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Abstract. Having in mind the objectives defined by the UN 2030 agenda, researches such as those resulting from
the ondomotriz principle grew in importance. Therefore, this work aims to evaluate the potential energy conversion
provided by a Pelamis device in a study case for Rio Grande - RS. The development of the research is made through
parameterized numerical simulations, which were performed using ANSYS AQWA software. Specific issues were
necessary about verification of mesh refining convergence, time step definition and application of monochrome
waves belonging to the study area sea state. Relative to the anchorage system, the catenaries composition was
determined through an iterative routine using the MATLAB software. The simulations returned data about the
movement of the cylinders, which were processed in MATLAB aiming to quantify, plot and evaluate the rotation
in the joint between the cylinders. Thus, the stability of the mechanism and the possible power generation potential
is evaluated. The study demonstrates an important relationship between the structure length and the wavelength.
Finally, from the analysis of the results, the study suggests the best parameters combination for the researched
location.
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1 Introduction

In 2015, the United Nations (UN) released the 2030 agenda for sustainable development, a document which
enumerates 17 development goals to be achieved for a better world. Attempting to the objectives related to “Af-
fordable and Clean Energy” and “Industry, Innovation and Infrastructure”, renewable energy generation devices
becomes more relevant.

With that in mind, it is verified that the energetic potential of the sea can reach up to 2 TW (Thorpe [1])
and the marine converters generate energy about 90% of the operating time (Pelc and Fujita [2]). Thereby, it can
be emphasized the Pelamis marine energy converter (Fig. [Ta)), both for its ease of installation and the use of its
own buoyancy as a source of reaction force (Eden [3]). Among the works involving this type of converter, the
research made by Alves [4] seeks to size the mechanism based on the interest site; the work of Hongzhou et al.
[5] evaluates the angular movement between the cylinders and the work of Eden [3] aims to evaluate the energy
absorption efficiency of the Pelamis.

Therefore, it is important to pay attention to all aspects mentioned above to evaluate the Pelamis behavior.
This work aims to size 3 different Pelamis structures, based on the most frequent sea waves of Rio Grande-RS,
Brazil, and perform hydrodynamic simulations of the structures excited by these waves using ANSYS AQWA, in
order to assess the mechanism stability and the angular movement between the cylinders. Thereby, it is possible
to evaluate the energy conversion potential of the device and suggest the best Pelamis module length range for the
application site.

2 Wave definitions

In order to define the wave characteristics of the study area, data from the Brazilian Coast Monitoring System
(SiMCosta) was used, obtained via an acquisition buoy located above 13 m depth, in front of Casino beach, Rio
Grande-RS, Brazil (SIMCOSTA [6]).
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The average height and period data were obtained from the website, gathering information from February
2019 to April 2020. The data in the form of temporal series were treated separately, fitted with normal distributions
aiming to restrict the values to a highest occurrence range, in order to select the information that better represents
the sea state. The height and period were restricted to a 60% range of occurrence around the average, attempting
to the limits where it occurs. In addition to these limits, two intermediate values of periods were used, on a range
of 20% of occurrence. Also, the average height was used.

The waves used on the simulations, resulting from the combination of the previously discussed data, are
shown in Table[T] which describes the periods, heights and wavelengths (L).

Table 1. Sea state

Wave Height (m) Period (s) L (m) Wave Height (m) Period (s) L (m) Wave Height (m) Period (s) L (m)

1 0.4806 4.2294 27.8481 | 5 0.7214 4.2294 27.8481 | 9 0.9622 4.2294 27.8481
2 0.4806 4.8886 36.8475 | 6 0.7214 4.8886 36.8475 | 10 0.9622 4.8886 36.8475
3 0.4806 5.4554 45.1054 | 7 0.7214 5.4554 45.1054 | 11 0.9622 5.4554 45.1054
4 0.4806 6.1144 549187 | 8 0.7214 6.1144 549187 | 12 0.9622 6.1144 54.9187

(b)
Figure 1. Pelamis example: (a) in operation (YEMM et. al. [7]) and (b) simulation model

