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Abstract: With the large-scale density stratified tank and the numerical flume proposed, series of numerical cases in line with the
experiments are carried out to investigate the interaction between the tension leg platforms (TLPs) and the internal solitary waves
(ISWs). The waveforms, and the loads and the torques on the TLP obtained by the experiments and the simulations agree well with each
other. Experimental results show that the amplitudes of the dimensionless horizontal force and torque linearly increase with the
dimensionless amplitude, while that of the vertical force increases in a parabolic curve. Besides, the numerical results indicate that the
horizontal and vertical forces on the TLP due to the ISWs can be divided into three components, namely, the wave pressure-difference
forces, the viscous pressure-difference forces, and the frictional force that is negligible. The wave pressure-difference forces are always
the major constituents. However the viscous pressure-difference component is unimportant, it is negligible as compared with the

vertical forces.
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Introduction

The internal solitary waves (ISWs) with large
amplitudes are a common oceanography phenomenon
in the stratified density seawater. They are not only an
important link in the sea energy cascade, but also an
environment factor with a significant impact on the
safety of offshore structures. The ISWs are frequently
active in many sea areas all over the world, with
serious consequences. For instance, in 1990, a sudden
strong current accompanied by an internal wave
caused a cable breakage in an extended test period in
the Liuhua oilfield in the South China Sea!'.
Therefore, the hydrodynamic impacts of the ISWs are
an important issue in the regions with a frequent
occurrence of the ISWs!?.
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As a semi-rigid compliant platform, the
buoyancy of a tension leg platform (TLP) is greater
than its own gravity, so that the roll, pitch and heave
motions are restricted due to the large pre-tensions of
the platform. Therefore, a TLP has a better seakeeping
capacity even in a bad sea state, offering as a useful
equipment for the deep-water oil-gas exploitation.
Reasonably assessing the load of the ISWs is a key
issue for the design and the application of the TLPs in
an active area of the ISWs. The performance of
various offshore structures in an ordinary climate,
with wind, waves and currents, was extensively
studied both experimentally and numerically. Several
methods and software were developed to calculate the
hydrodynamic loads”™. Nonetheless, there were
relatively few studies of the loading mechanism of the
ISWs on the floating structures.

In engineering applications, previous researches
were mainly focused on cylinder structures, using the
Morison formula™ to calculate the ISW loads!' "],
However, the geometry of a TLP is much more com-
plicated than a cylinder, which makes it difficult to
determine accurately the drag and inertia coefficients
in the Morison formula. Thus, it is difficult to directly
calculate the ISW load on a TLP by the Morison
formula. The laboratory experiments[ls] are a reliable
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approach to study the ISW loads. However, the scale
effect of the ISW loads is not very clear, the
conversion relation between the experimental model
and its prototype can not be easily established.

With the development of the computing
capability, the computational fluid dynamics (CFD)
provides an effective way to simulate the ISW loads
and uncover the load components. As a first step, an
accurate and controllable numerical flume is
developed to study the interaction between the ISWs
and the offshore structures. Previous CFD simulations
often had no adequate experimental validation under
combined conditions of the density stratifications and
the ISW amplitudes. In the present paper, combined
with the laboratory experiments, a numerical flume is
developed to calculate the ISW loads on the TLP.
Furthermore, the components and the characteristics
of the ISW loads will be discussed.

1. Experimental facility and procedure

Experiments in several cases are carried out in
the large-scale density stratified tank (Ilength: 30.00 m,
width: 0.60 m, height: 1.20 m) at Shanghai Jiao Tong
University (see Fig. 1). Two push plates as the wave
producing facility are located at the front end, the
experimental model and the measuring equipment are
arranged in the intermediate region, and a wedge-
shape wave breaker is set up at the rear end of the tank
to prevent the solitary waves from reflecting.

