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Abstract.  In this paper, the Finite-Analytic Navier-Stokes (FANS) code is coupled with an in-house 
finite-element code to study the dynamic interaction between a floating buoy and its mooring system. 
Hydrodynamic loads on the buoy are predicted with the FANS module, in which Large Eddy Simulation 
(LES) is used as the turbulence model. The mooring lines are modeled based on a slender body theory. Their 
dynamic responses are simulated with a nonlinear finite element module, MOORING3D. The two modules 
are coupled by transferring the forces and displacements of the buoy and its mooring system at their 
connections through an interface module. A free-decay model test was used to calibrate the coupled method. 
In addition, to investigate the capability of the present coupled method, numerical simulations of two 
degree-of-freedom vortex-induced motion of a CALM buoy in uniform currents were performed. With the 
study it can be verified that accurate predictions of the motion responses and tension responses of the CALM 
buoy system can be made with the coupling CFD-FEM method. 
 

Keywords:  Catenary Anchor Leg Mooring (CALM) buoy system; computational fluid dynamics 

(CFD); unsteady Navier-Stokes equations; coupling mooring analysis; Large Eddy Simulation (LES) 

 
 
1. Introduction 
 

The dynamic behavior of the catenary anchor leg mooring (CALM) system has been a subject 

of study for a long time since it was first employed in 1961. As the hydrodynamic behavior of the 

CALM buoy is highly affected by the mooring system dynamics, an accurate tool for coupled 

analysis is essential.  

Many model tests have been performed by, among others, Bunnik et al. (2002), Ricbourg et al. 

(2006) to estimate the hydrodynamic behavior of CALM buoy models. The size of the buoy is 

scaled down based on Froude scaling law. Due to limited water depth in the wave basin, a method 

of equivalent truncated mooring system is applied for deep water prototypes.  

In terms of numerical analysis, many coupled studies have been conducted based on 

diffraction/radiation theory, such as those presented by Kang et al. (2014), Huang et al. (2005), Le 

Cunff et al. (2007). They performed forced oscillation tests to validate hydrodynamic performance 

of buoy. Free-decay test is commonly employed to predict the performance of CALM buoy system, 
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including the buoy model and offloading systems (Duggal and Ryu 2005, Salem et al. 2012). 

Different models are applied to simulate mooring line systems numerically, such as lumped mass 

method by Bunnik et al. (2002) and nonlinear springs replacement method by Sagrilo et al. (2002). 

Both fully-dynamic coupled method and quasi-static coupled method are commonly used to 

simulate the interaction between the floater and mooring system (Cozijn and Bunnik 2004). 

In addition, CFD approach is also used to study the hydrodynamic behavior of the CALM buoy. 

Monroy et al. (2011) conducted CFD simulations of a captive CALM buoy with Reynolds 

Averaged Navier-Stokes Equations (RANSE) solver. The buoy model was kept captive by a 

framed structure without the coupling effect of the mooring system. Strong viscous effects such as 

vortex shedding was observed in the study. Gu et al. (2017) considered the dynamic interaction 

between a buoy model and its mooring lines by coupling the methods of CFD and FEM. 

Gu et al. (2017) modeled the mooring system as catenary cables to provide similar 

hydrodynamic performance as the CALM system modeled in the free-decay test conducted by Ryu 

et al. (2006). As the method of equivalent truncated mooring system was employed in the model 

test, to facilitate a more direct comparison with the model test data, this paper replaced the 

imaginary catenary mooring system with a taut mooring system, whose parameters are the same as 

the ones provided by Ryu et al. (2006). The new CALM buoy system was calibrated with the 

free-decay test. The hydrodynamic behavior of the CALM buoy system was further investigated 

under the condition of uniform currents with different velocities. 

In this study, the hydrodynamic responses of the floating buoy are predicted based on the FANS 

module. The mooring system is modeled and simulated with MOORING3D. Interactions between 

the buoy and its mooring system are considered through the interface module. 

 

 

2. Numerical approach 
 

2.1 MOORING3D 
 

2.1.1 Background 
MOORING3D is a cable dynamic analysis Fortran 90 code developed by the authors. It is 

based on the nonlinear Finite Element Method (FEM) theory originally introduced by Garrett 

(1982). The theory is modified for the purpose of this research to couple with the FANS code. 

