be eventually above the rotational centre located at the
centre of gravity. The rotational moment will change its sign during water entry, which may stop the
body to rotate continuously in one direction, as it does during ship capsize. For a finite wedge the
wetted surface will be constant after flow detachment. The moment may remain in the same
direction and the body may continue to rotate in the same direction. Furthermore, after flow
detachment, free jets may be formed [8]. Its accuracy should be ensured as the body motion can be
very much affected by numerical error.

In the following sections, we shall first give the mathematical formulation and numerical
procedure. Brief discussions will then be given about the boundary element method for solving the
velocity potential and about the auxiliary function method to decouple the mutual dependence
between the body motion and fluid flow. Before providing numerical results, convergence study is
undertaken and comparison is made with available numerical and experimental data. Extensive case
studies are then provided to show the behaviour of the body motion in three degrees of freedom, as

well as the corresponding pressure distribution and free surface deformation.
2. Mathematical model and numerical procedure
2.1 Governing equation and boundary conditions

The two-dimensional oblique water entry problem of finite width with breadth B at the top

through free fall motion is considered here. The water density 5, the vertical velocityV at the

moment of entry and the breadth B are used for the nondimensionalisation. Subsequently, the
parameters without ~ are nondimensional. The problem is sketched in Fig. 1. A Cartesian coordinate
system O—xy fixed in the space is defined, in which x-axis is along the undisturbed water surface
and y-axis is vertically upwards. Heel angle 4 in the figure is the angle between the symmetry line
of the wedge and the y-axis. The wedge is asymmetric and has left and right deadrise angles y; and
72, respectively, and the angle between its symmetry line and its face is y. These angles form the

following relationships:
T T
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At =0, the tip of the wedge is touching the calm free surface. We set the origin of the system at the
point. The rotating centre is located at the centre of the gravity G. The distance between G and the
tip of the wedge is /. The translational velocity of the wedge at point G is U=Ui—Vj, and the
rotational velocity about G is &=wk, where i and j are the unit vectors in the x and y directions
respectively, and k=i x j. Here the minus sign before /" means that it is positive when the body

moves downwards. We notice that /=1 at /=0 based on the way in which the parameters are defined.
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Fig. 1 Sketch of the problem

The fluid is assumed to be incompressible and inviscid, and the flow to be irrotational. A velocity

potential ¢ can then be introduced, which satisfies Laplace equation
V=0 )

in the fluid domain. On the body surface Sy, we have from the impermeable condition

%:(u +QxX)en = (U —a¥)n, +(-V +oX)n, (3)

where n=(n.,n,) is the normal vector of the body surface pointing out of the fluid domain. X=(X,Y)
is the position vector relative to the centre of rotation. The Lagrangian form of the kinematic and

dynamic conditions on the free surface Sr can be written as

Dx_o¢ Dy _0¢ 4)
Dt ox Dt oy

D 1
Cam ] ®

where Fr=V /./gB is the Froude number. The atmospheric pressure has been assumed to be constant

in Eq. (5). In addition, we specify a far-field condition

Z—ﬁ =0 (6)
on the basis that the fluid is undisturbed at\x* +y* - . A wedge impacting on water surface starts
from a single point and the fluid domain noticeably disturbed by the wedge increases as the body
moves into the water. To reflect that, we adopt the method of the stretched coordinate system [16].
We define

d(x,y,t) =s()ep(a, B,1),a =xIs(t), f=y/s(t) (7

where s(7) is the vertical displacement of the centre of rotation:
t
s(t) = [V (r)dr ®)
0

Here it is expected that the vertical velocity V' is dominant in Eq. (8) during water entry. In the



stretched coordinate system, the free surface boundary condition can be written as

D(sa) :8_(/) D(sf) :a_(p 9)
Dt oéa Dt op

D(sp) sp 1., 2

it h A A (10)
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The use of the stretched coordinate system is particularly effective when s is small. When s has

reached a finite value, the simulation can continue in the stretched coordinate system or move back

to the physical system O—xy.
2.2 Numerical procedure

Based on Green’s second identity, the differential equation in the fluid domain can be converted

into the following boundary integral equation.

op(a)
Pq 6nq

A(P)e(p) = [| Inr, —(p(q)a%(ln ) @S, (11)

where the whole boundary S of the fluid domain includes the free surface Sr, the body surface So
and the control surface Sc far away from the body. A(p) is the solid angle of point p on the body
surface, and 7, is the distance between points p and q.

