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Abstract 
Owing to increases in predicted wave crest heights, platform settlement and changes to sea-water 
levels, wave-in-deck loading on offshore structures has increasingly become a concern to the 
offshore oil and gas industry. In this paper, a numerical approach for simulations of extreme ocean 
waves interacting with fixed offshore structures is presented in the framework of an open source 
library, OpenFOAM. A wave generation model based on the “NewWave” focused wave group 
approach (Tromans et al. 2001) has been developed to represent the extreme wave conditions. To 
validate the simulation, the results from the current approach have been compared to wave profiles 
obtained by Ning et al. (2009) and also with those of Iwanowski et al. (2002) for the wave-in-deck 
loads for a simple box representing the Ekofisk platform deck in the North Sea. The dynamic 
response of a typical supporting jacket structure when subjected to these loads is also assessed. 
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1. Introduction 

Wave-in-deck loading arises when the total surface elevation exceeds the air gap for which an 
offshore platform has been designed. This results in very large step changes in the load on the 
structure and is a major concern for oil and gas operators. This situation is becoming increasingly 
common due to: changes in the wave crest statistical models that lead to higher crest predictions; 
seabed subsidence due to oil & gas extraction; and sea-level increases due to climate change. 
 
Historically, the estimation of wave-in-deck load has mainly been conducted using semi-analytical 
formulations supported by laboratory experiments on scaled-down models (van de Graaf et al., 
1995). With the advent of high powered computer clusters, numerical simulation on full size models 
using state-of-art CFD (Computational Fluid Dynamics) techniques now offers an alternative for 
determining these complicated hydrodynamics forces. The advantages of numerical simulation 
through CFD are: 1) full scale simulation of nonlinear phenomena; 2) potentially more accurate 
(and less costly) prediction compared with model testing as viscous and inertia forces are included 
whereas a model based on Froude scaling can only capture the inertia forces; and 3) detailed insight 
into the flow and resulting loads.  
 
To evaluate wave-in-deck impact loads, an extreme wave generator needs to be employed. The 
extreme wave occurs as a highly transient event within a multi frequency sea state. Regular waves, 
such as Stokes, do not represent these extreme waves accurately and random wave generation is an 
extremely time consuming process, as these extreme events occur rarely in random time series. An 
efficient method is to use a “NewWave” focused wave group that describes the average shape of an 
extreme wave profile consistent with a random process and a specified energy spectrum (Tromans 
et al., 1991). NewWave theory combines random wave theory and conditional probability theory to 
obtain the frequency components and relative amplitudes of the wavelets of the target extreme 
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waves. These wave components interact and constructively interfere to build up a localized extreme 
wave, focused at a specified position in the domain. The representation has been studied 
theoretically by Boccotti (1983) and Tromans et al. (1991) and experimentally and numerically by 
several investigators, such as Taylor and Haagsma (1994), Baldock et al. (1996) and Borthwick et 
al. (2006). In this study, we adopt the numerical setup for the generation of NewWave as published 
in Ning et al. (2009).  
 
The NewWave model has been developed by leveraging on the open source CFD tool OpenFOAM 
in this study. This has an extensive range of features to solve various fluid flow problems. In the 
current OpenFOAM platform, the Navier-Stokes (N-S) equations are used to describe the fluid flow 
while the Volume of Fluid method (VOF) is used to capture movement of the water free surface.  

2. Methodology and simulation 

2.1 NewWave Theory  
The concept of the NewWave formulation is to generate the extreme waves from a specified 
frequency spectrum by superimposing several relatively small waves to form one focused extreme 
wave at a specified location and specified time. For the linear NewWave, each wave component i, 
of frequency if , the amplitude ia  is defined (see for example Ning et al., 2009) as  
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where S(f) is the spectral density and f∆ is the frequency step depending on the number of wave 
components N and bandwidth. A is the target theoretical linear wave amplitude of the focused wave. 
The extreme wave represented by linear NewWave theory is simply the scaled auto-correlation 
function corresponding to a specified spectrum.  
 
The free surface elevation and velocity components are obtained by superposition as: 
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where z is the vertical coordinate measured upwards from the Mean Water Level (MWL), η  is the 
instantaneous free surface elevation, 00 , tx are the predefined focal location and focal time, 
respectively, g is the gravitational acceleration, h is the water depth, )tanh(/2 hkgk iii ω= is the 
wave number and ii fπω 2=  is the frequency.  The superscript (1) denotes linear contributions.  
 
