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Abstract 

The main objective of this study is to develop a fast and validated model to predict the motions’ 
responses of a spar-buoy wave energy converter based on oscillating water column principle. 
Experiments and former investigations highlighted the strong effect of the spar-buoy heave motion 
on the performance of the OWC whereas water oscillations slightly affect the spar-buoy motions. 
Therefore, a single degree of freedom model was adopted to simulate the structure’s surge, heave, 
and pitch responses separately. The prediction of the structure’s heave and pitch responses is a 
straightforward task and results were experimentally validated and compared to previous studies. 
Linear and quadratic damping coefficients were introduced for better agreement between measured 
and predicted pitch responses. In contrast, surge response prediction task was more complicated 
as it requires the consideration of the mooring system installation properties, while the mooring 
configuration was not experimentally investigated since the reduced-scale model was floating 
freely (un-moored). Therefore, the predicted surge response obtained from the proposed model 
was validated using the finite element method. Two different approaches were used to solve the 
equation of motion in surge direction considering multi-catenary mooring system. Static approach 
where constant mooring-lines stiffness was used and a quasi-static approach where reaction curves 
developed were used to estimate the instant resultant mooring line tension at different offsets. Load 
excursion and reaction curves of the full-scale device developed by the proposed model were 
finally validated. 

Keywords: Wave power; Tank experiments; FEM; Simplified model 

Introduction 

A spar buoy OWC consists basically of a submerged vertical tube open at both ends, fixed to a 
floater. The buoy has a predominant heave motion and generates pneumatic power through the 
relative motion between the water column in the vertical draught tube and the spar vertical motion, 
which is designed to be out of phase with the water column motion. Mechanical and electrical 
analogy of Oscillating Water Columns (OWCs) provide simple and efficient modelling tool 
allowing the study of the system from different perspective. The proposed model is important in 
the preliminary design phase of a full-scale device as it provides easy test for the phase and 
amplitude for optimum design conditions. The prediction of motion response of the spar is not 
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only important for the proper estimation of the output power (already studied in [1]) but also it is 
directly related to the site selection conditions, the size of the structure and the selection of its 
mooring system. Such criteria limit the commercialization of Wave Energy Converters (WECs) 
unlike wind power that has clear benchmarks. The incorporation of optimization procedure to the 
proposed model can be important in the commercialization of WECs as it can allow quick 
customization of the spar according to the deployment location and its environmental condition 
and consequently faster commercial benchmarks.  
Several studies have been performed to assess the performance of OWCs [2], and floating OWCs 
in waves [3-6] and considering mooring system interactions [7,8]. Among many OWC designs, 
spar-buoy type is very attractive based on many technical considerations [9,10]. It has the 
advantage of being simple, axi-symmetrical, and equally efficient at capturing energy from all 
directions. Former studies showed that the operation of the OWC does not affect the behavior of 
the spar-buoy as much as the spar-buoy motions affect the performance of the OWC which enables 
the adoption of one-way coupling approach where structure’s motion is considered in the modeling 
of the water column oscillations. Structure’s heave motion has a significant effect on the 
performance of the OWC as it drives the relative motion between the water column and the spar-
buoy governing the pneumatic power available for the turbine [10-12]. Unlike heave motion, surge 
response has a minor effect on the OWC performance. However, it is highly affected by the 
implemented mooring system since surge stiffness is assumed to be the horizontal tension applied 
on the structure by the mooring lines [7,13]. In general, it is not desirable or practical to moor a 
floating WEC rigidly. Stiff mooring choice would result in higher internal system loadings due to 
the large buoyancy of the device and consequently disturb the hydrodynamic response of the 
converter. In contrast, the use of soft mooring system would result in lower internal system 
loadings with lower frequency response in surge, but this would allow a wider excursion. Studies 
focused on different mooring configurations and their suitability’s for wave energy converters [14, 
15] reported that free hanging Catenary Anchor Leg Mooring (CALM) and Single Anchor Leg 
Mooring (SALM) appear to be the most favorable option at present as they have well established 
design criteria [16-19] and relatively moderate installation costs [20]. Mooring configuration must 
be carefully evaluated in the context of the stiffness requirements of a WEC. In addition, it presents 
a sustainable mooring technology in locations with anchoring restrictions due to environmental 
regulations. 

