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New model of tension leg platform for extreme wave applications

Abstract

Tension Leg Platform (TLP) is an offshore platform structure that is usually used for deep sea oil and gas
exploration. The main structure of the TLP consists of a deck, pontoon, mooring system and foundation.
h’he working principle balances the buoyancy force, the weight of the structure and the tension of the

mooring rope. The problem is the \usd of TLP in the deep sea where sometimes extreme waves appear

with various btrange behaviors\, which can damage the TLP structure. h’his paper proposes a new model of

TLP that is more stable to wave forces. The working principle is to separate the mass of the deck and the |
mass of the pontoon into two flexible parts, which are connected by cantilever spring system. Thus the ;

TLP displacement becomes two degrees of freedom (TLP 2-DOF). lFurthermore, the TLP 2-DOF model
was developed into a dynamic damping system (Dynamic Vibration Absorber / DVA). The design
parameters were optimized to minimize the operator amplitude response (RAQ) on the deck, with the
pontoon mass being considered as damping mass. |

Keywords : TLP; 2-DOF system; Dynamic Vibration Absorber; Optimization; RAO.

1. Introduction

Tension Leg Platform (TLP) is an offshore platform that is "compliant structure”, floating above sea level
because the buoyancy force is greater than the weight of the structure. The main components of the TLP
are the pontoon, deck, mooring system and foundation. In the installed condition, deck position is above
sea level while the pontoon is submerged in sea water. The overall structure is tethered to the seabed by
mooring ropes. TLP is usually used for deep sea oil / gas exploration activities. In the past, the TLP was
installed at a depth of only 147 m [1] and now TLP has been installed at a depth of more than 1500 m [2].

In the operation of TLP in the deep sea, sometimes there are extreme waves that look strange and are "out
of nowhere" [3]. For example, in the South China Sea there are frequent extreme waves known as internal
waves. Internal waves are floating waves caused by variations in water density, propagating in the
boundary layer of warm water and cold water below. It can propagate in many ways, including: short
regular waves, cnoidal and solitary waves and internal tidal waves [4]. Recently, the phenomenon of
extreme waves has become a concern because it has a potential to damage structures. For example, in the
period 2004-2005, hurricanes Ivan, Katrina and Rita in the Gulf of Mexico destroyed 126 offshore
structures and damaged 83 others [5].

Researchers have also attempted to study the relationship between extreme waves and dynamic TLP
responses. For example Rudman and Cleary (2013) have conducted simulations and analyzes on rogue
wafes inpact and its effect on angle and rope tension [3]. The interaction between extreme waves and TLP
results in complex dynamics, affecting buoyancy, rope tension and rotational motion. Chandrasekaran
(2013) also analyzes TLP dynamics under wave extremes [6]. It is known that the dynamic response of
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the TLP is sensitive to extreme waves at high degrees of freedom and an operating frequency nearly the
same as the natural wave frequency.

Many efforts to improve the design concept have been carried out by making design innovations. Among
them, modifying the TLP geometry to be triangular [7], adding and adjusting the mass of dampers [8] and
proposing a new model of mooring system configuration [9]. In addition, there are also those who
propose a design for tension-leg twin platform structural systems [10]. However, besides having
advantages, those design concepts also have several weaknesses. For example, the design of the Tension-
leg twin platform structural systems proposed by Choi, Y. M. et al (2018) depends on the ratio of the
distance of the two pontoon and wavelength, which at a certain number actually increases the resulting
dynamic response [11]. For these reasons, this study will discuss a new design that is different from the
previous designs, called the Tension Leg Platform Two Degree Of Freedom (TLP 2-DOF), which is

relatively more stable to wave force.
22?7

2. Methods

2.1. Models and assumptions

In the existing model, the deck and pontoon form a single unit into a rigid body. In the proposed TLP 2-
DOF model, the deck and pontoon are made into two separate masses which are connected by a cantilever
spring system. This separation allows a flexible structure and \movement in the direction of the waves
(surge) to be modeled as a two degree of freedom (2-DOF) system. Optimization of the design can be
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done with the principle of Dynamic Vibration Absorber / DVA where the pontoon is considered as a
damper to stabilize the deck motion. Figure 1 (a) and Figure 1 (b) show the TLP exixting model and the
TLP 2-DOF model, respectively. To see the performance improvement, a comparison study was carried
out between the two models. The test set-up is shown in Figure 2 and the test specifications are given in
Table-1.
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Tabel 1. The test specifications
Magnitude value
Deck mass (mg) 0,3 kg
Ponton mass (mp) 0.9 kg
Cantilever spring  stiffness 9.537 N/m
(Ktot)
Excitation frequency (o) 9,77 rad/s
Excitation force (Fy, 0,242 N

2.2. Mathematical model for determining natural frequencies
Determining the natural frequency is necessary to anticipate the resonance phenomenon during operation.

