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ABSTRACT

Supplying world future energy is tied with renewable energies and wave energy
is one of the biggest resources of renewable energy which is somehow
untapped. Oscillating Water Column (OWC), one of the most familiar devices
in harnessing wave energy, is still not being properly commercialized due to the
complicated hydrodynamic behavior. Offshore OWCs are exposed to higher
wave energy; however, the researches on this kind of OWCs is limited. Hence,
in this paper, a fully nonlinear two phase flow model of a fixed offshore OWC
is developed using Ansys Fluent. Unlike the previous studies, the developed
numerical model has the merit of being validated against a relatively large scale
physical model (1:15). The results of the model are compared by those obtained
in experimental campaign conducted by the authors. Results of both free surface
elevation and air pressure in the OWC chamber are compared. Generally, the
results showed an admissible accordance between numerical and experimental
model. Some discrepancies could be detected in the free surface elevation in the
chamber especially for short wave period. This can be attributed to the increase
of nonlinear effects in the chamber by increase of wave steepness. The
developed model can be applied for further researches on OWCs such as

optimization or improving OWC performance.

1. Introduction

Undoubtedly, supplying increasing energy demand is
one of the biggest challenges in today’s world. On the
other hand, energies based on carbon emission will be
finished soon in addition to their destructive impacts on
our environment. Hence, renewable energy resources
such as wind, solar, tidal and wave are non-pollutant
appropriate options for replacement. Among different
renewable energy resources, wave energy is an
untapped resource which has the merit of relatively
high energy density [1]. Of the numerous devices
developed for harnessing wave energy [2], one that
particularly stands out is Oscillating Water Column
(OWC). An OWC consists of a partially submerged
compartment which is open to sea at the bottom.
Incident wave interaction with the compartment
induces water fluctuation inside the chamber. The
water fluctuation causes the air pressure in the chamber
to be compressed or depressurized. Air flow generated
by this mechanism can drive a turbine installed to the
chamber and then using a generator electricity will be
produced.

The OWCs can be constructed nearshore or offshore
[3]. Offshore OWCs which are exposed to higher wave
energy [4] and consequently result in higher energy
capture. A lot of numerical and experimental
researches have been conducted on OWCs in recent
years. Numerical models developed for assessing the
OWC performance can be classified into two main
groups. The first are those studies based on potential
flow theory which include the works done by [5]-[8].
Evans [5] considered the free surface fluctuation in the
chamber as a rigid piston which is almost a sound
assumption particularly for the cases with large ratios
of wavelength to chamber width. Then, [6]-[9]
upgraded the rigid piston model by introducing
periodic surface pressure distribution and considering
free surface curvature. Later, researchers used
boundary element method to solve rigid piston model
or models based on surface pressure distribution [10],
[11]. Although computational cost for potential flow
theory is not high, it has demerits such as having no
capability in taking nonlinear interaction in to account.
Hence, applying CFD approaches based on solving
Navier-Stokes equation for considering nonlinear
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interactions such as wave breaking or sloshing in the
chamber is the second approach toward numerical
simulation of OWCs. Given the ongoing progress in
CFD models and computers’ process ability, it seems
that CFD is the most appropriate tool for modeling
WECs such as OWCs. A number of efforts have been
performed to model OWCs using numerical wave tank
(NWT) and applying Navier-Stokes equation. lturrioz
et al. [12] used Open Foam incompressible two phase
flow to model OWC-wave interaction. Vyzikas et al.
[13] and Simonetti et al. [14], [15] also applied Open
Foam and validated their two dimensional
incompressible model against their experimental data.
Reef3D was another code developed for OWC
simulation by Kamath et al. [16]. They validated their
model against bottom standing OWC experiments
conducted by Morris Thomas et al. [17].

Lou et al. [18] performed a nonlinear analysis on the
efficiency of fixed OWC for fully nonlinear waves
using Ansys Fluent. The key result of that research was
a substantial decrease in the hydrodynamic efficiency
of the OWC device with increasing wave height.
Anbarsooz et al. [19] conducted such a similar study
and evaluated steep wave effects on the performance of
a fixed OWC using Ansys Fluent.

Very recently, Elhanafi et al. [20]-[23] did a thorough
job on both bottom fixed and bottom detached OWCs.
They used Star-CCM+ to develop their CFD models.
They evaluated energy balance in offshore [24] and
onshore OWCs [25] and investigated the effects of
asymmetric back and forth walls on efficiency of the
offshore OWCs [20].

Although a lot of studies have been conducted on
OWCs, there are steps toward commercializing the
device perhaps due to the complicated hydrodynamic
behavior of an OWC. Numerical models are great tools
to bridge this gap as they need much less budget. The
literature review indicates that a huge part of the
previous studies is devoted to onshore or shore-based
OWCs and less work has been done on offshore OWCs.
Hence the aim of this paper is to validate the fully
nonlinear model for an offshore OWC-wave
interaction. Without validation it is impossible to assess
the model accuracy and suitability. Unfortunately,
accessibility to experimental data in the current issue is
hard due to the limited experimental tests. Therefore,
for validation of the current model, experimental tests
performed by the authors have been used. It should be
mentioned that the tests have the advantage of being
relatively large scale experiments (Scale 1:15).

The rest of the paper can be summarized as follows; in
section 2 a description of the experimental tests which
have been used for validation is presented. Section 3 is
devoted to numerical simulation where governing
equations, boundary conditions and all relevant
numerical settings are presented. Section 4 compares
the results obtained by numerical procedure with those
measured in experimental campaign. Section 5 is a

brief summary of the current research which ends up
with concluding remarks.

2. Description of the Experiments

Experimental tests were carried out at National
Iranian Marine Laboratory (NIMALA), Tehran, Iran.
The Laboratory is equipped with a towing tank of 400
m length, 6 m width and 4 m depth. The wave generator
system which is a piston type wave maker can be set up
to produce both regular and irregular waves. The
regular wave height can reach to 50 cm height and 3 s
period. The system is capable of generating different
types of irregular wave spectra bounded to significant
wave height 40 cm and peak period 3 s. At the end of
the tank there is a dissipating beach to prevent
reflection from the end wall of the tank. Moreover, Due
to the long length of the wave tank interference of the
reflected wave and incident wave is not a challenge so
that the obtained results showed accurate incident wave
generation. As stated before, 1:15 scale of a fixed
offshore OWC was built using plexiglass material. The
thickness of the material used for building OWC was
1cm except for the front wall which was 1.4 cm to
decrease the risk of front wall distortion due to the
wave action. To keep OWC in its position and to
prevent any wave induced movement, a steel holding
frame was designed which is shown in
Figure 1. As can be seen, the OWC is placed exactly in
the middle of the tank in order to minimize the side wall
effects.

Figure 1. 3D view of holding frame for keeping OWC in its
position [26]

Length, width and height of the OWC is shown in
Figure 2. Further details about how OWC device
dimensions were determined can be found in Ref. [27].
There are several ways for simulating Power Take Off
(PTO) and its relevant damping; however, in this paper,
as can be seen in Figure 2, slot shaped aperture is used
to simulate PTO damping. For the test series used for
validation, slot size (S=0.5 cm) was used. This value
was selected according to previous results which
showed that aperture ratio (the ratio of slot area to the
chamber roof area) of 0.6 to 0.7% performs optimal.
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Water depth (d=4 m) and front wall draft (Dr=20 cm)
were also kept constant for validation tests. The wave
tank longitudinal section is shown in Figure 3. Figure 3
also indicates the locations of the instruments such as
Wave Gauges (WG) and Pressure Sensors (PS)
installed in the chamber and along the wave tank. All
data acquisition processes were performed at 50 Hz.
Regular wave was introduced into the wave maker with
constant wave height of H=15 cm and three different
wave periods including T=1.8, 2 and 2.2 sec.

iad
-~ ‘(uﬂr:
23 glot of-

e ' ? I

Figure 2. Dimensions of the physical model (meter) [27]

Figure 3. The Locations of the wave gauges and pressure
sensors (Not to scale)

3. Numerical Simulation

3.1. Governing Equations

Fully nonlinear model based on Reynolds Averaged
Navier Stokes (RANS) equation accompanied by
Volume of Fluid (VOF) surface capturing method are
the governing equations. Fluent solves Navier-Stokes
and Continuity equation. Navier-Stokes equations in
three dimensional coordination are as follows;

ou ou ou ou
— U —+V —+W — =
ot OX oy oz

1
10p ou ou o @
————+4g, +V| —S+—+—;
p O X oy oz
ov ov
— U —+V — W — =
ot X oy Z
2
1 op F A o @
———— 40, tV| 5+
p oy ox2 oy? oz

ow ow oW ow
— U —+V — W — =

ot oX oy oz
3
1 op ow ow ow ®
-——+g, +v Tttt
p O ox® oy* oz

where, u, v and w are components of velocity field in x,
y and z direction, respectively. P is the pressure and p

is density. v is the kinematic viscosity and gx, gy and
g; are the gravitational acceleration components.
However, assuming z is in gravity direction, gx and gy
are equal to zero and g, will be equal to —g.

Eqg. (4) presents the continuity equation and Eq. (5)
shows the continuity equation for incompressible flow.

9 9 0 9P _
8X(pu)+8y(pv)+az(pw)+6t 0 (4)
a_u+ﬂ+%—o

X oy oz ®)

All parameters have been introduced following the
Navier-Stokes equation.

As in this study it is focused on wave generation and its
interaction with OWC, consequently free surface
capture is an indispensable part of this study. Hence,
for free surface tracking VoF method has been used.
Hirt [28] developed the VOF method to solve the two-
phase problem. The VOF formulation is based on the
fact that two or more phases are immiscible. In each
control volume, sum of the volume fraction of all
phases is unit (Eq. (6)). If the ™ fluid volume fraction
is recognized as aq, then depending on oq value the
following three conditions are possible: aq =0 shows
that the volume is empty of g™ fluid, aq =1 shows that
the volume is full of g™ fluid and any other value
between 0 and 1 shows the interface. The volume
fraction is as follows;

Zaq =1 (6)
q=1

a e j—

E(aq)+v.(aqvq)—0 )
where v: is velocity vector.

3.2. Computational Fluid Domain and Boundary
Conditions

The most important part of wave structure
hydrodynamic study is to generate accurate waves.
Simulation of a Numerical Wave Tank (NWT) is
explained in this section (See Figure 4). The fluid
domain of the numerical wave tank is of 50 meter
length equal to approximately 8L (L=wavelength). One
wave length at the far end of the NWT is devoted to
damping zone to prevent unwanted reflection from
outlet boundary.
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For numerical wave generation, one may simulate
wave paddle as a moving boundary and introduce the
motion of the wave to the wave paddle. As this method
involves dynamic mesh and needs remeshing in each
time step, it may need much more efforts. However,
Ansys Fluent has the capability to generate waves with
a built-in function via velocity inlet wave boundary
condition. No slip wall boundary condition is assigned
to the bottom of the NWT. Other NWT boundary
conditions include applying atmospheric pressure to
the boundary which is above still water level and
assigning an outlet condition to the NWT right hand
boundary (See Figure 4).

Pressure outlet

Velocity inlet/
Wave B.C

+ e »

Bottom wall

Figure 4. Schematic of the numerical wave tank

To capture wave propagation accurately, 3 types of
mesh discretization has been applied for NWT
developing. They are presented in Table 1. It should be
noted that X is in the wave propagation direction while
z is in the wave height direction. “H” stands for wave
height and a zone equal to 2H has been refined for
tracking wave height (Figure 4). Outside the wave
propagation zone (2H), the grids are coarser. For grids
in z direction, bias growth rate 1.2 was used meaning
that each cell is 1.2 times bigger than its neighbor cell
in z direction. This procedure was replicated for
damping zone to help the wave dissipation more.
Time step size T/1000 to T/400 (T is wave period) leads
to proper results according to previous studies
recommendations [29]. Ansys Fluent allows any
manipulation in time step size during simulation.
Considering this feature, no significant change in wave
generation results was observed by applying different
time step sizes (in the aforementioned range). Hence,
time step T/400 was selected for the following
simulations.

Table 1. Three different mesh types discretization

Mesh Type Delta x Delta z
1 L/20 H/10
2 L/30 H/15
3 L/40 H/20

3.3. Numerical Settings in Ansys Fluent and NWT
Result

For solving the governing aforementioned equations,
the following numerical settings were applied.
Considering pressure based solver, PISO scheme was
applied for decoupling pressure velocity coupling. The

Pressure outlet

spatial derivatives in the momentum equations were
discretized using a second order upwind scheme and
also a second order implicit formulation was applied
for the time-derivatives. For VOF schemes, fluent
presents two scheme called Modified-Hric and
Compressive. According to Ansys Fluent user guide,
Compressive scheme captures free surface more
accurate. Hence, Compressive scheme was applied in
this paper. The pressure interpolation method was
based on PRESTO (PRE Staggering Option) scheme
which is a widely used scheme for free surface
modeling and wave generation models. The two
equation turbulence model of k-w SST was applied to
close the RANS equation.

The result of simulated wave propagation for a case
with 15cm wave height and 2s period was compared
against what was obtained from stokes second order
wave theory (Figure 5). It should be mentioned that t/T
is a dimensionless parameter showing the ratio of
simulation time to the incident wave period. Although
all of the tested mesh types yielded good results, the
results showed that Mesh type 3 yields more accurate
wave height with less than 0.04% error. Hence, Mesh
type 3 is selected for the wave-OWC interaction in the
following section.

Mesh typel e Mesh Type2

Mesh type3 e Stokes 2nd Order

=
o

. free surface elevation [cm]
0 DA NONDO ®

=
o

t/T [-]

Figure 5. free surface elevation against nondimensional time;
comparing three different discretization and Stokes 2" order
theory

4. Numerical Validation for an Offshore OWC
4.1. Model set up

In this section, the NWT model simulated in the
previous section was developed for OWC-wave
interaction. It is worth mentioning that all previous
numerical settings were applied for this section. The
mesh used for OWC-wave interaction is shown in
Figure 6. The free surface mesh type was the same as
mesh type 3.

The OWC position was according to

Figure 1. However it should be noted that for reducing
simulation run, half width of the OWC structure was
considered by applying symmetry boundary condition.
Moreover, in laboratory the distance between the OWC
model and side walls was 2.54 but in the current
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numerical model this was decreased to 1m for lowering
the computation time.

The mesh size around the OWC structure was 0.01lm
and it was considered to be 0.0025m in the slot
aperture. NWT in y direction was divided to six
elements.

Pressure outlet

Velocity inlet

Figure 6. Mesh and boundary conditions used for OWC wave
interaction; mesh refinement in free surface area and OWC
position

4.2. Comparing numerical and experimental results
In this section the numerical results are compared with
those observed in experiments. Wave height was kept
constant at H=15 cm and three different values were
considered for wave period (T=1.8, 2 and 2.2 s).

In the first step, the results are presented for free surface
elevation outside the chamber (See

Figure 7-9). It should be noted that the results are
presented for 5 wave cycles. The numerical results are
in good agreement for the three probes located outside
the chamber ensuring there is no unwanted reflection in
numerical domain regardless of reducing the numerical
tank width and length relative to experimental wave
tank.

To evaluate the performance of numerical wave
dissipation, the result of free surface elevation at the far
end of the tank; that is to say x=50m, is presented in
Figure 10. As it is clear, water depth fluctuation at
simulation time greater than 2s is around 0.5cm which
is a negligible value ensuring appropriate function of
the dissipation zone.

— numerical-P1

Experimental-P1

Surface Elevation[cm]

T [-]

Figure 7. Free surface elevation at probe 1; numerical values
versus experimental measurements (H=15 cm, T=2 s)

= numerical-P4 Experimental-P4

Surface Elevation[cm]

T [-]

Figure 8. Free surface elevation at probe 4; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P6

Experimental-P6
1

Surface Elevation[cm]
o

T []

Figure 9. Free surface elevation at probe 6; numerical values
versus experimental measurements (H=15 cm, T=2s)
4.03
4.02
4.01

4
3.99

water depth [m]

3.98
3.97
0 10 20 30 40
Time [s]
Figure 10. Numerical free surface elevation at x=50m
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The numerical results corresponding to probes inside
the chamber (P2 and P5) were compared with
experimental measurements through Figure 11-12.
Unlike the outside probes, for inside probes (P2 and P5)
nonlinear interaction is more visible. Although there
are some discrepancies especially for P2 at wave
troughs, the numerical model could capture the
nonlinearity in a good way.

—— numerical-P2

experimental-P2

surface elevation [cm]

T [-]

Figure 11. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P5

experimental-P5

surface elevation [cm]

T [-]

Figure 12. Free surface elevation at probe 5; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P2 experimental-P2

surface elevation [cm]

tT [-]

Figure 13. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=2.2 s)

= numerical-p5

experimental-p5

surface elevation [cm]

YT [

Figure 14. Free surface elevation at probe 5; numerical values
versus experimental measurements (H=15 cm, T=2.2 s)

= numerical-P2 experimental-P2

surface elevation [cm]

UT [

Figure 15. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=1.8s)

= numerical-P5 experimental-P5

surface elevation [cm]

UT [

Figure 16. Free surface elevation at probe 5; numerical
values versus experimental measurements (H=15 cm, T=1.8 s)

The aforementioned procedure was replicated for
T=2.2s and T=1.8s. For abridgment, the results of the
waves outside the chamber are not presented for T=1.8s
and T=2.2s and just the inner chamber fluctuations are
presented through Figure 13-16. As it is obvious, the
results are in better agreement with experimental
measurements for T=2.2s rather than T=1.8. This can
be attributed to the higher wave steepness caused by
lower wave period which consequently resulted in
higher nonlinearity. Considering authors visual
observation, this nonlinear interaction is mainly caused
by sloshing phenomenon. In fact, short period waves
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entering OWC may reflect from the chamber rear wall
and interact with incoming wave at a location in the
middle of the chamber. This will prevent free surface
elevation in the chamber to have a piston shape
fluctuation.

