Proceedings of the 2nd Marine Energy Technology Symposium
METS2014
April 15-18, 2014, Seattle, WA

REVIEW OF METHODS FOR MODELING WAVE ENERGY CONVERTER SURVIVAL
IN EXTREME SEA STATES

Ryan G. Coe∗
Sandia National Laboratories
Albuquerque, New Mexico, USA

Vincent S. Neary
Sandia National Laboratories
Albuquerque, New Mexico, USA

ABSTRACT
Survivability is by no means a new concept to ocean engineering; ships must remain stable and structurally intact in violent sea states; the same is true for offshore oil and gas structures.
While knowledge from the ship and offshore sectors can be valuable for designing wave energy converters (WECs) for survival
in rough seas, the unique scale, siting and operational characteristics of WECs pose a distinct set of engineering challenges.
This paper seeks to provide a review of methods for modeling
the loading and dynamic response of WECs and analogue marine structures, such as ships and offshore structures, in large
nonlinear waves. We identify current knowledge gaps in our understanding of WEC survivability and provide recommendations
for future research to close these gaps.

storms. Conversely, reliability continues to be an issue for wind
turbines, as gearbox failures from regular wear-and-tear exceed
expectations. Drawing on inferences from other engineering disciplines, Brown et al. defines WEC survivability as “the ability
of a marine energy system to avoid damage, during sea states
that are outside of intended operating conditions, that results in
unplanned down time and the need for service.” It is important
to note from this definition that survivability pertains specifically
to extreme sea states, but not other statistically infrequent events
(e.g., boat strikes, rogue waves or tsunamis). This restriction is
critical to utility of survivability as metric in WEC design and we
therefore adhere to this definition in the following review.
Even when we restrict our focus to the survival of WECs in
extreme sea states, the definition of an extreme sea state is, as
it pertains to WEC survival, somewhat ambiguous. While structural loading in a device will tend to grow with wave height, the
trend is also likely to possess a number of local maxima associated with certain wave period and height combinations. These
local peaks could be points of resonance or simply scenarios
that causes intense loading of the device. A priori knowledge
of which sea states will cause the highest levels of loading in a
specific WEC is not often available. WEC survival analysis must,
therefore, be an iterative process, such as that shown in Figure 1.
This diagram illustrates a process in which extreme sea state
characterization, modeling and failure analysis are combined to
assess and understand the unique survivability concerns for a particular WEC taxonomy, design and deployment site. This paper’s
focus is mainly restricted to the response modeling component
of the WEC survival analysis process. In that interest, the remainder of this paper is organized into sections on extreme sea
state characterization, response modeling, special modeling considerations and a discussion of the how WEC development could
benefit from further research in the area of survival analysis.

INTRODUCTION
Thus far, most WEC research and development has focused
on operational performance (optimizing energy capture and conversion efficiency). The commercial viability of a WEC is
equally dependent on its ability to operate, with minimal downtime for repairs, for many years. This second aspect comprises
two components: reliability and survivability.
While the terms reliability and survivability are occasionally
used interchangeably, the recognition of two unique definitions
is essential to the function of a more systematic WEC design
process. The development of standardized definitions for these
terms was presented by Brown et al., in which the authors used
wind turbines as a proxy to illustrate the distinction between reliability and survivability [1]. Wind turbines have relatively few
survival issues, as their ability to pitch their blades into strong
winds has proven to be very effective at limiting loads during
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Insight can be gained from analyses based in both regular
and irregular wave spectra. Regular wave spectra allow for more
straight-forward isolation of phenomena, while irregular spectra
represent a more realistic environment. If available, site-specific
spectra can be used for irregular wave analyses. When no sitespecific data is available, most guidelines prefer the Joint North
Sea Wave Observation Project (JONSWAP) spectrum when assessing ocean structure survival [3, 7, 8]. Following the convention used by offshore oil and gas standards, a three hour duration (at full-scale) is often suggested for irregular wave survival
tests [9, 4, 10, 5].
The extreme sea state conditions of the DOE Reference
Model 3 device (RM3) target deployment site, which has a water
depth of 50 m, were analyzed by Berg [11]. Berg employed procedures from DNV [12, 9] and the inverse FORM technique [13]
to develop extreme wave, wind and current projections. Using a
100-year return period, Berg estimated that seas with a significant height of 11 m and a peak period of 17 s should be considered in survival analyses.
The use of historical records to predict extreme sea states of
a given return period has recently come into question with growing evidence of climate change. Ruggiero et al. investigated the
changing wave climate in the US Pacific Northwest [14]. The
researchers focused on roughly 40 years of hourly wave data
from two buoys. Their results showed that the average yearly
significant wave height has increased steadily over that period
(at a rate of 0.015 m/yr). More importantly for the application
of WEC survival, Ruggiero showed that large waves are growing at a much faster rate; the average significant wave height of
a five largest storms per year has grown at a rate of 0.071 m/yr.
This study raises concerns about our ability to characterize extreme sea states for the purpose of WEC survivability analysis
and design.
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FIGURE 1.