The analysis is carried out referring to the free body diagram (FDB) shown in Figure 3. If the damping
factor of the structure is neglected, the equations of translational and rotational motion are as written in
Equation (1) and Equation (2), respectively. With the stiffness matrix method, equations (1) and (2) can
be solved to obtain equation (3). The next solution is carried out by calculating Equation (4) and Equation
(5) and the equations of motion are obtained as written in Equation (6) and Equation (7).

‘ Figure 3. Free Body Diagram of TLP 2-DOF model
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2.3 Numerical Solution

Equation (7) which is known as the characteristic equation can be expressed in the matrix as
Equation (8) and Equation (9). This equation is a second order differential equation so that it can be
converted into first order (state-space form). If the form of the equation is taken to be Equation (10), the
next solution can be seen in Eqg. (11, 12 and 13). If solved by numerical method by direct integration

using finite difference method, the solution is obtained as Equations (14 and 15).
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2. 4. Experimental studies
The experimental equipment is a pool of water as a medium for waves. The wave generator engine
consists of an exciter driven by a connecting rod connected to an eccentric rotor. The waves oscillate at a

frequency of 1.55 Hz. In this test, the displacement f the existing TLP and TLP 2-DOF models were

measured respectively and a comparative study was carried out. Displacement is measured using an
ultrasonic sensor device. Figure 4(a) shows water waves as a medium, and Figure 4(b) shows the new
model (TLP 2-DOF) and the existing model. Test equipment specifications and wave specifications are
shown in Table 2.

(b)

Figure 4. (a) Water waves as a medium, and (b) The new model (TLP 2-DOF) and the existing model.
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Tabel 2. Test equipment and wave specifications

Magnitude value

Pool length (p) 200 cm

Pool width (1) 60 cm

Pool height (t) 80 cm

Water level/height (h) 60 cm

Wave direction Horizontal (surge)
Wave amplitude (A) 5cm

Wavelength (1) 35cm

Wave frequency (fy) 9,77 rad/s (1,55 Hz)

3. Results jAnd Discussion

Before discussing further, [it\ needs to be reminded first that the dynamic response fin question is that which

is measured on the deck component| The dynamic response is expressed in the response amplitude

operator (RAQ). In this case, RAO is defined as the ratio of TLP displacement (deck) to wave amplitude! ;

The design is carried out to minimize the amplitude response of the deck components, because this
component is used for operational activities.

3.1.Natural Frequency

The natural frequency of the TLP 2-DOF model is obtained by solving the characteristic equation and the
two lowest frequencies can be seen in Table 4. When compared to TLP on a real scale, of course this
natural frequency is classified as large, this is due to the small mass of the model. This is not a problem
because actually the TLP scale has a large mass so that the natural frequency is small. Natural frequency
is affected by the ratio of the mass of the deck to the mass of the pontoon (ma/mp). If mass of the deck
become smaller, then the natural frequency will be larger. This is true according to the well known
formula of natural frequency wich is inversly proportional to the root square of mass, as shown in

Equation (16).
@)
V" - _J% (16)

Tabel 4. Frequency of the TLP 2-DOF model

Ratio Natural frequency
(ma/myp) f1 7
1:3 0,587 hz 2,831 hz
1:2 0,562 hz 2,431 hz
2:3 0,539 hz 2,202 hz
1:1 0,501 hz 1,946 hz

3.2 Comparison of the new model vs the existing model

Figure 5 shows a graph of the amplitude response of the new model and the existing model. Resonance
occurs at the first natural frequency and the second natural frequency, around 0.587 and 2.831,
respectively. The graph was plotted for mass ratio (mq:m,) of 1:3. At resonance conditions, the dynamic
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response of the new model is only 0.4 times the existing model, the RAO new model is about 1. It should
be noted that the real TLP does not operate in the resonant state. Outside the resonance region, it can be
seen that the RAO response is much smaller. From this discussion it is concluded that this model (TLP-2-

DOF) can be considered for application in extreme ocean waves.
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Figure 5. The dynamic response comparison between the new model and the existing model