3 Sizing

In the same way as the wave definitions, the structure sizing in terms of length, diameter and spacing between
the modules was designed based on the average of wavelengths and the limits which 60% of them occur. Working
toward a maximum energy absorption, the module length was calculated, as recommended in Alves [4], as being
the half of the wavelength. The diameter (d) was calculated according to an average ratio between the length (C)
and the diameter of each module (C/d) of different Pelamis studied by several authors. This average ratio result
in a value of 9.57, and the source studies are shown in Table[J] Lastly, the minimum spacing (e,,,) between the
two modules was calculated ensuring no collision on a critical wave, which has the highest wave height registered
among those acquired and a 60% bottom limit period, since this would generate the greatest angle (6,4, ) between
the Pelamis module and the waterline. The idea of the calculation is presented in Fig. 2] which demonstrates the
relationship between the minimum acceptable spacing and the maximum angle generated by the critical wave.

Table 2. Parameters given by other studies and used for the diameter calculation

Parameter | Alves [4] Yemmetal [7] Cruz and Sarmento [8] Mahmoodian et al. [9] Karim et al. [10]
Length 30 36 30 35 36

Diameter | 3 4 35 35 35

Quantity 2 5 4 4 5

C/d 10 9 8.57 10 10.28

The proposed geometries are presented in Table[3] which were rounded in this work. The spacing () between
the modules, in view of being a critical part of the project, was also rounded upwards for safety.

Since Pelamis is an offshore structure and aiming to restrict the translation and stabilize the structure, a cate-
nary anchorage configuration was chosen in accordance to Fitzgerald and Bergdahl [11]. A routine in MATLAB
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Figure 2. Idea used to calculate the spacing

was made to calculate the required parameters to obtain a consistent catenary. Employing Faltinsen [12] equations,
the cable is sized to support all the forces caused by the structure. Also, the routine takes into account material
properties with information obtained from the Bridon manufacturer catalog (BRIDON [13]). The material chosen
was a polyester cable which has a weight per meter in air equal to 10 kg/m and maximum tension of 3924000 N.
Table E] shows the final anchoring dimensions, where I, stands for total length, [, the suspended length, p; is the
fixed point, 6, is the angle between the waterline and the catenary, and J,,, the maximum horizontal variation of
movement. Figure [Tb]illustrates the model arrangement used in the simulations, in which there are two catenary
cables connected to each module and, at the center, connecting the cylinders, a joint that allows rotation only in
one axis.

Table 3. Proposed structures

Pelamis Length Diameter Spacing

1 14 m 1.5m 0.4 m
2 20m 2.0m 0.5m
3 27 m 30m 0.7 m

Table 4. Anchorage properties

ly(m) Is(m) pp(m) 6, (°) 0y (m)
Pelamis 1 253.34 146.65 252.67 10.13 0.32
Pelamis 2 213.01 123.44 21210 12.02 0.39
Pelamis 3 9597  56.42 9395 2595 0.84

4 Numerical modeling

The dynamic behavior of the floating structure is numerically modeled based on a mass-spring-damper system
composed by six degrees of freedom, as described in Chakrabarti [14], shown in equation:

Mri(t) + Ci(t) + Ka(t) = Foge(t), (1)

which M is the sum of the structural and additional mass, C' is the viscous damping and K is the cable stiffness
added with the stifness due to the structure restoring part. All these components being matrices. The vectors &, &
and x denote the acceleration, velocity and displacement, respectively.

The excitation forces are expressed by the vector Fe,¢, which are described by the next equation, where
F,(t) is the Froude-Krylov force and Fg;¢(t) is the diffraction force:
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Fept(t) = Fyp(t) + Faip(t). 2)

Froude-Krylov force, described in eq. (3) and eq. (4), is exerted in the structure by the pressure field generated
by waves not disturbed due to the structure presence. According to Chakrabarti [14], it is determined by the integral
of the dynamic pressure (pq) with respect to the submerged surface:

Frw =Ch // PanadS, (3
s

Fpr, = Cy // pan.ds. 4
5

Cy and Cy, are force coefficients related to horizontal and vertical directions, n, and n, are the normal
directions of horizontal and vertical axis, respectively. Based on the linear wave theory, the pressure gradient from
a wave passage is represented by eq. (3) (Dean and Darlymple [15]):