WEC survival analysis framework.

EXTREME SEA STATE CHARACTERIZATION
Extreme sea states, defined herein as a combination of extreme wind, wave and current events, represent the input to WEC
dynamic response models. These inputs are typically determined
for a WEC site from in-situ historic records that measure wind,
wave and current magnitudes and directions. From these records
the recurrence interval T (the return period in years that the event
will occur on average), or the annual probability P = 1/T of the
extreme loadings can be estimated. WEC design guidance documents have yet to offer specific recommendations on the design
return periods to use for extreme wind, wave and current conditions [2]. Although return periods of T = 100 years are common
for marine structures, lower return periods can be used, if acceptable for survivability, when the design service life is less than 100
years [3]. The design service lives of WEC devices are also still
somewhat speculative, but it seems unlikely that they would be
more than twenty to thirty years. Therefore, it may be more economical for developers to accept more risk and design WECs for
relatively less extreme conditions with T = 50 years.
While conditions can be estimated from historic records and
statistical analysis, identifying the “most demanding” sea states
on which an analysis should focus may require a relatively large
systematic series of tests. In addition to wave height, a number of factors are likely to influence device response. The dependence of device response to wave length-to-height ratio (i.e.,
steepness) may be high for certain WEC taxonomies [4, 5]. Device response dependence to incoming wave angle should also be
assessed. Even axisymmetric point absorbers tend to use asymmetric mooring systems; in general, the most conservative analysis can be obtained if waves are aligned with a single mooring
line [6]

EXTREME EVENT MODELING
WECs are vulnerable to large waves for a number of reasons. As with any moored device, loads within the mooring
system, including anchors, mooring lines and connection points,
must be considered. An additional concern for a WEC is overexcitation and over-extension of components within the power
conversion chain (PCC). Such an occurrence has the potential to
create both electrical and mechanical failures. Engineers must
rely upon models (numerical and physical) to identify potential
vulnerabilities and assess WEC survival in extreme conditions.
Dynamic response models, that predict the motion of a
WEC in waves, represent a fundamental tool in WEC design.
Frequency-domain dynamic response models are often used to
predict device performance and power production. These tools
are, however, not well suited to analyze WEC survivability.
While frequency-domain simulations can be used to model WEC
response to regular waves, the highly irregular spectra that make
2

and physical modeling methods. While a large number of methods can be recognized within this space, three main categories
will be discussed here: semi-empirical and potential flow models, high-fidelity computational fluid dynamics (CFD) methods
and physical model-scale testing.

FIGURE 2.

Semi-Empirical and Potential Flow Methods
Semi-empirical and potential flow time-domain simulations
represent the most efficient modeling method appropriate for the
analysis of WECs in large waves. These models are based on
ideal flow theory with the addition of factors to account for viscous effects. While semi-empirical and potential flow models
can represent large nonlinear waves, they cannot handle complex
free surface phenomena such as wave breaking.
Greenhow et al. presented an analysis of Salter’s “duck” in
extreme waves using a two-dimensional nonlinear potential flow
code and experimental testing [19]. The fixed-axis device was
analyzed in near shore waves that were numerically modeled to
match those created in an experimental flume. Up to the point
of wave breaking, the forces predicted to affect the duck by the
numerical model showed fair agreement with the overall trends
and magnitudes measured experimentally.
Three-dimensional nonlinear potential flow methods have
seen continued interest and development in recent years [20, 21].
Sclavounos presented a novel method of calculating the forces
and moments on structures within these codes that improves
computational efficiency [22]. A number of studies applying
these methods [23, 24] and mixed order methods [25, 26] to
WECs have shown good agreement with experimental data.
A common approach in WEC design is to use a semiempirical and potential flow model as the main driver behind the
design of a WEC’s mooring system [6, 27, 28]. In this approach,
the need to predict localized hydrodynamic load on a device is reduced as the analysis is more focused on loads within the mooring system. The simplicity of such a model allows for straight
forward execution of partial failure analyses (e.g., loading after
the failure of a mooring cable).