The boundary of the fluid domain is discretized by using straight segments. On each element, the
values of ¢ and @, are defined at the both nodes and their values within the element can be obtained
by using the shape functions. We have

=N, (&) f, + N, () f, (12)
where f'stands for either ¢ or ¢,, and

Ny (&) =1-E, N, () =& (13)

The local coordinate ¢ in the above equations varies from 0 at one node to 1 at the other. Eq. (11)

can then be written as

A(p)¢(p)+22<ok(q)J (In 1 )N, ()0 = Zzﬁ(f;(q) [CIATOREN

k=1 i=1 k=1 i=1
where i=1,2 respectively denote the first and second nodes of the kth element with length x and N is
the total number of elements. By letting point p approach each element node on the boundary, a

system of equations can be obtained.

[HHe}=[CKo,} (15)

where the matrices [H] and [G] contain the integrals of 0(Inr,q)/0n4 and Inz,, over each element [17],
respectively, and {@} and {¢,} are columns containing the potentials and its normal derivatives on
all the element nodes.

The normal derivative of the potential on the body surface and the potential on the free surface
are known at each time step. They are moved to the right hand side of the equation, while the

unknowns are moved to the left. Eq. (15) can then be rearranged as Lu et al. [17]
5



0" o
[H* =G H* | garzF =[G* -H* G¥* ] ¢2F (16)
P P

where the superscripts correspond to the surfaces defined in Fig. 1. Once the solution of Eq. (16) at
each time step has been obtained, we can update the free surface profile through the kinematic
boundary conditions given by Eq. (4) while the dynamic boundary condition in Eq. (5) is used to
update the velocity potential on the free surface.

When a wedge enters water, a jet can be usually observed, which requires some special treatments
to avoid numerical error. Before flow detaches from the knuckle, the jet is attached to the body
surface. The treatment used is similar to that used previously [16], in which the shallow water
assumption is used. At the intersection of the body surface and the free surface, the velocity potential
is continuous and is known at each time. However the normal derivative ¢, is discontinuous. It is
known when it is viewed from the body surface but unknown from the free surface, and can be
obtained from the solution of Eq. (16). After the flow detaches from the knuckle, the jet becomes a
free one with free surface on both sides. The motion of the free jet flow is governed by gravity.
Following the method developed by Bao et al. [8], momentum equation for the jet can be written as

Du 1
Dt Fr?

The velocity in the jet flow region can be obtained from Eq. (17), and subsequently the position and

(17)

potential of the jet surface can be obtained from Egs. (4) and (5), respectively. As a result all the
information on the jet surface required in Eq.(11) become known. At the intersection of the free
surface and the body surface, we assume that the flow leaves the knuckle tangentially, ¢ is therefore

continuous at the knuckle and is known from the body surface boundary condition. The velocity
potential at the intersection after detachment can be treated as unknown and can be obtained by

solving Egs. (16).
2.3 The body motion
When the potential has been found, the Bernoulli equation can be used to obtain the pressure:
1 y
=g +=VVp+—— (18)
p (¢t AL Frz]

in which the density of the fluid is absent after nondimensionalisation. The force F and the moment

M acting on the body can be obtained by integrating the pressure over its wetted surface So:

F = j pndsS (19)
5
M = [ p(Xxn)ds (20)
SO

Based on Newton’s law, the equation for the body motion can be written as



M, ]U]=[F,]+[F.] (21)
where [My] is the body mass matrix, [U]is a column of body acceleration with two translations
and one rotation, [Fn] is a column of the hydrodynamic force and moment, and [Fe] is a column of
the external force and moment such as the force due to the gravity.

