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Abstract— The fluid structure interaction is
simulated during the impact of a 2-d wedge on a wa-
ter surface. The analysis combines the assumption of
small displacements for the ideal fluid and the solid
with an asymptotic formulation for accurate pres-
sure evaluation on the wet surface boundary. Wedge
deadrise angles 3 above approximately 30° do not
fulfill this hypothesis. A fluid-heat analogy is used to
obtain the regular displacement, velocity and pres-
sure fields in the fluid domain with
ABAQUS/Standard finite element code. PYTHON
and FORTRAN languages are employed to connect
fluid and structure data. Two methods are devel-
oped. The first method employs a weak fluid-
structure coupling. The average discrepancy be-
tween our numerical results and experiments was
22% for the peak pressures for conical shell struc-
tures. The wet surface velocity was well predicted.
The second method (implicit fluid-structure coupling
using a convergence criterion) is more accurate. Re-
cent results with an improved, numerical hydrody-
namic model based on CFD are also presented.

Keywords— Hydroelastic analysis, water impact,
wedge.

I. INTRODUCTION

The fluid-structure impact problem is important in many
engineering applications. The slamming phenomenon
implies, in general, very large forces because a consid-
erable mass of water is displaced in a very short time.
Slamming is particularly important for fast ships:
Slamming loads are often the largest loads and de-
termine structural dimensions, particularly sensitive
for light-weight, fast ships

Even if each impact load is small, frequent impact
loads accelerate fatigue failures of hulls

Fast ships usually transport passengers and slam-
ming loads affect passenger comfort.

A fully satisfactory theoretical treatment of slam-
ming has been prevented so far by the complexity of the
problem:

Slamming is a strongly non-linear phenomenon
which is very sensitive to relative motion and con-
tact angle between body and free surface

Predictions in natural seaways are inherently sto-
chastic; slamming is a random process in reality
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Since the duration of wave impact loads is very
short, hydro-elastic effects are large

Air trapping may lead to compressible, partially su-
personic flows where the flow in the water interacts
with the flow in the air

Most theories and numerical applications are for
two-dimensional rigid bodies (infinite cylinders or
bodies of rotational symmetry), but slamming in re-
ality is a strongly three-dimensional phenomenon.
Bertram (2000) gives an overview of the most im-
portant analytical approaches to slamming, pointing out
that in the end only computational fluid dynamics
(CFD) methods are expected to bring considerable pro-
gress, while classical theories work well in two-
dimensional flow for certain geometries.

We focus here on the aspect of hydro-elasticity, lim-
iting the study to simple geometries and 2-d flows, as a
first step to develop more sophisticated 3-d numerical
methods.

II. MATHEMATICAL FORMULATION

We consider the problem of impact of a 3-d body on a
water surface, Fig. 1. The fluid problem is formulated
within potential flow theory for an ideal fluid (incom-
pressible, inviscid and irrotational).

The velocity vector anywhere in the fluid domain
follows from v = grad ®. ®(x,y,z,t) is the velocity po-
tential. We assume small disturbances both for the solid
and the fluid.

Then, the velocity potential must satisfy the follow-
ing conditions:

AD=0

in Q; (1)

ut -n on the wetted surface (2)

3)

Equation (3) expresses the condition of zero relative
pressure on the free surface. Everywhere at the free sur-
face and at all times, the pressure corresponds to atmos-
pheric pressure. The linearized Bernoulli equation gives
then, at the free surface: 0®/ot-g, = 0.

Neglecting gravity (wave making) for high impact
speeds, we then obtain: 00/t =0, thus ® = const. As
only derivatives of the potential are of interest here, we
can set the constant arbitrarily to zero.
The fluid is initially at rest:

q)(XO’yO’Zoro) =0

0
grad ®-n=u,-n=

o=0 on the free surface

4)
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Figure 1 — Geometric definitions

The flow is not disturbed far from the body:
2 )1/ 2 (5)

Once the potential is determined, the fluid pressure
is calculated by the (linearized) Bernoulli equation:

oD

=—py = 6
P==Po— (6)

The conditions on the initial water surface (z, = 0)
are:

lgrad®| — 0 for (xo> + vy + 2o - o

g onlp (M
o=0 only ®)
ob Oh
a = ’ on/7, )
t
where h:J‘ 6;@ dr, (10)
0 %0 l(x0.)