P, 2,t) = pgfj’”%z)))(kx — wt) — py=. 5)
With p being the water density, g the gravitational acceleration, H the wave heigth and k& = 27 /L the wave
number. The depth is expressed by £ and w is the wave angular velocity.
The force excitation due to diffraction is also obtained from the pressure integral along the body structure,
however with boundary conditions associated to dynamic pressure modifications forced by the structure presence.
Therefore, its simplification to a first-order system according to Chakrabarti [14] is given by:

Fdif = E// plnds. (6)
S

¢ is the perturbation parameter and p; is the first-order portion of the pressure derived from the Laplace
equation solving due to a potential flow, limited to certain boundary conditions.

To solve those equations, the ANSYS AQWA software splits the structure in discrete parts, in a process
known as the panel method, allowing the evaluation of the potential flow around the body, and then applies the
necessary boundary conditions to solve the differential equations.

5 Mesh refinement and timestep

A mesh refinement verification process is required, and the best way to do it, according to Massie [16], is by
performing simulations and checking the convergence of results.
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Figure 3. Mesh refinement convergence of 14 m length Pelamis
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Defining that, in hydrostatic equilibrium, the modules would have 70% of the diameter submerged in water,
the analytical mass was calculated. After that, it was compared with the numerical mass obtained by ANSYS for
the same hydrostatic condition. Starting from a mesh with few elements, which were progressively being increased,
it was possible to notice the convergence of values. At the end, meshes with approximately 10,000 elements were
chosen in the 3 cases, resulting in an error close to 0.35% between the software calculation and the analytical mass.
Figure [3| shows the iterative process of refinement to the Pelamis type 1 .

The time step selection was based on the recommendation of the ANSYS manual [17], which states that the
maximum value must be less than one tenth of the shortest wave period for the simulation convergence. Thus,
starting from the value of 0.42 s, progressively smaller time steps were tested until a response convergence was
found for a value of 0.1 s.

6 Results and discussion

After simulating all the Pelamis described in Table 3 for each wave presented in Table 1, graphs were plotted
aiming to quantify the relative angular displacements between the modules, which are defined by:

erel = 180° — (epos + eneg)- (7)

Being 0,5 and 0., the longitudinal axis angles of the two cylinders with respect to the waterline. The
angular displacement was obtained in order to evaluate the stability of the converter related to the wave and its
length, in addition to evaluating the energy potential.

Analyzing the angle-time graphs, it is possible to notice a sinusoidal behavior in all cases, except in the
simulation corresponding to wave 9 (height 0.9622 m and period 4.2294 s) submitted to Pelamis 1. The graph for
this case is shown in Fig. fal which can be compared with other responses from different situations that have more
uniform graph formats, as shown in Fig. b} Fig. [Acand Fig.

Attesting the difference in behavior between the conditions of Fig. @ajand the others, Fig. [Ab]and Fig. fic|also
refer to wave 9, but concerning to Pelamis of type 2 and 3 respectively, which demonstrates sinusoidal behavior.
Figure [4d| shows the sinusoidal behavior of the relative angular displacement response of Pelamis type 1 to wave
10, envincing that, even when both structures are the type 1 Pelamis, they do not respond equally to the waves.

Additionally, by plotting the Pelamis 1 response when exposed to wave 9 combined with its wave slope angle,
both varying with respect to the simulation time, it is confirmed that the irregular waveform obtained is resultant
from a device instability (Fig. [5). The instability of Pelamis 1 in wave 9 suggests that the ratio between maximum
wave steepness and Pelamis length is the limit value for stability, however, a deeper analysis is needed to verify
this correlation.

In order to quantify the energy potential, the RMS values of the relative angles between the modules were
calculated and the results are shown in Table 5] The gradient in Table 3] varies from green to red, as the angle
decreases. The wave column refers to the waves defined in Table[T]

Attempting to the wavelength of waves 1, 5 and 9, available in Table([l] it is noticed that its value is approxi-
mately 28 m, being twice the length of the Pelamis 1, which, precisely for these waves, presents greater oscillation
when compared to other waves of the same height. Similarly, it is verified that waves with wavelengths closer
to twice the length of the 20 m and 27 m Pelamis are the ones with the greatest oscillation in these devices. In
addition, analyzing Table[T|together with Table[3] it is noticed that the higher the wave height, the greater the RMS
value of the relative angle between the modules.