Applicability of wave formulations [15].1

up real sea states can only be modeled using time-domain analyses. Additionally, frequency-domain models require the use of
a linear wave formulation. This constraint is mildly restrictive
for an analysis focused on operational waves, but is entirely unworkable when there is a need to assess device survivability in
large waves. Figure 2, originally presented by Le Méhauté [15],
summarizes the applicability of various wave formulations based
on wave steepness and water depth. Here, H, τ and h represent
wave height, wave period and water depth respectively, while
g denotes the acceleration due to gravity. Beyond their inability to handle realistic inputs (i.e., irregular nonlinear waves),
frequency domain models are not capable of incorporating the
nonlinear physical phenomena, such as large amplitude motions,
wave breaking, viscous flow and nonlinear PCC dynamics, that
come to dominate WEC loading in large nonlinear waves. The
aforementioned 100-year sea state for the RM3 deployment site,
for example, would require a Stokes 3rd -order wave formulation
(H/gτ 2 ≈ 0.004 and h/gτ 2 ≈ 0.018).
The shortcomings of frequency-domain models necessitate
more complex numerical models and physical experiments capable of more fully representing the physical systems that govern the motion of a WEC. A number of authors have presented
useful summaries of numerical modeling methods applicable to
WECs [16, 17, 18]. This review will examine both numerical

High-Fidelity CFD Methods
With the growing availability of CFD codes capable of representing the multiphase system inherent to free surface flows,
CFD has seen increasing usage in WEC survivability analyses.
While these simulations are orders of magnitude more expensive
to run than semi-empirical and potential flow models, they offer a
much higher level of fidelity and are still quite efficient compared
to physical testing. The International Towing Tank Conference
(ITTC) provides a valuable set of guidelines for CFD analysis of
ships that retains applicability for WECs [29].
As previously mentioned, the ability to model the response
of a WEC in waves depends first and foremost on the ability to
accurately model the waves of interest. Creating and propagat-

1 Image source: “Water wave theories” by Kraaiennest is licensed under CC
BY-SA 3.0
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resent complex free surface flows. Omvidar et al. compared
RANS, SPH and experimental results for a two-dimensional
wedge and three-dimensional cone in heave [38]. The SPH code
was able to return good results for the two-dimensional case, but
performed poorly in the three-dimensional case. Westphalen et
al. presented another useful comparison, with analyses of a WEC
comprising finite-volume, finite-element and SPH methods [39].
While the SPH code performed well in small waves, it showed
increasingly poor results at larger wave heights. These studies
suggest that further development is needed before SPH can be
reliably used as a tool for applied research on WECs.
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Physical Modeling
While theoretical advancements and increasingly affordable
computing power have encouraged wide use of numerical modeling of ocean engineering systems, these analyses still rely on
physical experimentation for validation. The need for physical
modeling is particularly critical for WEC survival analysis, as
nonlinear phenomena are important [3].
The need to properly scale different physical phenomena and
values is central to experimental modeling. As is the case for
surface ships, gravitational phenomena are generally more dominant than viscous effects in WEC operation; thus Froude scaling
is employed. If the ratio of the characteristic lengths of a scaled
model and full-scale device is given by

ing steep nonlinear waves is not a trivial task for CFD codes.
This issue was demonstrated in a number of studies. In particular, Westphalen et al. presented results that highlight the importance of free surface formulations [30]. This study also considered the effects of boundary conditions and the use of higherorder wave formulations. Slight differences in numerical damping were shown to produce sizable discrepancies in wave propagation. Hu et al. demonstrated the effects of spatial and temporal
discretization (i.e., mesh and time-step sizing) on wave propagation [31]. If a comparison of experimental data and CFD predictions for device response is planned, a separate validation to
assess the accuracy of the waves in the numerical simulation can
rule out a potentially large source of error.
Although analysis of the forces on fixed bodies can provide
some useful information (e.g., see [32, 33]), a dynamic simulation is essential for a more complete understanding. Such a simulation must address a complex multi-physics problem, as illustrated in Figure 3. Offshore oil and gas platforms are governed by
a similar system. Buchner and Bunnik modeled the response of a
tension-leg platform (TLP) using a CFD code with linear springs
to represent the structure’s mooring lines. Numerical predictions
of loads at mooring connection points in large nonlinear waves
showed good agreement with experimental results. A study by
Palm et al. used a framework like that shown in Figure 3 by
explicitly coupling the open source code OpenFOAM with an
in-house mooring system dynamics code [34]. While no experimental results were available for comparison, the study was successful in identifying a potential failure in the WEC’s mooring
system. A series of papers by Yu and Li showed a similar approach using the commercial code STAR-CCM+ [35, 36, 37]. A
reaction plate point absorber was studied in both “locked” and
“operational” PCC configurations (see subsequent Survival Configurations section for more on this topic). In the operational
configuration, a spring and damper system was employed. Simple linear springs were used to model the experimental mooring
system. The results from these CFD simulations showed good
agreement with experimental results.
Smoothed-particle hydrodynamics (SPH) offers attractive
advantages over traditional Eulerian CFD in its ability to rep-