For the second order NewWave [Ning et al. (2009), Hu et al. (2011) and Westphalen et al. (2012)], 
the corresponding wave elevation and velocity components u and w can be expressed as: 
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where )1(η , )1(u and )1(w are the linear wave elevation and velocities, respectively and )2(η , )2(u and 

)2(w correspond to the second order wave elevation and velocities, respectively. Some conflicts 
exist amongst different papers on 2nd order terms of Eq.(3).  The details of the 2nd order terms in 
Eq.(3) that we derived and used in this study are given in the Appendix.  
 
Various idealized spectra may be used to represent the sea states. The JONSWAP frequency 
spectrum S(f) is frequently employed (e.g. Gao et al. 2012) and is used herein: 
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where sH  is the significant wave height; pT and pf  are the peak wave period and frequency 
respectively. The peak enhancement factor αγ  was taken as 3.3. Note that for the NewWave 
formulation the value of Hs is not relevant since the normalized spectrum is used (see Eq. (1)). 
 
2.2 NewWave boundary conditions for CFD 
For the boundary conditions in our CFD simulations we may use either the first order NewWave 
solution as given by Equation (1) or the second order NewWave solution provided by Equation (3) 
as the input initial conditions.  In this paper, all results are generated using second order NewWave. 
 
In general, there are two different initial conditions that can be used in the CFD simulation.  
 
Type 1 initial condition: surface profile and kinematics prescribed over the entire domain 
The surface profile and associate kinematics are imposed over the entire domain at t=0. At t > 0, the 
waves and kinematics are input at the boundary x = 0m.  
 
Type 2 initial condition: surface profile and kinematics prescribed at inlet boundary, zero 
conditions over remainder of domain.  
The surface profile and associate kinematics are imposed at the inlet boundary only. At t = 0, x > 0 
the surface profile and kinematics are zero over the entire domain.  
 
2.3 NewWave generation validation 
The OpenFOAM solver with the NewWave generator was validated by comparison with the 
analytical solution and numerical results from Ning et al. (2009). For the numerical simulations, it 
was assumed that the fluid is incompressible, the surface tension on the free-surface can be ignored 
and the mean water depth is constant. No turbulence model was applied.  
 
The setup was similar to the one in Ning et al. (2009). The computational domain was 13m long, 
1m high with a water depth of 0.5m. Between x =10m and x =13m, a relaxation zone in 
Wave2Foam was installed to prevent reflections from the right-hand boundary. The wavemaker was 
located at x =0m. We note, in passing, that once the waves leave the input boundary, their 



4 
 

propagation is controlled by fully nonlinear wave-wave interactions. We compare the CFD results 
with Case 2 in Ning et al. (2009) (as shown in Table 1) where the predefined focal point was set 
at mx 30 = , st 2.90 = and the linear input amplitude was A = )1(

maxη  = 0.0632m. The corresponding 
theoretical second order amplitude at the focal point is )2(

maxη = 0.0677m. 
 
Both types of initial conditions mentioned above were tested and the results were almost identical; 
however, Type 1 can employ a much shorter focal time because the simulation starts from an 
existing developed wave field and this is much more computationally efficient. Therefore, in the 
following, we consider only the results for initial condition Type 1.  
 
Ning et al. (2009) found that due to nonlinear interaction of the NewWave components, the highest 
elevation (the real focus point for the wave) occurs at ( 11 , tx  ), where ( 0101 , ttxx ≥≥ ). In our study, 
this “focusing delay phenomenon” is investigated. Several “probe points” were set around 0x  and 
the position of the free surface was extracted at these positions for every time step to identify the 
maximum surface elevation.  
 
Various mesh sizes were used (Table 2) to find the effect on the amplitude and real focus point 
location. The models were run on an HP Elitebook 8570W using 4 cores. The run times for 
calculation of wave propagation for 20s in time domain at coarse 
( 32/,67/ Hyx P ≈∆≈∆ λ , 01.0=∆t ), fine ( 56/,100/ Hyx P ≈∆≈∆ λ , 001.0=∆t ), and finest mesh 
( 102/,200/ Hyx P ≈∆≈∆ λ , 001.0=∆t ) were about 2 hours, 4.5 hours and 7.5 hours, respectively. It 
was found that the fine mesh size ( 56/,100/ Hyx P ≈∆≈∆ λ , 001.0=∆t ) is the optimal choice in 
term of accuracy and efficiency. Table 2 shows the results of the study: the real focus point occurs 
at ( 11 , tx ) and is delayed in both time and location. 
 