Numerical investigations on the effect of different mooring systems on the efficiency of an OWC 
device in frequency domain was performed in [7]. The performance of the OWC was evaluated 
using the method of 'matched' eigenfunction expansions for the velocity potential in the fluid 
domain surrounding the device enabling the solution of the diffraction problem. Their model 
considered the pressure radiation problem resulting from an oscillating pressure head acting on the 
inner free surface of the OWC and the motion radiation problem resulting from the moored 
structure’s response in waves. Their results highlighted the motion modes where the mooring line 
characteristics are critical as well as their effect on the OWC’s wave power absorption.   

Minghao et. al. [8] aimed to develop a numerical tool to study floating OWC moored to the seabed. 
This tool is to be used to optimize the design of the devices by analyzing its efficiency under 
different wave conditions, chamber dimensions and PTO systems (Power Take-Off). For this 
purpose, the DualSPHysics code was applied to simulate the interaction between sea wave and the 
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OWC. An open-source dynamic mooring line model (MoorDyn) that uses a lumped-mass 
formulation for modelling axial elasticity, hydrodynamics, and bottom contact was coupled with 
DualSPHysics to simulate the effect of mooring systems on a floating offshore OWC in waves. 
Their model was only validated with a laboratory test that consists of a fixed OWC with an open 
chamber. Their approach of FEM and CFD solutions is similar to the study presented herein but 
requires skillful designers familiar with commercial and computationally expensive and time 
consuming software packages.  

An experimentally validated numerical model of spar buoy OWC based on Szumko model was 
provided in [1]. The study focused on heave motions and the water oscillations; and completely 
ignored the assessment of the captured power. This model was also used to identify the numerical 
tool’s validity applied in the prediction of the motion response of a floating cylindrical platform 
designed to carry a wind turbine and a desalination plant [9]. To refine the developed numerical 
tool, a comparative study between different mechanical models of floating OWCs was performed 
and presented in [3]. However, surge and pitch motions were not considered in both studies [1,3] 
since surge response prediction requires the consideration of the mooring system installation 
properties.  

Therefore, this study aims to develop a simplified model to predict the surge response in wave of 
the spar-buoy OWC based on validated load excursion and reaction curves for a specific mooring 
configuration. Moreover, the heave and pitch responses in waves are predicted by neglecting the 
operation of the OWC as suggested by previous studies for preliminary investigations.  

Model description and data reduction 

Assuming no coupling between different modes of motions, due to the axisymmetric shape of the 
spar-buoy, the general equation of motion can be reduced to six uncoupled linear differential 
equations [21] for which the standard form can be written as: 

𝒎𝒋�̈�𝒋 + 𝒃𝒋�̇�𝒋 + 𝒌𝒋𝒙𝒋 = 𝑭𝑾𝒋	𝒆#𝒊𝝎𝒕                                                                      (1) 

where m, b and k are the structure’s total mass, damping and stiffness. F is the wave excitation 
force. Subscripts j takes values from 1 to 6 denoting surge, sway, heave, roll, pitch, and yaw 
motions, respectively. In the present study, motions in concern are surge, heave, and pitch. 

Mass of a moving body consists of actual mass and added mass in a specific direction. A table for 
added masses of various body shapes including circular disk is presented in [22]. The horizontal 
added mass of a circle per unit length mahm can be calculated as: 

𝒎𝒂𝒉𝒎 = 𝝆	 𝝅
𝟒
	𝑫𝟐                                                                                                (2) 

where 𝜌 is the water density and D is the section diameter. The vertical added mass mavm for heave 
motion can be written as: 

 𝒎𝒂𝒗𝒎 = 𝝆	 𝟒
𝟑
	/𝑫
𝟐
0
𝟑
                                                                                            (3) 
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For the pitch motion, the total inertia, Ip, consists of the actual inertia, I’, and the added inertia, Iap 
of the structure. The actual inertia of the structure can be expressed as: 