λ=

`model-scale
,
`full-scale

scaling of the important physical parameters can be achieved using the factors shown in Table 1. Many excellent discussions
on experimental scaling and dynamic similitude are available
(e.g., [40, 41, 42]).
Special considerations must be given to the scaling of the
various subsystems of a WEC, which are dominated by phenomena that do not follow Froude scaling (e.g., mechanical friction, stiffness, viscosity and air compressibility). Generally, the
choice of a model-scale must be motivated by the phases of device development, desired type of testing and the capabilities of
wave tanks. Holmes and Neilsen outlined the various phases
of model testing [4, 10]. These guides suggest that WEC survival testing be executed at both small (1/100 < λ < 1/25) and
medium (1/25 < λ < 1/10) scales. There are a number of documents that offer guidance on scale selection for experimental
WEC modeling [41, 42, 4, 10, 5].
Returning to the example of the RM3 device discussed in
the Extreme Sea State Characterization section, the challenge of
conducting model-scale testing becomes quite clear. In an analysis of the RM3 device, Berg identified an extreme sea state with a
significant height of 11 m and a peak period of 17 s. If testing at
4

TABLE 1.

Relevant Froude scaling factors for WEC modeling.

Parameter

Scaling factor

Position (length)

λ

Angle

λ0

Velocity

as two-dimensional wedges, cones, cylinders and spheres (e.g.,
[46, 47]). These studies have supplied engineers with a wealth
of empirical data on slamming events from which to develop numerical models. The first of these methods were developed by
von Karman [48] and Wagner [49] to analyze seaplane floats.
The need to analyze ship slamming events has garnered many
improvements to these and other methods (e.g., [50, 51]). More
recently, computational power has allowed researchers to apply CFD codes to slamming analysis problems [52, 53, 54].
These codes, which often employ mixed fidelity methods to capture near and far-field phenomena (e.g., [52]), have shown very
promising results.
A group of researchers at Ghent University conducted slamming analyses of a composite WEC point absorber [55, 56].
Large-scale (λ = 1/3) physical drop tests were performed in
conjunction with finite element analysis (FEA) modeling to determine loading within the structure. CFD simulations of the
slamming event were also conducted. As the use of composite structures in this application is somewhat novel, tests were
specifically designed to assess the effects of reduced structural
rigidity. For the device tested, the increased ductility of the composite structure reduced pressure loads by roughly 50%. The
results from this study’s high-fidelity models showed major discrepancies with values determined using semi-empirical methods
suggested by DNV [9].

λ 1/2

Linear acceleration

λ0

Angular acceleration

λ −1

Force

λ3

Moment

λ4

Pressure

λ

Power

λ 7/2

Mass

λ 7/2

Time

λ 1/2

a scale of λ = 1/15 (as suggested by Holmes and Nielsen [4,10])
is desired, the wave tank would need to produce irregular waves
with a significant height of roughly 0.75 m. Very few wave tank
facilities are capable of creating waves of this magnitude.
Relatively few physical modeling studies of commercial
WEC devices are reported in literature due to the business incentives experienced by WEC developers (i.e., protection of intellectual property and investor relations). Parmeggiani et al. performed a series of tests at a scale λ ≈ 1/50 to assess the effectiveness of a special survival mode (see subsequent Survival
Configurations section for more on this topic) [43, 44]. Forces
along the device’s main mooring line were measured in irregular
waves representative of 10, 50 and 100-year return periods at the
target deployment site. A number of wave steepnesses were assessed in each case. Whittaker et al. presented experimental data
for a near-shore terminator device at a scale λ = 1/40 in large
waves [45]. Foundation loading of the bottom-mounted device
was assessed.

