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Abstract

An immersed boundary method is applied to simulate the green water over a fixed deck by combin-
ing a level set method for the free water surface capturing. An efficient Navier-Stokes equation solver of
second-order accuracy adopting the fractional step method at a staggered Cartesian grid system is used to
solve the incompressible fluid motion. The numerical model is validated by comparing extensively the wave
elevation and pressure with the experimental data for two types of fixed decks, which suggests that the
developed immersed boundary method coupled with the level set method is very promising to predict green
water problems due to its accuracy and efficiency. Furthermore, the cross-sectional velocity distribution
over the deck, which is an important parameter in the industrial application, is computed and compared
to the analytical Ritter’s solution. It is found that Ritter’s solution is much more conservative than the
numerical simulations, which confirms the safe application of the simplified analytical solution in the current
design practise. Volume of green water over the deck that affects the stability of deck is also tracked. The
numerical results reveal that the amount of green water over both the two types of fixed decks shows a linear
relationship with the relative wave height. This important finding may be very helpful for the prediction of

deck elevation under a certain wave condition to reduce the occurrence of green water event.

Keywords: Green water, Immersed boundary method, Level set method, FPSO and platform decks,

Cross-sectional velocity, Water volume

1. Introduction

Green water impact is a hazardous event in ocean and coastal engineering that could cause local damage
and global failure of marine vessels and offshore platforms. In high sea states, when big waves impact at
ships and platforms, a part of the water runs up along the vertical surface of the structure, collapses onto the

frontal deck violently and quickly washes over the whole deck. As the wave breaks and overtops on a marine
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structure, the flow becomes multi-phased and sometimes chaotic in the fluid area close to the structure,
which makes the green water problem more complicated and challenging.
For simple cases, some analytical solutions have been derived for the green water problem in the past. For

instance, a simplest solution to green water with the assumption of a frictionless dry flat bed was proposed in

10 (1892), in which the free surface profile for a collapsing rectangular column of fluid over a horizontal
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bed was described. This analytical solution has been widely used in the industry for green water predictions.

However, experimental and analytical study in [Lauber and Hager| (1998)) on the dam break indicated that

the front velocity of a dam break flow reduces as time increases, which disagrees with the constant front

velocity shown in the analytical solution of (1892). In recent years, a semi-analytical solution was

developed in |Yilmaz et al| (2003)) for a dam break flow to simulate the green water problem. The result

indicated that a jet-like water profile can be formulated at the forefront of the flow. However, the analytical
solution is still too simple to fully elucidate the physics of green water over a deck.
(1969) carried out the early experiments to investigate the vertical force due to the regular wave

slamming on a horizontal plate. An impulsive force was captured in the experiments. Another experiment

was conducted in Denson and Priest| (1971) to identify the influence of relative wave height, relative plate

clearance, relative plate width and relative plate length on the pressure distribution under a thick horizontal

plate. A potential flow model was also developed in [Lai and Lee| (1989)) to predict the vertical forces caused

by large amplitude waves on decks. Their numerical results were consistent with the experimental results
in . In addition, extended the hydrodynamics theory for ship slamming to
study the wave action on a deck slab by representing the time varying vertical forces as the combination of
a hydrodynamic impact force and a drag force. The time history of vertical forces indicated that the force

magnitudes are considerably large, but a discontinuity appears at the instant of complete submergence of

the structure. |Cox and Scott| (2001)) and |Cox and Ortegal (2002) conducted the experimental study on the

green water over a fixed deck in a narrow wave flume. In|Cox and Scott| (2001)) it was found that free surface

and volumetric overtopping exceedance probability follow the exponential distributions. [Cox and Ortegal

(2002)) experimentally revealed that the wave collapsing into a thin deck exhibits the velocities that exceed

2.4 times the maximum crest velocity in the case without the deck.

