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a b s t r a c t

Based on the potential flow theory, a fully nonlinear numerical procedure is developed with boundary
element method to analyze the interaction between a fixed semi-submersible platform and incident
waves in open water. The incident wave is separated from the scattered wave under fully nonlinear
boundary conditions. The mixed Euler-Lagrangian method is used to capture the position of the
disturbed wave surface in local coordinate systems. The wave forces exerted on an inverted conical
frustum are used to ensure the accuracy of the present method and good agreements with published
results are obtained. The hydrodynamic characteristics of the semi-submersible platform interacting
with regular waves are analyzed. Pressure distribution with time and space, tension and compression of
the platform under wave action are investigated. 3D behaviors of wave run-ups are predicted. Strong
nonlinear phenomena such as wave upwelling and wave interference are observed and analyzed.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As the scope of offshore engineering advances further into the
ocean, predicting wave loads and run-ups on offshore structures,
such as semi-submersible platforms, has become a critical issue. In
practice, wave loads can be predicted with numerical simulations,
and fluid behaviors can be predicted with potential flow theory.
Columns of platforms can be assumed as cylinders or square boxes
when studying the hydrodynamic characteristics of platforms.
Based on fully nonlinear theory, Zhou et al. (2015) studied the in-
teractions between truncated cylinder and regular waves in an
open water, and the solitary wave was considered (Zhou et al.,
2016) in a similar model, and the efficiency of the simulation was
improved by using parallelization on distributed computer systems
(Dombre et al., 2019). The immerged body of a semi-submersible
platform can also be assumed as cylinders or boxes submerged in
the water, and fully nonlinear method proved accurate for simu-
lating the interaction between waves and the immerged cylinder
(Abbasnia and Guedes Soares, 2018). New methods were also
developed to solve hydrodynamic problems of cylinders based on
f Naval Architects of Korea.
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potential flow theory in recent years (Liang and Chen, 2017; Cong
et al., 2020).

Unlike single-body floating structures, hydrodynamic charac-
teristics of multi-body semi-submersible platforms are more
complex, as it involves mutual interactions. Ohkusu (1969) first
studied the interaction between multi-body structures and waves
and analyzed the heave motion of two cylinders with the two-
dimensional FEM. In the simulation of waves interacting with
multi-body structures, near-field interference between the col-
umns and the trapping mode (Ohl et al., 2001) showed strong
nonlinear characteristics, thus the hydrodynamic behaviors directly
threatened the safety of submerged deck (Swan et al., 1997). Based
on linear potential flow theory, Chatjigeorgiou and Katsardi (2018)
studied the fluid diffraction by an array of multiple elliptic cylinders
in waves. Ji et al. (2015) simulated a cylindrical array interacting
with multi-directional waves and studied the near trapping phe-
nomenon. In the case of multi-body structures, linear potential
theory cannot produce accurate results. Based on the second-order
potential flow theory, Wolgamot et al. (2016) calculated the wave
forces on a square array of four truncated cylinders in mono-
chromatic waves. Yang and Wang (2020) studied the diffraction of
the second-order wave by an array of four cylinders and analyzed
the near field trapping effects. Even though the accuracy could
improve with the second-order scattering method, wave run-ups
on columns are often overestimated (Sweetman et al., 2002).
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Based on the fully nonlinear method, Abbasnia and Ghiasi (2015)
simulated an array of truncated square cylinders interacting with
second-order waves and the results showed that the generated
trapped mode was different under variation of constraints.

Though proved ideal for simulating the interaction between
waves and multi-body floating structures, application of the fully
nonlinear theory is still limited to simple geometric objects such as
multiple cylinders and parallel square boxes. The research on hy-
drodynamic characteristics of semi-submersible platforms is
mainly based on the low-efficiency viscous flow theory and model
tests (Wang et al., 2018; Lu et al., 2020; Gonçalves et al., 2020). The
fully nonlinear potential flow theory in time-domain is a common
and practical method to address the nonlinearity in the interaction
between waves and multi-body structures (Wang and Wu, 2010;
Wang et al., 2013; Bai et al., 2014). Longuet-Higgins and Cokelet
(1978) first proposed the fully nonlinear theory in time-domain
to solve the problem of two-dimensional nonlinear motion and
employed the Mixed Euler Lagrangian (MEL) method to track the
mass points of water on the free surface. In marine engineering, the
prediction of nonlinear hydrodynamic loads on semi-submersible
platforms is generally based on model test (Chen et al., 2018) or
low-order potential flow model, which mainly includes linear or
weak nonlinear models. Servan-Camas et al. (2018) developed a
second-order time-domain finite element method to study the
motion of a semi-submersible platform, and Zhang et al. (2017)
calculated wave forces of semi-submersible platform in frequency
domain based on linear potential flow theory, and the Morison
equation is used to obtain viscous resistance of the platform. But
this method has poor universality for different models, and it is not
very reliable in the prediction of wave run-ups and nonlinear wave
loads. Based on high-order potential flow theory, there are many
studies on hydrodynamic phenomena of multiple floating bodies (Ji
et al., 2015; Wolgamot et al., 2016; Yang and Wang, 2020). Fully
nonlinear boundary element method has better efficiency than
viscous flow theory and has more advantages in calculating full-
scale marine structures, but it is rarely used on the whole plat-
form, especially under incident wave conditions. Although, poten-
tial flow theory is not suitable to simulate wave breaking or
overturned wave, it can be a cheap and convenient manner to
predict hydrodynamic force and wave run-ups of platforms in
waves, which forms motivation of the present paper. In fully
nonlinear potential flow theory, the free surface condition is
satisfied on instantaneous distorted free surface, thewetted surface
of the platform changes violently with time, the immerged body
and the columns as well as incident waves interact with each other,
and all these pose great challenges to numerical implementation.