Survival Configurations
As waves get larger, a WEC’s primary goal must transition from efficient energy production to survival. The nature
of this transition, whether it is a discrete line or a more gradual change, and in what wave condition it occurs, is likely to be
highly device-dependent. Figure 4 offers an idealized example
of WEC’s survival behavior in various combinations of significant wave height, Hs , and peak period, Tp . Below the curve, the
device can operate normally, with its main goal being energy production. Above the curve, the device must operate in a survival
mode to avoid damage. The trend shown in Figure 4 is meant to
be representative of a typical WEC, to which steep short-crested
waves are likely to pose a larger threat. A method to account for
this behavior in cost analyses is suggested by Brown et al. [1].
A number of distinct survival modes and strategies have
been developed for WECs. In some devices, a passive behavior
can be used to protect the device in large waves. The Pelamis
device’s design allows it to effectively detune in waves of a
height larger than the diameter of its cylinders [57]. In Stallard et al., a study was performed to investigate tailoring the
above-water geometry of a point absorber in a way that allows
for small changes in draft to result in large changes in device
response [58]. The study achieved a 50% reduction in device response with a need for only a 10% change in mass. Terminator
devices often change their angle to incoming waves or increase

SPECIAL MODELING CONSIDERATIONS
Slamming Analysis
The term slamming is used in the ocean engineering community to refer to the rapid pressure loading caused when a
body enters the water. Slamming may also occur in steep and/or
breaking waves. The very small time-scales (on the order of microseconds [8]) and unique physics involved necessitate analyses
specifically targeted towards slamming.
A large number of experimental analysis of water-entry
slamming have been carried out with canonical bodies such
5

ated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DEAC04-94AL85000.

survival
mode
operational
mode

FIGURE 4.
modes.

REFERENCES
[1] Brown, A., Paasch, R., Tumer, I. Y., Lenee-Blum, P., Hovland, J., von Jouanne, A., and Brekken, T., 2010. “Towards
a definition and metric for the survivability of ocean wave
energy converters”. In Proceedings of the 4th International
Conference on Energy Sustainability, ASME.
[2] PCCI, 2009. Wave and current energy generating devices
criteria and standards. Tech. rep., PCCI, INC., June.
[3] DNV, 2005. Guidelines on design and operation of wave
energy converters. Det Norske Veritas, The Carbon Trust,
May.
[4] Holmes, B., 2009. Tank testing of wave energy conversion
systems: marine renewable energy guides. European Marine Energy Centre, Orkney.
[5] ITTC, 2011. Wave energy converter model test experiments. Tech. Rep. 7.5-02-07-03.7, International Towing
Tank Conference (ITTC), Rio de Janeiro, Brazil.
[6] Beaty, S. J., Hiles, C. E., Nicoli, R. S., Adamson, J. E., and
Buckham, B. J., 2009. “Design synthesis of a wave energy
converter”. In Proceedings of the 28th International Conference on Ocean, Offshore and Arctic Engineering (OMAE),
ASME.
[7] ABS, 2011. Design standards for offshore wind farms.
Tech. Rep. M10PC00105, American Bureau of Shipping,
Sept.
[8] ITTC, 2011. Experiments on rarely occurring events. Tech.
Rep. 7.5-02-07-02.3, International Towing Tank Conference (ITTC), Rio de Janeiro, Brazil.
[9] DNV, 2007. Environmental conditions and environmental
loads. Tech. Rep. DNV-RP-C205, Det Norske Veritas.
[10] Holmes, B., and Nielsen, K., 2010. Guidelines for the development & testing of wave energy systems. Tech. Rep.
T02-2.1, Ocean Energy Systems (OES).
[11] Berg, J. C., 2011. Extreme ocean wave conditions for
northern california wave energy conversion device. Tech.
Rep. SAND2011-9304, Sandia National Laboratories, Albuquerque, New Mexico, Nov.
[12] DNV, 2008. Position mooring. Tech. Rep. DNV-OS-E301,
Det Norske Veritas, Oct.
[13] Winterstein, S. R., Ude, T. C., Cornell, C. A., Bjerager, P.,
and Haver, S., 1993. “Environmental parameters for extreme response: Inverse FORM with omission factors”. In
Proceedings of the 6th International Conference on Structural Safety & Reliability (ICOSSAR).