Based on the experiment in|Cox and Ortegal (2002)), green water over a fixed deck was analyzed using the

Smoothed Particle Hydrodynamics (SPH) method in |Gémez-Gesteira et al| (2005). The numerical results

of wave profile agreed well with the experimental data, in both phase and amplitude. In addition, with

the incompressible SPH model [Shao et al| (2006) investigated the overtopping phenomenon on a fixed deck

caused by a transient wave. The results were in good agreement with the experimental and other numerical
data. As the CFL condition was completely related to the fluid particle velocity, a much larger time step
could be adopted in |[Shao et al.| (2006]) than that used in |(Gomez-Gesteira et al.| (2005). Still based on the

experiment in (Cox and Ortegal (2002), a finite element Navier-Stokes solver combining with a single-phase

Volume of Fluid (VOF) technique was developed in (2010)) to investigate the green water phenomena
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7

on a fixed deck, and a deck-house on a floating structure. In the recent work of |Qin et al. (2017), green
water on rigid deck, elastic bare deck and elastic deck with intermediate elastic supports caused by freak
waves and the deck response were studied.

Besides the studies on green water over a thin deck, |Greco| (2001)) conducted an important experimental
investigation of two-dimensional green water on the deck of a fixed Floating, Production, Storage and
Offloading (FPSO) vessel model without and with a solid wall. Two green water events as well as two peaks
in the green water height and pressure on the solid wall were observed. An air cavity was also captured
when the green water travelled along the deck. In the numerical simulation based on the potential flow
model presented in |Greco| (2001)), the free surface evolution was in reasonable agreement with the physical
observation just for the lower wave steepness. |Barcellona et al. (2003|) carried out the experiments for
stationary vessel models in head waves to study the characteristics of green water loads and water-front
velocity on the deck. Both the pressure on the deck and the horizontal force on the wall show a double-
peaked evolution, which is similar to those in |Greco| (2001). Based on the experimental work in |Greco
(2001)), Nielsen and Mayer| (2004)) simulated green water on a vessel with and without motions by the use of
a Navier-Stokes flow solver with the VOF scheme. The water elevation on the two-dimensional deck agreed
well with the data in (Greco| (2001)), but the extension to the three-dimensional situations indicated that the
three-dimensional effect is insignificant.

More recently, [Ryu et al.|(2007alb) compared the green water with the dam break flow to examine the
applicability of dam break flow models to describe green water flows. The comparisons indicated that the
solution of Ritter| (1892) for dam break flows works well in the prediction of green water velocity despite the
significant difference between these two flows. In addition, the green water over three different structures in
regular head waves were presented experimentally in [Lee et al| (2012)), based on which a database for the
validation of numerical simulations was developed. |Ariyarathne et al. (2012) found the relationship among
impact pressure, wave celerity, and air void in the experiment of green water over a three-dimensional
deck. Furthermore, [Xiao et al. (2014} 2015|) conducted an experimental study on the green water along the
broadside of a single-point moored FPSO vessel in oblique waves. The comparison among three types of
deck revealed that the elasticity of the deck affects the local fluid pressures significantly. Silva et al.| (2017)
also simulated the beam and quartering wave on the deck by customizing the commercial CFD code ANSYS
FLUENT®.

From the above discussion, it is observed that all the previous work mainly focused on the investigation of
water surface elevation, green water loads and pressure distribution over the deck. The lack of understanding
of other hydrodynamic characteristics during the green water event demands more research on the problem.
As the wave impact on the deck could threaten the safety of topside structures as well as human life on the
deck, during engineering designs the velocity of wave on the deck is required when a Morison-type of equation
is adopted to calculate the impact force caused by wave on deck (Bea et al., [1999 and Kaplan, [1992)). On

the other hand, the volume of green water on deck is of significant engineering interest, which leads to much
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additional load on the deck when worst case scenario happens in the extreme situation. Therefore, the present
study aims at obtaining the deep insight into some important hydrodynamic features, such as the velocity
distribution over the deck and volume of green water, when the green water impacts on different decks. To
achieve this, a developed immersed boundary method in conjunction with a level set method is extended to
study the green water over both the FPSO deck and platform deck, after the extensive validation through the
comparison of water surface elevation and pressure with the physical experiments. This numerical model is
based on an improved immersed boundary method developed in [Yan et al.| (2018)), where a new and simpler
forcing point searching scheme was proposed. The obtained cross-sectional velocity distribution over the
deck is compared with the analytical solution that is being widely used in the industry for the green water
problem, and the applicability of this simplified solution is evaluated. More importantly, the amount of green
water on different decks is also examined, which may be difficult to estimate experimentally. A relationship

between the green water volume and the relative incident wave height is identified.