In this paper, the fully nonlinear method based on the potential
flow theory was applied to study the hydrodynamic characteristics
of a fixed semi-submersible platform under fifth-order Stokes
waves of different wavelengths, and the influence of motion on
amplitude of wave forces is also considered. Accordingly, a nu-
merical model of the interaction between the waves and a semi-
submersible platform was built with BEM. The incident and
disturbed potential were separated (Ferrant, 1996) to construct a
definite solution of disturbed potential. An auxiliary method was
adopted to solve the coupledmotion problem (Wu et al., 2004). The
MEL method was used to track the free surface in time domain.
Specially, generating the mesh for the platforms is a vital issue.
Unstructuredmesh used inmost of the published studies falls short
in generation speed and grids filling. Considering that the shapes of
the platform are relatively regular, a multi-block structured mesh is
used on the free surface, offering higher generation rate, easier
boundary-fitting, better orthogonality, and convenient grids quality
processing with the numerical methods. The numerical model in
this paper is suitable for long-time simulation since the structured
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grid has better quality and it is easy applied on platforms with
arbitrary shapes. Theories and methods adopted in the numerical
program are introduced, the convergence of the numerical model is
analyzed, and the accuracy of the numerical results is verified. The
numerical model can be further applied to study the interaction
between regular waves and a semi-submersible platform.

2. Mathematical background

2.1. Governing equations and boundary conditions

Velocity potential f describes the fluid velocity field of an ideal
fluid, which is irrotational, inviscid and incompressible. According
to the law of conservation of mass, the velocity potential of a fluid is
constrained by the Laplace equation:

V2f¼0 (1)

The impermeable body surface boundary condition is satisfied
on the instantaneous wetted surface:

vf

vn
¼0 (2)

According to Bernoulli equation, the velocity potential and
elevation of the free surface can be updated:

vf

vt
þ1
2
Vf$Vfþ gz ¼ 0 (3)

vz

vt
¼fz � fxzx � fyzy (4)

where g denotes the acceleration of gravity, zx and zy represent
spatial derivatives of elevation z for x axis and y axis on free surface.
The distant boundary and the underwater boundary should satisfy:

f/fI;Vf/VfI (5)

where fI is the potential of the incident wave, and the initial
boundary conditions can be expressed as:

f¼fI;
vf

vn
¼ vfI

vn
t ¼ 0 (6)

Governing Eq. (1), together with boundary conditions (2) and
(3), solves the definite solution problem.

To ensure stability of calculation in the fully nonlinear simula-
tion, a modulation condition is added to make the incident wave
develop slowly at the initial time:

�
Rm ¼ 1� cosðpt=2TÞ t < T
Rm ¼ 1 t � T

fI ¼ Rm$fI VfI ¼ Rm$VfI

(7)

where T is period of incident wave and Rm is the modulation
function.

The fully nonlinear problem can be solved by either tracing the
total potential f (Sun et al., 2019) or updating the disturbed po-
tential separated from the total potential under fully nonlinear
boundary conditions (Ferrant, 1996) in this paper. Thus, the total
potential f is divided into incident potential fI and disturbed po-
tential 4:

f¼4þ fI (8)

Fig. 1 depicts the side view of semi-submersible platform in
Right-Hand coordinate system O� xyz in this paper, where y axis is



Fig. 1. Side view of semi-submersible platform.
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perpendicular to both x axis and z axis, and the wave direction is
along the x axis, and the origin O is located at gravity centerG of this
platform.
Fig. 2. The boundary of different regions.
2.2. Numerical procedures

In this paper, BEM is used to discretize the governing equation.
The boundary integral equation can be obtained with Green's third
identity:

LðpÞ4ðpÞ¼∬
s

�
1
Rpq

v4ðqÞ
vnq

�4ðqÞ v

vnq

�
1
Rpq

��
dSq (9)

where p ¼ ðx0; y0; z0Þ and q ¼ ðx; y; zÞ represent source and field
points respectively, L is the solid angle, and Rpq is the distance
between q and p. The integration over whole closed boundaries was
performed. The solid angle L can be calculated through the Cauchy
Principal Value integral.