By solving Eq. (11), ¢ can be found. However, ¢ is still not explicitly known. Although it could
be obtained by a difference method with respect to time from results at different time steps, such a
procedure is usually not accurate enough and sometimes may lead to numerical stability,
subsequently the body motion. Here we adopt the approach proposed by Wu & Eatock Taylor[11]. ¢
satisfies the Laplace equation in the fluid domain. Its free surface boundary condition can be

obtained by letting Eq. (18) be equal to zero

1 y
=——VoVeo— 22
% > V¢ Fr2 (22)
The body surface boundary condition can be written as [18]:
od, (i1 . oV 0
Eﬁ—OJ+QxX}n—Uw5r+Q%m[Xx@LJ@H (23)

From Eq. (23), the acceleration is needed for solving ¢. On the other side, the acceleration in Eq.(23)
depends on ¢. Here we adopt the method developed by Wu & Eatock Taylor [11] to decouple the
nonlinear mutual dependence between the body motion and the hydrodynamic force.

We introduce some auxiliary functions y and A; (i=1,2,3) which satisfy Laplace equation, and

write ¢ as
¢ =x—-UWVp+ Q2 Xx(U-Vp)|)+U,4 +U,2, +U 4, (24)
The boundary conditions for y and A; can be given based on those for ¢. On the body surface
ox
A _0 25
n (25)
oA
T _n 26
an (26)
On the free surface
1
2=UVg-Xx(U —V¢)]—§V¢V¢—% 27)
A =0 (28)

On the control surface, the normal derivative of those auxiliary functions are zero. All the boundary
conditions on y and 4; (i=1,2,3) are known once the potential is found and those can be solved in a

manner similar to that used for ¢. Using y and A; (i=1,2,3) into Eq. (21), we have

g . M;i6,
;(aﬁmn +N; U, = f, —#;2 (29)

where



1 j=i
5ji={o P Nji:'[;fij-nids
f, =—H(1—U'V¢+Q-[X x(U —V¢)])+%V¢V¢+#jnjds (30)

and (I’l], ns, nj’):(nx, ny, Xny_Ynx), (U11U21U3) = (U 1_\/ ' w) .
The body acceleration then can be obtained from Eq. (29), and the force F and the moment M can

be found from Eq. (19) and Eq. (20), respectively.
3. Numerical results and discussions

We start the simulation at s=so which can be chosen arbitrarily small. At such a small distance,
the overall disturbance to the liquid is small. The initial solution can be chosen for the computational
convenience as the result does not have large effect on the flow at later stage. Thus it can be selected
to ensure that the simulation can move forward smoothly with the time step. Here we adopt the
similarity solution as the initial solution at so, as done by Xu et al. [4], and use the time stepping
method onward. In the present paper, we start our simulations at 50=0.001. The computational
domain is chosen as a rectangular control box which is truncated at a=tmax(20,20/tany;) and
f=-40 in the stretched coordinate system.

Elements of typical length A/ are uniformly distributed on the body surface So. Before flow

detachment, equal elements are used on the free surface near the body. On the free surface away

from the body, the size of the element increases gradually at a fixed ratio, and the largest element

far away from the body is about five times typical length Al After the flow detaches from the

knuckle of the body, a local mesh refinement is used near the tip of the jet and the knuckle.

The time At is chosen to ensure sufficient accuracy which is determined by

At = ¢ Min(AD: 31)
max((V #)s )

where 0<C<1 is to ensure that the fluid particle on the free surface will move a small fraction of
grid size within one time step. During the simulation, the time step will be adjusted based on the
Eq.(31) through the ratio of the smallest element size and the largest velocity magnitude. When the
free surface deforms as time increases, elements can be distorted severely and remeshing is therefore
applied regularly based on the scheme used by Sun[13].

During water entry, the heel angle 8 can be obtained by

ot)=6,—- j w(r)dr (32)

Here and in other parts, the subscript 0 indicates the initial value. The horizontal displacement of

the centre of rotation



h(t) = jU (r)dz (33)

The horizontal and vertical displacements of the tip of the wedge are respectively

S, =5S(t)+1(cos@—cosg,) (34)
and

h, =h(t)+1(sin@—-sinG,) (35)

where / is the distance between the tip and centre of the gravity of the wedge.
3.1 Convergence study and comparison