I's is vertical projection of the body wetted surface
on zy = 0, I'. the liquid surface, i.e. the free water sur-
face, and 4 the instantaneous draft of the body.

An analogy to fluid-thermodynamics can be em-
ployed to solve our fluid dynamics problem with the
commercial finite element code ABAQUS/Standard and
its module of thermal resolution. The heat transfer
model is given by the following equations:

AT =0 in Qf (11)
oT
A—=-qz on I (12)
620
T=0 only (13)
Oh OT
o oz on/y (14)
t
where h:J‘ S—T dr (15)
0 0 (X,}’,O,T)

In Eq. (2), z stands for the unit vertical vector. An
equivalent system to Eq.(1) and Eqgs.(7)-(10) is obtained
if the temperature T is expressed in [m?/s], the thermal
conductivity set to A=1, and ¢ expressed in [m/s] in the
thermal module of ABAQUS/Standard.

In addition, it is necessary to know the extent of the
wet surface d. Physically, the position of this surface is
given by imposing the condition of conservation of the
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volume of the fluid. In an equivalent way, this condition
results in finding the intersection between the rise in the
free face and the position of the solid body. The rise in
the free surface is expressed as the integral in time of
the normal derivative of the velocity potential in Eq.
(10). More simply, we can solve the problem of the dis-
placement potential ¥=¥(x,1,z¢,t) such that:

t
‘I’=J“D(x0ayo,zo,f)df (16)
0
and s = id . Thus the potential ¥ must satisfy:
“0 (x0,70,0,0)
A¥ =0 in Q (17)
o¥
o T lUs on the wet surface (18)
820
Y=0 on the free surface (19)

Again, we utilize the fluid-heat analogy to calculate
the equivalent system formed by Eqgs. (17-19), the tem-
perature 7 will be expressed in [m?], thermal conductiv-
ity A=1, and ¢ in [m] in the thermal module of
ABAQUS/Standard.

III. NUMERICAL APPROACH

Donguy et al. (2001) developed a numerical approach to
simulate 3-d slamming problems, combining the as-
sumption of small displacements for the fluid and the
solid with an asymptotic formulation for accurate pres-
sure evaluation on the wetted surface of the body. For
solving the fluid problem, they used a fluid-heat anal-
ogy under the hypothesis of incompressibility and irro-
tational initial velocity field for the fluid, considering
the velocity potential or the displacement potential as
temperature. The finite element code CASTEM was
employed to determine the fluid (heat) and solid evolu-
tions. The fluid structure interaction generates a cou-
pling matrix which has been implemented in CASTEM.

We have globally followed the same approach using
the commercial finite element code ABAQUS associ-
ated with PYTHON and FORTRAN languages instead
of CASTEM. Thus, some procedures have been modi-
fied and several numerical aspects improved. The reali-
zation using ABAQUS represents one of improvements,
since ABAQUS as a commercial code is widely avail-
able, not only to researchers but also to designers. In the
rigid cases, we employ numerical iterations with a con-
vergence criterion to obtain accurate values of the wet
surface distances at every time increment, whereas the
CASTEM approach uses a more approximate Wagner
model. Concerning the hydroelastic coupling, two ap-
proaches for fluid-structure interaction have been im-
plemented. The first one is based on an explicit resolu-
tion without global convergence criterion, the second is
an implicit method associated with two global conver-
gence criteria (strain energy for the structure and maxi-
mum peak pressure for the fluid). Donguy employed an
explicit iteration followed by only one implicit at every



Latin American Applied Research

time increment. His method can be considered as less
accurate since no convergence criterion is enforced.