. Relative oscillation angles of type 1 Pelamis subj towave 9

R Relative oscillation angles of type 2 Pelamis subjected to wave 9

Relative angular displacement on Y axis (°)

L

Relative angular displacement on Y axis (°)

e e w e w L
Time (s) ime (s

(a) Pelamis 1 exposed to wave 9 (b) Pelamis 2 exposed to wave 9

Another analysis is done with the simulation results, aimed to find out which of the 3 Pelamis oscillates the
most combining the results of the 12 simulated waves. This data is presented in Table [6|below, which contains the
average of the RMS angular displacements between the 12 input waves for each device.
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,_Relative oscillation angles of type 3 Pelamis subjected to wave Relative oscillation angles of type 1 Pelamis subj to wave 10

Relative angular displacement on Y axis (*)
Relative angular displacement on Y axis (*)

50 ® ) EY
Time (s) Time (s)

(c) Pelamis 3 exposed to wave 9 (d) Pelamis 1 exposed to wave 10

Figure 4. Relative angular displacement between cylinders of different lengths exposed to different waves

. Combination of oscillation angles ofa type 1 Pelamls exposed to wave 9 and the slope angles of wave 9
T T

—Wave

IR

Time (s)

Inclination angle (°)
°

Figure 5. Combination of oscillation angles of a type 1 Pelamis exposed to wave 9 and the slope angles of wave 9

Angular displacement is the main variable that implies the power generation potential of the Pelamis-type
converter, but in addition to it, it is also important to pay attention at the moment generated by each module, since
the moment arm varies according to the length and diameter of the device.

Table 5. RMS values of the relative angle between the modules

Pelamis length (m) Pelamis length (m) Pelamis length (m)
Wave 14 20 27 Wave 14 20 27 Wave 14 20 27
1 3.7719 2.0753 0.2373 5 5.6618 3.0337 0.2895 9 6.7913 4.0334 0.3589
2 2.8366 2.7072 1.4253 6 4.2477 3.9847 2.1340 10 5.6563 5.2809 2.9571
3 2.1889 2.4616 1.9602 7 3.2724 3.6467 29177 11 4.3534 4.8126 4.1015
4 1.6487 1.9843 1.9679 8 2.4602 2.9496 2.9224 12 3.3132 3.9252 3.891

Table 6. Average RMS values of the relative angle between the modules

Pelamis length (m) ‘ 14 20 27
Average RMS angle (°) ‘ 3.8502 3.4079 2.0968

7 Conclusion

By analyzing the RMS relative angular displacement data from the simulations and considering the charac-
teristic length of each wave, it is possible to verify the proposed correlation between incident wavelength and the
length of the Pelamis cylinder.

It was noticed that the converter that presented the greatest energy potential was the one that also presented
instabilities, demonstrating that it is necessary to balance these two parameters in order to propose a Pelamis that
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works fine for the interest location. Therefore, it is concluded that a Pelamis with a length much less than half the
wavelength of the interest place sea state does not work properly, as it tends to become unstable since the ratio of
steepness to Pelamis length can exceed the simulated limit value. In addition, for larger Pelamis lengths, when
compared to the wavelength, it is verified some difficulty in obtaining large relative angular displacements between
the modules, which implies low potential energy generation.

Thus, for Rio Grande-RS, Brazil, in view of the presented results, it is indicated a Pelamis converter device
with lengths in a range of 14 to 20 m in order to provide greater capacity for energy conversion from the most
frequent waves evaluated by the study. Due to the joint model used for the two cylinders, the results obtained with
this work are applicable for a Pelamis that has a power generation system with minimum stiffness and damping,
parameters reflected in the used joint. To verify the influence of the moment generated by the modules, simulations
with more resistant joints would have to be carried out, which would translate into more rigid energy generation
systems, thereby possibly modifying the structure’s response and consequently the angular displacement.
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