2. Mathematical formulation

2.1. Gowverning equations

For two-dimensional incompressible viscous flows, the fluid motion can be described by the Navier-Stokes

equations,

6Ui 8ui 1 8]) 8Tij
- j =— |- i + fi 1
ot +u'75'xj p( 8xi+8xj)+g+f S
and the continuity equation,
8ui
=0 2
=0, @)

where u; is the fluid velocity, p is the pressure, z; is the spatial coordinate, ¢ is the time, g; is the gravitational
acceleration, p is the fluid density and 7;; are the viscous stress components. Here the Cartesian tensor
notation is used, and f; is the momentum forcing component to enforce the desired boundary condition on
an immersed boundary interface.

The flow governed by the Navier-Stokes equations is solved by a finite difference method on a staggered
grid system. With a second-order Runge-Kutta Total Variation Diminishing (RK-TVD) scheme for the
discretization of the temporal gradient, the Navier-Stokes equations can be decoupled and solved by a

fractional step method (see |Archer and Bai, 2015 for more details).

2.2. Free surface simulation

To simulate flows with the free surface undergoing topological changes, splitting and merging, the air-

water interface is captured by the level set method. In the level set method, we define a scalar distance
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function ¢ in the whole domain to measure the shortest distance between the grid cell and the interface, and
the function ¢ follows a convective equation,
0¢ 0¢

a—’_Uial‘i -

With the spatial gradient of ¢ in Eq. discretized by a fifth-order HJ-WENO scheme (Jiang and
Peng), 2000)), the values of ¢ can be updated by a third-order RK-TVD scheme. The detailed numerical

0. (3)

implementation can be found in|Archer and Bail (2015]).

2.8. Immersed boundary method

In the immersed boundary method, the body boundary condition is represented by the momentum
forcing component in Eq. [I[] Since the solid body surface may not be coincident with computational nodes
in the staggered grid system, the imposed forcing component has to be calculated at the corresponding
node (termed as the forcing point) nearest to the immersed solid boundary. Therefore, the forcing points
should be found first. To demonstrate the searching of forcing point, the line segment x1-z9 shown in Fig.
[I] represents a boundary, and the shadowed area in the figure indicates the solid phase. In the searching
process, an imaginary Lagrangian point travels from Point x; along the line segment towards Point zs.
When the Lagrangian point meets the first vertical grid line, the intersection between the line segment and
vertical grid line is recorded. The u velocity position nearest to the intersection in the fluid phase is then
identified and defined as a u forcing point. The Lagrangian point continues to travel by a half grid in the x
direction, such that it locates on the same vertical line with the v velocity position. Along this vertical line,
the nearest v velocity position in the fluid phase is recorded as a v forcing point. When the Lagrangian point
eventually reaches Point x5, all required forcing point information can be gathered (see [Yan et al., 2018 for
more details).

After the location of forcing point is determined, the forcing component at the forcing point is predicted
based on the method described in Mohd-Yusof| (1997). When the forcing point happens to locate on the
solid boundary, such as Point A in Fig. [I] the forcing term can be simply predicted by

va — UF

fi= A0 - RS, @)

where RH S includes all the convective, viscous, pressure gradient and body force terms in the governing
equations, the superscript n denotes the value at the previous time step, and v,4 is the velocity on the body
surface. This forcing term is directly calculated since the desired boundary condition can be satisfied exactly
but only hold for this special situation. In the more general situations, the forcing point is not located on
the boundary surface, such as Point C in Fig. El The velocity at the forcing point, uy, has to be constructed
using the information from the boundary condition and surrounding flow field. For instance, uy at Point