3.3. Experimental validation
Experimental validation is required to check the accuracy of the analytical method. Figure 6 shows the

dynamic response comparison between theoretical and experimental. Both charts display good agreement
and a corresponding resonance phenomenon occurs at a wave frequency of around 0.587 Hz.
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Figure 6. The dynamic response comparison between theoretical and experimental

3.4 Effect of mass ratio ratio
The smaller the mass ratio (mg/mp), the greater the natural frequenc%. This is indicated by the position of

the peak moving to the right as the ratio mg/m, become smaller. In addition, the relatively small deck
mass resulted in a smaller RAO (except at mg/m, = 1). |
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Figure 7. The effect of mass ratio (mg/m) on dynamic response
3.5. Optimization

To get the optimal design, optimization of the mass ratio (mg/my) is carried out to minimize the RAO
value on the deck. The optimization process is carried out using the numerical method. Figure 8(a) shows
recorded realtime displacement data and Figure 8(b) shows amplitudo response in domain frequency.
Amplitude response (RAO) to the mass ratio variation (mg/mp) is shown in Figure 9. In this case, the best
ratio of the mass of the deck to the mass of the pontoon (mg/my) is about 0.2 where RAO becomes about
0.15. The excitation frequency given is 1.55 Hz, according to the frequency of the waves on the test
equipment.
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4. Conclusion
The proposed new model, called TLP 2-DOF, has a relatively stable dynamic response when compared to

the existing model. Thus this model can be an alternative solution to field conditions with extreme waves.
For a more optimal design, it is necessary to optimize the ratio of mass of the deck to the mass of the
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pontoon. As example, in this study the optimum ratio is 0,2,
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tNew model of tension leg platform for extreme wave applications\
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Tension Leg Platform (TLP) is an offshore platform structure that is usually used for deep sea oil and gas
exploration. The main structure of the TLP consists of a deck, pontoon, mooring system and foundation.
The working principle balances the buoyancy force, the weight of the structure and the tension of the
mooring rope. The problem is the use of TLP in the deep sea where sometimes extreme waves appear
with various strange behaviors, which can damage the TLP structure. This paper proposes a new model of
TLP that is more stable to wave forces. The working principle is to separate the mass of the deck and the
mass of the pontoon into two flexible parts, which are connected by cantilever spring system. Thus the
TLP displacement becomes two degrees of freedom (TLP 2-DOF). Furthermore, the TLP 2-DOF model
was developed into a dynamic damping system (Dynamic Vibration Absorber / DVA). The design
parameters were optimized to minimize the bperator amplitude response KRAO) on the deck, with the
hoontoon mass being considered as damping mass.l

Keywords : TLP; 2-DOF system; Dynamic Vibration Absorber; Optimization; RAO.

1. Introduction

Tension Leg Platform (TLP) is an offshore platform that is "compliant structure”, floating above sea level
because the buoyancy force is greater than the weight of the structure. The main components of the TLP
are the pontoon, deck, mooring system and foundation. In the installed condition, deck position is above
sea level while the pontoon is submerged in sea water. The overall structure is tethered to the seabed by
mooring ropes. TLP is usually used for deep sea oil / gas exploration activities. In the past, the TLP was
installed at a depth of only 147 m [1] and now TLP has been installed at a depth of more than 1500 m [2].

In the operation of TLP in the deep sea, sometimes there are extreme waves that look strange and are "out
of nowhere" [3]. For example, in the South China Sea there are frequent extreme waves known as internal
waves. Internal waves are floating waves caused by variations in water density, propagating in the
boundary layer of warm water and cold water below. It can propagate in many ways, including: short
regular waves, cnoidal and solitary waves and internal tidal waves [4]. Recently, the phenomenon of
extreme waves has become a concern because it has a potential to damage structures. For example, in the
period 2004-2005, hurricanes Ivan, Katrina and Rita in the Gulf of Mexico destroyed 126 offshore
structures and damaged 83 others [5].

Researchers have also attempted to study the relationship between extreme waves and dynamic TLP
responses. For example tRudman and Cleary (2013) ﬂlave conducted simulations and analyzes on rogue
wafes inpact and its effect on angle and rope tension [3]. The interaction between extreme waves and TLP
results in complex dynamics, affecting buoyancy, rope tension and rotational motion. thandrasekaran
(2013)] also analyzes TLP dynamics under wave extremes [6]. [[t is known that the dynamic response of
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the TLP is sensitive to extreme waves at high degrees of freedom and an operating frequency nearly the
same as the natural wave frequency.]

