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Hydrodynamic  nonlinearity?!
“No  longer  a  1:1  mapping  between  
incoming  wave  amplitude  and  
response”
Nonlinear  terms  are  responsible  for  
transfer  of  energy  between  
different  wave  harmonics  
Important  for  wave  run-up,  
shoaling,  wave-to-wave  interaction,  
side-band  instabilities,  etc

claese
Text Box
Shoaling transfer energy to bound higher harmonics causing peaking of the waves. On the top of the shoal the bound higher harmonics are released as free waves, giving a complicated interference pattern. This is missed by the linear wave theory.
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OpenFOAM:  CFD  solver  (incompressible  
Navier-Stokes  +  6DoF  solver)
MooDy:  in-house  high-order  DG  mooring  solver
Swedish  Energy  Agency  supports  a  project  on:

Validation  &  Verification  – what  is  the  
uncertainty  of  the  simulations?
Applications  to  WEC  existing  technology  -
CorPower buoy  
(Quantifying  nonlinear  and  viscous  parts)  
(Numerical  development  – efficiency)

Coupled  analysis  of  moored  WEC  using  CFD

Palm  et  al  (EWTEC  2013)
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Why  include  nonlinear  terms  in  the  simulations?
“Better”/”more  accurate”/”…”  simulation  methodologies  lead  to:

Increased  confidence  in  the  results  obtained  by  numerical  models
Reduced  risk  in  technology  development
Improved  device  energy  capture  estimates  
Improved  loads  estimates
Reducing  uncertainty  in  LCOE  models
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Linear  wave  theory  is  todays  paradigm

Faltisen (1990)
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Linear  vs  CFD  simulations

Yu  &  Li  (CF  2013)

claese
Text Box
Yu and Li simulated a heaving (1DoF) point absorber using CFD. The resulting power curve show not only a large difference compared to the linear potential (without drag) but also a difference due to wave steepness. There is not a 1:1 mapping
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Linear  vs  CFD  simulations
LINEAR

Small amplitude  assumption
Small motion  assumption (can  be  relaxed  using  
nonlinear  Froude-Krylov)
Viscous  terms  not  included  but  drag  is  parametrized
Overtopping  and  green  water  can  not  be  captured
Some  second-order  effects  are/can  be  include  (e.g.  
drift,  QTF,  etc)
Nonlinear  source  terms,  e.g.  mooring,  be  included  
FASTCOMPUTATIONS

CFD
‘All-inclusive’     
Single  fluid  approximation
Multiphase  through  (often)  VOF    
Turbulence  models
SLOW COMPUTATIONS

claese
Text Box
Here FAST is in the order  10000-100000 times faster than SLOW...
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On  the  computational  effort  of  CFD  simulations  
Wave  Dragon  overtopping  discharge
14M  cells  (using  a  symmetry  mesh)
Complete  3  hour  sea  state  simulation:  
JONSWAP  Hs=2m,  Tp=7s
Simulated  values  of  overtopping  
discharge  in  the  same  order  as  
observed  values  (note  one  set  of  phase  
angles)
Approximate  150  000  CPU  hours  per  
simulation Eskilsson et  al  (RENEW  2015)
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Full  study:  Palm  et  al  (IJOME  2016)
Experimental  data  used:  Paredes  et  
al  (IJOME  2016)
Wave  basin  in  Porto  (d=0.9m)
Moored  generic  cylinder  (D=0.52m)
No  PTO
Three  catenary  lines
Part  of  a  larger  test  suite

Validation  of  the  coupled  CFD  model
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Decay  tests  - Heave

Validation  of  the  coupled  model
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Decay  tests  – pitch:  Problem!

claese
Text Box
Difference due to Geometric Errors - the experimental cylinder was not a perfect cylinder and had slighly rounded edges

claese
Text Box
Difference in decay rate due to Geometric Error, but why difference in period?
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Pitch  very  sensitive  to  input  parameters
Measurement  uncertainty  of  draft,  
centre of  gravity  and  inertial  values.
Sensitivity  study:  

Inertia  +  0.03  kg  m2  (3%)
Centre  of  gravity  +0.003  m  (4%)