Chamber air pressure was another parameter evaluated
in this paper as it is crucial to determine the chamber
pressure to assess the OWC efficiency. The results of
air pressure are presented in Figure 17 and 18.
Admissible agreement can be detected between
numerical results and experimental measurements.
Although there are discrepancies in minimum and
maximum pressure occurred in the chamber, the
general pattern was captured by developed numerical
model.
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Figure 17. Chamber air pressure (T=1.8 s)
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Figure. 18 Chamber air pressure (T=2.2s)

5. Summary and Conclusions

OWTC is one of the wave energy devices even attained
full scale prototype but not fully commercialized yet.
Surely, its performance should be optimized prior to
commercializing the device and this needs further
numerical and experimental researches. In this paper, a
numerical model was developed using Ansys Fluent
based on fully nonlinear two phase flow model. The
free surface fluctuation outside and inside the chamber
as well as air pressure inside that were compared with
experimental results obtained by the authors, very
recently. Generally, numerical results showed good
accordance with experimental data especially for long

waves (T=2 and 2.2 s) when the ratio of wave length to
chamber length was large enough to act as a piston type
oscillation. For short period wave; highly steep wave,
some discrepancies  between numerical and
experimental results were observed inside the chamber.
The developed model can be employed for further
analyzes such as optimization of the OWC
performance.
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ABSTRACT

In this research, density, temperature and salinity fields were investigated in
different seasons using observational data of ROPME Marine Cruise in the
Persian Gulf (PG). Based on in-situ measurements, areas with density
stratification were identified. Having analyzed Landsat and SAR satellite
images, internal waves (IW) were detected in different regions of the Persian
Gulf and more frequently in the eastern part of the PG related to seawater
stratification. Based on analysis of satellite images, it is shown that the length
of internal waves crest detected in the north-eastern part of Al-Zhahirah (Qatar)
was more than 120 km; while it’s in range of 5 to 20 km in the south and east
of Larak Island, 15 to 40 km in the north-east of Abu Musa Island, and 3 to 65
km in the south-east and south of Hondurabi Island. Moreover, IWs with shorter
crest’s wide were recognized near Lavan, Siri, Farur, Halul, Khark Islands and
Bandar Lengeh, as well. In addition, studying satellite images in the above
mentioned areas for a longer time period from 2000 to 2017 showed that IWs
mostly occur in the eastern part of the PG in summer and disappear in other

seasons.

1. Introduction

Nowadays, the seas and the oceans have important
effects on human life and consideration of those effects
is a main subject of research in marine environments.
Humans exploit the ocean and marine resources and
use coasts, extensively. Coastal and offshore
constructions are increasingly developed to exploit
marine resources including oil and gas resources. On
the other hand, seas are considered as one of the best
transportation routes in the world. In addition, the
oceans play a significant role in the formation of
atmospheric  systems, climatic changes, rainfall
formation, storms, and so on. Although, coastal zones
comprise a limited area of the earth's surface, the
importance of those areas is far greater than their size.
The beaches are places for habitation, recreation,
boating, fishing, diving, etc. Therefore, recognizing the
processes associated with oceans, seas, and especially
coastal waters, such as waves, wind, flow, etc., are of
great importance [1].

The processes are affected by physical factors;
therefore, to understand the processes and their impacts
on human life is necessary to understand the effective

and dominant physical processes in such regions [2].
Understanding the physical processes in marine
environment helps in better awareness of the resources
available to develop and conserve the sustainability of
marine environment. For example, temperature and
salinity, along with pressure, are important physical
properties affecting the seawater density, which play an
important role in controlling the dynamics and
thermodynamic behavior of seawater and oceanic
waters [3]. Heat flux, evaporation, rain, river flow,
freezing and melting of sea ice are main factors
affecting the temperature and salinity distribution in the
oceans. Temperature and salinity changes also directly
affect the water density. The distribution of density in
the water column in oceans also directly affects the
horizontal gradient of pressure as well as oceanic
currents. Therefore, the distributions of temperature,
salinity and density in the oceans are of great
importance [1]. As these physical characteristics are
changed temporally and spatially, it is important to
study these changes.

Since water covers nearly 70% of the earth's surface,
global climatic changes are dependent on the exchange
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of matter and energy between the atmosphere and
hydrosphere. Increasing concerns about the global
threat of climate change has increased interests in
research and development of renewable energy
technologies. The ocean provides a vast source of
potential energy resources, and investment in ocean
energy is growing as a renewable energy technology.
Research on the conversion of thermal energy of the
ocean, and waves, tidal and wind energy in the seas and
oceans has led to the development of new technologies
and, in some cases, commercial development. As it is
noted, one of those energy sources is the energy
obtained from the oceans and seas. It is hoped that these
new energy sources will help reduce the global threats
of climate change caused by the use of fossil fuels [4].
The Persian Gulf is a waterbody that runs along the
Oman Sea and located between Iran and the Arabian
Peninsula. The length of the Persian Gulf from the
Strait of Hormuz to its last point in the west is about
990 km and its maximum width is 370 km, which form
a semi-enclosed basin that is located between the
geographic latitudes 24'N and 30°N and geographic
longitudes 48°E and 56°E [5].

There are no marine ridges in the Strait of Hormuz, and
water depth reaches up to 2000 meters only about 200
km far from the Strait of Hormuz toward the Oman Sea.
The maximum width of the Persian Gulf is 290 km. The
deepest point of the Persian Gulf is 93 m that is located
at 15 km distance from Greater Tunb and the
Shallowest point with a depth of 10 to 30 m is located
in in the western part [6]. The Persian Gulf in the
Middle East is considered as a major way to connect
Europe, Africa, South Asia and Southeast Asia. It has
the most privileged strategic and political status in this
region, and establishment of several military bases in
neighboring countries of the Persian Gulf shows its
military and strategic importance [7].

The internal waves are produced at the interface
between two fluids of different densities, which the
difference in density is due to the difference in water
temperature and salinity at various depths [8]. In other
words, similar to different waves are formed in the sea
surface, some waves may be formed inside the sea and
between different layers with different densities called
internal waves [9]. Previous studies conducted on the
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internal waves have shown that tidal flows are the most
important factor in producing these waves [10].
Internal waves created by ship movement were
identified by Ekman for the first time in 1904. These
waves with wavelengths ranging from a few meters to
tens of kilometers, the frequency of a few minutes to
several hours and a range of few meters to tens of
meters can cause environmental changes such as
nutrient mixing, fluctuation in the distribution of
biomass and suspended materials in water column [11].
Internal waves can strongly affect the processes in the
ocean. The movements caused by internal waves play
an important role in the oceanic surface processes.
They can move more than a few hundred kilometers,
causing mass transmission and impulses. Generally, the
formation of internal waves is associated with a
significant shear vertically, followed by the processes
such as turbulence and mixing. For this reason, the
mechanism for the formation, development, and
propagation of internal waves is always focused by
marine science researchers [12].

These waves may also influence the sound velocity
distribution in horizontal and vertical directions, so it is
required to investigate such waves specially for
submarine navigation. It seems to be essential to
conduct research on the internal waves regarding the
marine transportation, coastal engineering, aquatic
organism movements (as it is important for the fishery),
oil projects and offshore platforms [13, 14].

Research on the internal sea waves and turbulence
began about a century ago. Jackson (2007) studied the
internal waves detection using the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor. In this
study, internal waves were studied in 15 regions around
the world, including the southern China Sea, the Gulf
of California, the Sulu Sea, etc. [15]. Harris and Decker
(2017) evaluated the internal waves on the basis of field
measurements at Port Susan and Puget Sound. In this
study, the data were collected from 2003 and 2005
using CTD, ADCP and visual observation recordes
[16]. In another study, Eqtesadi and Bidokhti (2004)
studied the role of internal waves in marine water
stratification.

In addition to experimental simulation and field study
in the Persian Gulf, this study examines the theory of

Figure 1. Geographical Location of Persian Gulf
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the normal modes of internal waves, which both
methods are compared and interpreted [17]. Deldar and
Heidari (2017) conducted a study in Iran regarding the
identification of internal waves in the Persian Gulf
[18].

Generally, measuring the water temperature, or
applying salinity sensors, flowmeter and acoustic
devices were used to identify the internal waves in the
previous studies (e.g., Zhou et al., 1991). Today,
satellites are used to detect internal waves, given that
internal waves are propagated in a large-scale
environment (e.g., Small and Martin, 2001).

2. Materials and Methods

In previous works, the mechanism of formation of the
internal waves that is associated with topographic
effects, and the formation of these waves due to the
movement of tidal currents over the sea bottom friction,
oceanic ridges and continental shelf fractures were
studied by field measurements, numerical models and
satellite images in different oceanic regions.
Accordingly, the main objective of this study was to
detect internal waves using Landsat 7, Landsat 8,
ASTER satellite images and SAR images in the Persian
Gulf.

Based on field measurements by marine patrol projects
conducted by Regional Organization for the Protection
of the Marine Environment (ROPME) and PG-GOOS
in the Persian Gulf, the formation of density
stratification is evident in most parts of the Persian
Gulf, especially in the warm seasons [19].

In this study, the data from marine patrols and
associated marine organizations including the Iranian
National Institute for Oceanography and Atmospheric
Science in 2000, 2001, 2012 and 2013 was used to
identify the internal waves formed by stratification of
the water column. The location of the measurement
stations in those marine patrols, including ROPME, is
shown in Figure 3.

To investigate the water stratification, vertical cross-
sectional distribution profiles of physical parameters
such as salinity, temperature and Sigma-t have been
plotted in different seasons using the Grapher software.
In the next step, existing field data were analyzed and
the areas with density stratification were identified.
Then, the satellite images were obtained, which were
captured at the same time (in 2000, 2001, 2012, and
2013). Afterward, Internal waves were detected by
performing required corrections.

The SNAP and ArcMap software were used to make
the corrections to detect internal waves. To find out the
permanent or seasonal nature of the internal waves in
the Persian Gulf, the satellite images from the five
years in all seasons were analyzed and processed after
primary processing using appropriate filters by the
SNAP and ArcMap software.

In this study, Landsat 7, 8 and Sentinel-1 SAR images
captured from 2000 to 2017 were used to detect internal

11

waves in the Persian Gulf. Landsat 8 is the eighth
satellite in the Landsat Satellites Program, and is the
seventh satellite successfully launched on February 11,
2013 (Landsat 6 was not successfully launched). The
satellite has two sensors, one is the operational land
imaging sensor and the other is thermal infrared sensor.
It also has 11 bands [20]. In this study, bands 4 to 6
were used to detect internal waves in the desired range.
The SAR is a radar imaging system extracting a two-
dimensional image of a target in both Range and
Azimuth directions. As SAR images extract the radial
cross section profile of surface or volumetric elements
within the microwave wavelengths, they can be a good
source for the detection of scattering centers [21]. The
C frequency band in SAR radar images was also used
to detect internal waves.

Due to the lack of annual field data for the Persian Gulf,
Landsat 7, 8, ASTER and SAR images were used for
the years without field data, then the internal waves
were detected using SNAP and ArcMap software.

3. Results and Discussion

In the present study, by examining a series of physical
parameters measured by ROPME and PG-GOOS
marine patrols, such as salinity, temperature and sigma
t, it was found that internal waves occur in the Persian
Gulf during warm seasons. Sea water temperature and
salinity changes with depth during the warm seasons,
which causes water stratification and form thermocline.
It is expected that this stratification will produces
internal waves. Also, the satellite images were verified
by measured field data. Based on the analysis of
satellite images using SNAP and ArcMap software, the
crest of internal waves was identified in these areas.
These waves are observed mostly in the eastern and
central parts of the Persian Gulf.

The incident zones of the internal waves, along with the
RAPME patrol stations in 2000 and 2001, and the PG-
GOQS patrol in 2012 and 2013, were presented below
(Figure 2). It can be shown by investigating the internal
waves using the satellite images in the warm season.
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Figure 2. The position of the field measuring
stations and the position of the internal waves in
the Persian Gulf
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Figure 3. The changes in temperature, salinity and sigma t with
depths in different regions of the Persian Gulf during one year in 2000
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Figure 4. Diagrams of the variations in temperature, salinity and sigma t around Al-Zahereh in 2000

The changes in temperature, salinity and sigma t
diagrams in the Persian Gulf were analyzed using the
data from ROPME during one year in 2000 (Figure 3).
According to these diagrams, it is found that the
changes in temperature and salinity were not
significant in the cold seasons. On the contrary, the
changes in temperature and salinity in warm seasons
were high in most areas, indicating the stratification of
the water column in such areas.

The vertical diagrams of the physical parameters show
that there are high changes in temperature, salinity, and
sigma t in the warm seasons, resulting in high
stratification variations, which form thermocline in the
warm seasons when the internal waves are formed
based on the stratification in water column.

All possible areas were investigated using satellite
images and compared with field data, some of which
are presented here. Figure 4 shows the temperature,
salinity and sigma t changes in 2000 around the Al-
Zahereh. According to the temperature diagram, the
temperature strongly changes around the Al-Zahereh at
a depth of 20 to 40 meters (decreased from 31°C to
21°C), but no significant changes can be seen in in
salinity. The changes in sigma t were also observed at
a depth of 20 to 45 meters. These variations indicate
that the stratification and thermocline occur in the basin
due to the strong changes in temperature and sigma t.
As a result, stratification is more evident in water
bodies of this region based on temperature and sigma t
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changes. Therefore, according to the field data, internal
waves are expected to occur around the Al-Zahereh, as
it easily can be seen on the satellite images.The image
recorded by Landsat 7 on 15/04/2003, shows the
internal waves around the Al-Zahereh (Figure 5). The
waves begin to spread at a distance of 55 km from the
north-east of Al-Zahereh, and progressed to the
northern parts of the city. The direction of these waves
are towards the north and west. This image was
captured at the same time when the field data were
measured. Therefore, it can be concluded that the main
cause of the internal waves in this region is the effect
of water column stratification.

wlve sz e W

Figure 5. Landsat 7 image, internal waves around the Al-
Zahereh on 15 April 2003
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Figure 6. Diagrams of temperature, salinity and sigma t variations with depth around Abu
Musa Island in 2001

The temperature, salinity and sigma t variations with
respect to the water depth around the Abu Musa Island
in 2001 are illustrated in Figure 6. There are strong
changes in temperature at depths between 15 and 40 m,
as well as strong changes in sigma t at depths between
18 and 35 m indicating that water stratification and
thermocline occurred in this basin due to the strong
changes in temperature and sigma t. Salinity changes
are negligible as the depth is changed, therefore it has
lower effect on stratification than temperature and
salinity (sigma-T). Accordingly, internal waves are
expected to occur around the Abu Musa Island, as it can
be seen in satellite images.

Figure 7 shows the internal waves around the Abu
Musa Island captured by ASTER in the summer of
2001. These waves propagate to the west and south-
west. There are two internal wave packages that are
located at 15 km distance from northeast and 20 km

distance from the northwest of the island. According to
the temperature and salinity diagrams, their variations
are high in this area and stratification occurs. As
expected, the internal waves are due to the water
column stratification in this region.

The diagrams of temperature, salinity and sigma t
variations with respect to the water depth around the
Hondurabi Island in 2013 are presented in Figure 8.
There are strong changes in temperature at depths
between 35 and 60 m, as well as strong changes in
sigma t at depths between 35 and 50 m indicating that
water stratification and thermocline occurred in this
basin due to the strong changes in temperature and
sigma t. Salinity has lower effect on stratification than
temperature and salinity (sigma-T), because it changes
slightly by changes in the water depth. Accordingly,
internal waves are expected to occur around the

Figure 7. ASTER image recorded on 13 May 2001, (a) An overall view of Abu Musa Island
and areas around it; (b) Internal waves at 15 km distance from the northeast of Abu Musa
Island: (c) Internal waves at 20 km distance from the west of Abu- Musa Island

13



Akbar Rashidi Ebrahim Hesari et al. / Study of Internal Waves in the Persian Gulf Using Field Data and Satellite Images

Temperature
x H E

Salinity
5

SigmaT
0 6

Depth

Depih
i
|

| Temp 2013 Eavan

w0
szE1
sam

SigmaT 2013 lavan

100 —

Figure 8. Diagrams of temperature, salinity and sigma-T variations with depth around
Hondurabi Island in 2013

Hondurabi Island, as it can also be seen in satellite
images recorded in the warm season of 2013.

The image recorded by Landsat 8 on 23 June 2013,
shows the internal waves at a distance of 46 to 60 km
from south of Hondurabi Island (Figure 9). This waves
package propagates toward the southeast and western.
According to the temperature and salinity diagrams,
their variations are high in this area which result in
water column stratification. As expected, the internal
waves occurred due to the water stratification in this
region.

Figure 9. Landsat 8 image showing internal waves around the
Hondurabi Island on 23 June 2013

Salinity
4 a5

Also, water column stratification is not expected to
occurs in the cold season due to the lower temperature
and low changes in water salinity and sigma t. To
evaluate this hypothesis, field data recorded in the Das
Island was analyzed. Figure 10 shows temperature,
salinity and sigma t changes in the cold season of 2012.
The results showed that water column stratification do
not occurs in these area in the cold season. Therefore,
water internal waves are not expected to occur in the
region during the cold season, which can be clearly
seen by analyzing the satellite images in the cold season
of 2012.