Many efforts to improve the design concept have been carried out by making design innovations. Among
them, modifying the TLP geometry to be triangular [7], adding and adjusting the mass of dampers [8] and
proposing a new model of mooring system configuration [9]. In addition, there are also those who
propose a design for tension-leg twin platform structural systems [10]. However, besides having
advantages, those design concepts also have several weaknesses. For example, the design of the Tension-
leg twin platform structural systems proposed iby Choi, Y. M. et al (2018) ‘depends on the ratio of the
distance of the two pontoon and wavelength, which at a certain number actually increases the resulting
dynamic response [11]. For these reasons, this study will discuss a new design that is different from the
previous designs, called the Tension Leg Platform Two Degree Of Freedom (TLP 2-DOF), h/hich is
relatively more stable to wave force.

2. Methods

2.1. Models and assumptions

f[n the existing model, the deck and pontoon form a single unit into a rigid body. In the proposed TLP 2-
DOF model, the deck and pontoon are made into two separate masses which are connected by a cantilever
spring systeml. This separation allows a flexible structure and movement in the direction of the waves
(surge) to be modeled as a two degree of freedom (2-DOF) system. Optimization of the design can be
done with the principle of Dynamic Vibration Absorber / DVA where the pontoon is considered as a
damper to stabilize the deck motion. Figure 1 (a) and Figure 1 (b) show the TLP exixting model and the
TLP 2-DOF model, respectively. To see the performance improvement, a comparison study was carried
out between the two models. The test set-up is shown in Figure 2 and the test specifications are given in
Table-1.

A

Sea level
Deck Deck cantilever
springs
[T ) H—HNec——" |
k¢
Pontoon} | Pontoon |
A
/ mooring rope
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Figure 1. TLP (a) The Existing Model and (b) The 2-DOF Model
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Figure 2. Test set-up
Tabel 1. The test specifications
Magnitude value
Deck mass (ma) 0,3 kg
Ponton mass (mp) 0.9 kg
Cantilever spring stiffness 9.537 N/m
(kot)
Excitation frequency (®) 9,77 rad/s
Excitation force (Fp) 0,242 N

2.2. Mathematical model for determining natural frequencies

Determining the natural frequency is necessary to anticipate the resonance phenomenon during operation.
The analysis is carried out referring to the free body diagram (FDB) shown in Figure 3. If the damping
factor of the structure is neglected, the equations of translational and rotational motion are as written in
Equation (1) and Equation (2), respectively. With the stiffness matrix method, equations (1) and (2) can
be solved to obtain equation (3). The next solution is carried out by calculating Equation (4) and Equation
(5) and the equations of motion are obtained as written in Equation (6) and Equation (7).

Figure 3. Free Body Diagram of TLP 2-DOF model
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2.3 Numerical Solution
Equation (7) which is known as the characteristic equation can be expressed in the matrix as

Equation (8) and Equation (9). This equation is a second order differential equation so that it can be
converted into first order (state-space form). If the form of the equation is taken to be Equation (10), the
next solution can be seen in Eq. (11, 12 and 13). If solved by numerical method by direct integration
using finite difference method, the solution is obtained as Equations (14 and 15).
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2. 4. Experimental studies

The experimental equipment is a pool of water as a medium for waves. The wave generator engine
consists of an exciter driven by a connecting rod connected to an eccentric rotor. The waves oscillate at a
frequency of 1.55 Hz. In this test, the displacement of the existing TLP and TLP 2-DOF models were
measured respectively and a comparative study was carried out. Displacement is measured using an
ultrasonic sensor device. Figure 4(a) shows water waves as a medium, and Figure 4(b) shows the new
model (TLP 2-DOF) and the existing model. Test equipment specifications and wave specifications are
shown in Table 2.

(b)
Figure 4. (a) Water waves as a medium, and (b) The new model (TLP 2-DOF) and the existing model.

Tabel 2. Test equipment and wave specifications



Magnitude value

Pool length (p) 200 cm

Pool width (1) 60 cm

Pool height (t) 80 cm

Water level/height (h) 60 cm

Wave direction Horizontal (surge)
Wave amplitude (A) S5cm

Wavelength ()) 35cm

Wave frequency (fw) 9,77 rad/s (1,55 Hz)

3. Results And Discussion

Before discussing further, it needs to be reminded first that the dynamic response in question is that which
is measured on the deck component. The dynamic response is expressed in the response amplitude
operator (RAO). In this case, RAO is defined as the ratio of TLP displacement (deck) to wave amplitude.
The design is carried out to minimize the amplitude response of the deck components, because this
component is used for operational activities.