Validation  of  the  coupled  model
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claese
Text Box
Varying  interia and CoG within the uncertainty limits of the measurements, we obtain a good fit with the  measured period. This highlights the need of high quality data for CFD validation 
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Response  amplitudes
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claese
Text Box
Clear nonlinear effects in both experimental and computational results even for very weakly nonlinear waves!
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Validation  of  the  coupled  model
Mooring  forces  in  resonance  (T=1.2s)
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claese
Text Box
The noice in the mooring force is due to the cable going slack and then the governing equation is ill-posed (as MooDy presently does not support bending). Please note that there is no filtering of these results
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claese
Text Box
CFD offer so much more information of the fluid motion! Right now we only use CFD to extract motion/forces on the body. We need to start utilizing all available data
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Real-life  application:  CorPower buoy
Wu  &  Wang  (MSc  thesis,  2016)
Experimental  data:  Hals  et  al  
(EWTEC  2015)
Wave  basin  in  Nantes
1:16  scale  buoy
PTO  Linear  damper  
No  mooring  – linear  spring
No  WaveSpring yet…

A. Laboratory

The Hydrodynamic and Ocean Engineering Tank at Ecole
Centrale de Nantes is 50 m long, 30 m wide and 5 m deep,
and is equipped with a wave maker with 48 independent flaps
that allows to create short-crested seas and waves heights up to
1 m. The wave maker is situated on the 30 m side and on the
opposite side of the wave maker there is a sloping decapitation
beach for wave absorption.

B. Buoy and mooring

The setup consisted of a buoy, rope, two pulleys and the
motor rig, see Figure 1. A model scale of 1:16 was chosen,
which was the maximum allowed by the experimental facil-
ities. This gave buoy diameter of 0.525 (8.4) m. The design
water depth for the wave energy converter is 3.125 (50) m. It
was therefore decided to establish a fixed point at the depth
of 3.125 m, measured to 3.09 m, where the submerged pulley
was centred. This was achieved by the use of a submerged
pulley housing with three-point mooring. Note that, with the
chosen configuration, the laboratory wave field corresponds to
that of 80 m water depth at the buoy’s prototype scale. This
means that for waves longer than about 6.25 (100) m (i.e. 2
(8) s wave period), corresponding to twice the design water
depth, the generated wave field will differ somewhat from the
target wave field. For the purpose of the reported experiments,
this has only little influence.

Fig. 1. Testrig setup. To the left an illustration of the setup and to the right
a photograph of the test rig in operation.

A non-rotational LANKO R⃝FORCE rope from Lankhorst
ropes was chosen to connect the buoy to the linear motor.
It is made from a 12 strands braided Dyneema R⃝ yarns. The
pulleys themselves and the housing for them were made from
polyethylene or PE1000. The sheaves of the pulleys were 200
mm in diameter, which corresponds to 25 times the diameter of
the rope. The bearings used in the pulleys are the 6202-2RS1
15x35x11 mm bearing from SKF. They where selected for
their low friction and suitable load capacity with two bearings
being used in each pulley.

TABLE II
PROPERTIES OF THE B1 BUOY. THE NUMBERS REFER TO THE CHOSEN

MODEL SCALE 1:16, WITH THE PROTOTYPE SCALE NUMBERS GIVEN IN

PARENTHESIS. THE BUOY IS ILLUSTRATED IN FIGURE 2

Parameter Unit Value
Mass of buoy, incl. load cell kg 19.75 (80.9 k)
Buoy height m 1.125 (18.0)
Buoy diameter m 0.525 (8.4)
Buoy displacement at equilibrium position m3 0.0708 (290)
Total buoy displacement m3 0.106 (434)
Total wetted surface of buoy m2 1.30 (333)

The buoy used in the experiment, referred to as shape B1,
is shown in Figure 2. Its main properties are listed in Table II.

Fig. 2. Illustration of the B1 buoy shape, showing also how the machinery
components are placed inside the buoy. The centre rod is connected to the
mooring line at its lower end, and travels in and out of the buoy as the buoy
moves.