C can be determined by the linear interpolation from the velocities at Points B and D, where the velocity
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Figure 1: Illustration of the location and determination of imposed forcing component

at Point D comes from the body boundary condition. With the predicted velocity at the forcing point, the
forcing term at the forcing point can be expressed as
I Sl

fi==x " — RHS]. (5)

3. Green water on a fixed FPSO deck

The problem of green water can be classified into two categories according to the body geometry: green
water on ships or vessels; and green water on platforms. In order to make the numerical simulation feasible,
appropriate simplifications are always adopted, while retaining most of the physics of the problem. The
problem of green water on vessels (such as the FPSO structure) can be simplified by wave interaction with
a rectangular box, as adopted in (2001)), which is studied in this section. On the other hand, the

problem of green water on offshore platforms (such as the jack-up or tension leg platform) can be simplified

as wave action on a horizontal plate, where all supporting structures are ignored (Cox and Ortegal, [2002);

this problem will be investigated in the next section.

3.1. Comparisons with experiment

Based on the experiment in (2001)), numerical simulations are conducted for the green water on
a fixed FPSO deck to determine the accuracy of the present model. A sketch of the setup in numerical
simulations is shown in Fig. which is the same to the experiment in (2001). In the numerical

simulations, the wave elevations in the tank are recorded by two wave probes, W P1 and W P2, which locate
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Figure 2: Sketch of the problem of wave on a rectangular deck

0.79m and 5.436m away from the neutral position of the flap wave maker, respectively. The leading edge
of the deck is 5.54m from the wave maker (also see other geometric information in Fig. . In addition,
both the experiment and numerical simulation also consider the situation that a vertical wall is introduced
at 0.2275m from the bow, as shown in Fig. [3| In this case, three wave probes spaced 0.075m between each
other are placed on the top of the deck, namely W L1, WL2 and WL3. Meanwhile, two pressure gauges,
PR1 and PR2, are mounted on the wall 12mm and 32mm above the deck, respectively.

WL Wall
1 2 3
0.075m
~ PR2 --q---mmmemmmee
\\xx\x __1____2_0_1’1’11’1’1
PRI ! 12mm

\é —0.08m

Figure 3: Details around the deck of two-dimensional FPSO

The wave parameters are given as follows: wave height H = 0.16m, wave period T = 1.1s and wave
length A = 2.0m. At the beginning of wave generation, a linear sinusoidal ramp function is introduced
over the first 2s to give a smooth transition from the calm water, which also avoids the possible unwanted
resonant waves. In the physical experiment, the angle of the flap was specified as the wave generation signal,

which is shown in Fig. In the present numerical model, the velocity of the flap is required as the input
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at the inlet boundary in order to generate waves in the tank. Fig. 4(b)|shows the time history of the angular

velocity of the flap, which is adopted in the present numerical simulations.

0.5 F
0.05

0.00

a/ rad
® / (rad/s)

-0.5 F

tls tls

(a) Angle of the flap (b) Angular veocity of the flap

Figure 4: Signal of wave maker motion for generating the incoming wave with A = 2m and H = 0.16m

To verify the convergence of the simulation of wave on deck, three grids are tested. In the present work,
a relatively fine mesh size (0.004m equivalent to around 50 cells in one wave height) in the vertical direction
is imposed around the FPSO deck and wave surface, so that only the mesh size in the horizontal direction
needs to be changed to test the convergence. Coarse grid (Mesh_1), medium grid (Mesh_2) and fine
mesh (Mesh_3) employ the intervals of 0.04m, 0.02m and 0.01m respectively in the horizontal direction in
the area between the flap and FPSO deck. The time history of wave elevations at the wave probes W P1
and W P2 is shown in Fig. p| for the case without the wall, where the difference between the results at the
medium and fine grids is little, while the coarse grid Mesh_1 deviates much from the other two. Therefore,

the numerical results obtained at Mesh_2 are adopted in the following discussion for this problem.