𝑰0 = 𝝆	𝑽		𝒓𝟐                                                                                                       (4) 

where the radius of gyration, r is the square root of the water plane moment of area divided by the 
water plane area. V is the structure underwater volume. The added inertia of the circular cylinder 
can be calculated as: 

𝑰𝒂𝒑 = 𝝆 𝝅
𝟒
(𝑨	𝒅	𝒁)                                                                                            (5) 

where A is the cross-sectional area of the section, d is the section draught and Z represents the 
distance between the centre of gravity of the section and the centre of gravity of the whole structure 
in case the cylinder is part of the floating structure. The hydrodynamic damping coefficients in 
heave and pitch directions are evaluated experimentally using the logarithmic decrement method 
from decay test results [23]. 

The restoring forces and moments can be related to the translational or rotational displacements 
with the following matrix equation by making use of standard naval architectural formulae as [20, 
21, 24]. 
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                       (6) 

where x1 to x6 are denoting surge, sway, heave, roll, pitch, and yaw motions, respectively. AW is 
the water-plane area, GMT and GML are the transverse and the longitudinal metacentric heights, 
respectively. For cylindrical sections both values are equal and can be calculated as: 

𝑮𝑴 = 𝑲𝑩+ 𝑩𝑴−𝑲𝑮                                                                                   (7) 

where KB is the centre of the immersed volume, KG is the centre of gravity of the floating structure 
and 

𝑩𝑴 = 𝟐
𝟑∫ /𝑫

𝟐
0
𝟑
𝒅𝒙/𝑽

𝑫
𝟐
#𝑫𝟐

                                                                                    (8) 

D is the diameter and represents the breadth of the waterline. The integral part of the above 
equation is equal to the second moment of the water-plane area, J, as:  

𝑩𝑴 =	 𝑱
𝑽
                                                                                                            (9) 
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From Equation (6) it is clear that for unmoored ships the surge stiffness caused by the restoring 
force is equal to zero. Therefore, the surge stiffness is assumed to be the horizontal tension applied 
on the structure by the mooring lines [13]. 

The relationship between the excursion of the structure and the horizontal tension applied on it can 
be found by plotting the load excursion curves. Such load excursion curve for a particular line can 
also be used to identify the horizontal displacement or surge caused by a change in the horizontal 
loading. For a single line catenary mooring system, assuming that the fairlead connection is at the 
water surface, the horizontal scope X for the inelastic case can be expressed as reported in [15] as: 

𝑿 = 𝒍 − 𝒘𝒅 /𝟏 + 𝟐
𝒂
𝒘𝒅
0
𝟏 𝟐⁄

+ 𝒂	 𝐜𝐨𝐬𝐡#𝟏 /𝟏 + 𝒘𝒅
𝒂
0                                            (10) 

where l is the mooring line length, wd is the water depth, and a is equal to the horizontal tension 
divided by the submerged weight per unit length w. 

This basic formulation (Equation (10)) can be used to plot the load excursion curve by applying a 
range of horizontal forces that are to be expected on the WEC, for specific mooring line length, 
submerged weight per unit length and water depth. 

Since the investigations carried out here are in the frequency domain, it is simple to introduce 
additional forces resulting from mooring lines to the simulation of forces. These additional forces 
are considered for surge and pitch motions’ predictions only since the pitch moment calculation is 
derived from the surge force. The mooring lines’ forces are assumed to be applied on the structure 
at the still-water level. Catenary mooring lines’ forces are ignored in the heave direction due to the 
minor effect of the mooring line on heave motion compared to surge and pitch.  