The location of Das Island is shown in the image
recorded by ASTER on 2 October 2012 (Figure 11).
Analysis of the satellite images showed that internal
waves do not occur around Das Island in the cold
season. According to the temperature, salinity and
sigma-T diagrams, the variations of these parameters
are low in this area and there is no stratification in the
water column. As expected, the internal waves also do
not occur due to lack of stratification in this region in
the cold season.

| . L S L
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Figure 10. Temperature, salinity and sigma-T variations around Das Island in
the cold season of 2012
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Das Island

)

Figure 11. ASTER image showing internal waves around Das
Island on 10 October 2012

In this study, due to the lack of field data from 2000 to
2017, Landsat, ASTER and SAR images were used for
the years that field data were not available to determine
the existence of internal waves in different areas of the
Persian Gulf, as well as the continuity of these waves

in the warm season. Then, the internal waves were
detected using SNAP and ArcMap software. Figure 12
shows Landsat satellite images for the years 2002 and
2014. It shows how the waves may be generated. Figure
(12a) shows the internal waves at a distance of 12 km
from north of the Farur Islands in 2014 and Figure
(12b) shows the internal waves at a distance of 6.5 km
from west of Larak Island in 2002 that their direction is
toward the northwest.

The internal waves were detected based on the satellite
images from Landsat and SAR in 2000 and 2017.
Figure (13c) is the sentinel-1 image recorded on 20
August 2015 showing the internal waves in the
northwest of Farsi Island, and Figure (13d) is the SAR
satellite image of Sentinel-1 recorded on 29 March
2015 showing the formation of internal waves at a
distance of 35 km from the east of Khark Island (Figure
13).

The internal waves were not considerable based on the
Landsat, ASTER and SAR images in the studied area

Figure 12. Landsat image showing the internal waves, (a) the internal waves around
Farur Islands recorded on 07 April 2014; (b) the internal waves around the Larak
Island on 25 May 2002.

Figure 13. SAR Satellite images of Sentinel-1 showing the internal waves, (a) the

internal waves around Farsi Island recorded on 20 August 2015; (b) the internal
waves around the Khark Island on 29 March 2015.
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during the cold seasons. Thus, it can be concluded that
the internal waves occurring in different parts of the
Persian Gulf are not permanent and occur only in the
warm season during summer, when strong changes in
temperature, salinity, and density in the vertical
direction lead to the stratification of water column.
Therefore, the occurrence of internal waves in different
regions of the Persian Gulf can be considered as
seasonal phenomenon that is corresponded to the water
column stratification.

4. Conclusions

In this study, water temperature, salinity and density
were studied in different seasons of the year based on
the field data from marine patrols in the Persian Gulf.
In addition, Landsat, ASTER and Sentinel-1 (SAR)
images were analyzed by SNAP and ArcMap software
to detect the occurrence of internal waves in the Persian
Gulf. Internal waves were detected during

warm season according to the satellite images. Based
on the analysis of satellite images, the length of the
crest of the internal waves detected in the north-eastern
part of the city of Al-Zahereh (Qatar) were more than
120 km; the south and southwest of Khark Island were
about 100 km, the north-west of Abu Musa Island 3 to
35 km; and south and southwest of Hondurabi Island
was estimated as 20 to 65 km.

In conclusion, internal waves in the Persian Gulf
appear to be observed at relatively high density
(frequency) in the warm seasons, corresponding to the
stratification of the sea water column. Finally, other
factors, such as the movement of tidal currents over the
sea bottom with variable slope, do not play a significant
role in the formation of internal waves.
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The importance of oil transportation in the maritime industry has increased in
recent years due to increased oil and gas production. According to technical and
financial aspects, on hydrocarbon transfer methods, the pipelines are the best
option for the transfer of oil and gas in the maritime industry. High temperature
and high pressure in the pipeline can lead to the buckling. Buckling can either
be in the direction of vertical (upheaval) and horizontally (lateral). The
uncertainty in the buckling parameters of the pipeline increases error in the
uplift and the effective axial compressive force calculation. The existence of
these errors in the pipeline design is costly for the project. So reducing the
errors can be very important. This paper presents the reliability analyses for
studying and quantifying the variation of the reliability index () with the main
parameters involved during the upheaval buckling of submarine buried pipes
caused by high temperature and pressure conditions (HTHP). In this paper,
uncertainty is considered in the geometric parameters of the pipeline. PDF and
reliability index () can be determined by FORM and other. FORM, FOSM and
sampling methods are three main methods which are used to account the PDF
and reliability index (B). This research shows that among these three methods,
for a fixed state, the sampling method has the lowest beta and the highest
probability of buckle, which has a higher accuracy than the other methods. For
soil cover with a thickness of more than 1000, it is worth noting that by
increasing the thickness of the soil cover, more force is required for the
upheaval buckling in the pipeline.

1. Introduction

evaluation methods, considering the uncertainty in the

Offshore pipelines are used for some targets in the
development of submarine hydrocarbon resources.
Submarine Pipelines as one of the most effective tools
for transporting hydrocarbon productions from the
well to the terminals/the platform located on the shore
are considered [1,2]. Nowadays, pipelines go deeper
and cover a wide range of miles. As offshore
industries go for deeper resources, so pipelines should
be checked to resistance against new loads in subsea
condition [3]. Due to the high uncertainty in the new
environment and also in the operating conditions of
the pipelines, need to use of methods based on
reliability greatly increases.

To measure the reliability of a system, the system first
breaks down into components, and the reliability of
the system is expressed in terms of the reliability of its
components. To calculate the reliability of each
component based on available statistical data, a model
for the failure rate is selected and its parameters are
estimated based on available data. Reliability
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geometric parameters of the structure as well as the
environmental conditions, show the probability of
failure of the structure under special loading
conditions. Uncertainties affecting the health of
marine structures, such as drought structures, exist
both in loading and in the strength of structural
components and fittings. Resistance of marine
structures should provide health and safety of the
structure in different loading conditions.

Buckling as one of the ultimate limit state failure
modes, affect son the maintenance costs. Normally,
buckling can be occurred in two modes: Global and
Local. Local buckling occurs due to the out-of-
roundness and global buckling happens due to high
temperature/ high pressure gradient along subsea
pipelines. Based on the buckle plane, global buckling
can be occurred in horizontal and vertical direction
which are called lateral and upheaval buckling,
respectively [4, 5]. Furthermore, lateral and upheaval
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buckling occur for on-bottom and buried pipelines,
respectively.

If a pipeline is not free to expand in the operation,
restrained axial deformation results in an axial
compressive force in the pipeline. The pipeline
usually is not perfectly straight with some out of
straightness (OOS), and the imperfections are
typically due to the pipeline being laid over
irregularities in the seabed profile. When the lateral
restraint of a trenched pipeline exceeds the vertical
restraint force against vertical displacements created
by the pipeline submerged weight, the pipeline
bending stiffhess, and the covered soil resistance, the
pipeline tends to move upward, and considerable
uplift movement may occur. This phenomenon is
called upheaval buckling [6, 7, 8], which is a failure
mode that has to be taken into account in the design of
buried and trenched pipelines. The pipeline moves
upward due to upheaval buckling, leading to possibly
unacceptable local plastic deformations or collapse or
vulnerability to fishing gear and other third-party
activities. The upheaval buckling of a pipeline has
been known for a long time as a problem of land
pipelines, and it has become one of the primary
concerns in submarine pipeline design [9].

The DNV-0S-F101 [10] gives criteria and
recommendations on concept development, design,
construction, operation, and abandonment of
submarine pipeline systems and The DNV-RP-F110
[11] is the common industry recommended practice
for designing submarine pipeline against global
buckling. The DNV uses the mean values of soil uplift
resistance and driving force (i.e., on effective axial
load) in the design process as a deterministic method.
The variability in soil resistance and force is reduced
by applying the load factor (yur) on driving force. The
appropriate values for partial safety factors (yur, Yur)
should be used in the design phase to increase the
safety and the factors depend on the accuracy of field
measurements and the targeted safety class. This
conventional deterministic method is simple and
straightforward but does not take into account the
variability in appropriate manner. Thus the
methodology does not explicitly consider the effect of
variability in backfill stiffness or operational
conditions in the safety assessment against upheaval
buckling. These aspects can be examined by
probabilistic approach consideration the variability in
the inputs and assessing their effects on the overall
upheaval buckling behavior.

On the other hand, in a probabilistic approach, the
input parameters and loading are treated as continuous
random variables and the performance of the structure
resulting from different failure criteria is expressed in
probabilistic framework as probability of failure (Pr)
and/or reliability index (5) [12].

Al-Sharif et al. [14] in a paper with topic “Structural
Reliability Assessment of the Oman India Pipeline”
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investigated the effect of variability in soil backfill
stiffness and operation conditions on the performance
of the pipeline upheaval behavior. And its result was
useful to better understand the performance of
offshore pipeline and probabilistic upheaval buckling
assessment.

In this paper, the effect of variability in pipe
properties that contains thickness, diameter and elastic
modulus of the pipeline are investigated.

2. Case Study

The considered steel pipeline has a diameter (D) of
0.816m (32.12 in.), thickness of 0.0242 m and a
length of 40 m. The buckling length could be
influenced by the imperfection height; thus, it was
decided to consider the length of 40 m. Poisson’s ratio
(®) of the pipe was considered equal to 0.3and the
coefficient of thermal expansion (w,) was equal
t011.5 x 107°°C~*. The distribution of undrained
shear strengths was determined to be lognormal using
the field data. Residual tension during installation was
not considered in this study. The reasons for
neglecting the residual tension are that those axial
forces are generally associated with a high degree of
uncertainty and their influence is very case-specific
[13].Pipeline  Submerged Weight in Operation
Condition is equal to 4273(1"‘r /m). Tablel presents the
general parameters of pipelines.

Table 1. The properties of the pipeline [13]

Characteristic Value
Pipeline outside diameter 0.816 [m]
Steel pipeline wall thickness 0.0242 [m]
Steel pipeline density 7850 [kg/mq]
Modulus of elasticity 210 [GPa]
Poisson’s ratio 0.3

Thermal expansion coefficient 11.5x 1078°C~*

Pipeline submerged weight in

operation condition 4293 [N/m]
Maximum water depth 85 [m]
Seawater density 1023 [kg/mq]
Difference Between Operating 75[c]
and Installation Temperature
Local Incidental Pressure 10.8493 [MPa]

During Operations

Table 2. Uncertainties of parameters with their relevant mean
and C.0.V [13]

Row  Parameter Distribution Mean Cc.ov
Type
Young’s ) 3
1 modulus Log-normal 210x 10 0.05
o  Pipeline wall Normal 0.024 0.05
thickness
3 g.'pe"”e Normal 06156 0.5
lameter
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Figure 1. Schematic diagram of buried offshore pipeline profile [9]

3. Analytical Solution of Upheaval Buckling
Upheaval buckling is caused by an increase in
effective compressive axial force in buried pipelines
lying on an uneven seabed, due to pressure and
temperature in the operating condition. The upheaval
buckling phenomena is related to the following factors
[9]:
e The geometry, weight, and material properties
of the pipeline.
e Operational pressure and temperature.
e Seabed profile and environmental
characteristics.
e Cover and soil properties.
The vertical imperfections in pipelines are defined as
as-trenched out of straightness, which are associated
with upheaval buckling from the following sources:

o Imperfections of foundation (seabed), such as
bounder, seabed profile, pipeline crossing
locations, and the like. Depending on the
shape of the foundation, the pipeline may
follow the shape of the foundation.

e Pipeline imperfections introduced during the
installation process by, for example, the
reeling process or poor lineup during the
welding process. The pipeline imperfection
can be described in terms of its height and
length, which may be determined by survey in
the construction phase.

e Pipeline imperfections in the trench after the
laying and trenching operation, such as
variations in trencher performance or stop and
start of the plough.

The driving force for triggering the pipeline upheaval
buckling is the compressive axial force in the
restrained pipeline due to the increase of temperature,
the increase of internal pressure, and the residual
tension left by laying pipe. The effective axial
compressive force of fully constrained pipelines can
be expressed as:

SD = Fresz’dua! - (1 - 21") (,ﬁPi-)A!- - Eﬂsﬂ[:ﬂﬂ-)(l)

Where in Eq.(1)S,stands for effective axial
compressive force, (compressive, —; tension, +), AP,
stands for difference of internal pressure relative to
laying condition Since the internal pressure during
installation normally is zero, this is identical to the
operating internal pressure, AT; stands for difference
between operating temperature and installation

19

temperature, 4; stands for Internal bore area of the
pipe, Ag stand for cross-sectional area of the pipe,
F,esiauar Stands for residual lay tension, v stands for
Poisson’s ratio, E stands for Young’s modulus and a
stands for thermal expansion coefficient.
Figure 1 illustrates the profile of pipeline with a
vertical imperfection under axial and vertical loads.
This is a typical configuration for pipeline crossing.
The horizontal distance is denoted by x, measured
from the left pipeline touchdown point. The height of
the pipeline is denoted by w, measured upward from
seabed. The height of the vertical imperfection is
denoted by 9, the total pipeline span length is 2L.
Only half of the system is considered, due to
symmetry.
The pipeline is idealized as an elastic beam that
carries an effective axial force S,and has flexural
rigidity El. It follows from elementary beam-column
theory that the downward load q(x) per unit length
required to maintain the pipeline in equilibrium
condition is [9]:
d*w d2w

dx* 0 g2

El =—q 2
For the deflection shape of an elastic pipeline with no
internal axial tension but with a bending stiffness of
EI placed over an object with height of &¢ and loaded
with a pipeline submerged weight per unit length, ws,
Eq.(3) gives the span length as [9]:

?szrxaf] 1/4

Lo=| (3)

wsg
The analytical solution also gives the pipeline profile
by following equation [9]:

x 3 3x
w(x) = 6 x (L—) x (4 -2) 4)
3. Reliability Assessment
A reliability assessment accounts for the inevitable
variability in pipe properties (geometry and material
strength) which is the result of the normal
perturbations in manufacturing processes used to
produce the pipe. Variability in pipe properties
produces uncertainty in respect of collapse resistance,
which can be addressed and managed through the
reliability assessment.
The collapse pressure limit state depend on the pipe

dimensions (diameter, ovality and wall thickness), and
material strength properties (stress-strain curve in the
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hoop and axial directions). Therefore, it is necessary
to develop appropriate probability density functions
(PDFs) which characterize the expected statistical
variations in these geometric and material properties,
for use in a reliability analysis.

In the present context, Reliability is defined as the
probability that an individual length of pipe will not
collapse due to a combination of external pressure and
bending loads during construction or operation.
Reliability is equal to the probability of failure
subtracted from unity [14].

4. Analysis Methodology

For the problem under consideration, the probability
of failure is equal to the probability that the load
effect, exceeds the collapse resistance, R (or
probability  that R-L<0).This is  described
mathematically by P (g < 0), where g is the limit state
function of a set of random parameters X that
influence L and R, and we are therefore interested in
evaluating the probability P (g < 0) where:

g=g(x) ©)
This probability is equal to the probability of
occurrence of all combinations of the parameters X
that lead to g<0. These combinations can be visualized
as the domain in the n-dimensional space of X
variables (where n is the number of variables in the set
X) on one side of the function g<0. Thus the failure
probability is expressed by:

Pf =P(g=0)= fg(xjﬁo{ﬁ()()dx}

(6)

Where f(X) is the multivariate density function for the
random vector X.
The limit state function g(X), is so defined so that:

>0 safe state
=0 limit state
< 0 failure state

g(x) =

Since the basic random variables am modeled by
continuous probability functions and the failure
probabilities are small, it is preferable to apply the
analytical first and second order reliability methods
(FORM and SORM). These methods are very efficient
and accurate for small failure probability problems,
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FORM is of particular interest when the limit state
function is relatively simple (i.e. expressed
analytically).

In general, numerical solution is necessary by one of
two classes of methods: (i) Monte Carlo simulation
and (ii) Reliability Methods.

The Monte Carlo simulation method is conceptually
simple. It is based on numerical sampling where a set
of x values are simulated from the corresponding
probability distributions. These values are substituted
in the function g(x) and the value of g is compared to
zero. The process is repeated a large number of times
and count is kept of the ratio between the number of
trials that lead to g < 0 and the total number of trials.
The ratio is used as an estimate of the desired
probability value.

Reliability methods, which is developed in connection
with structural reliability, provides approximate
solutions for general probability integrals of the type
in Eq.(6) over domains with smooth boundaries. The
approximations involve a transformation of all
parameter distributions into independent normal
variables and the replacement of the function g(X) by
an approximate one. This allows the use of a special
case for which an analytical solution for Eq.(6) exists.
Of the two basic methods available, SORM provides a
more accurate approximation than FORM because the
function g(X) is approximated by a second order
Taylor series expansion as opposed to a first order
expansion used in FORM. It is also possible to
increase the accuracy of SORM results by using a
simulation procedure which by virtue of the SORM
analysis can be done very efficiently.

Each of the above approaches has advantages and
disadvantages. The Monte Carlo method is
conceptually simple and can easily deal with
parameter dependencies, distribution truncations and
discrete random parameters. The main disadvantage is
that in most practical cases a very large number of
simulations (tens to hundreds of thousands, or even
more for small probabilities) are needed and this tends
to pose restrictions on the number of analyses that can
be carried out, However, it must be noted here that
there am some recent developments in this method
which may result in enhancement in efficiency.
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FORM and SORM have the advantage of being very
efficient. Results can usually be obtained in a fraction
of the time required for a Monte Carlo simulation. In
addition the analysis provides, as a by-product a
measure of the sensitivity, within the overall
probability of failure to the different input variable
parameters and their distributions. These methods
have also been shown to provide sufficiently accurate
solutions for small probabilities in a wide range of
practical problems. Their disadvantage is that they use
iterative numerical procedures which am not
guaranteed to converge and occasionally cases may be
encountered for which solutions cannot be found [14].
The reliability analyses have been computed by
linking the buckling model to the reliability analysis
software RT. The reliabilities have been calculated by
use of FORM, SORM and the Monte Carlo method.