0.2 0.2
—-—--Mesh_1
=== Mesh_2
Mesh_3

- Exp.(wp)

0.1

n/m

0.0 boomoomosanc

-0.1F

t/s t/s

(a) Wave elevation at WP1 (b) Wave elevation at W P2

Figure 5: Convergence test of wave elevation with the incident wave hight H = 0.16m
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At the same time, in Fig. p| the experimental data of wave elevations at the two wave probes in |Greco
(2001) is also shown for the purpose of comparison. It can be seen that the agreement is considerably
satisfactory, in spite of a little difference observed on the trough and crest. When the wave propagates to
the front of the deck, the incoming wave and the reflected wave are superimposed. As a result, the standing
wave occurs, so that the wave height shown in Fig. is significantly larger than the incident wave height
H =0.16m.

When the incident wave propagates to the deck, it is reflected from the deck. As a result, standing wave
is generated and wave amplitude before the deck is enlarged. It leads to water running up on the deck,
known as green water. The green water height over the deck is important, which has a significant influence
on the pressure on the deck or vertical wall. Comparison of the resulting water heights on the deck at the
three locations W L1, WL2 and W L3 is shown in Fig. [6] for the case without the wall. It is noted that there
are two wave impact events, of which the second event is significantly higher than the first one, because of
the superposition of reflected wave in front of the FPSO deck. It can be seen clearly that the maximum
green water heights at the three probes decrease, where the first probe W L1 records the largest values for
both the two wave impact events. Furthermore, the wave height at W L1 shows a good consistence to the
experimental data, where the first shipping wave occurs at around ¢t = 7.0s. The second event appears to
be almost 2.5 times high as the first one. At the second and third recorders (W L2 and W L3), the height of
green water also agrees well with the experiment data. However, at the third probe W L3 the second wave
front is slightly underestimated compared to the experimental data, which could be due to the numerical

dissipation over the larger distance from the bow.

Num. (wl,)
——Exp. (wl)

Num.(wl,)

——Exp(wl)

(a) WL1 (b) WL2 (c) WL3

Figure 6: Comparison of water surface measured at three positions with the experimental data, where f is the

elevation of deck above the still water.

When the vertical wall is mounted on the deck, the pressures due to the wave impact at the two locations
(see PR1 and PR2 in Fig. [3) are shown in Fig. [7l Generally, the present numerical results agree well with
the experimental data in |Greco| (2001)). However, it still can be observed that the numerical results are a

little overestimated compared to the experimental data, which might be caused by the fine bubbles in front
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of the wall. Those fine bubbles that are capable of dissipating energy, can be captured in the experiment,

but demand prohibited computing resources in the numerical simulations with huge amount of finest meshes.

2000 2000
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—-—--Exp. from Greco (2001)
1500
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(a) PR1 (b) PR2

Figure 7: Comparison of pressure recorded at two positions between the present numerical simulation and the physical

experiment

3.2. Velocity distribution of wave on deck

The horizontal u velocity distribution in the first impact event for the cases with and without the wall
is presented in Fig. |8l From the figure, it is seen that there is little difference between these two cases, and
the mounted wall has little influence on the u velocity distribution, because the green water on the deck has
not reached the mounted wall. For the purpose of comparison, the horizontal u velocity distribution in the
second impact event is also presented in Fig. [9] It is obvious that the presence of the mounted wall can
change the u velocity distribution, especially between ¢t = 8.96s and ¢t = 9.20s.

It is well known that green water on a marine structure has similarity with a dam break flow; see
and Ryu et al| (2007b) for more discussion. In fact, a standard design analysis procedure has been

developed using the dam break solution to estimate the velocity of a green water event. The analytical
solution developed by (1892) is widely used to predict the cross-sectional velocity U, (the average

velocity over the whole cross section),

sl t) = 3(5 + Vo). (

where x is the distance from the deck edge, ¢ is the time instant measured from when the green water occurs,
Hy is the distance from the maximum wave crest to the deck. In this case, the maximum wave crest of
the first event is about 17cm, Hy is thus 12cm. The numerical results of cross-sectional velocity of green
water for the first event along the deck are presented in Fig. for the case without the wall, in which
the analytical solution in is also included for the comparison. It is noted that the analytical