A wedge entering water vertically in free fall with flow detachment is simulated for convergence

study. We choose the case of y1=y2=30, Fr=1.9587 and m=1.1722, which is same as that in the
experiment by Wang et al. [15]. We set the typical element length A/=0.04, 0.03 and 0.02

respectively in the stretched system. Fig. 2 gives the free surface profile and the pressure distribution
after flow detachment at s=0.4, and the vertical acceleration. The results corresponding to different
meshes are in a good agreement. This shows that the present method is already mesh independent.
To verify convergence with the time step, we choose C=0.4, 0.3 and 0.2 respectively. Fig. 3 gives

results at s=0.4 and it can be seen that convergence has been achieved. C is taken as 0.3 in the

following simulations together with A/=0.03.
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Fig. 2 Mesh convergence study, (a) free surface profile (s=0.4), (b) total pressure distribution on the wedge

surface (5s=0.4), (c) vertical acceleration of a wedge with y1=y>=30, Fr=1.9587 and m=1.1722
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Fig. 3 Time step convergence study, (a) free surface profile (s=0.4), (b) total pressure distribution on the
wedge surface (s=0.4), (c) vertical acceleration of a wedge with y1=y>=30, Fr=1.9587 and m=1.1722
Then we verify our method by comparing with the results in Wang et al. [15], as shown in Fig.4.
The vertical acceleration from the present numerical simulation agree very well with those obtained
numerically by Wang et al. [15] in Fig. 4a. The experimental results by Wang et al. [15] are also
provided. Although the trends are very similar, there is some noticeable difference between the
numerical results and experiment data. It has been stated by Wang et al. [15] themselves that “when
we have peak acceleration, the numerical pressures on the impact side agree well with experiments,
which should result in a good agreement of the hydrodynamic force (and the body acceleration)
between the numerical results and experiments. This causes a contradiction that we cannot explain.”
The task of offering a valid explanation here is obviously more difficult. Fig. 4a further provides the
acceleration for the wedge with the same parameters but much larger length, in which no flow
detachment occurs. Before flow detachment, all the numerical results are virtually the same. At later
stage, the attached flow obviously has a larger upward force and therefore the wedge has a larger
upward acceleration, as shown in Fig. 4a and reflected by the velocity in Fig. 4b. Comparison for
pressures from the present result and the numerical and experimental data of Wang et al. [15] is
shown in Fig. 4c, where point P5 is on the body surface, and has a horizontal distance of 0.1145 to

the tip of the wedge. Comparison with Wang et al. [15] for the free surface profiles at = 0.7545 and

1=2.6220 is displayed in Fig. 5 and very good agreement can be found.
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Fig. 4 Results for vertical water entry of a symmetric wedge with (y1=y>=30°, Fr=1.9587, m=1.1722),

(a) acceleration, (b) vertical velocity, (c) press at point P5.

a.

Fig. 5 Comparison of surface profiles between experimental results by Wang et al. [15] and numerical result
for wedge (y1=)2=30°, Fr=1.9587, m=1.1722) at (a) =0.7545 and, (b) #=2.6220. short dash line,
numerical results by Wang et al. [15]; solid line, the present numerical results

We further validate our numerical method by considering an asymmetric case. Drop tests from
different heights were carried by Xu et al.[19], with initially zero or non-zero heel angle. Oger et al.
[20] simulated one of the cases in Xu et al[19] based on the smoothed particles hydrodynamics
(SPH) method. The comparisons of vertical and rotational accelerations are respectively provided
in Figs. 6a and 6b. The deadrise angles are much smaller than that in Fig.4 and therefore it is a

computationally and experimentally more challenging case. Both results from Xu ez al.[19] through
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model testing and from Oger et al. [20] through computational are quite oscillatory. The present

results are in fairly good agreement with the mean lines of their results.

00t y Experimental results by Xu (1998)
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Fig. 6 Results for water entry of an asymmetric wedge with y1=25°, y2=15°, m= 0.1366, /=0.3541, Izz = 0.0026,

Fr=1.4142. (a) vertical acceleration, and (b) rotational acceleration.
3.2 Case studies

The centre of gravity of the wedge in Fig.1, where the rotational centre is located, is above its top,
based on the assumption that there may be a structure attached to the wedge in practical problems.
Some data of the wedge are given in Table. 1, which are used in the subsequent simulations unless
specified specifically. This wedge model was also used in Wu et al. [10], in which the wedge
vertically entering water in freefall was investigated numerically and experimentally. Then Xu ef al.
[12] used this wedge to study oblique water entry in free fall within three degrees of freedom.
However the wedge in their simulations had infinite length and there was no flow detachment, and

the gravity was also ignored.