We considered only wedges and cones as geome-
tries. Three deadrise angles (6°, 10°, and 14°) between
the body and the calm water surface, three initial impact
velocities (2.5, 5, and 8 m/s) and three thickness values
of the outer body shell (0.5, 1, and 1.5 mm) were con-
sidered.

An additional mass of 30 kg was attached in a ring
around the deformable steel shells. The typical dimen-
sions of the structure are the same as those used by
Donguy et al. (2001) in the experiments. The pressure
was measured at two points (p1 and p2), Fig. 2.

For the rigid cases, the velocity was assumed to be
constant. Our simulation of the maximum pressure val-
ues agrees very well with those determined with
CASTEM. We also obtain the same wet surface propa-
gation velocity, as well as the resulting vertical force on
the solid.

The study of impact with deformable structures is
more complicated. A finite element method (FEM) must
be employed to find the shell evolution in parallel with
the fluid calculation. To couple these two simulations,
we project the pressure obtained at the nodes of the fluid
mesh onto the Gauss points of the solid surface and the
nodal displacements or nodal velocities of the structure
onto the Gauss points of the water surface. For the dihe-
dral shells, the pressure vs. time curves exhibit discrep-
ancies between ABAQUS and CASTEM. For the cones,
the maximum pressure values are similar to those ob-
tained experimentally (Donguy, 2002).

\

Point 2

=

Figure 2 — Cone geometry

Point 1

A. Rigid structures

We limit ourselves to two simple shapes, namely
wedges and cones. Employing rotational symmetry,
cones can be treated as two-dimensional bodies. The
deadrise angle B of either form is defined between the
body and the free surface at rest.

The two fundamental assumptions in this case are:
the entry speed of the solid into the fluid is constant; the
numerical time increment A is constant at 2-10” s. The
method of resolution does not require a finite element
calculation, as we know exactly the position of the body
surface at each time. To determine the pressure exerted
by the fluid on the structure, a smaller time increment J¢
was used.

37

38:35-43 (2008)

This time increment was optimized. A small mesh
size M, around the contact surface border is required to
take into account the high potential gradient in this
zone. According to the estimated wet surface velocity

~2 ¥ for cones and d==

T tan(ﬂ)
where V is the impact velocity, of must be greater than
M, / d to compute accurately the contact surface di-

V
——— for wedges,
(%)

2 tan

mension. For o< M /d , the wetted surface border

will stay within the same fluid element between ¢ and
t + ot . In this case the element interpolation order (lin-
ear) is not sufficient to give a correct value of the wetted
surface dimension increment for the time increment o7 .
On the other hand, J¢f must be small enough to well de-
termine the pressure field, Eq. (20). Finally a value of
At/3 was retained for ot.

The calculation of the final numerical pressure in
several stages (Donguy, 2002), is associated with an
asymptotic development at the wetted surface boundary.
This method is classically used to model the problem of
the hydrodynamic impact, e.g. Wagner (1932). The as-
ymptotic study led to the determination of two zones
(near-field and far-field) in which two asymptotic de-
velopments are obtained then connected. Within first
order, the composite solution for the pressure includes a
far-field solution (fulfilling conditions far from the
body-surface intersection, but being singular at the in-
tersection) and a near-field solution (valid in the vicinity
of the intersection, describing the formation of a jet).
The far-field pressure is approximated by central differ-
encing of the Bernoulli equation (20).

For the correct evaluation of the resulting total ef-
fort, it is necessary to consider also the near-field pres-
sure, Eq. (21). For 2-d flows and very small deadrise
angle (B<1°), combining near-field and far-field solu-
tions allows to obtain an analytical so-called composite
solution which is continuous in the whole domain, Eq.
(22). However, in reality air-trapping occurs for such
small deadrise angles, making classical potential flow
approaches questionable (Bertram, 2000). Since we util-
ized numerical resolution and finite distances from the
exact wetted surface boundary, an approximate model is
necessary to connect analytical far-field and near-field
pressure solutions, Eq. (23). The operating range of this
connection is limited to the distance 7 in front of the end
of wet surface.