The hydrodynamic properties of the B1 buoy, as estimated
from linear hydrodynamic theory using the panel-method soft-
ware WAMIT, is shown in Figures 3 to 4. The jitter observed
for low wave periods in all curves for the surge motion are
due to numerical errors as the ratio of wave length and buoy
size becomes small, and do not represent real hydrodynamic
effects.

C. Motor rig and its controller

In the experiment, the machinery forces were supplied by
an external linear actuator. See again Figure 1. As long as
the relative angle between the buoy axis and the mooring line
is small the external actuator gives approximately the same
forcing on the buoy as the on-board machinery would do,
cf. 2. With small angles the effects of both relative inclination
and moving centre rod become negligible.

The motor rig uses a permanent-magnet electric machine
which is part of motor rig developed at ECN. It was controlled

209B3-2-

Hals  et  al  (EWTEC  2015)
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Hals  et  al  (EWTEC  2015)

10M  cells
Regular  waves
T=2.25s
H=15.6cm
H/L=0.02
Sensitive  to  
pre-tension  (3%)
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Verification  &  Validation  procedure
Numerical  uncertainty  (Eça &  Hoekstra,  JCP  2014)

Discretization  error
Iteration  error  (under  evaluation)

Modelling  error  (turbulence  - ongoing)
Geometry  error  (not  performed)
Domain  error  (done  - no  influence  of  width)
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Discretization  error

Number  of  cells Surge  response  (-) Heave  responce  (-) Pitch  responce  (-)
20M 2.047436 0.525000 1.484474
10M 2.025641 0.519231 1.466318
3M 1.956410 0.503846 1.409064
p  (convergence) 1.32 0.78 1.30
h2/h1 1.223 1.223 1.223
Error -0.093 -0.039 -0.078
Uncertainty 11.6% 5.0% 9.9%

Uncertainty  results  for  the  10M  cell  mesh  in  
approximately  10%  
10M  results  typically  differ  from  20M  results  by  <2%



5/18/16 Chalmers     |    Department  of  Shipping   and   Maritime  Technology 19

Concluding  remarks
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On  validation  data
“Many  of  the  experimental  comparisons  made  at  this  early  stage  are  
compromised,  to  some  degree,  by  the  fact   that  the  objective  of  the  experiments  
is  something  other  than  providing  good  data  for  CFD  validation."

Wolgamot &  Fitzgerald  (IME,  2015)

CFD  sensitive  to  small  variations  in  input  data  (CoG,  pre-
tension,  etc)  – need  better  information  of  indata
Load  cells  especially  problematic
Needs  uncertainty  estimates  also  from  experimental  data  
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On  reliability  of  CFD  results
No  tuning,  no  semi-empirical  factors!
Clear  nonlinear  responses  even  for  weakly  nonlinear  waves  
“Decent”  results  compared  to  experimental  data  for  several  cases
CFD  is  not  an  easy  fix!  
Numerical  uncertainties  shown  to  be  unacceptable  large  for  our  test  
case (~10%)
Need  to  get  estimates  of  computational  uncertainty  in  order  to  
judge  simulation  results
Sensitive  to  input  data:  Need  to  start  looking  into  how  random  inputs  
propagate  through  the  nonlinear  system  ->  uncertainty  quantification  
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Uncertainty quantification of a water wave model

Fig. 14 Space-dependent probability distribution function of Whalin test with 2D uncertainty. The white solid line represents the mean
for the three harmonics. The dashed lines show the 95% tolerance interval around the mean. The scattered dots are the experimental
measurements

(b)(a)

Fig. 15 Experimental setting accounting for uncertainty on the bottom topography and solution of the wave propagation in three
dimensions over a semicircular shoal. a Realization from the Gaussian random field with correlation length a = 10.0 describing the
uncertain bottom topography. b Mean and 95% tolerance interval of first three harmonics of numerical solution (full lines), compared
with the corresponding experimental measurements at different longitudinal locations in the basin (dots)

variance of the solution—is not the mere superposition of the variances obtained with 1D uncertainties (Fig. 13).
The probability distributions of the first three harmonics now seem to include the experimental measurements within
some high-probability region.