5. Results and Discussion

This paper presents the reliability analyses for
studying and quantifying the variation of the
reliability index (B) with the main parameters
involved during the upheaval buckling of submarine
buried pipes caused by high pressure and temperature
conditions (HPHT).

In order to assess the effect of geometric
specification’s pipeline on upheaval bucking of subsea
pipelines using DNV recommended model(Eq.(2)),
the downward load g(x) per unit length required to
maintain the pipeline in equilibrium condition is
calculated for uncertainties of parameters that shown
in Table 2.

Snap buckling generally occurs with a jump of
vertical movement of pipeline because the driving
force is sufficient to overcome all resistive forces
when the pipeline is first put into operation. Upheaval
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creep is a phenomenon in which a buried pipeline
progressively moves upward through backfill material
due to driving forces by cyclic thermal loads of heat-
up and cool down.

The distributions of the uplift motion are obtained by
using Eq.(4)(vertical slip model),which involves
lognormal distributed random parameters.

The results of the reliability evaluations for
uncertainties of parameters assumed in the analysis
are presented in Table 2. Uncertainties which are
considered for reliability assessment are described in
Table 2. The ratio of distance to step number for
pipeline with introduced uncertainties in FORM
method for soil cover equal to 1000(mm) is shown in
Figure 2.

CDF and PDF diagram represents the uncertainty
characteristics of the considered parameters. These
graphs are constant for all methods of calculating the
probability of failure.

Reliability methods as a mathematical tool, are used
for determining probability of failure (POF) in some
special conditions by considering uncertainties in both
load and resistance parameters [15]. The uncertainties
can be divided to epistemic and aleatoric [16].

Pr and reliability index (B) can be calculate by FORM
and other methods [17]. In this research used 3
methods. FORM, FOSM, sampling are 3 main method
for Pr and reliability index (B) determination. Table 3
shows thef in different methods.

Figure 3 indicated 3 curves of PDF, CDF and COV in
sampling method that shown in one graph.
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Table 3. p in FORM, FOSM, Sampling methods 2
A
Row Methods Soil B >
- 3
Cover(mm) £ )
1 FORM 800 -1.62 £ ]
2 FORM 1000 3.826 s 0
3 FORM 1200 1.099 S, 7110 / 900 1100 1300 1500
4 FORM 1400 1.583 2
5 FOSM 800 1,64 Soil cover
6 FOSM 1000 3.915
Figure 4. The effect of soil cover on reliability index (B)
7 FOSM 1200 1.107 parameter
8 FOSM 1400 1.59
9 sampling 800 -0.92 2]
10 Sampling 1000 3.54 € s
11 sampling 1200 0.93 k
= 4.5 -
12 Sampling 1400 1.348 @
=
= 49
. . . &
In this paper, in order to evaluate the effect of soil 35 i . i )
cover as one of the ways of preventing buckling, the 700 900 1100 1300 1500

probability of failure of the South Pars Gas Field
pipeline is investigated. Figure 4 demonstrates the
probability of failure and the reliability index (). As
shown in the figure, the reliability index (P)
movement of the sinus passes through and does not
follow the linear relationship.

The submarine pipeline has an upheaval buckling if
the vertical load on the pipeline is less than the force
exerted inside the pipeline due to high pressure and
high load. In Figure 5, the amount of load required to
defeat the pipeline is certain.
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soil cover(mm)

Figure 5. Load required to defeat the pipeline

According to Figure 5, it is concluded that before
reaching the soil cover to 1000(mm) for the direct
upheaval buckling of the pipeline, the trajectory of the
pipeline is descending, and after passing through this
amount, the Uptrend is, or in other words, for soil
cover with a thickness of more than 1000, it is worth
noting that by increasing the thickness of the soil
cover, more force is required for the upheaval
buckling in the pipeline.
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6. Conclusions

The reliability index () movement of the sinus passes
through and does not follow the linear relationship.
For soil cover with a thickness of more than 1000, it is
worth noting that by increasing the thickness of the
soil cover, more force is required for the upheaval
buckling in the pipeline.

Sampling method due to several samplings has more
accurate values offers and in the Sampling method,
we have less B than another.

In order to calculate the failure of the pipeline due to
upheaval buckling, three methods were used. Among
these three methods, for a fixed condition, the
sampling method was the lowest beta and the highest
probability, which has a higher accuracy than the
other available methods. And the least precision is
also related to the FOSM method. It is also worth
noting that the results are very close together and
provide approximate estimates with respect to the
approximation.

7. List of Symbols

E Modulus of elasticity [GPa]

So Effective axial compressive

(compressive, —; tension, +)

Difference of internal pressure relative to

laying condition.

AT; Difference between operating
temperature and installation temperature

A; Internal bore area of the pipe

A Cross-sectional area of the pipe

g
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force,

Poisson’s ratio
Thermal expansion coefficient

Fresiaual Residual lay tension

X Horizontal distance

w, Pipeline submerged weight per unit
length

6 Height of the vertical imperfection

q Downward load per unit length

Ly Span length

e Probability of failure

E, multivariate density function
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ARTICLE INFO ABSTRACT

Article History: Undesired oscillations of jacket platform may influence the structural
iiii"’tzg{ ?_ODEACéngJ(-)?_g functionality and sometimes fatigue occurs. The main objective of this
pred: ' research is to control wave-induced vibrations of fixed jacket platforms with
the use of optimized shape memory alloys dampers. To model the hysteretic
Keywords: behavior of SMA elements and performing dynamic analysis an efficient
Vibration Control isothermal idealized constitutive model is developed in this research and direct
2@?;5?%%5'51?{?; (SMA) integration time history analysis is carried out. Dynamic responses of multi-
Idealized Constitutive Model. degree of freedom system of jacket platform, with 90 m height and equipped
with SMA dampers, is estimated and compared with the bare jacket.
Furthermore, an optimization algorithm such as Ideal Gas Molecules
Movements (IGMM) is implemented in this research to improve the efficiency
of the dampers and minimize the deck displacements under the action of
extreme wave. The results show that the optimized SMA dampers can
improve the structural response by decreasing 47.5 percent of deck
displacement, 56.5 percent of deck acceleration and finally 28 percent of base
shear. In an SMA damper-equipped platform, reduced wave intensity will

reduce the damper efficiency.

1. Introduction and replacement of in-depth dampers are quite costly,
Undesired vibrations of offshore jacket platforms it is necessary to use those that are highly durable and
increase the destructive effects of fatigue in joints, do not undergo permanent deformations under
risers, and mechanical equipment on the deck, disrupt relatively large loads. A feature of SMA dampers is
the operations of the platform drilling equipment, their lack of need for replacement or repair after
reduce the personnel comfort feeling and endanger lateral loads and large deformations in jacket
their long-term health by the deck's back-and-forth platforms of which underwater repair and inspection
movements [1]. Hence, jacket platform vibrations are difficult.

should be reduced by control devices. Vandiver and Mitome [3] were among the early
In recent decades, many smart materials have been researchers who studied controlling the offshore
invented to be used as energy dissipative devices. jacket platforms vibrations and found that liquid-
Shape memory alloys (SMAs) are materials reservoirs on the platform deck can be used as the
investigated by researchers for use in aeronautics, dynamic absorber. Bargi et al. too have been able to
automobile, biomedical engineering, and civil reduce the vibrations of the offshore wind turbine
engineering, especially vibration control of structures using tuned liquid column gas damper. Their research
[2]. The main objective of this research is to present is all-inclusive because they controlled the vibrations
an efficient SMA damper to control the vibrations of a under the simultaneous effects of wind, wave, and
jacket platform under the wave and current actions. earthquake forces [4] [5].

Vibration control of offshore structures is much more Patil and Jungid [6], analyzed three jacket structures
difficult than that of land based structures because the equipped with friction dampers, viscose dampers, and
former should withstand the wave-caused force viscoelastic dampers under the action of wave forces.
besides wind and earthquake. Since inspection, repair, They have concluded that the friction damper is quite
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efficient in reducing deck displacements and shear
forces of jacket levels.

Investigation of dampers’ performances and
improving the platform dynamic behavior has been a
topic of interest of Jafarabad, Kashani, Adlparvar and
Golafshani, [7]. They have compared the performance
of friction damper and tuned mass damper (TMD) as
hybrid dampers aiming at improving the platform
dynamic responses under seismic and wave loads.

In offshore structures, as well as land-based
structures, isolating the platform and deck is
considered as a suitable way to control the vibrations.
In the recent study, Zhang has used hybrid SMA-PFD
(pall friction damper) dampers to reduce the deck
displacement due to seismic and ice-induced
excitation [8].

Since passive dampers used on jacket platforms often
work for a limited loading range, many researchers
have used active and semi-active dampers to control
the jacket platform vibrations [9]. Another merit of
the SMA dampers is that their stiffness can be
adjusted by a source of heat [10].

In this research, some SMA material features are
presented in Section 2. The implementation of SMA
elements, the structure of SMA damper and dampers
installation in the jacket platform are explained in
Section 3. In Section 4, first, the vibration equation of
un-damped multi-degree of freedom system equipped
with SMA dampers is developed. Then, a multi-linear
formulation has been presented to develop the
constitutive material modeling of the SMA elements.
In this research, the linear time history responses of
equipped-SMA  dampers structure have been
estimated using the implicit direct integration alpha-
method by MATLAB based computer code [11].
Therefore, at the end of this section, two comparisons
are made with reference research and finite element
analysis to validate the constitutive modeling of SMA
and dynamic responses of jacket platform.

In Section 5, a 90 m height jacket platform is selected
as a case study and vibrated under the action of
extreme regular wave with 11.8 m height and 7.8 s
period. In this section, dynamic properties of MDOF
system of jacket platform, dynamic characteristics of
wave/current loads and SMA mechanical properties
are presented first. Then, an optimization algorithm
‘ideal gas molecules movements’ (IGMM) is used to
find optimal characteristics of SMA elements
geometry based on two different objective functions
[12]. Finally, numerical results of installing optimized
SMA dampers to jacket platform are presented and
discussed. At the end of Sec. 5, an offshore platform
equipped with optimized dampers has been acted by
two other regular waves and the dampers have been
studied for their efficiency.

In Section 6, the results of optimized SMA dampers
usage in vibration reduction of jacket platform and
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some recommendations for
presented.

future studies, are

2. Shape Memory Alloys (SMAS)

Shape memory alloys (SMA) are a class of smart
materials that possess unique properties, including
shape memory effect (SME), super-elasticity effect
(SE), extraordinary fatigue and corrosion resistance
and high damping capacity. The shape memory effect
of nickel-titanium alloy was recognized by William
Buehler and Frederick Wang in 1962. The alloy was
named as NiTinol (NiTi stands for nickel-titanium and
nol is naval ordnance laboratory).

Micromechanical phase transitions take place during
deformation and/or temperature processes, when the
SMA crystallographic structure switches from an
austenitic phase to a martensitic phase (Figures 1 and
2). Martensite phase of SMA may appear in
detwinned arrangement or twinned arrangement. At
low temperatures (T<My), SMAs exhibit the shape
memory effect (Figure 1). While, at high temperature
(T > Af), SMAs show super-elastic behavior, during
loading and unloading steps (Figure 2). At the
temperature above (M), SMAs suffer plastic
deformations with much higher strength in their pure
austenitic form.

The mechanical behavior dependence on stress, strain,
and the temperature is because of the SMAs’ thermo-
elastic nature which increases the temperature to
decrease the stress in the material. SMAs are
primarily austenitic in the super-elastic phase.
However, upon loading, stress-induced martensite is
formed. Upon unloading, the martensite reverts to
austenite at a lower stress level, resulting in the
hysteretic behavior [13].
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Figure 1. SMAs shape memory effect (SME) [13];
(a): crystal arrangement due to changes in loading and
heating, (b): SMA’s stress-strain-temperature curve
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SMAs are excellent candidates for designing dampers
and energy dissipation devices because of their
intrinsic ability to undergo large deformations, up to
10% without remaining residual strain [14]. SMA
materials have numerous combinations such as Ni—Ti,
Cu-Al-Ni, Cu-Zn-Al, Au-Cd, Mn-Cu, Ni-Mn-Ga
and Fe-based alloys, but most practical ones are Ni—
Ti-based alloys [15].

With numerous SMA applications in different fields
over the past decades, material modeling of such
SMAs peculiar mechanical behavior has been a
subject of interest to many researchers. The studies on
SMA’s behaviors were lead to the development of
many constitutive models that describe the thermo-
mechanical, thermo-electrical and thermo-chemical
behavior; nonetheless, most of them are too
complicated to be conveniently used in such practical
applications as vibration control problems.
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Figure 2. SMAs supper elasticity effect (SE) [13];
(a): SMAs crystal arrangement due to loading and
unloading, (b): SMAs’ stress-strain hysteresis loop

In structural vibration control field, widely used
constitutive models for one dimentional isothermal
superelastic SMAs can be mainly divided into
polynomial constitutive model, idealized multi-linear
constitutive model and equivalent linear elastic-
viscous damping model. Polynomial constitutive
material modeling of SMAs initially developed by
Graesser and Cozzarelli (1991), is a development of a
rate-independent model for hysteretic behavior
proposed by Ozdemir. Differences between hysteresis
loops obtained from the polynomial equations and lab
results made researchers present more precise
constitutive models to express the SMA force-
displacement behavior. A highly applicable model is
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the one presented by Wilde et al. (known also as the
modified Graesser-Cozzarelli (2000) model) [16].

In many SMA-based dampers, use is made of
idealized constitutive models proposed by Auricchio
for faster and simpler analysis. He suggested that a
super-elastic SMA-based damper’s force-
displacement relationship that defines a nonlinear
hysteretic model can be expressed as an idealized
multi-linear hysteresis loop [17] [18]. The third
method of modeling the hysteretic behavior of the
SMA-based damper is the transformation of the
nonlinear SMA hysteresis loops to equivalent linear
elastic stiffness and viscous damping model [19]. So,
the damper nonlinear force-displacement behavior can
be replaced by an equivalent linear model that has two
parameters, namely the effective elastic stiffness and
effective viscous damping. In this research, an
efficient multi-linear constitutive model has been
implemented that will be explained and verified in the
following sections.

Research activities of SMAs’ applications in civil
structures and implementation for field applications
found effective [20]. Energy dissipation system and
ground isolation system are the two widely used
mechanisms by which SMAs could be utilized in an
effective manner for the purpose of passive control
technique.

3. SMA Damper

In this research, the proposed SMA damper shown in
Figure 3 is housed by the extra rigid bracing system
(Figure 4).

Cylinder

Figure 3. Schematic design of the proposed SMA
damper

SMA Damper
bt 2

Figure 4. Connection of SMA damper with the jacket
platform
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As shown in Figure 3, the damper performance is such
that SMA bars operate in tension and their buckling
limitations are omitted under the piston strokes. In
such dampers, the piston stiffness is large enough and
its strain is negligible in comparison with SMAs
strain. Therefore, the piston stroke is equal to SMA
bars deformation, and the damper restoring force is
the same as that of the SMAs.
Considering the inherent characteristics of SMA
elements, it can be concluded that SMA dampers are
quite appropriate options to control the vibrations of
jacket platforms. These intrinsic features that
distinguish them from other dampers and justify their
use in controlling such vibrations are:

e SMAs are quite versatile and have different
ductility and damping capabilities; therefore, the
versatility of dampers designed with them can be
very large too.

e Fabrication of many dampers and vibration
control devices is often monopolized by certain
companies and they are quite expensive. The
advantage of the SMA damper is that if its
elements are provided, its other parts can be made
and assembled in smithies.

e SMA elements, especially the NiTinol alloys,
possess high thermal stability and corrosion
resistance and have high ductility and very good
fatigue performance; therefore, their use is highly
recommended in offshore structures with a
condition of large amplitude oscillations and
corrosive environments.

e The SMA’s elastic modulus is a function
temperature; hence, a heat producing source can
set its bar stiffness desirably; this feature can be
used in the design of active and semi-active
dampers.

4. Method and Verification

4.1. Dynamic Formulations

In this research, the responses of the dynamic
equations and advanced analytical algorithms of the
constitutive modeling of the superelastic SMA have
been estimated by a computational MATLAB based
computer code wherein use is generally made of the
idealized constitutive model. In the developed code,
the linear time history analysis is done on a jacket
platform structure modeled as a multi-degree of
freedom (MDOF) system and equipped with the SMA
dampers (Figure 5). The vibration equation of MDOF
system and SMA dampers is as follows:

[M1{¥} + [K] (v} + {(Fsma} = {Fu,} 1)

In Eq. (1), matrices [M] and [K] are mass and stiffness
matrices of the jacket structure, and {¥}, {9} and {v}
are the acceleration, wvelocity and displacement
vectors, respectively. Vector {Fgp 4} is SMA dampers
restoring forces and will be explained in Section 3 and
vector {F,, .} is the wave and current forces. Due to
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the object of this research, in vibration control of
jacket platform through optimized SMA dampers,
structural damping is ignored.

Mx SMA Dampers
—> e — UDLEMPETS
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s }_}UZ L J
Fw,c 2 K
2
5 * —¥
E C) e
W,C 4
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Figure 5. Multi degree of freedom system of Jacket
platform equipped with SMA dampers

In this research, the Morison equation is used to
estimate the wave and current loads acting on jacket
members [21]. This equation is originally developed
to compute hydrodynamic forces acting on a vertical
cylinder and is given by the following expression.