Considering a mooring system which consists of two opposite lines with line A facing the 
incoming force and line B on the lee side, the external force will increase the horizontal tension in 
line A and reduce the horizontal tension in line B. The external loading or the resultant horizontal 
tension can be expressed in the form as: 

𝑻𝒆𝒙𝒕 = 𝑻𝑯𝑨 − 𝑻𝑯𝑩                                                                                              (11) 

Morison equation was used to calculate forces on the structure since its efficiency was proven in 
predicting loads on relatively small structures [20, 25]. Wave force and moment in surge and pitch 
directions, respectively, are assumed to consist of inertia and drag components as: 

𝑭𝑾 = 𝟏
𝟐
𝑪𝑫𝝆𝑨�̇�|�̇�| + 𝑪𝑴𝝆�̈�𝐕                                                                             (12) 

where CD and CM are the drag and inertia coefficients, A is the area, 𝛻 is the underwater volume, 
and ρ is the water density. �̇� and �̈� are the velocity and acceleration of the water particles which 
can be obtained from linear wave theory [26, 27].  
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In general CD and CM can vary over the length of the pile in addition to Reynolds number. Therefore, 
we cannot integrate this equation directly. If, however, we take constant values of CD and CM (as 
seen in Table 1 adapted from [20]) and use linear wave theory and consider only the local 
acceleration term, the integration can be carried out up to the mean free surface to give an 
approximation to the total force [29].  

Table 1: Hydrodynamic drag and inertia coefficients  
Wave Theory CD CM Comments 
Linear Theory 1.0 0.95 Mean values for ocean wave data on 13-24 in cylinder  

1.0 – 1.4 2.0 Recommended design values based on statistical analysis 
of published data 

Stokes 3rd order 1.34 1.46 Mean values for oscillatory flow for 2-3 in cylinders 
Stokes 5th order 0.8 – 1.0 2.0 Recommended design values based on statistical analysis 

of published data 
 
Table 1 shows that for linear waves the recommended values for drag and inertia coefficients are 
1.2 and 2.0, respectively. 

On the other hand, considering preliminary models of WECs, it is usually assumed that forces 
remain within the diffraction regime [28] and the importance of other known forces can be 
considered at a later stage. Therefore, in this case, the forces are assumed to consist of incident 
and diffraction components. The incident wave component is usually straightforward to obtain by 
integrating the pressure due to the incident waves over the wetted body surface of the structure 
[29]. The incident wave component in heave can be expressed as: 

𝐹B = 𝐴[𝜌𝑔𝑎𝑒CD cos(𝜔𝑡)]                                                                                (13) 

where a is the wave amplitude, K is the wave number and d is the draught. The diffraction 
component is calculated by multiplying the added mass of the cylinder, Ma, and the acceleration 
of the water particles, which is also called acceleration force. Diffraction (acceleration) force 
component in heave can be written as: 

𝐹E = 𝑀F[−𝑎𝑔𝐾𝑒CD cos(𝜔𝑡)]                                                                           (14)	

Finally, the equation of motion was solved for both heave and pitch motions, while static and 
quasi-static modelling are performed for surge motion. In both approaches adopted for surge 
motion, it is assumed that mooring stiffness is equal to the tension force (resultant) in mooring 
lines. Constant line stiffness has been used for static modelling while reaction curve obtained has 
been used to estimate the instant resultant mooring line tension at different offsets in case of quasi-
static modelling. 

Validation of the proposed models 

Heave and pitch response results are validated experimentally. Experiments have been performed 
in the tank of the Kelvin Hydrodynamics Laboratory at the University of Strathclyde. Two 
experimental models have been manufactured. Experimental model 1 presented in Fig. 1 is a 1:100 
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reduced scale model of the devices investigated by [10,30]. The tests covered a range of 
frequencies from 1.5 to 6 rad/s with wave amplitude of 10 mm. 

 
Fig. 1. Photo of the reduced-scale model 1 

For the second experimental model the horizontal dimensions of model 1 were doubled while the 
vertical dimensions remained the same. The reason for increasing the horizontal dimensions only 
in the second model is to avoid the effect of the tank floor on the bottom of the device [31]. The 
dimensions in [m] of the two experimental models are presented in Table 2. Due to the limitation 
of the available tubes, the closest tube dimensions to those provided by (Incecik, 2003) have been 
selected. 