10
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Figure 8: Comparison of u velocity distribution at the edge of deck for the cases with and without the wall in the

first impact event

solution is obviously overestimated at the first four time instants. However, at the last four time instants, the
analytical velocity at the water front appears slightly underestimated. Therefore, there is a large discrepancy
between the analytical and numerical results, which may be caused by the occurrence of a jet-like formation
at the forefront of green water, which appears in the present numerical simulation. This phenomenon has
also been observed in [Stansby et al.| (1998)) and |Yilmaz et al| (2003). As a result, the analytical solution
of Ritter| (1892)) is too simple to elucidate the physics of green water over a deck clearly. Nevertheless,
the analytical solution is more conservative in the most situations and safer to estimate the cross-sectional

velocity, and it is being widely used in the industry.

3.8. Volume of green water on FPSO deck

Fig. [] tracks the time history of volume of green water over the deck with and without the wall
respectively. The figure shows that there are two peaks (or two green water events) for both two cases,
where the first peak is significantly smaller than the second one. If the wall is mounted, the green water is
accumulated around the corner between the deck edge and the wall, whereas the water volume in the case
without the wall is more uniformly distributed along the deck. It means, if the FPSO is free to move, the

stability of the FPSO with the wall is influenced by the green water more than that without the wall.

11
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Figure 9: Comparison of u velocity distribution at the edge of deck for the cases with and without the wall in the

second impact event

Based on the signals for wave maker motions provided in |Greco| (2001)), the effect of wave height on the
volume of water inundation over the deck without and with the wall is investigated, as shown in Fig. [12]
From the figure, it is observed that with the larger wave height, the amount of green water certainly becomes
larger. In addition, the maximum V,,/V} in different wave heights for these two cases is almost the same.

Deck elevation is another key parameter for the volume of water inundation, and its effect is shown in
Fig. Compared to Fig. it appears that the volume of green water on the deck seems to follow a
similar trend by varying the deck elevation or the wave height. To confirm this, the relationship between
(H — f) and the maximum V,,/V} is shown in Fig. which includes the results for both different wave
heights and deck elevations. From the figure, it can be seen that a linear relationship nicely exists between
(H — f) and the maximum V,,,/V}, for both the cases with and without the wall. With this linear relationship,
the occurrence of green water on the FPSO deck can be easily predicted for a selected group of wave height

H and deck elevation f, which may be of great significance in the determination of wave height H and deck

elevation f in industrial designs.
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Figure 10: Comparison of velocity distribution along the fixed FPSO deck between the Ritter’s solution (dash line)

and numerical simulation (solid line) at various time instants
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Figure 11: Time history of volume of water inundation over the deck with and without the wall. V,, and V; are the

volumes of green water and deck, respectively.
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Figure 12: Wave height effect on the volume of water inundation over the deck (a) without and (b) with the wall

4. Green water on a fixed platform deck

4.1. Comparisons with experiment

As discussed above, offshore platform can be simplified to a thin plate, and the truss section supporting
the platform can be ignored because it throws little hydrodynamic effect on the platform. In this section,
the present numerical simulations will adopt the setup in the experiment of |Cox and Ortegal (2002)) to carry
out the study on this problem. Fig. gives the sketch for the problem of green water over a fixed deck.
As only the signal of voltage for the motion of wave paddle was given in |Cox and Ortega; (2002)), different
amplitudes of wave paddle motions have to be tried out in order to generate the same wave profile as in
the experiment. Since it was to study the kinematics of one overtopping event, a short transient wave was
chosen in the experiment that produced one large wave crest at the leading edge of the deck. In order to test
the accuracy of the wave generation, wave elevations at two positions (x = 4.5m and x = 8.0m) are tracked
and compared with the experimental data in [Cox and Ortegal (2002)), as shown in Fig. for the case of
pure wave propagation in the tank. It can be observed that the wave generated in the numerical simulation
agrees considerably well with the experimental measurement, and the difference in maximum wave height
between the present results and experimental data at both two locations is about 4%. In addition, when the

transient wave propagates to the position at x = 8.0m where the leading edge of the fixed deck is located,
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represents the data for various deck elevations with H = 0.16m. The solid line is the fitting curve for these scattered

points.
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Figure 16: Time history of wave elevations at two probes for the case of pure wave propagation