(Dtj _chj-fﬁlj
= = 2
Pedfc pf 5fj ( O)
d? 1-uY
Pi(xort):pf Z[I_KMJ :lr ME[O,I]
X, —d(r):‘m[—21nu—4—12+5jforx0 <d@) 2D
T u u
xo—d(x)=@(41nu—4u—u2+5)forx0>d(z)

T
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2d(t)
d’(1)

vdd

_z
90(t) = <

(Pi)g(on):pf

J2d(d - x) (22)
(P, )2 (x0-0)=(p ), (x0.2) Sor xo <d=r()
(23)

num Pi)\X N R
(P )™ (xp.1) H(i%(d—xo)ﬂwfc Jor xo >d—r()
In these expressions, p, stands for the fluid density,
taken as 1000 kg/m’ for fresh water. The final pressure
is given by the composite numerical corrected pressure:

Puum = Pedfe + Di _(pi (24)

From these previous set of equations we can prove
that the maximal pressure equals to:
d'2
o1y

)num
e

(25)

As in the drop tests of Donguy (2002), we calculated
with CASTEM and ABAQUS the time histories of the
pressure at the two points p; and p,, at a distance of 40
mm and 90 mm, respectively, of the top of the body,
Fig. 3.

------- Castem_p1
12 ---¢--- Castem p2
10 Abaqus_p1
E g | —e— Abaqus_p2
2
o 6 \ .
=] 4 ]
@ 2
0 : :
2 0.001 0.002 0.003
Time [s]

Figure 3 — Pressure vs. time at points p, and p, for cone of 6°
deadrise and impact velocity 5 m/s

The results obtained with ABAQUS and CASTEM
were very similar and in good agreement with analytical
solutions following Wagner, Zhao and Faltinsen. The
similarity of the results may obscure the difference of
the quality between the two codes. The main difference
refers to the calculus of the wet surface extent d.
Donguy uses sometimes an analytical formulation,
whereas ABAQUS employs an iterative process with a
convergence criterion. In conclusion, those satisfactory
results have permitted to bring a first validation to our
code and they allowed the continuation of the simula-
tions in the deformable case. The latter exhibits more
discrepancies between the two approaches.

For rigid cones, the results were also satisfactory.
Table I compiles the maximum values of the pressures
for various configurations. The maximum values calcu-
lated with ABAQUS are very close to those given with
CASTEM. Both differ from experimental values, be-
cause the sensors average the pressure over the sensor
area. Averaging our numerical results over the sensor
area gives then also much better agreement with ex-
periments.
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Table I: Pressures [bar] on rigid cone for deadrise angle 10°

Speed 2.5 m/s Sm/s
Position P P2 P P
ABAQUS 1.67 1.68 6.7 6.7
CASTEM 1.6 1.6 5.4 6.6
Experiment 1.0 1.4 4.1 5.6
ABAQUS averaged 1.12 1.6 4.5 5.6

The time history of the force as function of deadrise
angle is very close to that obtained with CASTEM, as
well as with the analytical non-linear solution deter-
mined by Zhao and Faltinsen (1992). The peak pressure
obtained by Zhao and Faltinsen corresponds to the ana-
lytical expression derived by combining Eq. (24) with
the expressions for the wet surface velocity for cones
and wedges given above:

2
Pris v
5 {” po— (ﬂ)} for cones (26)
prlz v T
> {3 m} For wedges 27
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Figure 4 — Fluid mesh at the first increment (20us),m for
a 6° cone impacting the water surface at 4 m/s a) com-
plete mesh, b) big zoom on ‘a’

We optimized the fluid mesh reducing the number of
elements successively while checking that the results
still agreed with equations (26) and (27), respectively.
Without apparent loss of accuracy in results, we thus
reduced the mesh size from initially 30000 linear trian-
gular elements to 2000, Fig. 4. The zone with a fine grid
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corresponds to the intersection between the fluid surface
and the body surface. The drastic reduction in elements
resulted in a much smaller, but still considerable reduc-
tion in CPU time by a factor 2.