DZ
F(z,t) =pm — Cuii(z,t) + -
" . . (2)
E pD Cd |u(Z, t)l U(Z; t)

In Eq. (2), function F(z, t) is the in-line force per unit
length acting on the submerged section at position z
from the mean water level. Functions 1ii(z,t) and
u(z, t) are the relative wave acceleration and velocity
and can be calculated by the wave theory. Parameter p
is the density of water usually considered as 1030
kg/m3. Parameters D, C,, and C,; are cylinder outer
diameter, inertia coefficient, and drag coefficient,
respectively [22].

4.2. SMAs Constitutive Model

For solving differential equations of the motion
presented in Eq. (1), the direct HHT integration
method has been implemented. Vector {Fgy 4} is the
most important term of Eq. (1), which defines the
SMA damper restoring force.

As stated in Sec. 3, in the dynamic analyses, the set of
the damper’s piston, cylinder, and supports are
assumed to be rigid and the total section area of the
SMA bolts of each damper is equivalent to that of a 2-
DOF axial member the end displacements of which
equal those of the platform’s lower and upper levels.
Numerical methods of solving vibration differential
equations (alpha-method) calculate the structural
dynamic responses by integrating in time intervals.
Therefore, it is possible, at any forward step, to
calculate the changes in the damper force and add it to
the one in the previous step.

The SMAs one-dimensional isothermal idealized
linear force-displacement constitutive model is shown
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in Figure 6. In the j" step and due to x; piston
displacement, the damper restoring force Fy, ; can be
estimated with the following expressions.

x < x4
Fop j = Fn jo1 + ke (xj— xj-1) 3)
MA AM
xXp o < x; < Xf
Fen j = Fep jo1 + k1 (%7 — xj-1) (4)
IF: Fgp, j > Upper Plateau
Fop j = AX ™ + ky(x; — x2M) (4a)
IF: Fgy, ; < Lower Plateau
Fshj:AXO'}WA+k3(Xj— }IcWA) (4b)
AM

Xf < xj
Fop j = Fen j1 + kq (% — xj_1) ()

Fsh B

ky

FAM ___________________ \

F;.AM — "

FMA ky :

Fias| T S

FMA k . {

fi 3

[ Iy |
: » X
] AM
| [‘EL 1 x/
Figure 6. SMAs One-dimensional isothermal constitutive

model

Where A, kq, k, and k3 are SMA bars total section
areas, axial stiffness in the elastic region, axial
stiffness in the austenite to martensite phase transition
stage and axial stiffness in the martensite to austenite
phase transition stage, respectively. In x (or &), F and
o superscript AM stands for the austenite to martensite
phase transition and MA stands for the martensite to
austenite case. Again, subscript s stands for the
starting of the phase transition and f stands for its

finishing.  Axial stiffness of SMA bars can be
estimated through Egs. (6 to 8).
6
ki = I X Espa ©)
A ofM—giM
k, = Z X m (7)
_ A X (g — '™y (8)
3 xj — x}v’A

Parameters L, Esy4 and g are the length of SMA
bars, the initial modulus of elasticity and full phase
transition strain, respectively. The advantage of the
above mentioned idealized constitutive model of the
SMA element is that it does not need to know the x
(velocity) information to determine the Fg,. As a
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result, the speed of analysis is increased without
causing any changes in the dynamic responses.

4.3. Verifications

The MATLAB code developed in this study has two
main output groups: 1) structural time history
responses and 2) the SMAs hysteresis loops. To
ensure their correctness and accuracy, two different
validations have been made.

In comprehensive research, Asgarian and Moradi
placed an SMA bar member under the quasi-static
deformation loading and found its stress-strain
hysteresis loops [23]. Therefore, for the first
validation, a comparison has been made between the
outputs of the SMA hysteresis loops calculated by
MATLAB and the results of Asgarian and Moradi
analysis. The SMA hysteresis loops presented in
Figure 7 show that the results exactly coincide.

For the second validation, a steel jacket platform
modeled as a 5-DOF system has been analyzed by the
MATLAB code and the finite element analysis
(ABAQUS). In the three dimensional ABAQUS
model of the jacket, all the members considered as
beam element (B32). The jacket platform geometrical
and mechanical characteristics, wave dynamic
properties and other considerations are explained in
the next section (Section 5). Comparison of the
dynamic responses shown in Figure 8, confirm an
acceptable precision of developed MATLAB code.

500
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This Research
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Figure 7. SMA stress-strain hysteresis loops by
MATLAB based computer code (this research) and
reference research [23]
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Figure 8. Time history deck displacement responses
(vs) of steel jacket platform with MATLAB based
computer code (this research) and finite element

analysis (ABAQUS)
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5. Case Study

5.1. MDOF system characteristics

To perform the final analysis and obtain the efficiency
of SMA dampers in vibration control, a steel jacket
platform has been selected as a case study. These
types of platforms are quite common and are even
similar to real ones [24]. The total height of the
structure is 90 m and is symmetrical in the plan. The
Jacket has 4 legs and its dimensions on the sea floor
and deck level are 32 m x 32 m and 20 m x 20 m,
respectively. The deck’s total dead and live load is
4800 tons. To take into account the effects of the soil-
pile interaction, use has been made of the column-
base clamping rule at a height equivalent to 8 times
the pile’s diameter [25]. The elevation view of the
jacket is shown in Figure 9 and geometrical and
mechanical specifications of the members are
presented in Table 1.

Level-04
EL +10m

Level-03

ElL -5m

Level-02
EL -30m

Level-01
EL -55m

__ Pile Level
EL -80m

gure 9. Elevation view of steel jacket platform [24]

Table 1. Mechanical and geometrical characteristics of
jacket platform members

Mechanical

Steel modulus of elasticity 200 GPa
Poisson’s ratio 0.3
Yield stress 320 MPa
Ultimate stress 405 MPa
Mass of the deck 4800 ton
Steel density 7800 kg/m3

Geometrical

Diameter (mm)  Thickness (mm)

Horizontal bracings 1000 12
Vertical bracings 1100 12
Legs 1500 25

Dynamic characteristics of waves and current velocity
have been so selected that the platform can have
relatively large displacements under wave loads and,
at the same time, may not enter its nonlinear region.
Jacket platform members’ entering the nonlinear
region and experiencing large deformations will cause
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damage to drilling equipment, risers, and the related
structural connections. Therefore, to analyze the SMA
dampers’ effects on the jacket platform vibrations, an
extreme wave 11.8m high and 7.8sec period has been
considered. The water depth, wave height, its period,
and in-depth current velocity have been shown in
Table 2.

To calculate the wave and current forces acting on the
jacket members, the inertia and drag coefficients of
the Morison equation (Eq. (2)), are 2.0 and 0.8
(constant in depth), respectively [7]. To estimate the
wave acceleration and velocity, the 5" order stokes
theory was selected after checking the wave theory
validation. In this research, a side plan has been
developed where the platform members are divided
into 20 elements. The wave velocity and acceleration
are calculated at the elements’ beginning and end
joints where the wave horizontal velocity is added to
that of the current (current velocity variation in depth
is considered linear). The forces applied on the
elements are assembled and finally transferred to the
members’ beginning and end joints. Therefore, the
force applied to each degree of freedom is the sum of
the current and wave forces acting on the horizontal
beams and half of the member forces above and below
the beams. Regarding Eg. (1), the dynamic
characteristics of the 5-DOF system of jacket platform
are shown in Table 3.

Table 2. Wave and current dynamic characteristics

Wave Dynamic Characteristics

Water depth 80m
Wave height 11.8m
Mean period 7.8 second
Current speed, Storm generated, Tides included
Near surface 0.83 m/s
Middle depth 0.27 m/s
Near bottom 0.16 m/s

Table 3. Dynamic characteristics of 5-DOF system
of jacket platform

Level Level Level Level Level

Pile 01 02 03 04
Mass 220 200 195 130 4850
(ton)
Stiffness 90 350 210 115 42
(MN/m)
Eyc* 28.615 133.35 529.27 825.82 111.23
(kN)

*Maximum amplitude of wave and current forces.

As shown in Fig. 9, each of the platform’s peripheral
frames has four vertical levels. The SMA dampers
have been installed in the 1%, 2" 3 and 4" levels
through rigid link supports (Figure 4). To control the
platform’s vibrations along the x and y axes, it is
necessary to have 8 dampers along each (totally 16).
The mechanical properties used for SMA, based on
DesRoches studies in 2004 [26], are presented in
Table 4. Next, the lengths of each damper’s SMA
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bolts and their required total section area will be
found through optimization analyses.

Table 4. Mechanical properties of SMA [26]

ESMA &L O'SAM O'fAM 0’5{‘414 O_fIWA
Values 55 6 420 520 310 240
Units GPa % MPa MPa MPa MPa

5.2. Optimization Analysis

Stiffness and damping are the two main characteristics
of an SMA damper and have significant effects on the
dissipation of the applied energy and damping
efficiency. Hence, bars lengths and areas should be so
selected that: 1) the alloy phase transmission from
austenite to martensite is achieved and 2) deck
displacements are reduced.

To achieve the platform’s optimal dynamic responses,
use has been made of the ‘ideal gas molecule
movement’ optimization algorithm presented by
Varaee and Ghasemi in 2017 [27]) which is a new,
efficient, population-based and intelligent algorithm
and uses the principles and relationships that govern
the molecular movement of ideal gases for
optimization. This algorithm offers excellent precision
and speed in complicated, single/multi-objective
optimization problems.

Here, the potential solutions of an optimization
problem could be considered equivalent to the gas
molecules that are moving and exploring in their
chamber i.e. the problem space. The behavioral
properties of the gas molecules allow them to rapidly
spread throughout the chamber and navigate and
search all potential spaces for optimal solutions.
During their movement in the problem space, these
molecules collide with one another with a certain
probability due to which they interact and exchange
information. Such information exchange is reflected
in the molecules’ velocity variations after they collide
and position in a new position at different time steps.
Those molecules that do not enter the collision
process at any time step, will participate in the general
problem search space as free molecules and increase
the chance of exploring new spaces and finding
suitable solutions. Now, if the information on motions
and molecular collisions is used properly (i.e. in the
form of an algorithm), it is possible to find the optimal
range during these surveys and collisions. The design
variables and constraints can be defined after
checking how the optimization algorithm operates.

Design variables:
1)L
2) A

Constraints:
1) L = 40 mm
2) Xmax < x]‘f‘M
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Parameters L, A, and x;‘M are the SMAs length, SMAs

area, and austenite to martensite finish displacement,
respectively.

The main objectives of the optimization of the
proposed SMA damper are to minimize the
displacements of the deck, reduce the tensions in the
jacket members and reduce the SMA’s volume. An
SMA damper has both the elastic and damping
properties and if the length and area of its SMA alloys
are not selected correctly, the damper elasticity may
increase and its dissipation capability may decrease.
Since the objective functions of this problem cannot
be determined easily, optimization has been done
based on two different objective functions.

Objective functions:
1. Minimizing vs
2. MaXimiZing Ahysteresis loops

Parameters vs and  Apysteresisioops are  the
displacement of the deck and total area under
hysteresis loops of all dampers, respectively. To find
the optimal solution, the maximum number of the
optimization process cycles (N) and the number of
molecules per cycle have been considered to be 100
and 20, respectively. Figures 10, and 11 show the
values of each selected objective function and SMA
bars total volume calculated in each optimization
iteration.

Figure 10 shows the problem optimization solution
with the objective of minimizing the deck
displacements. As shown, the IGMM method has
been able to converge to a displacement of 2.82 cm
after 65 cycles (1300 analysis). Figure 11 show the
problem optimization solution with the objective of
maximizing the area under hysteresis loops of all
dampers.

The optimized SMAs geometrical characteristics are
presented in Table 5. The SMA dampers are classified
to “Design 1” (based on minimizing vs objective
function) and “Design 2” (based on maximizing
Apysteresis loops Objective function).
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Table 5. SMA bars geometrical characteristics based on
optimization analysis

Objective Functions

Minimize Maximize
Us Ahysteresis loops
“Design 17 “Design 2”
A L A L
(mm?) _ (mm) (mm?) _ (mm)
Level-04 370 40 100 96
Level-03 1300 40 530 103
Level-02 1890 40 1220 65
Level-01 1360 40 1150 45

5.3. Numerical Results and discussions

The optimization analysis results, based on two
mentioned objective functions, and dynamic responses
of the jacket platform equipped with optimized
dampers are presented in Table 6. As is clear,
optimization analysis with minimizing vs objective
function has acceptable results in minimizing deck
displacements.

Table 6. Results of optimization analysis and jacket platform
dynamic responses

Objective Functions

Minimize Maximize
Vs Ahysteresis loops
v (mm) 28.1 37.8
Ahysteresis loops (N-m) 2420 2935
SMA volume (mm?3) 196430 194600
s (Mm.s~2) 59.6 57
Level-01 shear force* (kN) 1644 1720

* Base shear

The time history dynamic responses of jacket platform
equipped “Design 1” SMA dampers are displayed in
Figures 12 and 13. The results indicate that optimized
SMA dampers have significant effects on vibration
suppression of jacket platform.

The maximum reduction in the jacket structure
dynamic responses and comparison of the two
controlled and uncontrolled platform states are
presented in Table 7. As is clear, installing “Design 1”
SMA dampers on the steel jacket platform can reduce
deck displacement and deck acceleration by 47.5 and
56.5 percent, respectively. Furthermore, dampers high
efficiency in the dissipation of wave’s energy entry to
the jacket structure, cause 59 and 28 percent reduction
in level-04 and level-01 shear forces, respectively.
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Table 7. Maximum dynamic responses of controlled (design
1 dampers) and uncontrolled jacket platform

Uncontrolled Controlled Reduction
vs (mm) 54 28.3 475 %
Ps (MM.s™2) 136.5 59.6 56.5 %
Level-04 shear 755.5 311.6 59 %
force (kN)

Level-01 shear 2290.6 1644 28 %
force (kN)

According to the performed optimization analysis and

dynamic responses of equipped-SMA dampers jacket

platform, the following results could be achieved:

1. In comparison with the uncontrolled jacket
platform, both mentioned optimization analysis
has significant effects on deck acceleration and
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base shear (Level-01) suppression (Tables 6 and
7).

2. In the above two optimized cases, the differences
between deck displacements are significant and
the difference between SMA bars total volume is
negligible. Therefore, it can be concluded that the
optimization of minimizing deck displacement,
according to mentioned constraints, has had
acceptable results (Table 6).

3. To perform a more realistic comparison, the
hysteresis loops of optimized SMA dampers are
shown in Figures 14 and 15. Maximum restoring
forces of “Design 2” dampers are less than
“Design 17 dampers and make them easier to
install on the jacket platforms. This characteristic
is of great importance in retrofitting projects of
aging jacket platforms.
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Figure 14. Hysteresis loops of “Design 1” SMA
dampers
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Figure 15. Hysteresis loops of “Design 2” SMA
dampers

4. Hysteresis loops of optimized SMA dampers
shown in Figures 14 and 15, indicate that SMAs
displacements did not reach to x/". Hence, full
phase transition from austenite to martensite does
not lead to optimum responses.

5.4. Different Sea States

To check the efficiency of the optimized SMA
dampers in Table 5 ("Design 1" dampers), the
platform was placed under two other regular waves
the dynamic characteristics of which are; Case I. wave
height 10 m, wave period 7.3 s and Case Il: wave
height 8.4 m, wave period 6.8 sec and the water
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current velocity is the same given in Table 2.
Compared to the initial selected wave, these two
waves are less intense and cause less displacement in
the platform deck and vertical levels. Figures 16 and
17 show the dynamic responses of the deck
displacements and SMA dampers hysteresis loops in
the controlled and uncontrolled state.
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Figure 16. Dynamic response of jacket platform in
controlled and uncontrolled state (Case I); (a): Deck
displacements, (b): SMA dampers hysteresis loops

As shown in Figure 17, SMA dampers of level-02
and level-03, work linear with zero area in their
hysteresis behavior. Decrease in the wave energy
decreases the jacket drifts and hence the SMA
dampers phase transition does not occur. To eliminate
this limitation, use can be made of semi-active
dampers capable of adjusting the stiffness of the SMA
bolts.
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Figure 17. Dynamic response of jacket platform in
controlled and uncontrolled state (Case I1); (a): Deck
displacements, (b): SMA dampers hysteresis loops

6. Conclusions

In this study, effort has been made to evaluate the
effects of mounting optimized SMA dampers on the
improvement of the dynamic behavior of no-damper
jacket platforms under the action of regular sea waves.
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As a case study analysis, the dynamic responses of a
90 m height jacket platform equipped with SMA
dampers and modeled as an equal 5-DOF system has
been carried out.

To optimize the SMA elements geometry and

obtaining the optimum dynamic responses of jacket

platform under the action of extreme wave, an
optimization analysis was done with two different
objective functions. In the optimization analysis
performed with the IGMM algorithm, the best results

(“Design 1” SMA dampers) were obtained with use of

the "deck displacements minimization" objective

function. Although, joining optimized “Design 17

SMA dampers to jacket platform caused a significant

reduction in deck displacement by 47.5 percent, deck

acceleration by 56.5 percent and base shear of the
structure by 28 percent, these two important results
were obtained:

e SMA dampers hysteretic behavior was
unsymmetrical in two states of tension and
compression. Hysteresis loops area in the negative
region was much less than positive region.
Therefore, in the opposite direction of sea wave,
an appropriate energy dissipation didn't occur in
platform oscillations.

e In jacket platforms equipped with optimized SMA
dampers, a decrease in the wave intensity will
decrease the damper efficiency. Therefore, it is
proposed to use active or semi-active SMA
dampers with tunable stiffness SMA elements in
the vibration suppression of jacket platforms
induced by different waves and sea states.
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ABSTRACT

This study aims to investigate the capability of two common numerical
methods, Homotopy Analysis Method (HAM) and Variational Iteration Method
(VIM), and to suggest more efficient approximate solution method to the
governing equations of nonlinear surface wave propagation in shallow water.
To do so, semi-flat, moderate, and sharp slope of shore which are connected to
an open ocean with a uniform depth are exposed to a solitary wave with initial
wave height H=2 and stationary elevation d=20. Then, the surface elevation and
velocity curves for these profiles are determined and compared by HAM and
VIM. To verify the numerical modeling, two slopes i.e. semi-flat and moderate
slope are considered and modeled in Flow-3D. Afterwards, the results of surface
elevations are compared to each other by using correlation coefficient. The
correlation coefficients for the slopes represent that the results coincide well.
Ultimately, although the results of both methods are quite similar, using HAM
is highly recommend rather than VIM since it makes solution procedure fast-

converging and more abridged.