The experimental model is shown in Fig. 2. The
forces on the TLP during the ISW propagation are
measured by a three-component force balance, which
is connected to the model and attached to the top of
the tank. Before the experiment, an additional weight
is introduced to ensure the balance between the
gravity and the buoyancy. Then the weights on the
model along the horizontal and vertical directions,
respectively, are loaded and unloaded for establishing
the calibration relationship between the measured
electronic signals and the loads. During the experi-
ment, the ISW loads on the model can be calculated
from the electronic signals according to the calibration
relationship.

The TLP model is built based on the ISSC-TLP
platform (in scale 1:225). The scale parameters of the
TLP platform prototype and the experimental model
are listed in Table 1.

The stratified two-layer fluid in the tank is
prepared in the following way. First, the upper-layer

fluid is injected until its height is /4 , then the
lower-layer fluid is slowly injected from two
mushroom-type inlets at the bottom of the tank until
the total height is /. Thus the thickness of the
lower-layeris h, =h—h,.

Unlike the gravity collapse method"® at the
experimental stage, the ISWs are generated using a
double-plate (shown in black color in Fig. 1) wave
maker, and the procedure is similar to that described
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(a) Experimental model

Fig. 2 The submerged model (mm)

(b) The front view

(c) The right view (d) The top view
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Table 1 Parameters for the TLP model and its archetypes
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Parameters Archetypes of TLP platforms Experimental model
Space of legs/m 86.25 0.383
Radius of legs/m 8.44 0.038
Height of legs/m 76 0.338
Section of caisson/mxm 10.5x7.5 0.047x0.033
Height of gravitational center/m 38 0.169
Draught of Platforms, d /m 35 0.156
Frontal area of the model, S, /m’ 3341.25 0.066
Sum of top and bottom area of caisson, S, /m? 4131 0.082
Total mass of platforms/kg 4.05%107 3.56

by Wessel and Hutter!'”). In particular, two improve-
ments are made in order to generate nonlinear ISWs
with larger amplitudes. First, the drive mechanism of
the wave-maker is significantly upgraded and the
control software of the two plates is modified.
Additionally, a damper plate with a size adjusted
through tests is placed on the top of the wave-maker
to reduce the disturbance of the free surface.

The two push plates move along in opposite
directions at different speeds to generate an ISW at the
interface between the two layers. At the preparation
stage, the two push plates are set at the same heights

as the undisturbed fluid layers (/,,h,). During the
generation process, the speed of the upper and lower
push plates (,,u,), respectively, is controlled by a
computer and can be expressed as:

0=t g =ctl 1)
hl h2
where ¢ is the phase speed, ((¢#) denotes the

interface displacement of the desired ISW.

The ISWs are measured using two rows of
conductivity probes, arranged at intervals of 0.03 m.
Each row includes 13 equally distributed probes, and
the distance between the rows is 0.03 m. It is known
that the conductivity has a linear relationship with the
density variation, so we can easily obtain the ISW
interface displacement as well as the phase speed by
post-processing the conductivity signal measured by
the two rows of probes.

The trailing-wave behind the leading ISW is
often unavoidable in the experiment stage. The
existence of the trailing waves implies the dissipation
of the wave energy during the wave generation. As a
result, the measured amplitude is always less than the
desired amplitude for the experiment. To generate the

desired waveform for a specific case, first we have to
find the relation between the measured amplitude a,

and the desired amplitude a, based on a series of

experiments. Then the desired amplitude can be
achieved by adjusting the input parameters according
to the relation mentioned above.