Eq. (9) is discretized through BEM (Sun and Wu, 2013). At each
time step, the potential 4 on free surface, the corresponding normal
velocity 4n on body surface and far-away control surface are
known. The normal velocity 4n on free surface and potential 4 on
body surface are obtained by solving discretized governing equa-
tion. With all the physical quantities over all the boundaries 4, 4n
and the particle velocities V4 known, total velocity can be obtained:

Vf¼V4þ VfI (10)

which could update the total free surface using Eqs. (3) and (4).
Quantities on the body surface are used to calculate the pressure
and the force.

The wave force on the body is calculated by:

Qi ¼∬
Sb

pnids ði¼1 � 6Þ (11)

where p is the pressure on wetted surface Sb, n
. ¼ ðn1;n2;n3Þ is the

normal vector, r
.� n

. ¼ ðn4; n5; n6Þ, and r
.

denotes the position
vector to rotation center. Qi ði¼ 1 � 3Þ and Qi ði¼ 4 � 6Þ represent
the hydrodynamic force and force moment. In Eq. (11), ft can be
obtained by the time difference of the potential f. However, this
method is unstable for the fully nonlinear simulation due to the
transient variance of the waterline. The acceleration potential ft
was solved by treating it as an unknown function that satisfies
Laplace equation. Considering that the platform is fixed, ft satisfies
the following body surface boundary condition (Wu et al., 2004):

vft = vn ¼ 0 (12)

On the free surface, according to the Bernoulli equation:

ft ¼ � gz� 1
2
jVfj2 (13)
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On the far-away control surface, the fluid is assumed not
disturbed:

vft

vn
¼ vfIt

vn
(14)

where fIt represents the derivative of fI to t. Thus ft on wetted
body surface and vft=vn on free surface can be solved by the same
procedure as the potential f. Then the pressure p can be calculated:

p¼ �ft �
1
2
jVfj2 � gz (15)

and the hydrodynamic force is obtained:

Qi ¼ � r∬
Sb

�
ft þ

1
2
jVfj2 þ gz

�
nids ði¼ 1 � 6Þ (16)
2.3. Mesh generation of semi-submersible platform

Comparing to ships, the mesh of free surface around a multi-
column platform is more complicated. Considering the symmetry
of the semi-submersible platform in both x and y axes, a structured
grid in open circular water is used. Since the free surface is multi-
connected, as shown in Fig. 2, it needs to be separated into
several sub-domains, which poses more difficulties.

In this paper, the whole free surface is divided into the inner
region and the outer region, and the intersection line is drawn as a
rounded rectangle. The outer region enlarges the fluid domain and
absorbs the reflected waves. The inner region is separated into four
sub-domains each with a column piercing the free surface.
Considering the orthogonality of the initial mesh, the corners of the
waterline and the boundary are rounded. The orthogonal meshes
can be generated by connecting the waterline of each column and
the boundary of the sub-region with the jth mesh line. The ith



Fig. 3. Indexes of the inner surface.
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waterline is along the circumferential direction as shown in Fig. 3.
The mesh is applied to all the other sub-domains, and the meshing
method of wetted surface on columns is similar to the free surface.

2.4. Trace of the free surface and the potential

The mesh near the waterlines easily distorts due to the strong
interaction between the water and the structure. EMT (elastic mesh
technique) is adopted to ensure the orthogonality of the mesh
(Wang et al., 2003). The elastic relation of the meshes is considered
linear, and the velocity v!i of each grid node near the waterlines is
calculated through iteration:

v
.nþ1

i ¼ qi n
.

i þ P
.

8><
>:

P
j

�
r
.

j � r
.

i þ Dt v!n
j

�
P
j
Dt

9>=
>; (17)

where qi is the normal velocity, P
!

is an operator for the tangent

vector, r
.

represents the position vector, and j represents the
number of adjacent nodes around node i. Not all nodes require EMT
optimization, only the free surface with large distortion do. The

number of iterations is determined by the difference between v!nþ1
i

and v!n
i . Once the iteration is convergent, the optimized velocity

v
.

emt is obtained:

v
.

emt ¼ v
.nþ1

i (18)

The free surface is tracked with MEL method. The disturbed
potential 4 satisfies Eq. (19) given that dynamics condition (3) is in
Eulerian form, and the disturbed potential of fluid particles can be
updated with Eq. (20) in Lagrangian form:

v4

vt
¼ � 1

2
V4$V4� gzs (19)
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d4

dt
¼ � 1

2
V4$V4� gzs þ v

.
emt$V4� m$4 (20)

where m is a damping function to absorb the reflected waves from
the distant boundary and can be obtained by:

mðdÞ¼
�
uðL� dÞ2

.
L2 ; d< L

0 ; d � L
(21)

where d is the distance between grid nodes and the distant
boundary, u and L are the frequency and length of the incident
wave.