Table 1 Simulated case as per Case 2 in Ning et al., 2009 
 

Frequency 
band (Hz) 

Input 
Amplitude 
(m) 

No. of 
wave 
components   

Peak 
frequency 
(Hz) 

Peak wave 
period 
Tp (s) 

Characteristic 
wave length  

Pλ  (m) 
0.6 – 1.3  0.0632 16 0.833 1.2 2.0 

 
 

Table 2 Maximum elevation and focal point comparison for different mesh size 
( mx 30 = , st 2.90 = , )1(

maxη = A =0.0632m , )2(
maxη =0.0677m) 

 
Case Maximum 

elevation 
ηmax (m) 

Location 
of  

1x (m) 

Time of 
occurrence 

1t (s) 

Max crest/ 
linear crest, 
ηmax / )1(

maxη  
 

Max crest/ 
2nd order crest, 
ηmax / )2(

maxη  

 
Coarse mesh  0.0691 4.0 9.68 1.093 1.021 
Fine mesh 0.0750 3.5 9.57 1.187 1.108 
Finest mesh 0.0771 3.4 9.37 1.220 1.139 
Ning et al. (2009) 0.0704 3.4 9.64 1.114 1.040 
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Figure 1 shows the time history of surface elevation at the actual focal point obtained by the 
NewWave CFD simulation based on the fine mesh model (blue dashed line). The second order 
NewWave analytical solution is also shown for comparison (red line) and the black line is Ning et 
al.’s (2009) results. Ning et al. used a Higher-Order Boundary Element Method (HOBEM) with 
mesh size is 30/Px λ≈∆  and time step 024.050/ ==∆ PTt .  It is clear that the surface elevations at 
the real focal point from both OpenFOAM and the HOBEM solver used by Ning et al. are higher 
than the analytical solution. This is because the effect of nonlinear wave-wave interactions beyond 
second order is not included in the analytical solution. Overall the comparison is good although the 
surface elevation from the N-S solver (OpenFOAM) is 6% higher than the potential flow solver 
used by Ning et al. This may be due to the different mesh size and time step, or due to the 
difference between N-S solver and HOBEM solver.  
 

 
Figure 1 Comparison of wave elevations at focal points 

 
 

2.4 Numerical results for Wave-in-deck simulations 
Iwanowski et al. (2002) calculated 100 year wave-in-deck loads for a model representing the 
Ekofisk platform deck in the North Sea.  They presented and compared load time histories 
calculated by several different approaches, including analytical formulations and CFD simulations. 
In their work, the incident wave was a regular Stokes 5th order defined by the parameters H (wave 
height), T (wave period), and water depth d. We compare their results with our NewWave CFD 
model - the parameters for the target focused wave are summarized in Table 3. A comparison of our 
CFD results with Iwanowski et al.’s for wave-in-deck loads for Stokes 5th order waves (Chen et al. 
2014) is also presented. The deck was modelled as a simple box being 50m long and 10m high with 
wave inundation at 4m. Because this study is based on 2D simulation, the actual width of the deck 
being 30m (normal to the wave propagation direction) is only used in post-processing to calculate 
the force for comparison with Iwanowski et al. 
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For the NewWave simulation, a conversion factor of 1/0.93 was used to obtain Tp from the Stokes 
wave period (T). We then matched the amplitude1 of the Stokes 5th and the simulation based on 
NewWave. For a Stokes 5th wave of height 24.3m the corresponding wave amplitude is 14.263m. 
For the Newwave CFD, the input amplitude A was adjusted to 11.91m through trial and error to get 
the required wave elevation 14.263m. To achieve the required wave impact height 4=imph  the 
structural model was placed 10.263m above the water free surface.  
 
In the following simulations, the mesh size around the free surface and around the deck is  

50/,150/ Hyx P ≈∆≈∆ λ  . Type 1 initial condition was used with second order NewWave.  
 

Table 3 Parameters of waves for the model of Iwanowski et al. (2002) 
 

Parameter Stokes 5th wave NewWave  

Water depth d (m) 80 80 

Wave elevation E (m) 14.263 14.263 (A = 11.91) 

Wave Height H (m) 24.3 22.13 for the focus wave (calculated 
from the numerical results) 

Wave period T (sec) 14.5 Tp =(T/0.93) =15.59 

Peak frequency (Hz) - 0.06414 

Frequency band in 
JONSWAP spectrum (Hz) - 0.0237-0.1924  

(40 components) 

Wave length λ (m) 320 Pλ  =320 

Impact Height (himp) (m) 4 4 

Predefined focal time 0t  
for NewWave (s) 

- 0t = 1.5Tp = 23.34 

Predefined focal position 
0x  for NewWave (m) - 4805.10 == Px λ     

 
Figures 2 and 3 show the time force curves for the horizontal force Fx and vertical force Fz for 
OpenFOAM NewWave 2D simulation along with the 2D results based on Stokes 5th waves. The 
Stokes 5th wave 2D results from Iwanowski et al. (2002) by FLOW3D are also compared in the 
figures. 