2. Numerical methods

2.1 Governing equations

With the two-layer fluid approximation, a
numerical flume (Fig. 3) is built to simulate the
nonlinear interactions between the ISWs and a TLP,
where the ISWs are obtained by adding a mass
source/sink term to the continuity equation. For an

incompressible fluid of density, p,, the governing
equations can be written as:

u, tv, tw, = 0 2)

_ b
u, + uu;, + Vf”[y + WU, = + V(u' + u[yy + u[zz)

ixx
i

3)

_"bh
vit Tuy, + Viviy + 1/Viviz - + V(vi.\:r + Viyy + vizz) (4)

i7ix

i

p
W, W, v, g, = ——

iVix iy

tv(W, tw, tw.)-g

)

where (u;,v,,w;) are the velocity components in

Cartesian coordinates, p, is the pressure and v is
the dynamic viscosity. Note that the subscripts with
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Fig. 3 The front view of the 3-D computation domain
respect to space and time represent partial
differentiations, and i=1(i=2) denotes the upper

(lower) layer fluid. g is the gravitational
acceleration.
The additional mass source term S, (x,y,z,¢) in

Eq. (1) is a nonzero function only in the source region
2. Bordered by the ISW interface, the source region

0 and €,

which are the source region and the sink region,

can be divided into two subregions:

respectively. The source/sink term S;(f) was

proposed in Ref. [18]:

¢

_c@® 1 _e® 1
Iy = ¢ () A

hy + ¢ (1) Ax
(©)

where ¢ denotes the phase speed, Ax is the width
of the mass source region, and ¢'(¢) is the interface

displacement of the ISW.

S, (= —pc S, (0= PC

2.2 Boundary and initial conditions
The volume of fluid (VOF) method" is
employed to track the ISW interface z={(x,y,7). At

the interface, the normal velocity is continuous, so is
the pressure.

=W, b T D,
(7

élt + ulé’x + vlé/y = Wl ? é/t +u2§x +v2§y

At the top and the bottom of the fluid domain, the
rigid-lid approximation is adopted:
=0 ®)

Wi z=n =0, w,

z=—h,y

Moreover, the surface of the platform is set as an
impermeability boundary, and the forces and the
torque on the surface are monitored during the
simulation.

A symmetry condition is imposed on the left
boundary in the source term wave-generation method.

The sidewalls and the right end boundary are specified
as non-slip walls. In order to avoid the wave reflection
at the end, a buffering region is allocated to dissipate
the ISWs in the numerical flume, realized by adding a
source term to the momentum equation in the vertical
direction

w4

W, Fuw, Fvw, Fww, =——+v(w, Tw, +w )

g-o(x)w 9
where the damping function &(x) is nonzero only in

In the
present paper, we choose o(x) as a linear function

the dissipation region, otherwise J(x)=0.

Sx)=C = - (10)

e s

where C, is an empirical coefficient depending on

the specific case, while x, and x, respectively,
denote the horizontal coordinates of two endpoints of
the dissipation region (x, <x,).

The still water with no wave or current motions

is assumed as the initial condition.

2.3 Forces and their components
The horizontal force F., the vertical force F,

z

and the torque M 6 are measured by the three-

component force balance at the experiment stage and
monitored during the simulation. The lateral force F,

(caused by a periodic trailing vortex behind the TLP)
is much weaker than £, or F],

F., F and M,

so it is not discussed

in the paper. on a TLP can be

z

expressed as:

ou oOv ou ow
,uJ.K——i-—] n, (E+5J z}ds—!pnxds

(11)
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(12)

ou Ov ou ow
M = —+—|n | —+— dds — dds
7 #'!K@y Gx]ny (82 axjnz} !pnx
(13)

where u denotes the dynamic viscosity of the water

(1.01x107 N-s/m%), s is the wetted surface of the
TLP, and (n,,n,,n ) is the outward unit normal
vector of the surface, d is the arm of the horizontal
force of each wetted cell of the structure, namely, the
vertical distance between the cell center and the
moment center. In the formulas (11) and (12), the
forces are represented by two parts, the first term is

the friction (f,,f.) and the second one is the

pressure-difference force (F”,F’).