5.3.3 Uncertain bottom topography

We model the uncertainty on the bottom topography through the superposition of a Gaussian random field with
Ornstein–Uhlenbeck [30] covariance (15) on top of the deterministic bathymetry shown in Fig. 12a. The correlation
lengths a = (30.0, 10.0, 3.0) and the total variance of the field σ 2 = 0.012 are chosen as illustrative exam-
ples to characterize the random field. The random fields are set to be isotropic, meaning that the correlation and
variability are the same for both directions of the 2D bottom topography. The random fields are expanded using
the KL expansion (13) capturing 95% of the total variance. This results in truncated KL expansions with 9, 43,
and 321 terms, respectively. Figure 15a shows a realization of such topography. Unlike the previous experiments
where the domain was symmetric along its centerline, in these experiments the symmetry is lost. Thus, the solution

123

Bigoni et  al  (JEM,  2016)

claese
Text Box
An example of uncertainty quantification of wave propagation. The tools are today fast enough to support propagating random inputs through the complete nonlinear system
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On  efficiency  of  nonlinear  computations
Heavy  computations,  but  doable!
AMR  will  be  very  useful  in  cutting  down  CPU  time
Hybrid  nonlinear  models  appearing  (FNPF-farfield/VOF-
nearfield)
Medium-fidelity  nonlinear  models  (FNPF/asymptotic)
Higher-order  methods  offering  efficient  methods  for  wave  
propagation  problems

claese
Text Box
CFD is not for operational or fatigue computations - but for survival cases CFD can be used

claese
Text Box
For operational/fatigue/optimization new models including nonlinearity are under development

claese
Text Box
Important if larger areas are to be investigated. This is why high-order methods are frequently used in numerical weather prediction.
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4.4 Visby Harbour 61

4.4.1 Results

(a) Setting at time t = 35s (b) Setting at time t = 70s

(c) Setting at time t = 115s (d) Setting at time t = 140s

(e) Setting at time t = 175s (f) Setting at time t = 210s

Figure 4.11: Snapshot of Visby harbour case
Engsig-Karup et  al  (JCP,  2016)
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Figure 7: Solitary wave propagation illustrated in (a) x-t axis plot, (b) snapshot of free surface elevation

at initial time and (c) snapshot of free surface elevation at final time with a very small dispersive trail

visible. Amplitude to depth ratio is 0.78 initially as indicated (black dashed lines). The calculations are

done using a full 3D method, with all the nodal values of the surface elevation plotted in side view for

di↵erent time steps. The left vertical axis shows the length scale with Origo at initial time. The right

vertical axis is a time axis with measurements (red dashed lines), with a time step size of 1.25 s. The

expansion orders are P = 5 and Pz = P + 1 with P the order in horizontal. �t = 0.025 s.
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Figure 6: (a) Wave envelope with some visible reflections near boundaries away from the proximity of

the cylinder. (b) Comparison of maximum wave run-up on cylinder in an open sea for exact solution and

computed results shows excellent agreement. kh = 1. ka = ⇡/2. Maximum wave run-up is predicted to

be up to 1.80 times larger on front side relative to the incident wave amplitude as determined from the

wave crease envelope. Exact integrations were used in liner model. (N,Ns) = (5, 4). �t = 0.02 s.

an unstructured model in three space dimensions. This could easily have been done in

the setting in two space dimensions, however, is done here in three space dimensions,

where the spatial resolution may be subject to e↵ects due to the triangulation of the free

surface with elements that are not all aligned with the coordinate directions. We remark,

the test case was also considered by Madsen et al (2001) using a high-order Boussinesq

model where high accuracy up to the theoretical limit for solitary wave propagation was

demonstrated for the propagation and the kinematics. The present model deviate from

this work, by taking advantage of the same free surface conditions, but instead solving

a full Laplace problem. So, it is expected that the accuracy can match the accuracy of

the Boussinesq model, which is based on an approximate Laplace problem.