Idealized contour of WEC survival and operational

their draft to reduce energy absorption, and therefore loading, in
large waves [34, 43, 44, 59]. In other devices, the PCC can be
“locked” to prevent motion and problems with component end
stops [45, 6, 35]. Some research has also been focused on applying the concept of life extending control (LEC), in which control
algorithms are used to alter a WEC’s PCC performance to avoid
damage [60]. Such efforts have the potential to interface well
with ongoing work to improve WEC energy absorption through
control (e.g., [61]).

CONCLUSION
A robust WEC survival design process, such as that illustrated in Figure 1, requires a set modeling tools, with a
range of fidelities. Low-fidelity models are needed to identify
a WEC’s most vulnerable failure modes and high-fidelity models are needed for further analysis of those scenarios. While a
number of useful modeling methods are available, well-targeted
validation work has the potential to better determine which of
these methods is best suited to each stage of a WEC survival
analysis cycle.
Along with the need for effective models comes a need for
a carefully considered and purposeful framework in which they
can be used. Without perfect knowledge of which waves will
constitute a threat to a specific WEC, a systematic approach must
be employed to the survival aspect of WEC design. Additional
consideration and experience in this area would greatly benefit
future development efforts.

ACKNOWLEDGMENTS
This work was funded by the U.S. Department of Energy’s
Wind and Water Power Technologies Office. Sandia National
Laboratories is a multi-program laboratory managed and oper6

[14] Ruggiero, P., Komar, P. D., and Allan, J. C., 2010. “Increasing wave heights and extreme value projections: The wave
climate of the U.S. pacific northwest”. Coastal Engineering, 57(5), May, pp. 539–552.
[15] Le Mehaute, B., 1976. An introduction to hydrodynamics
and water waves. Springer-Verlag, New York.
[16] Topper, M. B., 2010. Guidance for Numerical Modelling in
Wave and Tidal Energy. SuperGen Marine, Mar.
[17] Folley, M., Babarit, A., Child, B., Forehand, D., OBoyle,
L., Silverthorne, K., Spinneken, J., Stratigaki, V., and
Troch, P., 2012. “A review of numerical modelling of wave
energy converter arrays”. In Proceedings of the 31st International Conference on Ocean, Offshore and Arctic Engineering (OMAE), ASME, pp. 535–545.
[18] Li, Y., and Yu, Y.-H., 2012. “A synthesis of numerical methods for modeling wave energy converter-point absorbers”. Renewable and Sustainable Energy Reviews,
16(6), Aug., pp. 4352–4364.
[19] Greenhow, M., Vinje, T., Brevig, P., and Taylor, J., 1982. “A
theoretical and experimental study of the capsize of salter’s
duck in extreme waves.”. Journal of Fluid Mechanics, 118,
pp. 221–239.
[20] Shin, Y., Belenky, V., Lin, W., Weems, K., and Engle,
A., 2003. “Nonlinear time domain simulation technology
for seakeeping and wave-load analysis for modern ship design”. Transactions of the Society of Naval Architects and
Marine Engineers, 111, pp. 557—583.
[21] Datla, R., Kim, H. Y., and Stebe, J. R., 2009. Evaluation of a CFD program AEGIR for bare hull resistance and
seakeeping prediction capability. Tech. Rep. NSWCCDCISD-2009/010, Naval Surface Warfare Center Carderock
Division, West Bethesda, MD.
[22] Sclavounos, P. D., 2012. “Nonlinear impulse of ocean
waves on floating bodies”. Journal of Fluid Mechanics,
697, Apr., pp. 316–335.
[23] Gilloteaux, J. C., Ducrozet, G., Babarit, A., and Clment,
A. H., 2007. “Non-linear model to simulate large amplitude motions: application to wave energy conversion”. In
Proceedings of the 22nd International Workshop on Water
Waves and Floating Bodies (IWWWFB).
[24] Gilloteaux, J.-C., Bacelli, G., and Ringwood, J., 2008.
“A non-linear potential model to predict large-amplitudesmotions: application to a multi-body wave energy converter.”. In Proceedings of the 10th World Renewable Energy Congress (WREC), A. Sayigh, ed., WREC, pp. 934–
939.
[25] Guerinel, M., Zurkinden, A. S., Alves, M., and Sarmento,
A. J. N. A., 2013. “Validation of a partially nonlinear
time domain model using instantaneous froude-krylov and
hydrostatic forces”. In Proceedings of the 10th European
Wave and Tidal Energy Conference (EWTEC).