F! =~[ pnds (14)

F! =~[ pn.ds (15)

fx:/lj [a—"+@jny+(a—”+g—anz}ds (16)

i ou Oow ov ow
= —+—\n +| —+=—= ds 17
/. ”!_(az axJ"x [62 ay]"y} a7

Furthermore, to study the constituents of the load,
according to the contribution of the viscosity, the
pressure-difference force can be divided into two
components: the wave pressure-difference force

(F7,F™)and the viscous pressure-difference force

(F™,F") . The wave pressure-difference force is

associated with the fluctuation of the water parcels,
which can be calculated based on the Euler equations,
while the viscous pressure-difference force is
associated with the viscous effect, which can be
calculated by subtracting the wave pressure-difference
force obtained by the Euler equations from that
obtained by the Navier-Stokes (N-S) equations. The

expressions of (F,F') and (F,F!) are as

follows:

Fr = —j pn ds (18)

s (Euler)
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s (Euler)
Fr=-[pnds  +[pnds (20)
s (N-S) s (Euler)

+ [ pn.ds 1)

(N-S) s (Euler)

FP =] pnds

2.4 Numerical implementation

In line with the experimental configuration, the
length of the numerical flume is 30 m (in which
Ax=0.04 m and the width of the damping region is

6 m, the total depth is 1 m. The upper layer fluid
density o, is 998 kg/m’, and the lower layer fluid

density p, is 1 025 kg/m’. In addition, the parameters

of the TLP model in the simulation are listed in Table 1.

With the numerical model, the calculation
proceeds as follows: first the ISW interface
displacement ¢'(¢) is calculated, substituted in the

mass source function given by Eq. (6), and the ISW is
excited in the source term region. During the
propagation of the ISW, the forces on the TLP are
monitored in real time. It should be noted that
although the numerical simulation is carried out with
the user defined function (UDF) tools on the platform
of the Fluent software, it is also applicable to other
calculation platforms.

The governing equations are discretized by
three-dimensional structured grids using a finite
volume method (FVM) and some numerical schemes
are adopted to avoid spurious effects. In addition, the
structured elements are used to ensure the mesh
quality in the computational domain. Particularly, the
local grids are refined to reduce the numerical
dispersion around the TLP model (as shown in Fig. 4),
while sparse grids are employed in the buffering
region to ease the computational burden. A time step
of Ar=0.005s isused in the simulation.

Fig. 4 (Color online) The grid distribution for the wet surface of
the TLP
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3. Experimental and numerical results

According to the roles played by the nonlinearit?r
and the dispersion in the propagation of the ISWs*"),
the ISWs can be commonly described by the
Korteweg-de Vries (KdV) equation, the extended
KdV (eKdV) equation, the Miyata-Choi-Camassa
(MCC) equation and others™®'??. In order to validate
the numerical method for different ISW theories, in
the present paper, 15 numerical and experimental
cases with different depths and wave amplitudes are
analyzed (Table 2).

Table 2 The numerical experiments under the action of the
ISWs and the platforms

1D h/m h,/m a,/m ISW theory
Al 0.20 0.80 0.048 KdVv
A2 0.20 0.80 0.105 eKdV
A3 0.20 0.80 0.124 eKdV
A4 0.20 0.80 0.144 eKdVv
AS 0.20 0.80 0.193 eKdv
Bl 0.25 0.75 0.056 Kdv
B2 0.25 0.75 0.081 eKdV
B3 0.25 0.75 0.115 eKdV
B4 0.25 0.75 0.137 eKdv
BS5 0.25 0.75 0.156 eKdV
Cl 0.30 0.70 0.049 Kdv
C2 0.30 0.70 0.079 eKdv
C3 0.30 0.70 0.103 eKdv
C4 0.30 0.70 0.121 eKdVv
Cs 0.30 0.70 0.136 MCC

3.1 Validation of the numerical model

Figure 5 shows the comparisons of the wave
profiles of the ISWs between the CFD simulations, the
theories and the laboratory experiments. As shown in
Table 2, cases B1, A4 and C5 represent the weakly,
moderately and strongly nonlinear ISWs, respectively.
Both the numerical and experimental waveforms are
in good agreement with the theoretical results (the
relative errors are within 3%), which indicates that the
experimental wave-maker and the numerical
approaches can accurately generate the waveform in
the presence of the TLP, no matter it is a weakly or a
strongly nonlinear ISW.