Eqs. (22) and (23) are used to calculate vzs=vt on the free surface
with large distortion:

vzs
vt

¼ vz

vt
� vzI

vt
(22)

vzI
vt

¼fIz � fIx
vzI
vx

� fIy
vzI
vy

(23)

and the total wave elevation vz is updated with

vz

vt
¼ð4z þfIzÞ � ð4x þfIxÞ$

vz

vx
� �

4y þfIy
�
$
vz

vy
(24)

and Eq. (25) is used to calculate vzs=vt on the free surface far away
from the body since the disturbed wave gradually approaches zero.

vzs
vt

¼4z � 4x
vzs
vx

� 4y
vzs
vy

(25)

To update the elevation of the disturbed free surface, Eqs. (24)
and (25) can be rewritten as Eqs. (26) and (27) in Lagrangian form:

dz

dt
¼ð4z þfIzÞ �

�
4x þfIx � v!emt x

�
$
vz

vx

�
�
4y þfIy � v!emt y

�
$
vz

vy
(26)

dzs
dt

¼4z � 4x
vzs
vx

� 4y
vzs
vy

þ v
.

emt$Vzs (27)

where v!emt x and v!emt y is the optimized velocity in x axis and in y
axis respectively. Eq. (23) for updating the elevation of an incident
wave near the region of large distortion is rewritten as:

dzI
dt

¼fIz � fIx
vzI
vx

� fIy
vzI
vy

þ v
.

emt$VzI (28)

Since dzs=dt and d4=dt are obtained, the 4-RK (four-order Runge-
Kutta) method is adopted to update zs and 4 of each grid node in
the next time step. Once the elevation of free surface is updated, the
instantaneous waterline is just intersection line of the free surface
and the column of platform. When the waterline changes, instan-
taneous wetted body surface will be remeshed in each time step.

Note that EMT only guarantees the orthogonality of the mesh,
“sawtooth” instability will occur and the free surface still distorts in
the time domain. Hence, the smoothing method is particularly
important. Nevertheless, multi-region structured mesh brings dif-
ficulties to the smoothing process. To present this “sawtooth”
instability problem, the three-dimensional smoothing method is
chosen and a micro surface is constructed around one grid node Ni
on the free surface composed of 12 adjacent nodes. Then a local
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coordinate system is built on the micro surface, where the origin is
located at node Ni while the direction of z axis points to the di-
rection of the normal vector. In the local coordinate system, the
smooth micro surface can be described by establishing a quadric
surface equation:

f ðx0; y0Þ ¼ a1x
02 þ a2x

0y0 þ a3y
02 þ a4x

0 þ a5y
0 þ a6 (29)

where aiði¼ 1 � 6Þ is obtained by minimizing the following error
function:

L¼
Xn
j¼1

½f ðx0; y0Þ � z0�2 (30)

According to least squares method, the linear equations for co-
efficient aiði¼ 1 � 6Þ are constructed:

vL
vai

¼0 ði¼1 � 6Þ (31)
Fig. 4. Grids of disturbed free s

Fig. 5. Grids of disturbed free surface with smoothing. Note that the 3D smoothing method c
a suitable frequency for smoothing, a fixed cylinder is tested with smoothing method applied
In Fig. 7e9, the time history of wave forces shows that the smoothing method has little effec
once n � 20, thus the grid of free surface is smoothed every five time-steps. Fig. 6 shows t
without smoothing while the black lines are grids with smoothing, and the problem of “sa
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Once the coefficient aiði¼ 1 � 6Þ is obtained, the value ð0;0; a6Þ
of the faired node Ni is determined, the same method can be used
for solving the faired velocity potential on the free surface.

Figs. 4 and 5 show the grids of disturbed free surface with and
without using 3D smoothing method, which works well on solving
the problem of “sawtooth”.

3. Results and analyses

Firstly, an inverted conical frustum was used to verify the
method, and the accuracy of high-order forces is also verified. Then,
the convergence study on mesh size and time step was carried out
for a single column of a semi-submersible platform. Finally, the
interaction between the semi-submersible platform and incident
waves were simulated and analyzed.

3.1. Verification of the numerical results

An inverted conical frustum was used to verify the numerical
urface without smoothing.

annot be used too many times as the shape of the free surface will be over-fitted. To find
every 5, 10 and 20 time steps respectively, and the wave period contains 50 time steps.
t on the accuracy of numerical results, but “sawtooth” will lead to numerical instability
he smoothed mesh of free surface at some time, the red lines are the grids of surface
wtooth” can be solved by this method, which proves its effectiveness.



Fig. 6. Grids of free surface before and after smoothing.

Fig. 7. Q1 at different frequencies.

Fig. 8. Q3 at different frequencies.

Fig. 9. Q5 at different frequencies.

Fig. 10. Sketch of the fixed cylinder.
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procedure. As shown in Fig. 10, the angle between the frustum and
the horizontal plane is 75�, bottom radius of the frustum is R, and
the draft is 1:5R, the rotation center of the floating body locates at
z ¼ �R beneath the free surface, and the depth and radius of the
open fluid domain are 3R and 8R respectively.