B
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ones_temp.1_231.0odh ABAQUZ/STANDARD Version 6.5-1 3u

le=zion #tEp, Beep for Viewer non-persistent fislds

Figure 5 — Vertical velocity at the first increment (20us), for a
6° cone impacting the water surface at 4 m/s
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Figure 6 — Velocity and displacement vectors at the first incre-
ment (20ps), for a 6° cone impacting the water surface at 4 m/s
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Figure 7 — Values extrapolated at water surface nodes
corresponding to the first increment (20us), for a 6°
cone impacting the water surface at 4 m/s, of a) verti-
cal displacement, b) vertical velocity, c) radial dis-
placement d) radial velocity
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The reason is that the pressure interpolation between
fluid and structure nodes depends on the number of
elements on the body contour, not on the elements on
the free surface. Also, the number of necessary itera-
tions to determine the wetted surface increases as the
mesh becomes coarser.

The dimension of the meshed fluid zone is adapted
to the contact surface between solid and water. Figure 5
shows that the velocity vanishes within the furthest ele-
ments as it must be.

The mesh refinement, around the intersection be-
tween the fluid surface and the body surface, allows to
capture the high velocity gradient (Fig. 6, a, b) and the
displacement gradient (Fig. 6, c).

We can also check after post-processing if the Neu-
mann condition (no penetration) is correctly prescribed
along the contact line between solid and fluid, Fig. 7.

B. Deformable Structures

The impact study of deformable structures is more com-
plicated as it requires simultaneous computations of
fluid and structure. The flow computations remain very
similar to the rigid body case, but the structure calcula-
tion and its coupling to the fluid calculation differ con-
siderably between our approach using ABAQUS and
Donguy’s (2002) approach using CASTEM. Donguy
used a strong fluid-structure coupling iterative process -
only two iterations - during the time step 4z.

Our method associates in a sequential manner both
the fluid and the structure developments, at every step
of the process, without convergence criteria (Fig. 8).
The fluid-structure coupling is explicit since the con-
stant pressure at time t; is applied for the dynamic de-
formable structure simulation between t; and t;. We
employ the *RESTART function of ABAQUS. This
command allows to stop and to restart a simulation
without losing the history of the positions, velocities
and accelerations at nodes. During the resulting pauses,
we carry out a fluid calculation. Thus an explicit inte-
gration, denoted here ‘ping-pong scheme’, is achieved
in our case. This method does not represent a true im-
provement over Donguy’s approach, but it allows us to
have a first representation of the fluid-structure cou-

pling.

Stage 1 : rigid body movement

Fluid calculus presgures N BEGIN Solid
at t,, * calculus att,
e | —
is + END Solid
displacemel=—
Fluid calculus «—valogities c*alculus att;
at t R RESTART
Pressure; —— BEGIN Solid
calculus att;
.................. e ; E—
Fluid calculus displacements END Solid

at ti+1

Figure 8 — Ping-pong scheme

+
veleItleS calculus att,,
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Fluid pressures and position of the body are ex-
pressed by values at the nodes. Because the fluid grid
does not coincide with structure grid, we use a cubic
spline to interpolate pressures from the fluid grid to the
structure grid (Gauss points) and displacements and
velocities from the structure grids to the fluid grid.
Compared to the rigid case, in the deformable case we
record important differences for the wedge between the
two approaches, ABAQUS and CASTEM. For instance,
the pressure p; obtained with CASTEM is 2.7 bars and
11.5 bars with ABAQUS for velocity 5 m/s, shell thick-
ness 1 mm and deadrise angle 6°.