 

                                                 
1  In practice the crest height would be obtained using Forristall crest statistics (Forristall, 2000) and then NewWave and Stokes 5th 

waves would be selected to match that crest height.  
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Figure 2   Comparison of horizontal force 

 

 
 

Figure 3   Comparison of vertical force 
 
It is clear that there is good agreement between Stokes 5th wave 2D results for our OpenFOAM 
simulation and FLOW3D.  This demonstrates that the present computational simulation is 
comparable with other available CFD results in the literature.  
 
For the NewWave simulation with the same elevation as the Stokes 5th wave, it was found that the 
peak of horizontal force acting on the simple box for NewWave is higher than that of the Stokes 5th 
wave and its duration is less; however the area under the curve of the NewWave simulation (the 
impulse) is essentially the same as that for the Stokes 5th wave (NewWave impulse = 11.0 MNs; 
Stokes impulse = 10.9 MNs). In practice, one would derive the crest elevation based on Forristall 
crest statistics (Forristall, 2000). This study indicates that if a Stokes wave is matched to the crest 
amplitude, the corresponding force may be significantly underestimated compared with a NewWave 
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with the same crest amplitude. It is therefore recommended that focused waves based on NewWave 
are employed in CFD simulations.   
 
The forces obtained from our simulations are the forces on the deck without consideration of 
structural dynamic response. The effective force applied to the supporting jacket structure depends 
on the peak force, the duration of the force and the natural period of the jacket. To determine the 
effect of dynamics of the structure, the static force-time histories shown in Figure 2 were applied to 
a single degree of freedom mass-spring-damper system that represents the supporting jacket 
structure with a natural frequency of 2.5 secs and 3% critical damping. The input force (f_deck) and 
response curves (force in the jacket) are shown in Figure 4. In this case, although the overall 
impulse is the same, the resulting force in the jacket is greater for NewWave compared with Stokes 
5th. It is this dynamically enhanced force that is used for the assessment of structural integrity of the 
jacket structure. 
 
From the above we note that the static wave-in-deck force is amplified by the dynamic behavior of 
the jacket structure resulting in higher loads being transmitted to the jacket. The NewWave dynamic 
amplification factor (DAF) is 1.39 while the Stokes 5th DAF is 1.64. These are fairly typical values 
for a fixed jacket structure with wave-in-deck loading – the particular value depends on the applied 
wave-in-deck force-time history and jacket natural frequency as mentioned above.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4   Lateral dynamic response of jacket structure to wave-in-deck loading 
(Natural period = 2.5 secs; 3% critical damping)  

 
For the vertical force comparison in Figure 3, there are significant differences between the 
NewWave and Stokes 5th wave solutions. The upward vertical force Fz for NewWave is about 1/2 
that of the Stokes 5th wave. This is most likely due to the different wave shape and crest velocity of 
the different wave theories. 

3. Conclusions  

NewWave theory provides an efficient description of the average profile of an extreme event in a 
random sea. The advantage of NewWave is that the extreme wave can be generated at a predefined 
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location and time without extensive random time domain simulations. When implemented as an 
initial condition into a CFD package that solves the Navier-Stokes equations, cost effective wave-
in-deck loading simulations can be undertaken that include the full non-linearity of the waves. 
 
This paper describes the development of an extreme wave generator based on second order 
NewWave theory that was implemented into the OpenFOAM CFD software. A comparison 
between NewWave and a Stokes 5th wave has been made by calculating the wave-in-deck loading 
on a simple box and the corresponding response of a supporting jacket structure. This study 
indicated that if a Stokes 5th wave is matched to the crest amplitude of NewWave, the applied 
horizontal deck force and the jacket response may be significantly underestimated compared to 
NewWave. The upward vertical forces from NewWave are substantially lower than the Stokes 5th 
wave. It is therefore recommended that focused waves based on NewWave are employed in CFD 
simulations.  
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Appendix: Second order NewWave theory 
 
For 2nd order NewWave theory (Eq (3)), the underlying equations for 2nd order terms can be derived 
according to second order Stokes theory (Ning et al. 2009), which can be written as 
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