Fig. 11 shows the initial mesh of the fluid domain. The amplitude
of the incident wave A ¼ 0:15R and wavelength L ¼ 4R. The hor-
izontal hydrodynamic force Q1, vertical force Q3 and force moment
Q5 on the fixed frustum were calculated in the same manner as
Section 2.2. The hydrostatic force is excluded from the vertical
force. Figs. 12e14 show the numerical results, and the amplitude
and the trend conform well with the results by Zhou et al. (2015).

Assumed as ideal flow, the horizontal force along the x direction
is almost symmetric to y ¼ 0. But in the vertical direction, apparent
nonlinear behavior appears, and the force in the downward direc-
tion is much larger than that in the upward direction. Fig. 15 shows
531



Fig. 11. Initial mesh of a flared cylinder with q ¼ 75� .

Fig. 12. Q1 on a fixed cylinder with q ¼ 75� .

Fig. 13. Q3 on a fixed cylinder with q ¼ 75� .

Fig. 14. Q5 on a fixed cylinder with q ¼ 75� .
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the comparison of wave run-ups at wave ward side, in which two
sets of results are in favorable agreements.

In order to verify the accuracy of high-order forces calculated by
the developed model, the wave forces calculated in this paper are
compared with the experiment results (Huseby and Grue, 2000)
and other numerical results (Ferrant, 1998). A fixed bottom-
mounted vertical cylinder with a radius of R ¼ 0:03m is studied,
the depth of water is d ¼ 0:6m and the wave number is KR ¼ 0:245.
As the third-order and above wave forces is relatively small, only
the amplitudes of first-order and second-order wave forces at
different wave steepness KA are shown in Figs. 16 and 17, the first-
order force calculated in this paper is in good agreement with both
the numerical and experimental results, and there is a constant
difference in second-order forces between two numerical results
and experimental results. But in overall, the present results
conform with the published data.
Fig. 15. Run-ups on the front side of a cylinder.



Fig. 16. First-order forces at different KA.

Fig. 17. Second-order forces at different KA.

Fig. 18. Top view of the column.

Fig. 19. Side view of the column.
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3.2. Convergence study of a square column

In this section, a single square column was used to perform the
convergence study. The same column was also used in Section 3.3
as part of the semi-submersible platform.

As shown in Figs. 18 and 19, the shape of cross-section of the
column is a rounded square, the width of the rounded square is 2R,
and the draft is 3R, the rotation center of the column locates at 2:5R
below the free surface. The depth and radius of the open water are
5R and 10R respectively.

A fifth-order Stokes wave with amplitude A ¼ 0:2R and wave-
length L ¼ 8R was used as the incident wave. The mesh near the
waterline is set to have a similar size as the mesh on the column to
ensure the mesh quality. The mesh size gradually increases from
the waterline to the far away boundary, and the growth rate of the
grid size is set as 1.05. To check the converge of this method against
the mesh size, the number of grids along the waterline is set to 36,
56 and 72, corresponding to Mesh a, Mesh b and Mesh c. 100 time
533
steps are selected in eachwave period, and the time history of wave
forces Q1 and Q3 is calculated with the three kinds of mesh models
as shown in Figs. 20 and 21, where T is the wave period, and the
ordinate is the dimensionless wave force.

From the comparison of time history, it is evident that the
positive amplitude of Q1 calculated by Mesh a is relatively smaller
and the negative amplitude of Q3 is relatively larger while the time
history curves of Q1 and Q3 calculated by Mesh b and Mesh c are
almost identical. Therefore, density of the mesh has a certain level
of influence on the accuracy of wave force simulation. The Mesh b



Fig. 20. Comparison of mesh for Fx.

Fig. 21. Comparison of mesh for Fz.

Fig. 22. Comparison of time step for Q1.

Fig. 23. Comparison of time step for Q3.

Fig. 24. Side view of the platform.
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model with higher calculation efficiency and accuracy was chosen
as the reference to generate the mesh of the free surface.

As its also necessary to test the convergence of time step in the
Mesh b model, the number of time steps in each wave period is set
at 30, 50 and 100. The time histories of the wave forces Q1 and Q3
on the fixed column are calculated, where△t is the time step and T
is thewave period. Figs. 22 and 23 show that the three kinds of time
steps have almost the same time history of Q1 while the amplitude
of Q3 at step △t ¼ T=20 is relatively smaller and the curve shape
near the minimum value becomes relatively steeper. The influence
of the three kinds of time steps on the wave force results is not as
apparent as that of the mesh size. Still, time step △t ¼ T= 50 was
applied to the subsequent numerical simulation to reduce the nu-
merical error.

3.3. Hydrodynamic behavior of semi-submersible platform

The hydrodynamic characteristics, namely the wave force and
run-ups, of the typical four-column semi-submersible platform are
534
studied with the fully nonlinear numerical procedure. Figs. 24 and
25 show the dimensions of the wetted surface of semi-submersible
platform in calm water, which is symmetrical along x and y axes.