5.3. Solitary wave impinging a cylinder

We consider the case of solitary waves impinging a cylinder. Snapshots of the evolu-

tion of the solitary wave propagation and the interaction with the cylinder is illustrated

in Figure 8. The case is setup with a solitary wave with wave height a = 0.40 m on a

depth h = 1 m. The solitary wave is impinging a bottom-mounted cylinder with radius

R = 2 m. We have not been able to find any results for this case in the literature with

this amplitude. We have tried to run the model with solitary waves of higher amplitudes

19

Engsig-Karup et  al  (ISOPE,  2016)

claese
Text Box
Example of on-going development of high-order finite element methods for computing wave propagation (including very steep waves)
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Proceedings of the 19th Offshore Symposium, February 2014, Houston, Texas 
Texas Section of the Society of Naval Architects and Marine Engineers 
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through risers and umbilicals. During their lifetime of operations these platforms are exposed to various 
environmental loads such as current, wind and waves. Ensuring platform and occupant safety against those 
environments is of paramount concern to the designer. For given design inputs of payloads and environment, a 
typical design spiral of an offshore floater starts with hull sizing to minimize weight and cost under the design 
constraints dictated by fabrication, transportation, installation and operating conditions and options. The evaluation 
of the design constraints involves global performance analysis in various environmental conditions. Global 
performance refers to motion of the floater in water, and is typically calculated by using semi-empirical potential-
flow-based motion solvers that analytically combine gravitational and inertial forces and empirically handles 
rotational/viscous forces. Scaled model tests are performed to calibrate the empirical part of the global performance 
analysis tools, even though typically these tests properly model only the gravitational and inertial forces (Froude 
scale) and not the viscous forces (Reynolds scale). The model tests also provide design parameters that cannot be 
derived from the potential-flow-based analytic tools such as wave run-up, air gap, green water, slamming, 
springing/ringing and vortex induced motion. At the early stage of the floater design, these design parameters are 
estimated from the database of previous projects with similar hull form and size. After initial design of the floater is 
completed, new model test is performed to validate the global performance analysis tools. For minor discrepancy 
between analytic/database prediction and model test, the empirical part of the global performance analysis is re-
calibrated to provide more accurate design parameter for the next phase of the project, which is the typical case for 
the design of conventional hull forms. There have been a few occasions, however, the discrepancy between 
prediction and model test results being beyond the adjustment of empirical formula and result into major 
modification of the hull design, and some cases even change of the design concepts, which lead to considerable 
delay and increase of project schedule and cost. This worst scenario occurs when unexpected physical phenomena 
that could not be modeled by the analytic model are observed in the model test. These unexpected physical 
phenomena are mostly related to nonlinear fluid force and viscous effects.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Existing Design Spiral                                           (b) New Design Spiral with CFD 

Figure 1 Design Spirals of Offshore Floater Design 

For global performance analysis, Technip uses in-house time-domain motion solver called MLTSIM that 
integrates linear and second-order hydrodynamic loads from a commercial code WAMIT, semi-empirical viscous 
forces calibrated from model tests, and mooring/riser loads from in-house codes FMOOR and RodDyn. FMOOR 
calculates mooring/riser motion and load in quasi-static way, whereas RodDyn considers full dynamics of 
mooring/riser in water to consider interaction between floater and mooring/riser in coupled way. These analytic 
tools keep improving through validation and calibration with model tests. Technip has more than twenty-years of 
model test experience that covers global performance during transportation, installation and operation, and vortex 
induced motion.  

Along with the efforts to improve conventional global performance tools, Technip has been investing in CFD 
capability for the analysis of viscous dominant problems such as drag coefficients of hull parts and vortex induced 
motion of Spars (Halkyard et al., 2006, Atluri et al, 2009, Lefevre et al., 2013). Recently, the utilization of CFD for 
offshore floater design extends to free-surface flow problems for Spars and multi column floaters with the aides of 
the advances of CFD codes in free-surface capturing and moving mesh techniques, together with the computing 

Integrate  CFD  in  the  
design  loop  to  replace  
experimental  tests
Drag  coefficients  from  CFD
Survival  cases  
Hybrid  simulations
Overtopping
Multi-fidelity  optimization
Nonlinear  black-boxes  

This  is  not  an  either/or  question!  