Half inner Distance between the tip of the )
Mass: m Inertia: Iz
angle: y wedge to the mass center: /
45° 2.5 1.25 28.125

Tab. 1 The data of the wedge.

3.2.1 Vertical entry of a symmetrical wedge

We consider the wedge with initial heel angle 6,=0° entering vertically into water at speed of
Fr=3. Figs. 7a and 7b show respectively the variation of acceleration and velocity with s. The initial
acceleration is that due to gravity and is equal to 1/F/? and the initial velocity is 1, based on
nondimensionalisation. The acceleration is positive (downwards) for very short period of time,
within which the vertical velocity increases. Then the acceleration changes the sign, and the velocity
starts decreasing. The acceleration varies rapidly initially because of the large impact force due to
larger velocity and rapid increase of the wetted surface. When the entry velocity slows down because
of the action of the hydrodynamic force and when the wetted surface no longer changes after flow

detachment, impact force decreases and therefore the acceleration.
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Fig. 7 Vertical entry of a symmetrical wedge with Fr=3, ,=0°. (a) vertical acceleration, (b) vertical velocity.

Fig. 8a and 8b give the free surface profiles and pressure distributions at different s. L is the length
of the body surface, and d is the length coordinate measured from the tip of the wedge to a node on
the wedge surface. d/L varies from -1 to 0 on the left-hand side of the wedge, and from 0 to 1 on the
right-hand side. When s=0.05 and s=0.15, or at the earlier stage during impact, a thin jet is fully
attached to the body surface. Since the velocity has decreased, the pressure distribution at s=0.15 is
lower than that at s=0.05. When 5=0.25, the jet has detached from the knuckle but its root is still
attached to the body surface. When s=0.40, the jet root has departed from the body surface, and the
pressure distribution changes significantly. The larger pressure gradient near the jet root before the
detachment has disappeared. The pressure variation along the body surface becomes much milder.
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Fig. 8 Vertical entry of a symmetrical wedge with Fr=3, 60=0°. (a) free surface profile, (b) pressure distribution.

We consider similar wedges with different y entering water vertically with the same speed. Figs.9a
and 9b show the acceleration and velocity of wedges with y=30°, 45° and 60°. A wedge with larger
y or a smaller deadrise angle will have much larger impact force upwards. It leads to a much larger
upwards acceleration. Because of that, the speed of the wedge decreases more quickly, as shown in
Fig.9b, which in turn reduces the impact force. Therefore Fig.9a also shows within certain s, the
acceleration of the wedge with y=60° is smaller than that of the wedge with y=45°. As s increases,
the hydrodynamic force acting on a wedge gradually balances its weight and the acceleration

approaches zero.
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Fig. 9 Vertical entry of symmetrical wedges with different y (Fr=3). (a) vertical acceleration, (b) vertical velocity.
Figs. 10 and 11 give the free surface profiles and pressure distributions at different s. When s=0.1,
the thin jet flow is still attached on the body surface. The wedge with larger y has a much longer jet,
and the flow will detach from the knuckle earlier, as shown in Fig. 10a. In Fig. 10b, a wedge with
larger y has larger pressure, and larger pressure gradient. Fig. 10b can well explain that the wedge
with larger y has larger upward acceleration. When s=0.7, the jet roots for all y have detached from
the corresponding knuckle. The free surface profiles in Fig.11a have changed significantly, and they
differ greatly from each other. In Fig. 11b, the large pressure gradient for y=60° before flow
detachment has disappeared. We have seen from Fig. 9a that the vertical hydrodynamic force
gradually balances the weight. Since the weights of the wedges at different y are equal, and the
vertical force acting on the wedge can be obtained from the pressure integration over its wetted
surface Sy, the pressure distributions for different y have a very small difference, although the

vertical velocities of those wedges are different (Fig. 9b).
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Fig. 10 Vertical entry of symmetrical wedges with different y (#7=3) at s=0.1. (a) free surface profile,

(b) pressure distribution.
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Fig. 11 Vertical entry of symmetrical wedges with different y (F7=3) at s=0.7. (a) free surface profile,

(b) pressure distribution.