Considering that the shape of the semi-submersible platform is



Fig. 25. Top view of the platform.

Fig. 27. The initial mesh used by WAMIT.
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relatively regular, the block-structured grid was selected to
generate the initial mesh of the free surface so that the grid density
of different regions can be easily controlled, and the mesh nodes
can be captured accurately. With the block-structured grid and 3D
smoothing, the free surface is smoother andmore similar to the real
model. The block grids are constructed for each column separately,
and the density of the grid is controlled according to the conver-
gence analysis in the previous section. The grid of the free surface
far away from the waterline is constructed in a circular area of open
water, and the local grid is adjusted slightly to ensure good
orthogonality of the grid. Fig. 26 shows the initial mesh of the semi-
submersible platform.

The incident wave is a fifth-order Stokes wave with a wave
height of 0:4R, the angle between wave direction and x axis is 0�,
and the range of wavelength is from 6R to 18R. The horizontal wave
force Q1 along the x axis, the vertical wave force Q3 along the x axis
and the wave moment Q5 along the y axis are calculated
Fig. 26. Initial mesh of sem
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respectively under seven simulation conditions, and the time his-
tory curves of wave force and moment are drawn for each simu-
lation condition.

Firstly, the positive amplitude Q1max of horizontal wave force at
different wavelengths is compared with that calculated by WAMIT
to verify the accuracy of the present method. The geometry of the
platform used by WAMIT is the same as that in this paper and the
initial mesh used by WAMIT is shown in Fig. 27. Fig. 28 shows that
the results are in better consistence when the wavelength is larger
or L=R � 10. This is because the software adopts the linear fre-
quency domain method. When the wavelength increases, the wave
slope becomes smaller and nonlinear effect weakens. Conversely,
obvious differences can be observed at smaller wavelengths due to
the nonlinear effects including wave run-ups.

The positive amplitude Q1max and negative amplitude Q1min is
extracted according to Fig. 29. These two kinds of amplitudes ob-
tained at different wavelengths are summarized and compared. As
shown in Fig. 30, the amplitude of Q1 is very sensitive to the change
of wavelength. When the wavelength is slightly greater than the
total width of the platform (7R), the horizontal wave force Q1 is
close to the maximum value, exerting the maximum drift force to
i-submersible platform.



Fig. 28. Comparison of horizontal wave forces.

Fig. 29. Illustration for the amplitudes of Q1.

Fig. 30. Comparison of wavelengths for Q1.

Fig. 31. Comparison of wavelengths for Q3.
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the platform. With the increase of wavelength, the amplitude of Q1
decreases rapidly and reaches the minimum value when the
wavelength is 14R (twice the width of the platform) and remains
stable. Therefore, larger wavelengths are not considered.

Fig. 31 shows that the amplitude of Q3 at the same wavelengths
is relatively small compared with that of Q1, and manifests a trend
of rapid increase when the wavelength is over 18R. The reason is
that the wave frequency at these wavelengths is far lower than the
natural frequency of the platform. The amplitude of Q3 will always
increase with the increase of wavelength, but will not reach a high
value under real wave conditions because of the short wavelength.
Interestingly, when the wavelength is around 12R, the amplitude of
Q3 is greater than that of 10R or 14R. Further investigations are
needed to address this irregularity.

Fig. 32 shows that the amplitude of Q5 reaches the peak at the
wavelength 12R, and Q5max is by far larger than Q5min. Therefore,
the maximum wave moment along the wave direction is signifi-
cantly greater than that of the reverse rotationwavemoment along
Fig. 32. Comparison of wavelengths for Q5.
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Fig. 34. Distribution of hydrodynamic pressure on the submerged section (b).

Fig. 33. Distribution of hydrodynamic pressure on the submerged section (a).
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the y axis. The position of rotation balance of the platform incline
towards the incident waves.

Given that the amplitude of the vertical wave force Q3 changes
significantly when the wavelength is 12R, it is necessary to study
the pressure distribution in the submerged section. Accordingly,
two simulation conditions at wavelengths of L ¼ 12R and L ¼ 10R
are selected. Since the time history curve of wave force at different
wavelengths has different phases, four characteristic points of Q3
are selected on the steady time history curve for each simulation
condition, namely when Q3 reaches zero (twice), peak value and
valley value. The vertical wave force is obtained by the pressure
537
integral of the upper and lower surfaces of the submerged section
because the platform is fixed. Figs. 33e36 show the hydrodynamic
pressure distribution of the submerged section.

The run-ups on the columns at each of the time points are
drawn as reference to better observe the free surface. In the figures
of pressure, Q3 ¼ 0þ and Q3 ¼ 0� correspond to the time when the
whole wave force Q3 of the platform is zero, Q3max and Q3min
correspond to the moment when Q3 reaches the peak and valley
value in the time history curve, f represents the wave force along
the z axis of the four horizontal parts of the platform, F represents
the wave force along the z axis on the bottoms of the four columns.