In the present paper, we define F. = F. /(p,gS.d),
F.=F./(pgSs.”) and M =M, /(pgS>) (where

S S d are defined in Table 1) as

x 2 z

the dimensionless horizontal, vertical forces, and
torque on the TLP due to the ISWs, respectively. The
amplitudes of the dimensionless loads and torques are
shown in Fig. 6, demonstrating that the amplitudes of
the horizontal and vertical forces, as well as the torque
obtained numerically are in good agreement with the
experimental results, with the maximum error less
than 11%. The maximum error often shows up in the
later stage (for example, cases B4, B5) for each
density stratification setting. One possible reason is

the deviation of the density structure from the strict
two-layer configuration after several rounds of
experiments.

40 50 60 70 80

t/s
(a) Case B1

-0.05
=
N

0.10

-0.15

40 50 60 70
t/s
(b) Case A4

0‘

-0.05
=
N

-0.10

-0.15

40 45 50 55 60 65
t/s
(c) Case C5

Fig. 5 Comparisons of profiles of ISWs (Note that the scales
are different in the three panels)

Figutre 7 shows the time variations of the
dimensionless loads and torque for case A4. The
numerical and experimental results are in good
agreement, which means that it is reasonable and
feasible to calculate the loads and the torque on the
TLP based on the proposed numerical flume.

According to Eq. (13), the torque V) is pro-
portional to the horizontal load I?X Hence, we

primarily focus on E and F in the subsequent
analyses.
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Fig. 6 The numerical and experimental amplitudes of dimensionless loads (FX,E) and torques M_‘

In order to verify the grid and time step
independence, two different grid distribution cases
(Table 3) and two different time step cases (Table 4)
are considered in case A4. The simulated maximum

loads (Fxmax,Fzmax) are listed. It is seen that a more

refined grid and a smaller time step than the originally
used ones do not improve the precision significantly,
which indicates that the numerical results with the
current grid distribution and time step are stable and
convergent for case A.

3.2 The relationship between ISW loads and ISW amp-
litudes
Figure 8 presents the experimental dimensionless
amplitudes of the loads and the torque versus the

dimensionless ISW amplitudes for the cases of
different depth ratios. In Fig. 8(a) the dimensionless
horizontal force increases approximately linearly with
the amplitude, while the line slope decreases with the

increase of the depth ratio (4, /h,) . By means of the

regression analysis, the lines can be expressed in the
following formulas:

]+0.0815
h

2

(22)

Unlike the horizontal forces in Fig. 8(a), the
amplitudes of the vertical force increase along a
parabolic curve (see Fig. 8(b)). Similarly, the vertical
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Fig. 7 (Color online) Time variations of dimensionless loads
and torque for case A4 (Note that the scales are
different in the three panels)

Table 3 The numerical results for the grid-independence
test (iteration step: 0.005 s)

Grid — max —max
1D quantity F, £
Case A4 1769477  3.10x10°  8.73x107*
Case Ad-gridtest |~ 2587454  3.10x10°  8.76x107*
Case A4-grid test 2 4087973  3.10x107°  8.76x107*

Table 4 The numerical results for the time step-indepen-
dence test (grid number: 1 769 477)

ID Time step F "
Case A4 0.005 3.10x107  8.73x107*
Case Ad-grid test 1 0.002 3.10x107°  8.75x107*
Case Ad-grid test 2 0.001 3.10x107°  8.75x107*
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Fig. 8 (Color online) The experimental amplitudes of dimen-
sionless loads versus a, / (b + h,)

force amplitudes increase with the decrease of the
depth ratio. The quadratic curves can be fitted as:

2
Fzmax _ _00251(@} —+ kz M’
+ 2 h’l +h2
k.= —0.0075[@ i J+0.0129 (23)
2

Similar to the variation of the horizontal forces,
the linear regression relation for the torque amplitudes