Table 2: Dimensions of experimental models  
Characteristic dimension  Model 1 Model 2 

Buoy outer diameter 0.14 0.30 
Buoy inner diameter 0.07 0.127 
Buoy draft 0.15 0.15 
Buoy freeboard 0.10 0.10 
Tube outer diameter 0.07 0.127 
Tube inner diameter 0.06 0.121 
Tube draft 0.40 0.40 
Tube freeboard 0.26 0.26 
Collar outer diameter 0.089 0.167 
Collar inner diameter 0.07 0.127 
Collar draft 0.0475 0.095 
 

Infrared optical tracking system was used to detect the 6 DOF motions of the reduced-scale model. 
Using data from many cameras, the system calculates the 3D positions of the markers attached to 
the model. The 6 DoF motions are then transferred to be presented in real-time illustrations. 
Resistance type wave probes were used in the measurement of the amplitude of the passing waves 
and the water elevation inside the tube. The main quantified source of error during the experiments 
was due to the accuracy of the wave probes used which can sometimes lead to error up to 5% given 
the very small amplitudes of waves or oscillations and the size of the tube. 
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Due to time limitations, mooring system was not assessed experimentally. However, a finite 
element model was developed to validate the proposed mooring system analysis discussed earlier 
to predict the surge response of the full-scale device (full scale of model 1). OrcaFlex model shown 
in Fig. 2 was used to perform multi-static analysis in case of two orthogonal lines with different 
installation properties. OrcaFlex has been used for industrial and research purposes and showed 
reliability [32, 33]. It was developed by Orcina for static and dynamic analysis of a wide range of 
offshore systems, including all types of marine risers (rigid and flexible), global analysis, 
moorings, installation, and towed systems. OrcaFlex provides fast and accurate analysis of 
catenary systems such as flexible risers and umbilical cables under wave and current loads and 
externally imposed motions.  

 
Fig. 2. Snapshot of spar used in OrcaFlex modelling 

Results 

Measured or calculated mass, damping, stiffness, stability and natural frequency results are 
presented in Table 3. 

Table 3: Reduced-scale model experimental design parameters and results 
Results of reduced-scale models’  Model 1 Model 2 Notes 
Mass and inertia 
Actual mass (kg) 2.065 9.045 Measured 
Added mass in heave (kg) 0.502 4.595 Calculated  
Added mass in surge (kg) 17.36 78.06 Calculated 
Actual inertia in pitch (kg m2) 0.276 0.595 Calculated 
Added inertia in pitch (kg m2) 0.08 0.295 Calculated 
Damping ratio 
Damping ratio in heave 0.056 0.070 Measured from decay test 
Damping ratio in pitch 0.071 0.045 Measured from decay test 
Stiffness coefficients 
Stiffness in heave (N/m) 123.27 580.62 Calculated 
Stiffness in pitch (N m/rad) 3.651 27.131 Calculated 
Stability index and reference heights 
KG (m) 0.182 0.146 Measured from inclining test 
KB (m) 0.287 0.294 Calculated 
BM (m) 0.010 0.044 Calculated 
GM (m) 0.115 0.193 Measured from inclining test 
Buoy Keulegan-Carpenter number 0.4 0.2 Calculated 
Tube Keulegan-Carpenter number 1.0 0.4 Calculated 
Buoy Diffraction parameters (D//L) 0.04 0.09 Calculated 
Tube Diffraction parameters (D//L) 0.01 0.03 Calculated 
Natural frequencies 
Heave natural frequency (rad/s) 6.9 6.7 Calculated and measured from inclining test 
Pitch natural frequency (rad/s) 3.1 5.6 Calculated and measured from inclining test 
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Fig. 3, Fig. 4 and Fig. 5 present surge, heave and pitch forces/moments expected to be applied on 
a vertical cylinder of experimental model 2 when subjected regular wave amplitude of 10 mm. 