Kim  et  al  (OS,  2014)
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and 13 m. We used data from the National Data Buoy Center 
#46212 buoy near Humboldt Bay, California, as the reference 
wave environment for the extreme sea conditions [9]. Figure 2 
shows the scatterplot of measured conditions from 2004 to 
2012, which contains specific extreme wave conditions during 
storms. Also shown in the figure are the 100-year and 20% 
inflated contours, accounting for the approximations in the 
extreme load simulations. Table 1 shows the selected wave 
environments of the 20% inflated contour (open circles in 
Figure 6), which were used for the design load analysis in the 
following WEC-Sim simulations to search for the extreme 
events. 

Table 1. WAVE ENVIRONMENTS ALONG THE 20% 
INFLATED 100-YEAR CONTOUR 

Case 
Number 

Significant 
Wave Height 
Hs (m) 

Energy 
Period 
Te (s) 

Peak 
Period Tp 
(s) 

1 5.0 7.1 8.2 
2 7.0 10.3 11.9 
3 9.0 13.8 16.0 
4 7.0 16.2 18.8 
5 5.0 19.5 22.6 

EXTREME CONDITION MODELING METHODOLOGY 
The following sections will present a study that was 

conducted to aid in the development of an approach for 
predicting WEC extreme loads. The methodology for the 
preliminary approach and the two numerical models employed 
are described. 

Approach for Searching Extreme Events 
Based on the experience from the ship design and wind 

energy industries, a preliminary using a simple midfidelity 
method to identify the likely extreme loading scenarios and a 
higher-fidelity method (CFD simulations) to then investigate 
those scenarios has been utilized (Figure 3).  

The approach first solves the WEC device system dynamics 
and estimates the corresponding forces using a time-domain 
numerical model known as WEC-Sim. A set of sea states were 
defined to be of interest for the fictional device studied here. 
Using WEC-Sim, each sea state, identified by a significant 
height (Hs) and peak period (Tp), was simulated in a Monte-
Carlo fashion with different random phase seeds to search for 
the maximum peak load. The identified extreme wave 
environment was then modeled using high-fidelity CFD 
simulations, thus allowing the detailed flow field and nonlinear 
wave-body-interaction-induced extreme loads to be analyzed. 
The CFD simulations were performed using a single design 
wave (regular) with a wave height of H = K×Hs and a period of 
T=Tp, where Hs and Tp were identified from the WEC-Sim 
simulations and K is equal to 1.9. The value was given by 
assuming the distribution of the extreme wave height follows a 
Rayleigh distribution, and the maximum 100-year individual 
wave height H100 for sea states is most likely 1.9 times of the 

significant wave height for the 100-year wave (Hs100), assuming 
the storm lasts for 3 hours with 1,000 waves [10]. 

 
Figure 3. PROCESS CONCEPT FOR PREDICTING THE 

DESIGN LOAD. 

WEC-Sim Model 
WEC-Sim solves the multibody system dynamics of WECs 

in the time domain, based on the radiation and diffraction 
method and a simple power take-off (PTO) model [11,12]. 
Figure 4 shows the WEC model and developed WEC-Sim 
hydrodynamic blocks.  

 
Figure 4. MODEL SETUP IN WEC-SIM AND THE 

PREBUILT BLOCKS TO MODEL HYDRODYNAMICS. 

The equation of motion (Cummins equation) for the 
floating-body system is solved in WEC-Sim around the center 
of gravity for each body, can be given as 

(𝑚 +𝑚∞)�̈� = 
−∫ 𝐾(𝑡 − 𝜏)�̇�𝑡

−∞ (𝜏)𝑑𝜏 − 𝐹ℎ𝑠 + 𝐹𝑒 + 𝐹𝑣 + 𝐹𝑒𝑒𝑡 ,  (1) 

where 𝑚  is the mass matrix and 𝑚∞  is the added mass 
matrix at the infinite frequency. The term −∫ 𝐾(𝑡 − 𝜏)�̇�𝑡

−∞ (𝜏)𝑑𝜏 
is the convolution integral that represents the resistive force on 
the body from wave radiation, and K is the impulse response 

Yu  et  al  (OMAE,  2015)
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