M_ymax can be expressed as (see Fig. 8(c)):
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M= M, k =-0.1128 4 +0.0586
) h y h.l+h

24)

3.3 The components of ISW loads

Now, let us discuss the components of the ISW
loads in terms of the viscosity effects. Firstly, it is
necessary to analyze the influence of the fluid
viscosity on the generation and the propagation of the
ISWs. Two simulations based on the Navier-Stokes
equations and the Euler equations are carried out. The
wave profiles for Case A4 simulated by the two
systems are shown in Fig. 9. Results show that the
waveforms generated by the two different simulation
methods are stable with only a slight differences,
indicating that the influence of the fluid viscosity on
the ISW propagation is slight.

0.02
0

-0.02]

---- Euler
-0.04 —N-S

<=

i -0.06
-0.08
-0.10]

-0.12

10 20 30
xh'
(a)t=45s
0.02,

-0.02
-0.04
=
i -0.06
-0.08
-0.10]
-0.12]

10 20 30
xh'
(b) =855

Fig. 9 The numerical results for the ISW waveforms with two
different simulation methods for case A4

It can be seen From Eqgs.(11) and (12) that both
the horizontal and vertical forces have two
components, related to the pressure-difference and the
friction, respectively. The time variations of these two
components for case A4 are shown in Fig. 10. The
results indicate that the pressure-difference forces

(F?,F?) are the dominant component, while the

friction forces (f,,f,) reignorable.
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Fig. 10 (Color online) Time variations of the pressure-difference
and friction forces for case A4 (Note that the scales are
different in the two panels)

The time variations of the wave and the viscous
pressure-difference forces due to the ISWs for case
A4 are shown in Fig. 11. For the horizontal force, the
viscous effect is small but cannot be ignored (the

absolute maximum of (F™ F") is (2.6x107,

5.8x107)), whereas for the vertical force, the viscous
pressure-difference force is negligible (the absolute

maximum of (F",F) is (9.2x107%, 7.7x10°%).

4. Conclusions

Combined with the laboratory experiments, a
numerical model based on the N-S equations is used
to simulate the nonlinear interactions between the
ISWs and a TLP platform, where the ISWs are
generated by adding a mass source term and a sink
term to the continuity equation in the source region
located within the computational domain. The
variations of the ISW loads against the depth ratio and
the contributions of each component to the total ISW
loads are discussed in detail. The conclusions are as
follows:

(1) In the presence of the platforms, the
waveform and the ISW loads/torque obtained by the
proposed numerical model are in good agreement with
the experimental results. Hence, the numerical model
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Fig. 11 (Color online) Time variations of wave pressure-difference
force (dashed curve) and viscous pressure-difference
force (dotted curves) for case A4 (Note that the scales
are different in the two panels)

is capable of simulating the nonlinear interactions
between the ISWs and the TLP platforms.

(2) The amplitudes of the experimental
dimensionless ISW horizontal force and torque
linearly increase with the dimensionless ISW
amplitude, while those of the vertical force increase in
a parabolic curve. The gradients of the regression lines
of the experimental forces/ torque have a negative
correlation with the depth ratio, implying that the
increasing rate of the ISW loads with the ISW
amplitude decreases with the depth ratio.

(3) In terms of the load components, the
hydrodynamic force on a TLP consists of three
components: the wave and viscous pressure-difference
components, and the friction component. Specifically
the friction component is shown to be very small and
can be neglected. The wave pressure-difference forces
are the major constituents both for the horizontal and
the wvertical forces. However, the viscous
pressure-difference component is unimportant, it can
be neglected as compared with the vertical forces.

(4) The present studies are carried out in the
laboratory scale (low Reynolds number), not all
conclusions can be directly extrapolated to the
prototype size due to the unclear scale effect. The
scale effect of the ISW loads on the TLP platfroms

will be investigated in the future.
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