  

 
Fig. 3. Inertia, drag and total horizontal (surge) force  

 

 
Fig. 4. Pressure, acceleration and total vertical (heave) force  
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Fig. 5. Inertia, drag and total pitch moment  

Results showed that the drag contribution in the total horizontal force (Fig. 3) and pitch moment 
(Fig. 5) is very small compared to the inertia contribution since the wave height to diameter ratios 
are 1 and 0.5 for experimental models 1 and 2, respectively. Fig. 4 shows that the total vertical 
force consists mainly of the pressure components and that acceleration component can be 
neglected. This case corresponds to Froude-Krylov approximation. In order to validate the wave 
forces calculations presented above, Keulegan-Carpenter and the diffraction parameters were 
calculated for the two experimental comparisons between those parameters for buoys and water 
columns of experimental models 1 and 2 assuming wave height of 0.02 m and wavelength of 3.2 
m results showed that Keulegan-Carpenter parameter is KC<1 and diffraction parameter (Diameter 
/ wavelength) is D/L<0.2. Therefore, viscous forces can be ignored. Forces to be calculated in 
diffraction regime and Froude-Krylov approximation are valid which verify the results.  

Heave and pitch predicted motions are compared with experimental motion responses of the two 
reduced scale models. Comparisons are presented in Fig. 6 and Fig. 7. Predicted heave response 
peak for model 1 is estimated to be 6.9 rad/s and for pitch 3.1 rad/s. Unfortunately, due to the time 
limitations, experimental validation has been performed for a small range of frequencies. For 
experimental model 2, the predicted heave response peak is expected to be at 6.5 rad/s while for 
pitch it was found to be 5.6 rad/s.  
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Fig. 6. Comparison between numerical and experimental heave and pitch RAOs of 

experimental model 1 

As it is shown, in the measured heave RAO of model 1 (Fig. 6) a slight increase occurs at 4.1 rad/s. 
This peak was also detected in the captive mode results presented in [34]. The reason of this minor 
peak could be due to the natural frequency of the wave probe itself. Another minor peak in the 
measured heave response appeared and is clearly observable in experimental testing around 3.1 
rad/s, which is the structure’s pitch natural frequency. This agrees with the research results 
presented in [34,35]. This increase in response can be because of the interaction between the pitch 
motion and the water column oscillations as a free surface similar to moonpools [36].  

 

 
Fig. 7. Comparison between numerical and experimental heave and pitch RAOs of 

experimental model 2 

Similar to Fig. 6, in Fig. 7, two peaks appear in the measured heave motion response. The first 
peak is at 4.1 rad/s (may be caused by the wave probe) and the second one corresponds to the 
natural frequency of the water column (at 4.8rad/s).  
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Fig. 6 and Fig. 7 show that the trends of the predicted results agree with the experimental results. 
It would be expected from the limitations of linear wave theory that best agreement between 
prediction and experiment would be achieved for the smallest chosen wave amplitude at a given 
frequency. This is confirmed from the figures. However, predicted heave responses showed 
satisfactory agreements with measured results. The disagreements for high wave frequency of 
numerical model with respect to measurements can be due to the low adoption of viscous damping 
model. The disagreements for high wave frequency can be due to the assumption of the linear 
hydrodynamic drag and inertia coefficients used in the calculation of the surge force and 
consequently the pitch moment. However, the agreement is also good compared to the same 
structure’s heave predictions performed in the previous study [10] that considered the water 
column oscillations in the spar heave modelling by using a 2 DOF model. Structure, water column 
and relative motions of the Szumko 2 DOF model are demonstrated in Fig. 8 for the experimental 
model 1. 

 
Fig. 8. Comparison between numerical and experimental structure’s heave, water column and 
relative motion RAOs vs. wave frequency for the experimental model 1 and Szumko model, 

viscous damping (numerical model) [10] 

Comparison of the structure’s heave response in Fig. 6, where the platform is modelled as a single 
DOF model, with heave response in Fig. 8, where the platform was modelled using a two DOF 
model shows that both models successfully predicted the platform’s heave response. 