3.2.2 Vertical entry of an asymmetrical wedge

We now consider water entry of a wedge which is asymmetric about y-axis and F7=3. The initial
horizontal and rotational velocities are zero. Fig. 12 shows the acceleration and velocity components
in three modes for the wedges with initial heel angle 6=0°, 5°, 10° and 15°, respectively. The
influence of 6y on the horizontal and rotational accelerations and velocities is far more evident than
that on the vertical ones. When 6y is positive, the right deadrise angle is smaller than the left. As
discussed previously, the body surface with smaller deadrise angle will lead to higher pressure.
Subsequently, a negative horizontal force is developed. Furthermore, the imbalance of the forces on
the both sides of the wedge creates a clockwise moment when the rotational centre is above the
wedge. When 6 increases the difference between the pressures on the right and left hand sides
increases. It leads to a larger negative horizontal acceleration, as well as a larger clockwise rotational
acceleration, as shown in Fig. 12a and 12c, respectively. Since the initial horizontal and rotational
velocities are zero, the horizontal and rotational accelerations lead to an increasing horizontal
velocity and an increasing clockwise rotational velocity. Form Eqgs. (32) and (33), the rotational
centre will keep moving towards left hand side and the heel angle will keep increasing. When the
jet root detaches from the knuckle, the pressure on the right hand side reduce significantly.
Subsequently, the negative horizontal force decreases, as well as the clockwise moment. Those can

be reflected by the acceleration in Fig.12a and 12c.
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(b) pressure distribution.

Fig. 13 and Fig. 14 show the results at s=0.25 and s=0.65, respectively. Consistent with Fig. 12,
these two figures show continuous clockwise rotating of the wedge, and y1 and y keep increasing
and decreasing, respectively. This is obviously due to the fact that the centre of the gravity is above
the wedge, and the pressure force on the body provides a clockwise moment when 8>0. It is clearly
observed that the pressure near the tip of the wedge changes rapidly. In the experiment carried out
by Judge et al. [21], air pocket near the tip of the wedge has been observed, which means the water
has departed from the tip of the wedge. An appropriate approach to account for such a phenomenon
is to use the coupled hydrodynamic and aerodynamic model in the time domain. However, it is
beyond the scope of the current work. At the tip of the body, the flow is assumed to be always
attached in the present paper.

We now consider an example with the rotating centre at the tip of the wedge, similar to that of an
arrow. Results similar to those Fig.12a-f are given in Figs.15a-f for 8=10° and /=0. The difference
in the horizontal and vertical accelerations and velocities is small, but that for rotational ones is very
obvious. This is because the magnitudes of the rotational acceleration and velocity are smaller than
the horizontal and vertical ones. At the early stage, the change of the deadrise angle due to small
rotational velocity is small, and subsequently the change of the pressure distribution on the body
surface is also small. However, as s increases, the difference between the results in the two cases
becomes more evident, as shown in Figs. 15a-b and 15d-e. Since / is different, the rotational
moments due to the imbalance of the forces acting on the left and right body surface are in opposite
directions. The rotational velocity for /=0 in Fig. 15f is anticlockwise, and subsequently the heel

angle will decrease based on Eq. (32)
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Fig. 15 Comparison of vertical entry of asymmetrical wedges (9=10°, Fr=3) with different / (Fr=3). (a)
horizontal acceleration, (b) vertical acceleration, (c) rotational acceleration, (d)horizontal velocity,

(e)vertical velocity, (f) rotational velocity.

Wang et al. [22] analysed vertical water entry in freefall of an infinite wedge. The mass of a

wedge was found to have a significant effect on the hydrodynamic load and the motion of the wedge.