1. Introduction

Tsunamis are sea surface gravity waves generated by
large-scale underwater disturbances. There are several
stimuli that instigate these long waves: seismic
displacement of seabed, volcanic eruptions, landslides,
impact of large objects (such as astronomical objects)
into the sea surface, and underwater explosions. As a
result of these impulsive disturbances, water column—
from the bottom to the free surface—is set in motion
[1]. During the past era, waves like Tsunamis have
imposed lots of irrevocable damages. Therefore,
proposing numerical solutions for governing equations
of waves has become a common practice in order to
forecast waves more accurate [2-3]. For this purpose,
several solution methods have been suggested, which
Variational Iteration Method (VIM) and Homotopy
Analysis Method (HAM) are almost the most common
ones among them.

The concept of VIM stems from the studies performed
by He in 1990s. According to these studies, VIM is an
iterative based approach which does not need the
presence of small parameters in the differential
equation and is widely used for solution of nonlinear
ordinary and partial differential equations. Therefore,
this method has frequently been used and known as a
reliable tool for solving linear and nonlinear wave
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equations [4]. In 2006, Yusufglu et al applied VIM in
order to regularized long wave equation [5]. In 2007,
Hemeda used VIM for the wave equations in different
forms i.e. first-order of wave equation in one- and two-
dimension and second-order of wave equation in one-
and two-dimension. Then, the results showed the
effectiveness of this method [6]. In 2011, Mohyud-Din
et al used the modified form of VIM to assess
propagation of solitary wave by solving seventh order
generalized Kdv (SOG-Kdv) equations [7]. In 2012,
Younesian et al solved nonlinear wave propagation in
shallow water media by VIM [8].

The ideas of HAM in topology was presented by Liao
in 1992 in response to nonlinear wave problems.
According to this study, it was claimed that the
advantages of HAM outweighed other classical
methods. The major advantage of this method is being
independence of any small or large quantities.
Therefore, HAM can be applied to governing equations
and boundary/initial conditions containing whether
small or large quantities. In addition, apart from
providing more accurate and optimized solution
without any physical and unrealistic assumptions, the
numerical solution of HAM always becomes
convergent since this method provides a family of
solution expressions in the auxiliary parameter of A
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which makes the convergence region and rate of each
solution convenient[9-16].

There are a lot of attempts made by means of HAM to
solve waves equations with different aims. In 2004, Wu
et al applied HAM to solve solitary waves governed by
Camassa-Holm equation and provided a new analytical
approach to solve soliton waves with discontinuity at
crest [17]. In 2009, Yusufoglu et al performed HAM to
solve Modified Equal Width Wave (MEW) equation
and proposed this method as an efficient method for
solving MEW equation [18]. In 2013, Shaiq et al
recommended HAM as an accurate and reliable
algorithm for time-fractional nonlinear wave-like
equations which are significantly important in
engineering issues [19]. In 2013, Araghi et al used
HAM to solve Schrodinger equation with a power law
nonlinearity [20]. In 2014, Izadian et al utilized a new
approach with a fast and global quadratic rate of
convergence for solving nonlinear wave equations by
HAM and Newtown method [21]. In 2015, Yin et al
used a modified form of HAM for solution of fractional
wave equations and proposed this method as a powerful
tool to adjust and control the convergence region of
infinite series solution by using an auxiliary parameter
[22].

According to the previous studies, it is claimed that
both HAM and VIM could be used as efficient
approaches in solving nonlinear equations. Therefore,
this study aims to discuss the procedure of HAM
approach and compare this method to VIM in order to
investigate which method is more efficient. To do so,
three different slopes: semi-flat, moderate, and sharp
slope are firstly considered, and governing equations
are solved by two algorithms. Secondly, the results of
HAM are compared to the results of VIM approach.
Then, the examples which are solved by both methods
are verified by Flow-3D. Finally, although the
responses obtained by HAM and VIM are similar,
comparing the time lapse of both methods reveals that
HAM reaches to convergent state with a lower
computational load and never discretizes.

2. Governing Equations of nonlinear wave
propagation

Tsunamis are generally classified as long waves.
Solitary waves or combinations of negative and
positive solitary-like waves are often used to simulate
the run-up and shoreward inundation of these
catastrophic waves.

The following equations display the specific case of the
run-up of 2D long waves incident upon a uniform
sloping beach connected to an open ocean with a
uniform depth (Figure 1). The related classical
nonlinear shallow-water equations are shown as Eq.

(1):

n+w(+n), =0
u, +uu_+gn, =0

(1
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Figure 1. Definition Sketch for solitary wave run-up

where 1 is wave amplitude, u is depth averaged
velocity, & is variable depth, and g . is acceleration

of gravity. In addition, the initial condition of these
wave is generally represented by Eq. (2):

n(x,0)=H sech’ ,/j;x

u(x,O)zQ\/g_d

d

where H and d denote the initial wave height and
stationary elevation, respectively [1,8].

2

2.1. The basic idea of Homotopy Analysis
Method (HAM)

To show the basic idea of HAM, the following
procedure is considered. At first, differential equation
is considered as Eq. (3):

N[a)(x,t )]:0 3)

Where N is a nonlinear operator, x and ¢ represent
the independent variables, and ® is an unknown
function. Then, all boundaries or initial conditions are
ignored for simplicity, and the deformation equation
which is so-called zeroth-order deformation equation is
constructed Eq. (4).

(1-0) £[ #(x.69)-0, (xt) |= qrNTH(x.tq)] (4)

Where ¢g € [0,1] is the embedding parameter, h# 0 is an
auxiliary parameter, £ is an auxiliary linear operator,
¢(x 159 ) is an unknown function, @, (x ) is an initial
guess of @(x,r), and ¢(x,;q) is an unknown
function. It is obvious when ¢, the embedding
parameter, is equal to 0 and 1, Eq. (4) becomes Eqs.

(5):
¢(x,1;0)=a,(x 1)
¢(x.t;1)=w(x,1)

respectively. Thus, asq increases from 0 to 1, the

%)

solution varies from the initial guess wy(x,t) to the
solution (x,t). Expanding ¢(x,t;q) in Taylor
series when ¢ is equal to 1 will be Eq. (6):
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¢(x,t,q Zw xt (6)
Where

_L@'"qb(x,t;q)
Y (M

q=0

The convergence of the series in Eq. (6) depends upon
the auxiliary parameter h. If it is convergentat ¢ =1, it
will be Eq. (8):

o(x,t) Za) x,t) (8)

Which must be one of the solutions of the original

nonlinear equation, as proven by Liao. Then, aTi is
defined as Eq. (9):

aT” =(w, (x,t),a)1 (x,t),...

o, (x,t)) €

Therefore, the following mth-order deformation
equation is obtained by differentiating Eq. (3) m-times
with respect to ¢, dividing them by m!, and finally
setting ¢ =0 . Then, we have Eq. (10):

L], (x.t)-2,0,,(x.t)]=hR, (@, (10)
Where
R, ( ,,,1)— Lo N;Zf,,xﬁt’q)nqo (11)
And
X ={0’ = (12)
1, m>1

It should be emphasized that @, (x,¢) for m>1 is

governed by the linear equation of Eq. (10) with linear
boundary conditions coming from the original
problem, which can be solved by the symbolic
computation software such as Mathematica or Maple.
To perform HAM, the following initial approximations
Eqgs. (13) are considered:

1, (x,0)=n(x,0)=H sech’ ‘fj;x

(13)
u, (x,O) =u (x,O)de gd
And the linear operator is defined as Eq. (14):
o4, (x,t,q) .
‘c sl - - 2192 14
[4 (v ot:0) ]=—— (14)

According to Eq. (1) nonlinear operators N, and N,
can be defined as Egs. (15):

N[ (x.1:0).6, (x.1:9) ]——aﬂ x;t’q)

A (x.t39)¢, (x.159))  0Ch(x)d(x.t59))
+

ox ox
(15)
o, (x,t:q
N|:¢l xt,q ¢2 x:taq ]_Z—Z)
¢ a¢2 (x :t’q) +g a¢l (x:t,q)
: ox ox
Then, zeroth-order deformation equations are

constructed as Eqs. (16):

(-4 [ 4 (xt:a)n (xt) |[=an,N, [ 4 (x.£0). (x.tq) ]
(1-9)L, [qbz (x,t:q)-u, (x,t)]:qi’“lz./\/'2 [qb] (x,t:9).4, (x,t;q)]
(16)
Obviously, when ¢ =0 and ¢ =1, we have Egs. (17):
¢ (x.150)=n,(x,1), ¢ (x,151) =n(x 1)
o, (x,t;O) zuo(x,t)gzﬁ2 (x,t;l) =u (x,t) a7
Thus, as the embedding parameter ¢ increases from 0
to 1, ¢, (x,t59) and ¢,(x,r;¢) vary from the initial

) to n(x,t)
and u(x,) solutions, respectively. By expanding

approximations of 7, (x,¢) and u,(x

¢ (x.t59) and ¢, (x,7;q ) in Taylor series with respect
to ¢, we have Egs. (18) and Egs. (19):

¢ (x50 )=, (x.0)+ >, (x 1 )g"
m=1

N (18)
¢, (x,t;9)= +Zum
m=1
Where
. ()= L O L)
m! 0q
q=0
(19)
i () = L)
m! oq"
q=0
If the auxiliary linear operator, the initial

approximations, and the auxiliary parameters 7, and
h, are so properly chosen, the above series converge at
g =1. Then, we have Egs. (20):

8

1, (x.t)

1

n(x.t;q)=n,(x.t)+

3
I

(20)

8

uo(x ,t)+

u, (x,t)

1

u(x,t;q)z

3
I
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Which must be one of solutions of original system.

Afterwards, the following vectors Eqs. (21) are
defined:
TZ = (T]O (x 3t)7771 (x 7t)7""77n (x 7l ))

- (21)
LU, (x ,t))

And the m™-order deformation equation, Eq. (22), is
obtained:

L0, (x:1)-2uMs (x50 ] =R, , (0, 0, )

Now, the solution of the mw-order deformation
equation, Eq. (22), for m >1 is Egs. (23):

(22)

r]m ('x ’t ) = Zmr]m-l (x ’t)+ hlj[oRl,m (ﬁﬂa)ds (23)
u, (x,t)z Kol (x,t)+h2.r0R2’m (ﬁ,a)ds

According to the initial conditions which are initially
assumed, we have Eq. (24):

n, (x,O)zO , um(x,0)=0

2,m( m 1’

R, (1,1, ) and j R
[Znn m—1 nJ
n=0 (25)

24

) arc:

Ry (10 1t ) = et

——\ 0 U 0

n=0

Obviously, the solution of the m"-order deformation
equations, Eq. (22), for m >1 becomes:

Ny =Xn nm|+h£[R ( mula)]

“m = m - +h L [ Zm(?’ﬁ”

To make the solution method more simple, /; and 4. are
assumed equal to h.

(26)

2.2. The basic idea of Variational Iteration Method
(VIM)

To show the procedure of VIM, the correction
functional is constructed at first as Eq. (27) and Eq. (28)

[8]:

u,. (1) =u, (0)-] [ u+E, (T)jdf @7)
N (£)=n, (t)-] '0[ mtF, (r)jdr (28)
Where E,, and F,, are :

E, u“u“ +g77 (29)

40

F,=(,(n, +H)) (30)

The corresponding first-order iterations are obtained
by Eq. (31) and Eq. (32):

ul :uo(t)-J.[O[un_FuOuO‘+gr’0‘jd7:
0 '(uouo‘ +g7’]0‘)t
m =Uo(f)'j;( Mo+ @y (17, +H))‘jd7 =

- (%('70 + H))t

(1)

(32)

The second-order approximations are:
u,=u, '(uouo‘ +g770‘)'J‘0[ )+ gr]l'jd‘r =

2
[, (uou'+gn0')+u0' X

u, +t[-( U, +gn0‘]+%

3

(”0“0‘ +g770‘)+g(”o (770 +H))"]+_

['(”o”o‘ +giny ) g, +gn')‘] (33)

m, =1, '(uo(no +H))‘t 'J;[ ﬁo+(uo(no +H))yjd7 -

i i+ 1 Yae =it (1) -

Uy (77'+H')]+% [, '@on, +H)) +(770 +H)(”ouol +g770I)I

tu, (”0 (770 +H )) +(770 +H ’)(“ouol +g770l)l]

+%|:_(u0u()v + g%v) (uy (770 +H ,))"(uouov +gn,un, + H)))]
(34)

Then surface elevation and velocity profiles are
obtained after substituting the general initial conditions

(Eq. (2)) into Eq. (35) and Eq. (36).

u, = B sech’® ax + 2t x (B *asech’ (ax ) sinh* (aex )
2

. t
-gA asinh o sech’® (o) x Eh 2B a* sech® (ax ) cosh® (ax)

+22gAB a’ secox )sin(ax )-6gA B a® sech’ (ax )
cosh’(ax )-2gBa’H cosh’® (ax )sech*(ax )+ 6gBa’H
sech®(ax ) xsinh®(ax ) x BgH "sech’ (ax ) + 8ga’

AB sinh®(ax ) +sech’(ax ) - 4aBH 'sinh(ax )sech’(ax )

3

+%[-8a3B *sinh’(ax )sech'' (ax )-8g a4 B * sinh® (arx )

sech’ (ax )+ 4B *a* sech’ (ax )sinh(ax )-12B *a*

sech'' (ax )sinh*(ax ) +8ga’AB* sech’ (orx )sinh(ox ) -

24g o® AB sech’(ax )sinh® (ax ) +44g°a’

sech’axsinh(ax)-12g°a’ A’sech’ (ax)sinh(ax)]  (35)
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And
n, = A sech’(ax )+t x[-4aA B sinh(ax )sech’ (ax )
-20ABH 'sinh(ax )sech®(ax )+ BH 'sech®(ox ) +1° x
[(-80°4B” -16a’AB’a’ -124B a” -6a°AB )
sech®(ax )+ (36a2AB >-20a’B’g -10a’°4 2g)
sech®(ax) +(16azB - 6Aga)H sech® (ax) +
(-200[23 ‘H ') sech’(ax )-8aB*H 'sech’ (ax )sinh(ax )
-24 agH 'sech’ (ax )sinh(ax ) + 4HAa’gsech’ (0x)]
(36)

3. Numerical experiments

Now that the procedures of HAM and VIM have been
discussed, three different examples with different
profile shores (i.e. semi-flat, moderate, and sharp
slopes) are modeled as follow by aforementioned
approaches. Then, the following examples are exposed
to a solitary wave with initial wave height A =2 and
stationary elevation d =20 [8]. Then, the results
which are determined by HAM are compared to those
obtained by VIM [23].

3.1. Semi-Flat Shores
For modeling a semi-flat shore, the below shore
profile is firstly considered Eq. (37):

h(x)=0.2x -20 (37)

Then, the elevation profile Eq. (40) and surface
elevation Eq. (41) are obtained by the following
analytical expressions for HAM after initial amounts of

1, (x,¢) and u,(x,t)are determined by Eq. (38) and
Eq. (39):

M, (x .t ) =2 sech[0.0137x | (38)
u, (x ,t ) =1.4007 sech[0.0137x | (39)
m,(x,1)=-0.1534¢ (~1.8257 hsech>[0.0137x |-

Shsech®[0.0136x Jtanh[0.0137x ]+0.05x 7 o)

sech’ [0.0137x ]tanh [0.0137x ] +hsech® [0.0137x ]
tanh [0.0137x ])

u, (x ,t)=-0.0537¢ (107 sech*[0.0137x |

41
tanh[0.0137x ]+ sech*[0.0137x ] tanh[0.0137x ]) “D

The rest of the components of the iteration formulas by
HAM can easily be obtained by symbolic computation

software. Subsequently, the following approximate
4

solutions in term of a series up to 4"-order for n = Zn[.
i=0

4
and u =Zu,. are obtained. The series solutions
i=0

contain the auxiliary parameter 7. The validity of the

41

method is based on assumption that the series of Eq. (6)
converges at ¢ =1. In a essence, It is the auxiliary

parameter 7 which ensures that this assumption can be
satisfied. As it was pointed out by Liao, in general, by
means of the so-called 7 -curve in Figures 2 and 3, it is
straightforward to choose a proper value of # which
results in convergence of the series. In addition, Liao
mentioned that the valid region of # is a horizontal line
segment [13]. So, Z=-1 is chosen in following
computational works.

After the series become converged in HAM, the
equations are solved on the bases of VIM approach as
follows, and the results are shown in figures 4-7.