[26] Vuiff, T. H., Andersen, M. T., Kramer, M. M., and Jakobsen, M. M., 2013. “Excitation forces on point absorbers
exposed to high order non-linear waves”. In Proceedings
of the 10th European Wave and Tidal Energy Conference
(EWTEC).
[27] Duperray, O., Ricci, P., Torre-Enciso, Y., Ferrer, L., and
Villate, J. L., 2011. “Extreme environmental parameters
for wave energy converters and moorings at bimep”. In
Proceedings of the 9th European Wave and Tidal Energy
Conference (EWTEC).
[28] Muliawan, M. J., Karimirad, M., Gao, Z., and Moan, T.,
2013. “Extreme responses of a combined spar-type floating
wind turbine and floating wave energy converter (STC) system with survival modes”. Ocean Engineering, 65, June,
pp. 71–82.
[29] ITTC, 2011. Practical guidelines for ship CFD applications.
Tech. Rep. 7.5 03-02 03, International Towing Tank Conference (ITTC), Rio de Janeiro, Brazil.
[30] Westphalen, J., Deborah Greaves, Chris Williams, Jun
Zang, and Paul Taylor, 2008. “Numerical simulation of
extreme free surface waves”. In Proceedings of the 18th
International Offshore and Polar Engineering Conference
(ISOPE), International Society of Offshore and Polar Engineers.
[31] Hu, Z. Z., Causon, D. M., Mingham, C. G., and Qian, L.,
2011. “Numerical simulation of floating bodies in extreme
free surface waves”. Natural Hazards and Earth System
Science, 11(2), Feb., pp. 519–527.
[32] Andersson, J., 2011.
“Simulation of wave induced
forces on semi submerged horizontal cylinders using OpenFOAM”. Masters, Chalmers University of Technology,
Gothenburg, Sweden.
[33] Ransely, E., Hann, M., Greaves, D., Raby, A., and Simmonds, D., 2013. “Numerical and physical modelling of
extreme wave impacts on a fixed truncated circular”. In
Proceedings of the 10th European Wave and Tidal Energy
Conference (EWTEC).
[34] Palm, J., Eskilsson, C., Moura Paredes, G., and Bergdahl,
L., 2013. “CFD simulation of a moored floating wave energy converter”. In Proceedings of the 10th European Wave
and Tidal Energy Conference (EWTEC).
[35] Yu, Y., 2011. “A RANS simulation of the heave response
of a two-body floating point wave absorber”. In Proceedings of the 30th International Conference on Ocean, Offshore and Arctic Engineering (OMAE), ASME.
[36] Yu, Y.-H., and Li, Y., 2011. “Preliminary results of a RANS
simulation for a floating point absorber wave energy system under extreme wave conditions”. In Proceedings of
the 30th International Conference on Ocean, Offshore and
Arctic Engineering (OMAE), ASME.

7

[37] Yu, Y.-H., and Li, Y., 2013. “Reynolds-averaged navierstokes simulation of the heave performance of a two-body
floating-point absorber wave energy system”. Computers
& Fluids, 73, Mar., pp. 104–114.
[38] Omidvar, P., Stansby, P. K., and Rogers, B. D., 2013. “SPH
for 3D floating bodies using variable mass particle distribution”. International Journal for Numerical Methods in
Fluids, 72(4), June, pp. 427–452.
[39] Westphalen, J., Greaves, D., Williams, C., Taylor, P., Causon, D., Mingham, C., Hu, Z., Stansby, P., Rogers, B., and
Omidvar, P., 2009. “Extreme wave loading on offshore
wave energy devices using CFD: a hierarchical team approach”. In Proceedings of the 8th European Wave and
Tidal Energy Conference (EWTEC), pp. 500–508.
[40] Newman, J. N., 1978. Marine hydrodynamics. MIT Press,
Cambridge, Massachusetts.
[41] Payne, G., 2008. Guidance for the experimental tank testing of wave energy converters. SuperGen Marine, Dec.
[42] Payne, G., and Ingram, D., 2009. “Best practice guidelines
for tank testing of wave energy converters”. The Journal of
Ocean Technology, 4(4), pp. 38–70.
[43] Parmeggiani, S., Kofoed, J. P., and Friis-Madsen, E.,
2011. “Extreme loads on the mooring lines and survivability mode for the wave dragon wave energy converter”.
In Proceedings of the World Renewable Energy Congress
(WREC).
[44] Parmeggiani, S., Muliawan, M. J., Gao, Z., Moan, T., and
Friis-Madsen, E., 2012. “Comparison of mooring loads
in survivability mode on the wave dragon wave energy
converter obtained by a numerical model and experimental data”. In Proceedings of the 31st International Conference on Ocean, Offshore and Arctic Engineering (OMAE),
ASME, pp. 341–350.
[45] Whittaker, T., Collier, D., Folley, M., Osterried, M., Henry,
A., and Crowley, M., 2007. “The development of oyster a shallow water surging wave energy converter”. In Proceedings of the 7th European Wave and Tidal Energy Conference (EWTEC).
[46] Greenhow, M., 1988. “Water-entry and-exit of a horizontal
circular cylinder”. Applied Ocean Research, 10(4), Oct.,
pp. 191–198.
[47] Lin, M.-C., and Shieh, L.-D., 1997. “Flow visualization
and pressure characteristics of a cylinder for water impact”.
Applied Ocean Research, 19(2), Apr., pp. 101–112.
[48] von Karman, T., 1929. The impact on seaplane floats during
landing. Tech. Rep. NACA TN 321, Washington DC.
[49] Wagner, H., 1932. “Uber stob und gleitvorgange an der
oberflache von flussigkeiten”. ZAMM - Zeitschrift fr Angewandte Mathematik und Mechanik, 12(4), pp. 193–215.