For cones, the results between the two approaches
agree qualitatively well, Fig. 9. A reliable quantitative
comparison is impossible because not all details were
documented in Donguy (2002). Moreover, the experi-
mental peak pressures at pl and p2 exhibit dispersion
(e.g. around 40 % with 1 mm thick aluminum cone,
deadrise angle 6°, impact velocity 2,5 m/s). According
to Peseux (2003), comparisons between numerical and
experimental results as well as descriptions of the pres-
sure distribution on elastic structures are a challenge.
The maximum values of the pressures decrease less over
time (compared to values obtained with the wedge) due
to the relatively larger rigidity of cones.

We tried to improve our explicit fluid-structure in-
teraction scheme. We went further than Donguy’s
model by computing a totally implicit fluid-structure
interaction. The main idea is to calculate alternatively
up to the complete plunging of the structure into water
both the time history of displacement and velocity of the
structure nodes, and the fluid pressure time history
along the contact surface for prescribed deformation.
This iterative process starts with the flow computation,
considering a rigid body motion for the solid.

E E11
s,

a)

x

ODB: xx141.00b  ABAQUS/Stamdard 6.3-1  Thu Jul 03 09:07:15 Paris, Madrid (heure d'écé) 2003

= 2.0000E-05

a1,
1; Step Time

: B E11

i 0 Deformari

b)

Figure 9 — Scaled deformation of a cone: ABAQUS (a)
and CASTEM (b)
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Figure 10 — Process scheme

The obtained fluid pressure time history along the
contact surface is transferred to the transient dynamic
finite element analysis of the structure. The post-
processing of this finite element analysis allows to de-
termine the time history of displacement and velocity of
the structure nodes which it is transferred to the fluid
finite element analysis, and so on. This iterative scheme,
denoted here ‘process scheme’, is carried on until con-
vergence (Fig. 10). The implicit feature of the fluid-
structure coupling is justified by the fact that the con-
stant pressure at time t;,; (t; with “ping-pong” scheme)
is applied for the dynamic deformable structure simula-
tion between t; and t;,;.

We conducted the simulation of a 6° cone impacting
the water surface at 4 m/s. The structure was 1.5 mm
thick. The cone meridian was 16 cm long. We made the
assumption of elastic behavior for the material (steel)
with a Young modulus 210 GPa, a Poisson ratio 0.3,
and a density 7800 kg/m’. Figure 11 represents the peak
pressure distribution along the solid structure after the
134™ and the 135™ of the implicit iterative process.
More loops are necessary to obtain the convergence
over 0.12 m of wet surface. For this method time calcu-
lation becomes long, but there is a possibility of reduc-
ing the CPU time. Thus, for the improvement of the
computing time, we will cut out the total time of analy-
sis in great intervals of time. We will carry out calcula-
tion of process until convergence independently on each
great interval of time.

Figure 12 compares our explicit ‘ping-pong’ and
implicit ‘process’ fluid-structure interaction schemes.
The explicit ‘ping-pong’ scheme and the final iterations
of the implicit scheme yield similar results. The appar-
ent wiggles may be due to numerical instabilities, but
also due to vibrations of the body.
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We have improved the procedure by limiting the
CPU time (reduction factor around 0.01). The idea was
to compute the iterations and the convergence criterion
at each time increment A¢ instead of the total time [0,
tanal.- We compared this new approach to the ping-pong
scheme and the CASTEM procedure (Fig. 13). The
maximal discrepancy is around 10 % between our im-
plicit coupling method and the CASTEM results. Even
if there are no reliable experiment to classify the differ-
ent models, we argue that an implicit procedure with
convergence criterion should be more appropriate than a
simple approach with one explicit iteration followed by
one implicit iteration.