The solutions of VIM for u, (x,¢ ) and n, (x,¢) can be

obtained by the following analytical expressions Eq.
(42) and Eq. (43):

u, =1.400714sech? (0.013693x ) + 21 x

(0.2686566sinh (0.013693x )sech” (0.013693x )
+0.026865665inh (0.013693x )cosh® (0.013693)) (42)
xt*(~0.00367014sech® (0.013693x ) —0.07407

n, =2sech’ (0.013693x ) +1[0.15336 x
sinh(0.013693x )sinh5 (0.013693x )—0.280143 +
sech’ (0.013693x )0.007672xsinh (0.013693x )
sinh’ (0.013693x )— 0.7672 sinh(0.013693)
—0.05373sech’ (0.013693x )sinh(0.013693x )
—0.021492sech’ (0.013693x )sinh(0.013693x )
—0.00007375xsech® (0.013693x ) —0.0016186x
sech* (0.013693x )]

(43)

In Figures 4 and 5, graphical solutions of 77(x,¢)and
u(x,t)are represented. The elevation and velocity

profiles are illustrated versus time and position in
Figures 6 and 7. By comparing these figures, it is
concluded that HAM and VIM solutions are exactly
similar.

i

Figure 2. The 7 -curves according to 4-order approximation.
Dashed point: # (0. 1 0.1) , solid line: 7 (0. 1 0.1) , and dashed

line: 11(0 1,0.1) .
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Figure 3. The i curves according to 4th-order approximation. L
Dashed point: u (0. 1,0.1) , solid line: u (0. 1,0.1) , and dashed 100

line: u (0. L 0.1) . Figure 6. HAM solution of # (x N ) for semi-flat shore

Solution

0 . ,
0 20 40 60 80 100 """ 80 X
x 100

—-VIM ¢ -HAM —u-VIM o u-HAM
Figure 7. HAM solution of u (x R ) for semi-flat shore

Figure 4. HAM and VIM solutions of # (x R ) and u (x R ) for

semi-flat shore, 7 = (0.3 and 0< x<100 3.2. Moderate-Slope Shores
for modeling a moderate-slope shore, the below shore

Eq. (44) profile is firstly considered:
h(x)=x—100 (44)

Then, the elevation profile Eq. (47) and surface
elevation Eq. (48) are obtained by the following
analytical expressions for HAM after initial amounts of

Solution

0.8
06 No(x, t) and uy(x, t) are determined (Eq. (45) and Eq.
0.4 | . | (46) ):
o2 | | | | 7o (x 1) =25ech[0.0137x | (45)
0
’ o2 e e o8 by (x,1)=1.4007 sech[0.0137x | (46)
—VIML ¥ nHAM —uVIME o uHAM M, (x,t)=-0.1534 t x(-9.12871 7 sech[0.0137x]
Figure 5. HAM and VIM solutions of # (x * ) and -25 1 sech’[0.0137x] tanh[0.0137x] 7
u (x ) ) for semi-flat shore, x =30 and 0< #<1. +0.25 x 11 sech’ [0-0137X] tanh[0.0137x]
+h sech*[0.0137x] tanh[0.0137x])
u, (x,1)=-0.0537¢ (10hsech® [0.0137x ]
tanh [0.0137x ]+hsech4 [0.0137x ] (48)

tanh [0.0137x ])

42
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The auxiliary parameter of # is considered equal to -1,
and the series will be expanded up to 4%-order. After
the series become converged in HAM, the equations
are solved on the bases of VIM approach by the
following analytical expressions Eq. (49) and Eq. (50):
u, =1.400714sech’ (0.013693x )+ 2t

(0.2686566 sinh (0.013693x )sech3 (0.013693x )
+0.02686566sinh(0.013693x )cosh5 (0.013693x ))
xt*(=0.00367014sech® (0.013693x )

sech’ (0.01 3693x ) —0.515287sech’ (0.01 3693)
—0.3766313sech’ (0.013693x )sinh(0.013693x )
+0.00515288xsech’ (0.013693x ) —0.007729x x

sech*® (0.01 3693x )

(49)

n, =2sech’ (0.013693x ) +1(0.15336
sinh(0.013693x )sech5 (0.013693x)
—1.4007sech’ (0.013693x )— 3.836
sinh(0.013693x )sech3 (0.013693x ) +
0.34433sech® (0.013693x ) +0.83875

sech® (0.013693x )— 0.735sech’ (0.0l3693x )
+0.00735xsech’ (0.013693x ) —0.26865

sech’ (0.013693x )sinh(0.013693x )
—0.00367875xsech® (0.013693x ) —0.008093x
Sech4(0.013693x )

(50)

Then, the results are shown in figures 8-11. In Figures 8
and 9, the graphical solutions of 7 (x,¢)and u(x,t)are

represented. And also, the elevation and velocity profiles
are illustrated versus time and position in Figures 10 and
11. By comparing these figures, it is concluded that HAM
and VIM solutions are exactly similar.

1.8

1.6

e
-

Solution

0 20 40 60 B0

x

—n-VIM ¢ A-HAM  ——u-VIM o u-HAM

Figure 8. HAM and VIM solutions of # (x R ) and u (x R )

for moderate-slope shore at# = 0.3 in 0< x<100 .

43

2

Solution

—n-VIM u-HAM

© -HAM  ——u-VIM o

Figure 9. HAM and VIM solutions of # (x R ) and

u (x g ) for moderate-slope shore at in 0< 7<1.

\
hJ Y

‘\\ \\ -

NI 1)

L 80
100 X

Figure 11. HAM solution of u (x R ) for moderate-slope
shore

3.3. Sharp-Slope Shores
For modeling a sharp-slope shore, the below shore
profile is firstly considered:

h(x)=5x —500 (51)
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Then, the eclevation profile Eq. (54) and surface
elevation Eq. (55) are obtained by the following
analytical expression for HAM after initial aunts of
No(x,t) and uy(x, t) are determined by Eq. and Eq.
(53):

M, (x,t)=2 sech[0.0137x]’ (52)
u, (x ,t ) =1.4007 1sech [0.0137x | (53)

n, (x,t)=-0.1534 t (-45.6435 h sech’[0.0137x]
2125 7 sech’[0.0137x] tanh[0.0137x]+1.25 x 7

(54)
sech®[0.0137x] tanh[0.0137x]+
7 sech* [0.0137x] tanh[0.0137x])
u,(x,t)=-0.0537 t (10 72 sech’[0.0137x] (55)

tanh[0.0137x]+ / sech*[0.0137x] tanh[0.0137x])

The auxiliary parameter of # is considered equal to -1,
and the series will be expanded up to 10th-order. After
the series become converged in HAM, the equations
are solved on the bases of VIM approach by the
following analytical expressions Eq. (56) and Eq. (57):

u,=1.400714sech? (0.013693x )+2t

(0.2686566sinh (0.013693x )sech® (0.013693x )
)xt*(-0.00367014sech® (0.013693x)-0.07407
sech®(0.013693x )+3.9265sech* (0.013693x)
-2.57643sech? (0.013693x)-1.883156 (56)
sech’(0.013696x )sinh(0.013693x )+
0.0257644xsech (0.01363x )-0.0386465x
sech*(0.013693x)

n, =2sech’ (0.013693X)+t(0. 15336
sinh(0.013693x )sech’ (0.013693x )
-7.00357sech? (0.013693x)+0.1918x
sinh(0.013693x )sech’ (0.013693x )
-0.1918sinh (0.013693x )sech’ (0.013693x ) +
t*[-0.0101545sech® (0.013693X)+1.81583
sech®(0.013693x )-4.076sech (0.013693x)
-1.861sech’ (0.013693X)+0.03675X
sech” (0.013693x)-1.34325sech’ (0.013693x)
sinh(0.013693x)-0.5373xsech’ (0.013693x )
sinh(0.013693x)-0.018393xsech’ (0.0 13693X)
-0.040465xsech”(0.013693x)

(57)

Then, the results are shown in figures 10-13. In figures
10, the graphical solutions of 7(x,¢) and u (x,)are

represented. And also, the elevation and velocity
profiles are illustrated versus time and position in
figures 12 and 13. By comparing these figures, it is
concluded that HAM and VIM solutions are similar.

L&)

. Solution
f=3

0 20 40 a0 20 100
X

—1-VIM © n-HAM  ——u-VIM o u-HAM

Figure 10. HAM and VIM solutions of # (X, ) and
u (x N ) for sharp-slope shore at £ =0.3 in
0<x<100

v

oL
(- - N O S - T N

Solution

[=]

4

&

(1] 0.2 0.4 ¢ 0.6 0.8 1

—n-VIM ¢ y-HAM uw-VIM o u-HAM

Figure 11. HAM and VIM solutions of # (x,Z) and u (x it )
for sharp-slope shore at in 0< 7<1.

Figure 12. HAM solution of 7 (x R ) for sharp-slope shore
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100

Figure 13. HAM solution of © (x N3 ) for sharp-slope shore

4. Model verification

To verify the numerical models, two aforementioned
slopes (semi-flat and moderate-slope shore), as
examples, are selected and modeled in Flow-3D, and
n(x, t)s are shown in figures 16-17 at t=0.3s for them. To
compare the software and numerical results to the
numerical results, correlation coefficients for each slope
are obtained by Eq. (58) and shown in figures 17-19.

20
it

00 e e
1000 80.0 60.0 400 200 0.0
X
Figure 16. Flow-3D solutions of #(x,?) for semi-flat shore

at £ =0.3 in 0<x<100

2.0 4
px. ) 1.0 | __/
0.0 . . . . e
100.0 16.0 0.0

72.0

Figure 17. Flow-3D solutions of # (x,t) for moderate-slope
shoreat ¢ =0.3 and 0< x<100

co - 2 -, )
Jo, =), -7)

Where x denotes the measured values from the
numerical model and y is the measured values from
flow 3D model. The value of cc=1 shows that two
variables are exactly the same.

(58)

45

N
CC=0.98 ° .

1. et

5 o

1 =

e

0.5 -

0 &=

0 0.5 1 1.5 2

Figure 18. coefficient correlation of #(x,t) between
Flow-3D and numerical model results for semi-flat shore at

t =03 in 0<x<100.

2
CC=0.98
1.5 - =@
l..'..
' pL
I
0.5 -
.
0 &
0 0.5 1 1.5 2

Figure 19. coefficient correlation of #(x,f) between
Flow-3D and numerical model results for moderate slope
shoreat £ =0.3 in 0< x<100.

Conclusions

In this paper, the Homotopy Analysis Method (HAM)
is applied to show the efficiency of this solution
method in solving nonlinear surface wave propagation
equations in shallow water. For this purpose, three
shore profiles including semi-flat, moderate-slope, and
sharp-slope shores are modeled by HAM and compared
to the results obtained by Variational Iteration Method
(VIM). The comparison represents that the results of
both methods well coincide. However, it is remarkable
to mention that HAM approach never discretizes, and
using HAM rather than VIM provides a convenient
solving method to control the convergence of
approximation series, which is shown and observed
during the solution process. Furthermore, as it is
represented in the procedure of HAM, this method is
more abridged and is not affected by computation
round off errors. Ultimately, since the advantage of
HAM outweighs VIM, HAM is highly recommended
for solving the governing equation in shallow water in
order to hind cast surface elevation and velocity of
tsunami events at desired time and location.
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1. Introduction

ABSTRACT

Tuned liquid column gas damper is a new type of energy absorber that can
mitigate the vibrations of structures if their frequency and mass parameters are
well tuned. Since this damper has recently been introduced and its behaviour
in certain structures such as offshore oil platforms and wind turbines has
already been tested, a suitable and accurate method is required to identify
these optimal parameters. Therefore, considering the complexity of loads
exerted on wind turbines in seas (wave and wind loads), in present study
attempts are made to use a new artificial neural network approach to obtain
optimal tuned liquid column—gas damper (TLCGD) parameters for mitigation
of wind turbine vibrations. First fixed offshore wind turbines at various depths
are designed in the MATLAB coding environment. After obtaining the
stiffness, damping and mass matrices of the structures, the program enters the
Simulink, and the wind turbine structure along with the TLCGD is exposed to
different wave-wind load combinations within reasonable range of damper
parameters. The neural network training is launched based on available
statistical data of the offshore wind turbine with different heights as well as
different frequency and mass ratios of the damper. According to this method,
the percentage of errors found in the neural network outputs was negligible
compared to the actual results obtained from the analysis in Simulink (even
for inputs that stood outside the training range of the neural network). The
mean error percentage, the standard deviation and the effective value of the
neural network with actual values are below 10% for all three types of the
structure. Finally, the method presented in this study can be used to obtain
optimal parameters of the TLCGD for all kinds of offshore wind turbines at
different depths of the sea, which leads to the optimal design of this damper to
reduce the vibrations of wind turbines under wave and wind load pressures.

dynamic load in a variety of structures. The tuned

Wind energy provides an environmentally friendly
option It can also provide sustainable development

security when fossil fuels are reduced [1]. Nowadays,
offshore wind turbine is one of the sources of wind
energy in the world. Offshore wind turbines (OWTS)
are one of the structures continuously under dynamic
loads during their lifetime. It is also important to
locate these turbines in the wind farm and calculate
the optimum locations [2]. By installing the wind
turbines in the sea, new issues arise when installing
these structures on land, which are due to additional
loads of the sea environment and special features of
the design of this structure [3]. The vibration control
devices have been invented and used to reduce the
vibrations caused by wind, earthquake, and any other
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dampers, including TMD, TLCD, and TLCGD are
one of the vibration reduction tools that are used
passively. These dampers are of inactive (passive)
type and their parameters are designed once according
to the structure's characteristics, which remain
constant throughout the exploitation time [4].
Moreover, recently semi-active damper (SALCGD)
also assessed [5]. In other words, in addition to being
permanently induced by vibrations and stimulations
due to the wind loads, the loads resulting from the sea
environment such as the wave load, sea flows, etc. are
applied to the wind turbines. This led Lackner and
Rotea (2011) [6] to study the inactive control of the
vibrations of the offshore wind turbines. Lackner and
Rotea (2011) [7] also examined the control of the
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floating wind turbines vibrations. Later in 2011,
Stewart and Lackner studied the effect of dynamic
stimuli on the active control of the offshore wind
turbines [8]. These studies have examined a variety of
tuned dampers, including the tuned mass damper
(TMD), the tuned liquid dampers (TLD), the tuned
liquid column dampers (TLCD) and the active mass
dampers (AMD) for two types of single-pile and
floating wind turbines. Since, among the marine
conditions, the load caused by the wave have a higher-
lasting o effect on the marine structures, the offshore
wind turbines were controlled under the simultaneous
stimulations of wave and wind in the latest research
by the TLCGD damper and its vibrations decreased
[9]. Then, the effect of this damper on the reduction of
forces caused by the earthquake was evaluated in the
offshore wind turbine with the template support
platform [10]. However, two recent studies have
shown that the TLCGD damper parameters should be
properly optimized for this structure given the
complex dynamic conditions of the offshore wind
turbine, especially due to the wind turbulence that
cannot be equated with sine stimulation and the
effects of gust, wind cutting, and turbulence as well as
the pitch controlling and the stall dynamic system of
the turbine should be considered. In other words, it
should be possible to estimate the reduction rate of
responses during the presence of the damper with the
changes in the main parameters of the damper.
Therefore, since it was found in the research that no
regular process and definite relationship can be
achieved for this issue, in this research, we used the
artificial neural networks method to estimate the
reduction rate in the response rate of the offshore
wind turbine in case of employing the TLCGD
damper with changes in its main parameters. We used
an offshore wind turbine with three different
supporting platforms at different depths of the sea
instead of a one- degree of freedom structure in this
paper to reduce the uncertainties in the optimal
parameter relationships. Also, a set of s simultaneous
combination of wind and wave loads was used to find
these parameters. By applying the above, these
conditions can be brought into reality as much as
possible so that the outputs would be more reliable.

2. Governing Equations of OWT with
TLCGD

Energy absorbers reduce the response of the structure
under dynamic loads by absorbing some of the energy
input to the structure. The above explanation is based
on energy, although it can also be explained based on
force. The energy absorbers have a vibrational mass
called the secondary mass. The secondary mass
applies force to the main structure with its vibration. If
the energy absorber frequency is tuned (set), this force
acts in a way to reduce the response of the original
structure. Simply put, when the main structure moves
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to the right, this force enters the main structure in the
left direction, and vice versa, when the main structure
moves to the left, the power is applied to the right.
The above force is the result of two forces: The force
resulting from the total inertia of the TLCGD due to
the absolute acceleration of the structure (the
acceleration of a point of the structure where the
TLCGD is installed) and the force generated by the
inertia of fluid movement inside the horizontal
column of the TLCGD. It should be noted that in the
case of the second force, only the motion of the fluid
in the horizontal column is raised as the movement of
fluid in the vertical columns causes the applied
vertical forces, which do not affect the lateral
response of the structure. If the first force is
represented by F; and the second force with F,, we
would have:
F=mX, F,=pBAAY=pBAY (1)
It's worth noting that in the above equation, only F
reduces the response of the main structure and F;
actually raises the responses since the force Fi in the
direction of the inertia force of the main structure but
the force F is in the opposite direction. However, the
values of these two forces are such that their outcome
leads to reduced responses. In other words, the
absolute value of F; is greater than the absolute value
of F1 (in the circumstance that the damper parameters
are optimal). With the algebraic summation of the two
above-mentioned forces, the force applied by the
TLCGD to the structure is obtained as follows.

B
2h+ %
In the above equation, the fluid weight inside the
TLCGD is shown with mf, x also represents the local
displacement of the structure where the TLCGD is
located and the above force is applied at the same
point to the main structure. It should be noted that the
mass of the TLCGD pipes is usually ignored or their
mass is considered in the mass of the main structure.
Also, the equation of the fluid flow (movement) in the
damper, based on which, the acceleration values of the

Fsz(X'+|ZY) . k= )

fluid are obtained in the horizontal X and vertical Y
columns to be used in Eq. (2), is described in details
in [8].

In the end, the motion equation of the multi-degree
system of the offshore wind turbine along with the
damper can be written in the form of a matrix as
follows.