3.1.Natural Frequency

The natural frequency of the TLP 2-DOF model is obtained by solving the characteristic equation and the
two lowest frequencies can be seen in Table 4. When compared to TLP on a real scale, of course this
natural frequency is classified as large, this is due to the small mass of the model. This is not a problem
because actually the TLP scale has a large mass so that the natural frequency is small. Natural frequency
is affected by the ratio of the mass of the deck to the mass of the pontoon (mg4/mp). If mass of the deck
become smaller, then the natural frequency will be larger. This is true according to the well known
formula of natural frequency wich is inversly proportional to the root square of mass, as shown in

Equation (16).
1 [k )
= TJ% (16)

Tabel 4. Frequency of the TLP 2-DOF model

Ratio Natural frequency
(ma/myp) f1 2
1:3 0,587 hz 2,831 hz
1:2 0,562 hz 2,431 hz
2:3 0,539 hz 2,202 hz
1:1 0,501 hz 1,946 hz

3.2 Comparison of the new model vs the existing model

Figure 5 shows a graph of the amplitude response of the new model and the existing model. Resonance
occurs at the first natural frequency and the second natural frequency, around 0.587 and 2.831,
respectively. The graph was plotted for mass ratio (mq:mp) of 1:3. At resonance conditions, the dynamic
response of the new model is only 0.4 times the existing model, the RAO new model is about 1. It should



be noted that the real TLP does not operate in the resonant state. Outside the resonance region, it can be
seen that the RAO response is much smaller. From this discussion it is concluded that this model (TLP-2-
DOF) can be considered for application in extreme ocean waves.
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Figure 5. The dynamic response comparison between the new model and the existing model

3.3. Experimental validation
Experimental validation is required to check the accuracy of the analytical method. Figure 6 shows the

dynamic response comparison between theoretical and experimental. Both charts display good agreement
and a corresponding resonance phenomenon occurs at a wave frequency of around 0.587 Hz.

"\.

Experiment

|
0.8 4

RAO (surge)
=)
>

Theoritical
-

0.4

-
- -

Frekuensi (Fz)

Figure 6. The dynamic response comparison between theoretical and experimental

3.4 Effect of mass ratio ratio
The smaller the mass ratio (ma/my), the greater the natural frequency. This is indicated by the position of

the peak moving to the right as the ratio mq¢/m, become smaller. In addition, the relatively small deck

mass resulted in a smaller RAO (except at ma/mp = 1).
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Figure 7. The effect of mass ratio (ma/m;) on dynamic response

3.5. Optimization

To get the optimal design, optimization of the mass ratio (ma/mp) is carried out to minimize the RAO
value on the deck. The optimization process is carried out using the numerical method. [Figure 8(a) shows
recorded realtime displacement datal and Figure 8(b) shows amplitudo response in domain frequency.

Amplitude response (RAO) to the mass ratio variation (ma/mp) is shown in Figure 9. In this case, the best
ratio of the mass of the deck to the mass of the pontoon (ma/mp) is about 0.2 where RAO becomes about
0.15. The excitation frequency given is 1.55 Hz, according to the frequency of the waves on the test
equipment.
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4. [Conclusion\

The proposed new model, called TLP 2-DOF, has a relatively stable dynamic response when compared to
the existing model. Thus this model can be an alternative solution to field conditions with extreme waves.
For a more optimal design, it is necessary to optimize the ratio of mass of the deck to the mass of the
pontoon. As example, in this study the optimum ratio is 0,2.
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clearly put, it would be worthwhile to
discuss this detail.

11 | #A. Comment [HE38]: The figure is not done
clear. Also, Author should make in
English term.

12 | #A. Comment [HE39]: RAO (surge)? Before: RAO (surge)

Is this numerical result or experimental | After: RAO horizontal motion
results? Please state in text.

13 | #B. Commented [AT11]: please added the | done
tool to record displacemen data

14 | #B Commented [AT12]: please uses high | done
resolution pictures

4. Conclusion

No Reviewer comments Revision

1 #A. Comment [HE40]: In this part, done
Author(s) should state firstly the
objectives of the present study.

Also, Author(s) should clearly make
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conculison the new model, and then the
characteristics of the new model.

2 #A. Comment [HE41]: Author(s) should Done
add some references to be 15 updated
references.

5. Overall Comments
No Reviewer comments Revision
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