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A wvortex method was developed for calculating the 2-
dimensional water impact problem. The theory relating to
this problem is presented and the well- known test case of
a wedge tmpacting the water surface is considered. The so-
lution of the problem using both the linear and non-linear
free surface boundary conditions are presented. Results
show good agreement with other numerical methods and
it is shown by considering the splash-up coefficient that
consideration of non-linear effects is not essential. In ad-
dition, the influence of the Froude number is considered
and it is shown that at small Froude numbers (Fn < 0.3)
the appearance of detached waves makes it essential to con-
sider Froude number effects.

Introduction

This work presents efforts of authors directed at the de-
velopment of a computational vortex method for calcu-
lating planing ships with hydrofoil assistance, such as
the Hysucat.! In previous works of the authors,? a 3-
dimensional vortex method, based on non-linear wave the-
ory, was presented for modelling planing hydrofoil- assisted
catamarans. The method includes models for calculat-
ing hydrofoil forces and wave surface elevations behind a
hydrofoil including the vortex roll-up process. The wing
analogy of Wagner? was applied to model the planing hull
surfaces. Within the framework of Wagner’s theory, the
hull is considered as a common lifting surface moving on
the free surface disturbed by the front foil.

This approach proved to be efficient and accurate for
high Froude numbers (Fng > 3.0 based on vessel dis-
placement) making it a suitable design tool for planing
hydrofoil-assisted ships such as the Hysucat. A very im-
portant question concerning Hysucat design is the transi-
tion regime that includes hump resistance speeds. At these
moderate Froude numbers (1.5 < Fng, < 3.0), the effect of
gravity (which is not important at planing speeds) needs
to be considered. The vortex method applicable to arbi-
trary Froude numbers therefore became the next impor-
tant goal in the theoretical developments of the authors.
Compared with the source and doublet panel methods, the
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vortex method is the most suitable for modeling hydrofoil-
assisted catamarans because all elements of the vessel are
lifting surfaces generating a vortex wake. The combina-
tion of lifting surfaces and the vortex wake is treated in
the most natural and simple way within the framework of
vortex methods.

Development of such a method started with the 2-
dimensional case concentrating on the well-known canonic
problem concerning the impact of a two-dimensional
wedge. In addition to results necessary for validation of
the method, some new data were obtained relating to the
influence of the Froude number on the impact process.

Governing equations and numerical method

The mathematical formulation of the problem is based on
the Laplace equation

Ap =0 (1)

which has to be solved at every time instant with the fol-
lowing boundary conditions:

e boundary condition on the wedge:
Op
o= 0 (2)

e kinematic boundary condition on the free surface:
S -5 =0 3)

e dynamic boundary condition on the free surface:
P- =Pa (4)
e radiation condition:
VP ——rao0 0 (5)

where, ¢ is the potential, n is the normal unit vector to the
body and free surface, p, is the atmospheric pressure and
subscripts + denote the limits of quantities on different
sides of the surfaces.

To solve the problem specified by equations (1) to
(5), a vortex sheet with unknown intensity 75 on the free
surface and v, on the wedge is used. The vortex sheet
intensities, v and 7, are found from the boundary condi-
tions (2) and (4). The kinematic boundary condition (3)
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is satisfied automatically if one assumes that the free sur-
face follows trajectories of fluid particles lying on the free
surface: .

Z(@) =V (a) (6)
where 7 is the radius vector of a fluid particle marked by
a Lagrangian coordinate a and Vo and is the flow velocity
on the free surface.

Using Bernoulli’s equation, the dynamic free surface
boundary condition (4) can be rewritten in a reference
system moving with the velocity Vo:

2
(Zf+v?+gy VoV =0, (7)
where y is the wave elevation, d/dt is the substantial deriv-
ative, and p and V are, strictly speaking, the potential and
the velocity under the free surface, respectively. The ve-
locity and potential under the vortex sheet are satisfied
according to simple relations:

p=po-T/2, V=Vp-3a,/2 (8)
where T is the circulation around the tip end of the vortex

r'= f vsds, and @q = f Vpids is

— 00
the direct value of the potentlal on the vortex sheet. Sub-

stituting (8) into (7) one obtains:

sheet (see Figure 1):

A A
d 1 V2 42
. /Vsds—-Q-/’stS =7°——é——gy‘ 9)

—00 —00

where V;, = V5. In what follows the derivations proposed
by Molyakov* are utilized with the only difference, noted
by one of the authors, that differentiation of integrals of
any function y along a moving contour gives:

%"=fiiid+ff
m S v
:fdt

where V,, = Vp#i and p is the radius of curvature on the free
surface. Considering this, differentiating (9) with respect
to the arc length and integrating the results in time, the
final expression is derived:

t
'Ys(sat)=2vs+f
0

0 2 732 Y
- - 22— 11
Os {V 4 2Fn2 (1D
X dt
ov, V,
+@%—) (G2 - 2)
or its linear analog:
2 [0
= ey i
vs (s, t) =2V, + Tl / sdt (12)
0

In (11) and (12) all lengths are referred to a unit
length L, velocities and 5 are referred to the impact speed
W and the Froude number is defined as Fn = W /\/gL.
Non-dimensional time is obtained by multiplying time by
a factor W/ L.

In the numerical implementation of the method, the
free surface and the wedge are represented by a set of
straight segments (panels) with a piecewise distribution
of the vortex intensity (Figure 1). At every time instant,
the computational cycle consists of the following steps:

o Assuming the free surface being known, the intensities
s and 7y, are calculated iteratively from egs. (2) and
(11). The velocities are found from the Biot-Savart
law.

e The free surface elevation is calculated from eq. (6).

e The free surface form is analysed and smoothed. The
jet area is cut off if the angle between the free sur-
face and the body surface is less than some prede-
fined value and section CD (Figure 1) is introduced
(a technique proposed by Zhao & Faltinsen).

e The panels on the free surface are redistributed so
that the length of each panel is equal to a given value.

The forces on the body are then calculated from
Bernoulli’s equation.

Applying the jet cut off as a necessary procedure to
avoid numeric instabilities, we admit that the intensities
vs and 4, do not match at the point of intersection D.

Results

Numerical results for the pressure distribution and the
forces are in a good agreement with similar calculations
by Zhao & Faltinsen,® Mei et al.® and Dobrovolskaya’ as
shown in Figure 2. The motion of the free surface is shown
in Figure 3 for a wedge with deadrise angle of 45° for two
Froude numbers: 0.25 and 1000. The water rise on the
body relative to its submergence, expressed as the splash-
up coefficient: 1.47, is indicated on the figure by the hor-
izontal line: 1.47 Y. Remember that the solution is the
result of an improvement to the theory of Wagner.3 The
improvement introduced is that the boundary conditions
are enforced on the actual wedge, thus taking into account
the wedge deadrise angle. The line indicating the water
rise obtained from non-linear theory lies a little higher.
The water rise in non-linear theory is determined as an
intersection between the wedge and the line, which is per-
pendicular to the wedge and tangential to the water sur-
face (see Figure 3). The discrepancy between the two lev-
els, i.e. 1.47 Yo and the nonlinear solution is acceptably
small.

An essential advantage of this work compared with
those of Zhao & Faltinsen® and Mei et al.% is the consider-
ation of the influence of the Froude number. An interesting
phenomenon, which was observed in the numerical simula-
tion, is the appearance of detached waves at small Froude
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panels on the free surface

Figure 1 Sketch of the computational domain
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numbers Fn < 1. Initially, the water splash-up occurs in
a similar way for all Froude numbers (compare sections A
and B of Figure 3).

At time t ~ 0.59, the wave created by the splash-
up mechanism detaches from the wedge and propagates
away. Afterwards the wave elevation takes place close to
the wedge but the splash-up is not pronounced.

As seen from Figure 4, the results for Froude numbers
1 and 1000 are almost the same within the investigated
time interval. The influence of the Froude number result-
ing in the appearance of detached waves becomes essential
for Froude numbers less than 0.3. An advantage of the
proposed numerical scheme characterizing its stability, is
that the numerical calculation has the correct limit when
Fn —0.

Non-linearity makes the solution algorithm more dif-
ficult and very often causes instability. Its contribution
is not essential for high Froude numbers, as indicated in
Figure 5.

Conclusion

A vortex lattice method, which considers the effects of
gravity has been developed and applied to the problem of a
wedge impacting the water surface. The results show that
the vortex lattice method is in good agreement with the
results of others obtained using different numerical meth-
ods and is suitable for modelling impact problems. Fur-
thermore, the numerical results show that consideration
of gravity is important at low Froude numbers for resolv-
ing the wave formation on free surface properly, whilst
consideration of the fully non-linear free surface boundary
condition is not essential.

Having successfully solved the 2D wedge impact prob-
lem, the method is currently being further developed to
solve the similar 3D problem associated with the bow-wave

formation of high-speed ships such as hydrofoil-assisted
catamarans operating at speeds covering the transition
from displacement to planing mode of operation.
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