[M]{it} + [CT{u} + [K]{w} = [Flaero + [Fluyaro +
[F] Tlcgd (3)

Wherein: [M]: Structure mass matrix; [C]: The
structure intrinsic damping matrix considered as such
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due to the Cauchy damping factor so that the damping
ratio in all modes would be equal to 2%. The
complete details of the Cauchy damping method are
presented by Chopra (1995) [11]. [K]: Structure
hardness matrix; {u}, {u’}, {u’}: Vectors of
displacement, velocity, and acceleration of the
structure response; [F]aero: The vector of aerodynamic
forces (These forces are calculated by the FAST
program [12] and only enter the turbine system
section and are equal to zero on the support platform);
[F]nydaro: The vector of hydrodynamic forces (These
forces are calculated using the modified Morrison
equation [13] only enter the turbine system section
and are equal to zero on the support platform); [F]icgd:
The vector of the TLCGD force (This force is
calculated using equation 2 and only applies to the
NACELLE turbine level and is zero at other levels of
the system [14])

It should be noted that due to the use of the
centralized mass model and considering that the mass
of each level is concentrated in only one point, then,
the number of degrees of freedom of the system is the
same as the number of the levels considered.

3. Simulation of the OWT -TLCGD in the

Simulink
Simulink is a simulation tool equipped with
MATLAB  software.  Simulink has  general

applications and is not limited to any particular uses
like many other engineering simulation software.
Using the Simulink, we can dynamically analyze the
behavior of a system without the need to build it and
only by having the mathematical relations governing
that system by saving time and cost [15]. In the
present paper, we used this tool for modeling and
analysis due to the large volume of computations as
well as the interaction and coupling equation between
the structure, and damper, and aerodynamic and
hydrodynamic loads.

There are two ways to model damper in the Simulink:
1. Considering the location of the TLCGD as a
separate alignment (level); In case of using this
method, the matrices of mass, stiffness, and damping
of the structure will change in the non-TLCGD state.
2. Applying the corresponding TLCGD force
into its location; in case of using this method, the
structure and TLCGD can be analyzed with their own
specifications separately and without any changes.
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In this paper, the second method was used for
simulation in the Simulink. To use this method, the
multiple-degrees of freedom structure is stimulated by
a single stage of loading. Therefore, for an n-degrees
of freedom structure, we will have:

F
F

[M]psn{it} + [clnxn{i} + [K]pxnfu} = (4)

Fn nx1
Hence, the acceleration at the point of the structure
where the TLCGD is placed (usually the highest level
of structure) will be obtained. Therefore, the TLCGD
is analyzed as a one-degree of freedom system with an
absolute acceleration, which is the result of the
earthquake acceleration and the acceleration of the
level where the TLCGD is placed. The corresponding
TLCGD force will be obtained by multiplying the
TLCGD mass by its absolute acceleration, which can
be applied to the structure at the level where the
TLCGD is placed. By applying the force
corresponding to the TLCGD to the n-th level of the
structure, in Eq. (4), the force term is changed as
follows:

F
F.
! (5)
Ey + Fricen/ 41

According to the description and equations presented
above, the block designed in the Simulink for a wind
turbine equipped with a TLCGD damper is obtained
as shown in Fig. 1. It should be noted that the model is
analyzed once as shown below to examine the
performance of the damper in reducing vibrations for
each load combination applied to the system. Once
again, the other model is analyzed by cutting off the
damper force path in the Simulink to perform a
comparison between the mode with and without the
damper.

The numerical algorithm which is used in Simulink
model, is Runge—Kutta method. In numerical analysis,
the Runge—Kutta methods are a family of implicit and
explicit iterative methods, which include the well-
known routine called the Euler Method, used
in temporal  discretization for  the  approximate
solutions of ordinary differential equations.
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Figure 1. The block designed in the Simulink for an offshore wind turbine equipped with TLCGD

4. Artificial neural network

By observing biological systems and natural systems,
the scientists provide some descriptions for them.
These mathematical descriptions were then converted
into a series of computational blocks. These blocks
emerged in the form of neural networks, genetic
algorithms, particle swarm algorithms, etc., which are
called computational intelligence. The most important
feature of these algorithms is to inspire from nature
since the nature has chosen almost the best possible
solution due to having sufficient time [16].

The artificial neural network, which is a data
processing system, has been designed and introduced
with inspiring from the human brain in pursuit of
faster processing and solving the problems. In the
neural networks, data processing is handled by small
processors working together in an interconnected and
parallel network. The benefits of this artificial
network include the high speed and responding as
well as the ability to answer unanswered questions
based on experience and training. In other words, with
more data used to train the neural network, the neural
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network will be trained more accurately and will
experience less error when producing output [16].
Flood and kartam raised the use of artificial networks
in civil engineering for the first time. In their paper,
they used the popular form of the supervised
progressive neural network. In this article, a graphical
interpretation of the neural network was introduced
for the first time. In fact, the purpose of this paper was
to ensure the development of this technology in the
civil engineering [17].

In those years, the artificial neural network was
developed in areas such as optimization process,
seismic hazard prediction, classification of non-
destructive evaluation signals, structural value
estimation, etc. In recent years, the use of artificial
neural networks and the optimization algorithms have
drawn much attention in controlling the vibrations. In
this regard, Leung et al. (2008) obtained the optimal
TMD frequency and damping ratio for a one-degree of
freedom structure under the non-fixed basic vibration
using the Particle Swarm Fractional Algorithm (PSO)
[18]. In another study in 2009, Leung and Zhang used
the PSO algorithm to obtain the optimal parameters
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for a one-degree of freedom structure under external
loading and basic vibration modeled with the white
Gaussian noise and provided formulas for these values
[19]. Also, in 2011, Bekdas and Nigdeli used the
Harmony Search (HS) algorithm to find optimal TMD
parameters for a 10-story structure under the harmonic
basic acceleration [20]. Moreover, in 2019 ANN was
used for prediction the wave set-up in Iranian coasts
[21].

4.1. Neural network data

In this paper, it will be used the modeling and
approximation feature of the neural network functions
to estimate the reduction percentage of the response of
an offshore wind turbine with TLCGD. This system is
under different wave and wind excitations. Finally,
frequency and mass of the TLCGD are optimized.
Three offshore wind turbines simulated in the
Simulink  were placed under simultaneous
stimulations caused by wind and wave. To this end,
75 different loadings of wave and wind applied to the
offshore wind turbines were used to optimize these
parameters as follows.

Table 1. Specifications of simultaneous wind and wave

loadings
Parameters Range
U,ina (Average Wind Speed) g M 2spaced T
N N

2 Spaced
2m «— -10m
4 Spaced
8s «— -16s

H,qe (Significant Wave Height)
T, (PEAK Wave Period)

The optimization index is the reduction rate of the
mean SD (standard deviation) of the structure
response displacement at the level of damper
placement for 75 different loadings compared to the
absence of damper case. To increase the number of
data for artificial neural network training as well as
reducing the uncertainties, three values of 2%, 4%,
and 8% were considered for the ratio of the mass of
the damper to the mass of the structure () and three
values of 0.6, 0.7, and 0.9 for the ratio of the damper
frequency to the frequency of the structure (& ).
The data in the neural network is divided into three
categories:

1. Training data

2. Validation data

3. Testing data
A total of 2025 data were used to train the neural
network. The information was provided based on the
outputs of three offshore wind turbines under 75
combinations of loading, which were obtained for the
ratios of different masses and frequencies. Of this
information, 70% was the share of training data, 15%
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of the validation data, and 15% of the experimental
data share.
The neural network takes a part of the data as
guestions and answers and teaches the neurons
accordingly. Then, during the training, it provides the
neurons some of the data unanswered to test the
training process and uses a portion of the data in the
end for the final test, which is not used in the training
and validation processes. The similarity of validation
data and experimental data is that for both, the data is
given to the neurons unanswered. But the major
difference between them is that the validation data is
used during the training process to prevent data
memorizing by neurons, while the test data is used at
the end of the training process to evaluate the system's
performance. The following parameters were used as
inputs to train the neurons:
The frequency of the first mode of the offshore wind
turbine
The ratio of the TLCGD mass to the structure mass
(uz Mtlcgd

Mstructure
The ratio of the TLCGD frequency to the structure
frequency (o = ——tegd

Wstructure

Since the inputs are not of the same type, all the inputs
and outputs data were normalized to better assess the
performance of the neural network. Also, with trial
and error process to get the best answer, finally, three
hidden layers were used with each containing 10
neurons and the one output layer was considered. It
should be noted that, as shown in Fig. 2, the number
of output layers is always equal to the number of
outputs of the neural network. The output of the
neural network is the percentage of reduction of the
structure response in the mode with the damper
compared to the mode without the damper. Thus, the
user receives the performance rate of the TLCGD in
reducing the structure response as output by entering
some specifications of the offshore wind turbine and
the TLCGD damper installed in it such as the
frequency of the structure, the ratio of the damper
mass and the ratio of the damper frequency. In other
words, this process leads to the optimal design of this
damper for a variety of wind turbines with different
frequencies. Since if, for example, the percentage of
reduction in the structure response, which is the
output of the neural network, becomes negative or
reduces, it means that the two main parameters of
TLCGD, () and (&), are not properly selected. It

implies that the damper function has been destructive
or has not functioned properly.
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Hidden 1 Hidden 2

Hidden 3 Output

Input

10
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Figure 2. Specifications of the artificial neural network input and output layers

4.2. The results of artificial neural network
Using the artificial neural network, the system could
train the neurons well after about 12 iterations. As
shown in Fig. 3, aimed at reducing the mean square,
the system has well reduced the square errors in the
training, validation and testing data.

Best Validation Performance is 0.11874 at epoch 16

Train
Validation
Test

Best

Mean Squared Error (mse)

L[ — ‘ - ‘ : - : ‘ . :
0 2 4 6 8 10 12 14 16 18 20 22

22 Epochs
Figure 3. The trial and error process of the neural network for

training the neurons

This network is designed in such a way that in the
absence of improvement up to six consecutive stages
in the neural network training process, the algorithm
will stop and the best answer to that stage will be
identified. According to Fig. 4, a little improvement is
seen in epoch 12 compared to epoch 11; but, after
repeat 12, there are three stages of failure to improve
compared to step 12. However, at the end of step 16,
the system will perform better than the previous steps;
and then, the 6 non-improvement steps will stop the
training algorithm. Finally, the sixteenth epoch is
selected as the best performance. In Fig. 4, mu is the
control parameter for the algorithm used to train the
neural network. Choice of mu directly affect the error
convergence.
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Gradient = 0.24667, at epoch 22

radient
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Mu = 0.0001, at epoch 22
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Figure 4. The improvement steps of neural network training

By training the neural network, the target values and
the output of the neural network are compared as
follows.
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Figure 5. Error Histogram Diagram
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Figure 6. Comparing the correlation between the values of the reduction percentage of the actual response and the values obtained
from the neural network

5. The use of ANN to optimize TLCGD
performance in OWT

In this section, to control the results obtained by the
artificial neural network, an offshore wind turbine
associated with a TLCGD damper with the
characteristics shown in Fig. 7 were was put under 75
combinations of load in the previous section; then, the
results obtained from Simulink were compared with
the results of the neural network. It should be noted
that the TLCGD specifications in this section were not
used in the neural network training. In other words,
the ratio of the mass and the ratio of the current
damper are not included in the ratios that were given
in the previous section as input to the neural network
system. In Fig. 7 the gas is located in the vertical
column and on the liquid.
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TLCGD is rigidly connected to the primary structure
and the relative displacement of the primary structure
and the secondary structure is zero. So the stroke
which is due to the relative displacement of the TMD
to the original structure is not the case in the TLCGD.
However, in this damper the similar parameter to the
stroke of the TMD, is the displacement of the fluid in
the vertical column. Therefore, in this research, the
height of the fluid in the vertical column is considered
to be 1.5 m before the structural vibration. System
analysis under wind and wave excitations showed that
the maximum amplitude of displacement of the liquid
in the vertical column is about 30 cm. Therefore, in
designing the damper, it should be noted that the
minimum total height of the vertical column of the
damper is about 1.80 meters.
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Figure 7. The structure characteristics to control the function of the neural network

As seen in the figure above, new inputs (the damper to
structure mass ratio and the damper to structure
frequency ratio) have been applied in two different
types to examine and control the neural network
trained in the previous section. Thus, one of them is
within the range of the network training inputs (IN)
and the other is outside the range of data used as
inputs for training the neural network (OUT). This
was done to evaluate the performance of the artificial
neural network not only for the known data but also
for the data outside the network range and make a
comparison between its results and the actual results.

To investigate the function of the neural network, the
reduction rate in the response of the structure along
with the damper obtained from the neural network,
which has been under the influence of 75 different
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loadings for three different types of turbines (in
different depths of water) were compared with the
actual results obtained from the Simulink model. In
Figure 8, this comparison can be seen for 75 different
load combinations.

The structure of the offshore wind turbine is in
interaction with the soil that can affect its behavior.

This effect increases or decreases in the period of the
structure. Therefore, since the purpose of the paper is
parametric studies, rather than a case study, different
types of OWTs with different periods are considered
to evaluation the effects of different types of soil
which interaction with structure.
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A) OWT-A (50m)
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Figure 8. Comparison of the actual percentage reduction of the structure response with the damper with the percentage obtained
from the neural network for 75 load combinations of different simultaneous wind and wave

75 different combined loads

Also, for a better understanding, the mean, standard network training range in Tables 2 and 3 to determine
deviation and the effective value (RMS (root mean the error percentage of the neural network results
square)) of Figure 8 diagrams are presented for two compared to the actual results.

types of parameters inside and outside the neural

Table 2. Comparison of actual results (Simulink output) and artificial neural network for the state within the training range

IN [(Mass ratio ( x) =6% and Frequency ratio ( «)=0.8 ]

Mean of St. Dev. of RMS of
response reduction(%) response reduction(%) response reduction(%)
Type of Real ANN Error Real ANN Error Real ANN Error
Structure (Simulink) (Simulink) (Simulink)
OWT-A (50m) 16.37 15.68 421 3.42 3.71 8.57 16.72 16.11 3.65
OWT-B (70m) 2053 19.95 2.82 6.76 6.77 0.11 2160 21.06 2.53
OWT-C (100m) 2107 20.80 1.29 6.81 7.47 9.70 2213 2209 0.21

Table 3. Comparison of actual results (Simulink output) and artificial neural network for the off-range training

OUT [(Mass ratio ( 1) = 1% and Frequency ratio ( «)=1.0 ]

Mean of St. Dev. of RMS of
response reduction(%) response reduction(%) response reduction(%)
Type of Real ANN Error Real ANN Error Real ANN Error
Structure (Simulink) (Simulink) (Simulink)
OWT-A (50m) 1356 1373 1.19 2.8702 22231 2255 1386 1390 0-30
OWT-B (70m) 1534 1452 5.37 5.1519 3.6678 2881 16.17 14.97 745
OWT-C (100m) 1471 1424 3.25 6.3003 43601  30.80 1599 1488 6.94
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According to the above tables and Fig. 9, we realize
that the proposed neural network has yielded very
favorable results for a new input within the range of
the training input parameters. Thus, the mean error
percentage, the standard deviation and the effective
value of the neural network with actual values are
below 10% for all three types of the structure. But the
results are associated with more errors for a new input
outside the range of input parameters of the training of
the neural network. However, these error values are
still below the 10% in case of average percentage
error rate and the effective value; but, the mean
percentage error related to the standard deviation is
about 20 to 30 percent. The noteworthy point here is
that the selected input outside the training range has a
damper to structure frequency ratio of 1 associated
with the resonance phenomenon. Therefore, one can
see that the neural network, despite the fact that it
does not know the cause of the phenomena occurred,
provides acceptable results even in the presence of an
unusual phenomenon.
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Mean Error
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Figure 9. The percentage error rate of the artificial neural

network method compared to the actual results obtained from
Simulink

6. Conclusions

In this paper, we tried to provide a new method based
on artificial neural network for examining the optimal
TLCGD damper parameters for an offshore wind
turbine under the provocations of wave and wind. By
considering offshore wind turbines at different depths
and combining different simultaneous wind and wave
loads, the uncertainties were reduced in obtaining the
optimal parameters. As the forces applied to the
offshore wind turbine caused by the wave and the
wind (especially the wind due to the PITCH control
system inside its rotor) have their own intricacies that
the regular trend governing the behavior of this type
of structure along with the damper cannot easily be
determined, the results showed that the neural network
was able to somehow detect this behavior and predict
the reduction rate of the structure response in the
presence of damper according to this model. This will
determine the optimal TLCGD parameters for use in
different types of offshore wind turbines with
different depths and periods. In fact, the importance of
using this template is revealed based on the fact that in
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defining an analytical or empirical relationship, the
impact of some factors has not yet been identified or
has been simplified due to the complexity of the
behavior. However, by using the neural network,
without the need for a complete understanding of the
parameters affecting the TLCGD behavior in an
offshore wind turbine, these factors are considered
indirectly in the prediction of the damper behavior. In
this study, to control the accuracy of the neural
network performance, two new input categories,
including two main parameters of the damper, namely
the mass ratio and the frequency ratio, were given to
the neural network so that the results can be compared
with the actual results of the structure analysis in the
Simulink model. These new values were chosen in
such a way that, firstly, there will be no recurrent
input with the training data of the neural network.
Secondly, a bunch of these inputs was outside the
range of the neural network training. The results
indicated that the neural network has an acceptable
error rate compared to the actual results in both
categories of inputs. However, this error rate was
higher for the category beyond the scope of training,
which is normal. Therefore, the method presented in
this study can be used practically to determine the
optimal parameters of the TLCGD, which will lead to
a good design for its use in the offshore wind turbines.
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