The clear disagreement between the numerical and experimental pitch results around the resonant 
frequencies for both experimental models presented in Fig. 6 and Fig. 7 may be due to the 
inaccuracy of determining the pitch damping coefficient from the decay tests. Recent studies 
reported a model to incorporate empiric quadratic damping in order to obtain a satisfactory 
agreement with model test results [36]. Results obtained by introducing a quadratic damping to 
the pitch equation of motion are presented in comparison with the results obtained from the viscous 
damping approach and the experimental results for experimental models 1 & 2 in Fig. 9 and Fig. 
10 respectively. In Figs. 9 and 10, VD and EVD stand for viscous damping and equivalent viscous 
damping approaches respectively. 
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Fig. 9. Comparison between experimental, VD and EVD pitch RAO for experimental model 1 

 

 
Fig. 10. Comparison between experimental, VD and EVD pitch RAO for experimental model 2 

Results of the equivalent viscous damping approach have better agreement with the experimental 
results especially around the natural frequency increasing the quality of the prediction model 
developed. 

As mentioned earlier, the prediction of the surge response requires the incorporation of the 
mooring system in the modelling. Load excursion curve can be created by applying a range of 
horizontal forces that are to be expected on the WEC. For single catenary mooring line, the solution 
of Equation (10) is presented in Fig. 11. 
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Fig. 11. Load excursion curve for single catenary mooring line, installation properties: wd=50m, 

l=75m and w=918.75N/m 

In order to validate the reaction curves, total restoring force obtained from the finite element model 
is compared with the one obtained mathematically in case of two opposite mooring lines as shown 
in Fig. 12. The reaction curve in this case is represented by the resultant horizontal external loading 
over the load excursion curves. The equilibrium position, with no external loading is indicated 
with the crossing point of the surge–tension curves (load excursion curve of each line). 

 
Fig. 12. Comparison between analytical and finite element reaction curves for two opposite 

catenary mooring lines, installation properties wd=50m, l=75m and w=918.75N/m, Pre-T = 50kN 

Fig. 12. showed very good agreement between the predicted results of both analytical and finite 
element approaches. Load excursion curve and reaction curves for different horizontal pre-tension 
are presented in Fig. 13.  
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                      (a) 

 
                      (b) 

Fig. 13. Load excursion and reaction curves for two opposite catenary mooring lines, installation 
properties wd=50m, l=75m and w=918.75N/m, (a) Pre-T (tension) = 100 kN (b) Pre-T = 140 kN  

Results presented in Fig. 13 agree with past studies [15] and explain the relation between horizontal 
force and the excursion of the spar for the same installation properties and different horizontal pre-
tension values. 

Finally, Fig. 14 and Fig. 15 present static and quasi-static modelling of full-scale structure’s surge 
motion equipped with two opposite catenary mooring lines; one facing the incoming force and the 
other is on the lee side.  
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Fig. 14. Comparison between structure’s surge RAO vs. wave frequency for different mooring 

line stiffness using static approach 

 
Fig. 15. Comparison between structure’s surge RAO vs. wave frequency for different horizontal 

mooring line pre-tension using quasi-static approach 

It is noticed that surge RAO obtained from static modelling (Fig. 14) does not show big 
discrepancies with respect to RAO obtained from quasi-static approach (Fig. 15). Moreover, 
varying the mooring line pre-tension does not significantly affect the structure’s surge response. 

 

Conclusions and final remarks 

In this study, a simplified approach was developed to predict the structure’s responses in waves 
consisted mainly of three uncoupled linear differential equations describing surge, heave, and pitch 
motions. This simplified model did not include interactions between the structure and water 
column oscillations.  
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The predicted structure’s heave response showed very good agreement with experiments and 
former heave simulation results that considered the water column oscillations in modelling.   

Predicted pitch results have been validated experimentally using two experimental models as well. 
The disagreement between the predicted and measured pitch responses around the resonant 
frequencies has been improved by adopting the equivalent viscous damping approach expressed 
by linear and quadratic damping coefficients.  

Mooring system has been introduced to model the structure’s surge motion. Load excursion and 
reaction curves have been plotted by applying a range of horizontal forces that are expected to be 
applied on the structure for specific installation properties. Finite element multi-static model has 
been developed to validate the current model results. Then, constant mooring line stiffness has 
been used for static modelling of surge response while reaction curve obtained has been used to 
estimate the instant resultant mooring line tension at different offsets in case of quasi-static 
modelling. It was found that surge responses obtained from both methods did not show big 
discrepancies and the processing time required for both models was almost the same. 
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