Fig. 35. Distribution of hydrodynamic pressure on the submerged section (c).

Fig. 36. Distribution of hydrodynamic pressure on the submerged section (d).
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The values of pressure and forces are dimensionless.
Analysis of the difference between the waveforms and the

pressure shows that when the run-ups are relatively higher, the
vertical force acting on submerged section is negative, while a
positive vertical force acts on that when the run-ups are lower. Note
that there is some difference in wave run-ups under the two
simulation conditions at the same characteristic moment (such as
the moment when Q3 reaches the maximum at both wavelengths).
So, the pressure distribution thereof is different, and the vertical
wave force on each part of the platform is not consistent (for
example, the direction of the vertical wave force acting on the
submerged section at wavelength L ¼ 10R is opposite to that at
wavelength L ¼ 12R when the vertical wave force reaches a
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maximum). Therefore, there is no general rule by which the
amplitude of vertical wave force on the whole platform reacts to
the relatively smaller wavelengths. However, the irregular charac-
teristic of wave forces is not considered in this paper because the
vertical wave force amplitude is relatively small and increases
rapidly with the increase of wavelength.

The time history of run-ups at different wavelengths with
respect to column 1 and column 2 in Fig. 37 are measured because
the two columns are symmetry along the y axis. The amplitude of
run-ups is extracted according to the curves of time history. Fig. 38
shows the comparison of the amplitude at different wavelengths,
both decreases with the increase of wavelength.

The elevation of waves on columns is over four times that of the



Fig. 37. Run-ups on the front side for h.

Fig. 38. Comparison of wavelengths for h.

Fig. 39. Cloud chart of the free surface at t ¼ 0.

Fig. 40. Tags of local wave upwelling.

Fig. 41. Cloud chart of the free surface at t ¼ T=4.
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incident wave when the wavelength is 6R, which indicates the
strong nonlinearity of the free surface. Therefore, cloud charts of
the free surface elevation at typical time steps are plotted to study
the nonlinear characteristics of the wave surface at wavelength L ¼
6R .

Fig. 39 shows the elevation at t ¼ 0 in a stable period with a fully
developed incident wave. The elevations of the free surface with
wave upwelling are marked with the scale coefficient k , as shown
in Fig. 40, where kmax denotes the maximum elevation in the re-
gion. In the direction of the incident wave, the maximum elevation
is 2.3 times that of the incident wave in front of the columns due to
the superposition of disturbed and incident waves, in which the
direction of the disturbed wave is opposite to that of the incident
wave. Thus, wave upwelling in this region is more likely to cause
greenwater on the platform at greater wave height despite of being



Fig. 42. Run-ups on the columns.

Fig. 43. Cloud chart of the free surface at t ¼ T=2.

Fig. 44. Wave run-ups on the columns.

Fig. 45. Oblique view of cloud chart at t ¼ T=2.
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far away from the columns.
Fig. 41 is the cloud chart of the free surface at t ¼ T= 4 in a stable

period with a maximum wave run-up on the front of column 1.
Fig. 42 is the cross section of the wave run-up where the red line
shows the incident stokes wave at the same time. A thin jet is
formed on the surface of column 1 with a height of four times that
of the incident wave, indicating the strong nonlinear features on
the surface of columns. While rapidly decreases the air gap, the jet
might also pose a periodic impact on the connection between the
columns and the deck when the wave is high enough, resulting in
damage to small structures.

Fig. 43 is the cloud chart of the free surface at t ¼ T= 2 in a stable
period with a maximum wave run-up on column 2. Fig. 44 shows
that the maximum run-up on column 2 is higher than that on
column 1 due to the superposition of the disturbed wave produced
by column 1. Meanwhile, the elevation of the free surface on the
back of column 1 is half that of the incident wave due to disturbed
wave produced by column 2. Therefore, the disturbed waves be-
tween the columns are fully coupled, which might generate higher
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elevation on both sides of the columns. Fig. 45 shows that severe
wave upwelling appears in themarked regionwith amaximum of k
up to 2.9. The disturbed wave is trapped between the two columns,
forming a typical trapped mode. Wave upwelling also occurs on the
side of column 1 due to stronger diffraction of the square columns,
where themaximum of k is nearly 2.0. Fig. 46 shows the top view of
the free surface, there is a wake on column 2 due to the nonlinear
superposition of diffraction wave behind the column, but the value
of k is relatively small.

Small structures such as jackets are often installed between the
columns of semi-submersible platforms. To predict the force exer-
ted on the jacket under the action of incident waves, the states of
compression and tension of the columns along the x axis are
studied. The forces exerted on columns 1 and 2 are measured, and
the differences of forces dQ1 between the columns are calculated.
When the columns are at the state of maximum tension or
compression, the position of the free surface is marked.

Fig. 47 is the schematic diagram of the platform at the state of
tension and compression under the action of the incident wave. The
amplitude of the tension and compression on the columns is



Fig. 48. Amplitudes for dQ1.