16
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14
12 M
8 L
6 L
4 'Process scheme loop 134 ——

'Process scheme loop 135'
2 L
Wet surface dimension [m]

0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Figure 11 — Maximal pressure distribution after different
loops of the process scheme
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Figure 12 — Maximal pressure distribution; process scheme
and ping-pong scheme
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Figure 13 — Maximal pressure distributions. Wedge shape 2
mm thick hull impacting a water surface with a 14° deadrise
angle.
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IV. FIRST STUDIES FOR AN IMPROVED

HYDRODYNAMIC MODEL
For most practical impact problems, the body shape is
complex and the effect of gravity is considerable. In
such cases, analytical solutions are very difficult or even
impossible. This leaves CFD as a tool for further im-
provement in the hydrodynamic modeling of the prob-
lem. Various researchers have approached slamming
problems, wusually employing surface capturing-
methods, e.g. Volume-of-Fluid or level-set techniques.
See Bertram (2000) for a discussion of these various
CFD techniques. Although viscosity plays a less impor-
tant role for slamming than for many other problems in
ship hydrodynamics, usually RANSE (Reynolds-
averaged Navier-Stokes equations) solvers were em-
ployed, e.g. Muzaferija and Peric (1998), Muzaferija et
al. (1998), Fig. 14; Sames et al. (1998), Fig. 15;, and
most noteworthy for planing hulls Caponnetto (2002).
To investigate the hydroelastic response of a monohull,
Salas (2001) employed 3d hydrodynamics to predict
body motions and 2d formulae to predict impact pres-
sures.

A:va.

he

Figure 14 — 2D Slamming simulation using CFD, Muzaferija
et al. (1998).

Figure 15 — 3D slamming simulation using CFD, Sames et al.
(1998).

Our hydrodynamic model is so far insufficient for
practical work, as it is fundamentally limited to 2-d and
even there to a narrow bandwidth of deadrise angles.
While the approach was justified by advancing more
rapidly on the fluid-structure interaction aspect and test-
ing the ABAQUS software, we will eventually use CFD
methods to model the fluid aspects.

In cooperation with the Sharif University/Tehran, we
reproduced the complex free-surface deformation with
detaching jet and droplets for the water entry of a wedge
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with deadrise angle 30°, both for the symmetric case and
the case of the wedge tilted by 10°, Fig. 16, Seif et al.
(2005). In this case, we employed the commercial
RANSE solver Fluent in version 6.0.

Figure 16 — Water surface deformation for wedge with dea-
drise angle f=30° computed with Fluent

V. CONCLUSIONS
For the rigid-body water entry, the hybrid fluid-structure
approaches based on CASTEM and ABAQUS give
practically identical results for the propagation veloci-
ties of the wetted surface and differences in pressure of
approximately 5%. Numerical values for maximum
pressures are higher than measured due to the averaging
effect of finite sensor areas. Analytical results obtained
by Zhao and Faltinsen (1992) for the evolution of the
non-dimensionalized expression (f), Eq. (28), associ-
ated to the force per unit length (F), as function of time
(t), deadrise angle (), and entry speed (V) were well
reproduced by our approach (Fig. 17).
F tan’

f= —3[3 (28)
p, V7t
For the deformable body case, differences between
ABAQUS and CASTEM are larger, undoubtedly related
to the differences in modeling. In general, the time steps
for the deformations are similar between the two codes.
Note that partially plastic deformation was observed for
the cone and the wedge with 6° deadrise in experiments.
There is general consensus for the need of proper
validation for numerical slamming simulations. A shock
machine allowing controlled water entry velocity and
hydro-elastic detailed pressure measurements will help
to validate CFD simulations, finding suitable grid and

other input parameters for quasi-3d cases like cones.
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Figure 17 — Evolution of the force as function of deadrise
angle in the case of the wedges.

NOMENCLATURE
T temperature (m*/s or m?)
I'L free surface (m)
I's vertical projection of the body wetted surface (m)
At numerical time increment
@ velocity potential of fluid (m?/s)
¥ displacement potential of fluid (m?)
p fluid pressure (N/m?)
u; displacement of the structure (m)
q heat flux (m/s or m)
B deadrise angle
A thermal conductivity
pr fluid density (kg/m®)
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