We now consider the asymmetric wedges with 6,=10° of different mass m entering water, while

other parameters remain the same as those in Fig.12. Fig. 16 shows the acceleration and velocity

components in three modes for the wedges with m=1.25, 2.50 and 7.50, respectively. The impact

loading will depend only the body velocity and acceleration. Thus at the initial stage, the forces on

all the wedges will be similar. This leads to that a lighter wedge will have to a larger translational

acceleration. As the rotational inertial is the same for the three wedges, all their angular accelerations

are very close for a much longer period of time. However, as translational velocity decreases faster

for a lighter wedge, the loading will also be smaller. This subsequently leads to a smaller angular

acceleration.
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Fig. 16 Comparison of vertical entry of asymmetrical wedges (6o=10°, Fr=3) with different m. (a) horizontal
acceleration, (b) vertical acceleration, (c) rotational acceleration, (d) horizontal velocity, (e)vertical velocity, (f)

rotational velocity.

3.2.3 Oblique entry of an asymmetrical wedge

We now consider oblique water entry of an asymmetric wedge with heel angle 8=10° and Fr=3,
and with different horizontal velocities Uy=-0.3, 0, 0.3 and 0.5 The initial rotational velocity is taken
as zero. Fig. 17 shows the acceleration and velocity components in three modes. When Uy is positive,
it enhances the negative horizontal force. Larger Uy leads to a larger deceleration in horizontal
direction. Large Uy also leads to large acceleration in vertical direction and larger magnitude of
rotational acceleration, which is very much due to the increase of pressure on the right side of the
wedge, as shown in Fig.18 and Fig. 19. When Uy<O0, it cancels part of the horizontal force due to 6.

Fig.17a shows that the horizontal acceleration component is very small for a period of time.
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3.2.4 Oblique entry of an asymmetrical wedge with initial rotational velocity

We finally consider oblique water entry of an asymmetric wedge with heel angle y=10°, Fr=3
and Uy=0.3, and with different rotational velocities w;=-0.1, 0, 0.1 and 0.2 Fig.20 shows the
acceleration and velocity components in three modes, and Figs. 21 and 22 show the free surface
profiles and pressure distributions at s=0.2 and s=1.5, respectively. When o is positive, the rotational
velocity is anticlockwise. In such a case the pressure on the right body surface increases, and that
on the left hand body surface decrease. At earlier stage of s=0.2, the results at different wy are very
close. This is mainly due to the fact that the entry speed is much larger than the rotational velocity
and the effect of the translational velocity is dominant. At s=1.5 shown in Fig.22, the position of the
wedge at different @y becomes very different, due to accumulation of rotation. As a result, the
pressure distributions also become very different.
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Fig. 22 Oblique entry of an asymmetrical wedge with different ao (Fr=3, 60=10°, Us=0.3) at s=1.5.

(a) free surface profile, (b) pressure distribution.
4. Conclusions

The problem of a finite asymmetric wedge obliquely entering water in free fall in three degrees
of freedom is solved by using the boundary element method for the velocity potential. Flow
detachment from the knuckle is also simulated. The thin free jet after flow detachment is treated
using the momentum equation. The auxiliary function method is adopted to decouple the nonlinear
mutual dependence between the body motion and the fluid flow. Through the obtained results, we
can draw the following conclusions.

(1) When a body enters water vertically, there is a sharp reduction of downwards acceleration due
to the large impact force. In fact the acceleration rapidly changes its direction and its magnitude
can be much larger than acceleration due to gravity. As a result, the entry speed is reduced
sharply. The impact force will decrease with the reduction of the falling speed of the body,
especially when the wetted surface of the body no longer increases after flow detachment.

(2) For oblique entry of an asymmetrical body, the fluid force will set the body into motion of three
degrees of freedom. These motions are fully coupled or the motion on one mode will be very
much affected by the other two modes. This leads to a complex pattern of the body motion.

(3) The location of the centre of the body mass has crucial effect on the motion. When the centre
above the wedge, the initial heel angle will lead to further increase of the heel angle. The body
will potentially become unstable during water entry. When the centre is at the tip, the heel angle
may decrease during water entry and the body motion is more likely to be stable. This is
expected to be true when the centre is at the front part of the body.

(4) A small rotational velocity may not have significant effect on the results initially. However, due
to accumulation of rotation, at later stage, difference between results at differential initial

rotational velocities becomes evident.
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