Fig. 46. Top view of cloud chart at t ¼ T=2.

Fig. 49. Comparison of wavelengths for dQ1.
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extracted. As shown in Figs. 48 and 49, the amplitude of
compression and tension increases with the increase of wave-
length, and reach peak value when the wavelength is approxi-
mately twice the width of the platform (L ¼ 16R).

Fig. 50 shows the free surface at the moment of maximum
tension and compression. In a simulation based on the linear the-
ory, the peak or valley of the incident wave is at the center of the
platform at the state of maximum tension or compression, and the
run-ups on the columns are symmetrical along the y axis. Yet, the
peak or valley of thewaves is not at the center of the platform at the
maximum state. According to the results, the phase difference of
the incident wave in this paper is about 10% compared with that
simulated by the linear theory at this state, and the wave loads on
the front and rear columns is asymmetric, which provides a refer-
ence for evaluating the extreme loads at different part of structures
on the platform. Besides, the run-ups on the columns are entirely
different. Therefore, if the nonlinear factors were not considered,
the results of the numerical simulation are far from the reality.

The motion of the platform in regular waves is also studied.
Under the sameworking conditions as the fixed platform, the wave
force and the motion of the free-floating semi-submersible plat-
form are calculated. Figs. 51 and 52 show the positive amplitudes of
horizontal and vertical wave forces on the platform compared with
that in fixed state, Figs. 53e55 present the time history of surge,
Fig. 47. Columns at stress state of (a
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heave and pitch of the platform, and Fig. 56 shows the side view of
pitch at some time. Firstly, the influence of the motion on ampli-
tudes of wave forces is analyzed. In Fig. 52, the vertical motion of
the platform is relatively small in the first few periods, thus the
) compression and (b) tension.



Fig. 50. Side view of wave run-ups at maximum (a) compression and (b) tension.

Fig. 51. Comparison of wavelengths for Q1.

Fig. 52. Comparison of wavelengths for Q3.

Fig. 53. Comparison of wavelengths for z1.

Fig. 54. Comparison of wavelengths for z3.
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Fig. 55. Comparison of wavelengths for z5.

Fig. 56. The side view of pitch.
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amplitude of vertical wave force at free state is close to that of the
fixed state at each working condition. In Fig. 51, the amplitudes of
horizontal wave force are obviously larger than that of fixed state
when L ¼ 6R, L ¼ 14R and L ¼ 16R. Besides, Figs. 53 and 55 show
that the amplitudes of surge and pitch of the platform at these
three wavelengths are also obviously larger than that of other
wavelengths at the same time. Therefore, the surge and pitch of the
platform have a significant impact on the amplitudes of horizontal
wave forces, and the greater amplitudes cause the greater effect to
the horizontal wave forces. Secondly, the amplitudes of the oscil-
latory motion caused by first-order wave force is relatively small
due to the big moment of inertia of the platform, but the ampli-
tudes of drift in all directions increase rapidly at the same time as
no mooring system is bolted on the platform.
4. Conclusions

Considering the nonlinearity of the free surface and the wetted
surface of floating objects, the numerical program was developed
using BEM based on fully nonlinear potential flow theory to
simulate the interaction between incident waves and a semi-
submersible platform in open water. Accuracy of the program was
verified by comparing the results with the published works. The
optimal numerical model of the semi-submersible platform was
determined by convergence analysis. Based on the numerical pro-
gram, the characteristics of wave forces and run-ups on a fixed
semi-submersible platform at different wavelengths are studied.
Some main conclusions are summarized as follows.
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(1) The amplitude of vertical wave force on the fixed semi-
submersible platform is relatively small, because the inci-
dent wave frequency is far lower than the natural frequency
of the platform. However, the amplitude of vertical wave
force varies significantly at some wavelengths, which might
be the result of uneven distribution of pressure on the sub-
merged section caused by the drastic change of the free
surface near the columns. Therefore, the amplitude of the
vertical wave force on the whole platform at some wave-
lengths is irregular and cannot be predicted by linear or weak
nonlinear theory.

(2) The amplitude of run-ups on the columns decreases rapidly
with the increase of wavelength. There is little difference in
the maximum of run-ups between each column. Analysis of
the nonlinear behavior of the free surface show that wave
upwelling is apparent in some regions around the column
with a height several times that of the wave amplitude. The
amplitude of run-ups on different columns is significantly
different at some wavelengths as the disturbed wave
generated by different columns interferes with each other. In
addition, the structured mesh on free surface still remains
good quality under large deformation, which guarantees the
stability of numerical simulation.

(3) The amplitude of tension and compression reaches the peak
when the wavelength is about twice the width of the plat-
form, which implies that some small structures such as
jackets between the columns are prone to damage under this
wave condition. However, the wave peak or wave valley was
not in the center of the platform under themaximum tension
or compression, the phase difference of the incident wave in
this paper is about 10% compared with the linear theory,
which provides a reference for evaluating the extreme loads
at different part of structures on the platform.
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