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1 INTRODUCTION

When a ship travels in severe sea conditions or a turret-moored system operates in rough
weather, its bow may become immersed in the water. As a result a solid and compact mass of water,
or the so called “green water”, will wash along and across the deck. During the process, large
impact pressures and forces can occur when this block of water which may travel at high speed
strikes the obstructions in its way. It has been noted that this impact is one of the main causes of
damage to ship superstructures, deck plating, hatches, cargo and equipment.

Although green water loading is becoming an important design issue and has received some
attention in the hydrodynamic community in the recent years, little is understood about this complex
process. The number of publications for the prediction of green water is relatively limited. Most
research has been based on model tests(see references [1] and [2]). There are some works published
based on the framework of the potential flow theory to analyse the effect of green water. For
example, a fuily non-linear panel method based on Laplace’s equation has been used to simulate the
flow of green water(see reference [3]). In the study, the problem was approximated by a two-
dimensional model and some simple ship-bow configurations comprising a vertical wall and a
horizontal deck structure (with or without a smooth deck edge) were considered. The results
provided include the wave profile. However, the details of the velocity field and the impact pressure
were not presented. Although these works have provided some useful results, there are several steps
ahead before some better understanding of the green water effect can be achieved. Indeed, in his
report to the Health and Safety Executive, UK, Standing (in the reference [4]) has concluded that
“there is no reliable theoretical method for predicting the height of water on deck and water particle
velocities across the deck.”

The main objective of the present study is to make some useful contribution to the numerical
solution of this difficult problem. We will base our analysis on the two-dimensional flow and
consider a longitudinal section of a typical ship with a tower positioned on the deck. The flow will
be governed by the Navier-Stokes equations. The fully nonlinear boundary condition on the free
surface will be satisfied at each time step and the evolution of the free surface is achieved by using
the Volume-of-Fluid (VOF) method The analysns allows the wave to overturn and break. It can also

'capture ‘the interaction of vxscous ﬂow w1th the “free surface 1f the mesh used is ‘of sufficxent"
resolution.

2 FORMULATION AND NUMERICAL METHOD

A coordinate system where Ox coincides with the horizontal bottom and Oy is positive
upward is chosen. The horizontal and vertical components of the velocity are given by « and v,
“while #, P, v, p and g denote time, density, kinematic viscosity of water, pressure and gravitational
acceleration, respectively. Surface tension is neglected. The governing equations for the fluid flow
are the continuity equation and the momentum equations. For an incompressible fluid they can be
written as follows:
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These equations are solved using a finite difference method. To overcome the difficulty in
solving the pressure in incompressible flows, it is desirable to introduce some artificial
compressibility effects. Equation (1) is therefore replaced by the followmg equation:
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where c is the artificial speed of sound in the fluid.

The free surface is dealt with by the VOF method [5]. In this method, a function R is defined
~ to have a value of unity at any point occupied by the fluid and 2 value of zero otherwise. When it is
" averaged over a cell of the computational mesh, the resulting value F represents the fractional
volume of the cell occupied by the fluid. In pamcular, a unit value of F corresponds to a cell full of
' ﬂuxd whereaq a zero value indicates that the cell contains no fluid. CeIls with F values between zero
and one contain a free surface Therefore Fisa step functlon and can be used to define the free
surface. Furthermore, the variation of F from cell to cell can be used to define the slope and

direction of the interface line in the cell. The time dependence of F is governed by -
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For the purpose of calculations, the free surface is approximated by a straight line through
the cell. The location and slope of the line are determined by the average value of F in the cell and
by the gradient of F. We can summarise the calculation procedure at each time step as follows: (a)
equations (2) and (3) are solved to obtain the velocities; (b) the pressure in cells within the fluid and
on the free surface is adjusted in order that the continuity equation (4) and the free surface dynamic
condition can be satisfied; (c) the Donor-Acceptor flux approximation [Slis used to update the
value of F; (d) the procedure is repeated, using the updated information from (a)-(c), until
convergence has been achieved.