[50] Leibowitz, R. C., 1963. A method for predicting slamming
forces on and response of a ship hull. Tech. Rep. 1691,
David Taylor Model Basin, Washington DC, Sept.
[51] Zhao, R., and Faltinsen, O., 1993. “Water entry of twodimensional bodies”. Journal of Fluid Mechanics, 246,
pp. 593–612.
[52] Buchner, B., and Bunnik, T., 2007. “Extreme wave effects
on deepwater floating structures”. In Proceedings of Offshore Technology Conference (OTC).
[53] Marcer, R., Berhault, C., de Joutte, C., Moirod, N., and
Shen, L., 2010. “Validation of CFD codes for slamming”.
In Proceedings on 5th European Conference on Computational Fluid Dynamics (ECCOMAS CFD).
[54] Johannessen, S. R., 2012. “Use of CFD to study hydrodynamic loads on free-fall lifeboats in the impact phase:
A verification and validation study”. Masters, Norwegian
University of Science and Technology, Trondheim, Norway.
[55] Blommaert, C., Van Paepegem, W., Dhondt, P., De Backer,
P. G., Degrieck, J., De Rouck, J., Vantorre, M., Van Slycken, J., De Baere, I., and De Backer, H., 2010. “Large
scale slamming tests on composite buoys for wave energy
applications”. In Proceeding of the 17th International Conference on Composite Materials (ICCM).
[56] Van Paepegem, W., Blommaert, C., De Baere, I., Degrieck,
J., De Backer, G., De Rouck, J., Degroote, J., Vierendeels,
J., Matthys, S., and Taerwe, L., 2011. “Slamming wave impact of a composite buoy for wave energy applications: Design and large-scale testing”. Polymer Composites, 32(5),
May, pp. 700–713.
[57] Retzler, C. H., and Pizer, D. J., 2001. “The hydrodynamics
of the PELAMIS wave energy device: experimental and
numerical results”. In Proceedings of the 20th International
Conference on Offshore Mechanics and Arctic Engineering
(OMAE), ASME.
[58] Stallard, T. J., Weller, S. D., and Stansby, P. K., 2009. “Limiting heave response of a wave energy device by draft adjustment with upper surface immersion”. Applied Ocean
Research, 31(4), Oct., pp. 282–289.
[59] Pecher, A., Kofoed, J. P., and Larsen, T., 2012. “Design specifications for the hanstholm WEPTOS wave energy converter”. Energies, 5(12), Apr., pp. 1001–1017.
[60] Stillinger, C., Brekken, T., and von Jouanne, A., 2012.
“Furthering the study of real-time life extending control
for ocean energy conversion”. In Proceedings of the IEEE
Power and Energy Society General Meeting.
[61] Hals, J., Falnes, J., and Moan, T., 2011. “A comparison
of selected strategies for adaptive control of wave energy
converters”. Journal of Offshore Mechanics and Arctic Engineering, 133(3), Mar., pp. 031101–031101.

8