Next, the green water over the fixed platform deck is examined. As the convergence test has been
conducted in the previous case of green water over a fixed FPSO deck, the present section only shows the
convergent result directly, with the grid of 0.02m x 0.0025m around the deck. Near the free surface, adequate
grids in the vertical direction (80 cells in one wave height) are generated as well to ensure the resolution in
capturing the free surface. Fig. [17]shows the time history of wave elevations at three locations for the cases
with the fixed platform deck. Compared to the wave elevation in the case without the fixed platform deck
in Fig. there is little difference in the wave crests and troughs when the deck is presented. It means

that the deck exhibits little effect on the wave propagation. In addition, the numerical results present a good
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Figure 17: Time history of wave elevations at three probes for the case with the fixed deck

agreement with the experimental data, especially in the crests and troughs at all the three positions, which
is better than the comparison presented in [Lu et al.| (2010) where the generated wave was underestimated
due to the possible large numerical diffusion.

Fig. presents the variation of horizontal velocity along the vertical direction at 12 different phases for
the case with the fixed deck at © = 8.0m. The effect of the structure on the velocity variation is obvious.
The fixed deck prevents the smooth distribution of the horizontal velocity. Individually, velocity distribution
on the deck still follows the exponential function approximately, while it almost remains the same below the
deck compared to the pure wave propagation. In general, the present numerical results obtain a considerably
good agreement with the experimental data. Again, comparison of the cross-sectional velocity (U.) between
the Ritter’s solution and the present numerical result is shown in Fig. Far away from the water front,

the Ritter’s solution is obviously overestimated. However, closer to the water front, the Ritter’s solution can
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provide better results.

4.2. Volume of green water on a platform deck

Similar to the case of green water on a FPSO deck, the volume of water inundation on the fixed platform
deck is also examined in this section. Fig. [20] shows the effect of wave height and deck elevation on the
volume of water inundation over the deck. In Fig. the deck elevation is fixed at f = 0.0525m, while
different deck elevations are investigated in Fig. [20(b)| with the same wave height H = 0.222m. Here, due
to the transient wave generation, the wave height H denotes the maximum wave height at x = 8.0m. For
the case of f = 0.0525m in Fig. the maximum volume ratio V,,/V} can reach the value of 1.0 at
larger wave height. In other word, the deck has to bear a large amount of water loads, which challenge the
supporting structure, possibly leading to the destruction of the entire system. When the deck elevation f
drops to 0.0125m in Fig. the deck can experience almost twice the water loads compared to that for
f = 0.0525m. This figure also shows that the deck experiences a larger amount of green water loads in a
longer time duration for the lower deck.

Furthermore, relationship between the relative wave height (H — f) and the maximum volume ratio
Vi /Vp is shown in Fig. It is observed that a linear relationship exists in the considered range, which is
consistent with the conclusion for the green water over a FPSO deck, by which the deck elevation can be

predicted to avoid much water inundation when the extreme wave approaches to the deck.

5. Conclusions

In this paper, an improved immersed boundary method is applied to investigate the green water on a
fixed deck. The complicated free surface is captured by the level set method in this numerical model, and
a finite difference method of second-order accuracy is adopted to solve the flow field. Two different types
of decks, a FPSO deck and a platform deck, are considered in this study. Extensive comparisons of the
water surface elevation and pressure are conducted for the green water over both these two types of fixed
decks with the physical experiments. Considerably good agreement can be achieved in all the comparisons
between the experimental data and numerical results. More importantly, the present study also compares
the velocity distribution along the deck with the Ritter’s solution, which indicates that the Ritter’s solution
that is being widely used in the industry is more conservative than the numerical results, and is safer in the
engineering design for both types of structures. In addition, another emphasis of the present study lies in
the investigation of green water volume over the deck. It is revealed that for both the FPSO and platform
decks, the amount of green water changes linearly with the relative wave height H — f, which is an important
finding for the determination of deck elevation under a selected wave condition to avoid excessive volume of

green water overtopping on structures.
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