3. COMPUTATIONAL RESULTS

The resuits of a number of calculations will now be presented to show how a solitary wave
evolves into a green water flow on a ship deck. All the calculations were done on a uniform grid
with 720 equally-spaced celis(A x = 1.0cm) in the x-direction and 60 equally-spaced cells(A y=
1.0cm) in the y-direction. The initial shape of the solitary wave and its velocity distribution are

- given as follows:
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where 1] is the wave elevation and U is the velocity. The other parameters adopted are defined as
follows: x, is the initial location of the wave crest, H is amplitude of the incoming solitary wave, D

is the undisturbed water depth; L and Hs are the total length and height of the ship respectively; Dw
is the draft depth; Dd is the distance between the deck and the undisturbed-free surface; and 4 and !
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are the height and width of the tower on the deck. For the three test cases considered, H has values
8.0cm, 7.0cm, 6.0cm, respectively; the other parameter values are fixed and are given as follows: X,
= 140cm, D = 32.0cm, L =80.0cm, As = 15.0 cm, Dw = 2.0cm, Dd = 8.0cm, h=5.0cmand [ =
15.0cm. The gravitational acceleration g i taken as 9.8/ s° and the kinematic viscosity has the
value v=10X 108 m? /5. Non-slip body boundary conditions are imposed on the body surface
and on the sea bottom. On the left and right boundaries of the computational domain, a first-order
open-boundary condition of zero normal gradient is adopted. The Courant-Friedrichs-Lewy
 criterion, which describes the numerical stability, is used to adjust the maximum time step.

Fig.1 shows the snapshots of the flow fields and wave profiles of the calculated results at
several time intervals. In these pictures, the ship is fixed, while the incoming solitary wave moves
from left to right. The visualization of the results of this simulation shows water run-up along the

front side wall of the ship, passing the deck edge, washing onto the deck, impacting and reflecting
on-the front wall of the tower, before forming a water jet which flows back into the sea.
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Fig.1 Velocity field and wave profile

Fig.2 shows the velocity vector field and wave profile in a localised area at the front of the
ship at two typical moments in time. It can be seen that as soon as the water is on the deck, the
water has large velocity in the longitudinal direction and near zero velocity in the vertical direction
at the most forward part of the bow, ie, forming water washing along the deck. When hitting the
tower, the water is reflected and flow reversal is apparent.
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Fig.2 Local velocity vector and wave pfoﬁle

Fig.3 shows the pressure history on the front wall of the tower. In Fig.3(a), the pressure
history comparison between thrée different points(with vertical distance to deck as 1.0, 2.5, 4.0cm,
respectively) with the same incoming solitary wave height H = 8.0 is given. It can be seen that the
front wall of the tower endures a large impact pressure when the water strikes it, and we find that
the largest impact pressure occurs on the corner point, ie, point 1, while the top position of the tower
(point 3) has the smallest impact pressure. In Fig.3(b), the point 1 pressure history comparison
between three cases with different incoming solitary wave heights H = 8.0, 7.0, 6.0cm is given. In
the figure, the pressure value has been divided by the value of its incoming solitary wave height. We
can see that the higher the incoming solitary wave height, the larger the impact pressure on the front
wall of the tower will be. From these figures, it can also be observed that the pressure shows some
spikes. ‘Whether this result is physical needs further investigation. From numerical point of view,
there are two main issues: firstly, the pressure changes very rapidly during impact so that the time
should have been sufficiently small in order to capture the time variation accurately (we did try

various different time steps with the smallest A¢ =107 sand found the magnitude and location of
the spike vary); secondly, the first-order pressure differential scheme may not be accurate enough,
leading to some numerical error for this type of problem of considerable degree of complexity. The

behaviour of the impact pressure solution therefore requires further improvement, in particular
’durmg water hits the vertical wall of the tower.
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Fig.3 Pressure history: (a) Comparison between different points with the same value of H (equal to 8.0 cm); (b)
Comparison between three cases(H = 8.0, 7.0, 6.0 cm) at the same point(point 1).
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