In this study, the mooring system is modeled as long slender wires neglecting bending moments 

and shear forces. The primary force is the tension along the direction of wire. Based on the motion 

equation of a cable in Cartesian coordinate (Lindahl and Sjoberg 1983), the governing equation 

describing the motion of a cable can be expressed as 

(𝜆̃𝐫′)
′

+ 𝐪 = 𝜌𝐫̈                            (1) 

𝜆̃ =
𝑇

1+𝜀
                              (2) 

𝜀 =
𝑇

𝐸𝐴
                               (3) 

where T is the tension tangential to wire’s direction. r is a function of both deformed arc length s 

and time t. q is the external force per unit length. 
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For the q considered here, it is composed of hydrostatic, hydrodynamic and gravity forces. The 

gravity force is determined by  

𝐪𝑡(𝑠, 𝑡) = −𝜌𝑡𝑔𝐴𝑡𝐞𝑦                          (4) 

By considering the components of external force, we can express the governing equation as 

𝐌𝐫̈ − (𝜆̃𝐫′)
′

= 𝐪                            (5) 

where 

𝐌 = 𝜌𝑡𝐴𝑡𝐈 + 𝜌𝑓𝐴𝑓𝐶𝑀𝑛(1 + 𝜀)𝐍 + 𝜌𝑓𝐴𝑓𝐶𝑀𝑡(1 + 𝜀)𝐓             (6) 

𝐪 = (𝜌𝑓𝐴𝑓 − 𝜌𝑡𝐴𝑡)𝑔𝒆𝑦 + 𝜌𝑓𝐴𝑓(1 + 𝜀)(𝐈 + 𝐶𝑀𝑛𝐍 + 𝐶𝑀𝑡𝐓)𝐚𝑓 +
1

2
𝜌𝑓𝐷𝑓𝐶𝐷𝑛 

(1 + 𝜀)𝐍(𝐯𝑓 − 𝐫̇)|𝐍(𝐯𝑓 − 𝐫̇)| +
1

2
𝜌𝑓𝐷𝑓𝐶𝐷𝑡(1 + 𝜀)𝐓(𝐯𝑓 − 𝐫̇)|𝐓(𝐯𝑓 − 𝐫̇)|       (7) 

𝐓 =
𝐫′𝑇

𝐫′

(1+𝜀)2                               (8) 

In the above equations, 𝐴𝑡 is the structural cross-section area of the rod. 𝜌𝑡 is the density of 

the rod. 𝜌𝑓 is the density of the water. 𝐴𝑓 is the outer cross-section area of the rod. 𝐓 and 𝐍 

are transfer matrices between the local coordinate system of the rod and global coordinate system. 

𝐶𝑀𝑛 is the normal added-mass coefficient. 𝐶𝑀𝑡 is the tangential added-mass coefficient. 𝐶𝐷𝑛 is 

the normal drag coefficient. 𝐶𝐷𝑡 is the tangential drag coefficient.  

The configuration vector r must obey the stretching constrain equation 

𝐫′ ∙ 𝐫′(1 − 𝜀̃)2 = 1                         (9) 

By employing Galerkin’s method to discretize the partial differential terms and Hermite cubics 

𝑎𝑖(𝜉)/quadratics 𝑝𝑚(𝜉) shape functions to discretize the coefficients in summation form, Eqs. (5) 

and (9) become 

𝛾𝑖𝑘𝑚𝑀𝑛𝑗𝑚𝑢̈𝑘𝑗 + 𝛽𝑖𝑘𝑚𝜆̃𝑚𝑢𝑘𝑛 = 𝜇𝑖𝑚𝑞𝑚𝑛 + 𝑓𝑖𝑛               (10) 

1

2
𝛽𝑖𝑘𝑚𝑢𝑖𝑛𝑢𝑘𝑛 +

1

2
𝜂̃𝑖𝑘𝑙𝑚(−2𝜀𝑙̃ + 𝜀𝑙̃

2)𝑢𝑖𝑛𝑢𝑘𝑛 −
1

2
𝜏𝑚 = 0            (11) 

where 

𝛽𝑖𝑘𝑚 =
1

𝐿
∫ 𝑎𝑖

′(𝜉)𝑎𝑘
′ (𝜉)𝑝𝑚(𝜉)𝑑𝜉

1

0
                    (12) 

𝛾𝑖𝑘𝑚 = 𝐿 ∫ 𝑎𝑖(𝜉)𝑎𝑘(𝜉)𝑝𝑚(𝜉)𝑑𝜉
1

0
                    (13) 

𝜇𝑖𝑚 = 𝐿 ∫ 𝑎𝑖(𝜉)𝑝𝑚(𝜉)𝑑𝜉
1

0
                       (14) 

𝜂̃𝑖𝑘𝑙𝑚 =
1

𝐿
∫ 𝑎𝑖

′(𝜉)𝑎𝑘
′ (𝜉)𝑝𝑙(𝜉)𝑝𝑚(𝜉)𝑑𝜉

1

0
                   (15) 

The unknown variables in Eqs. (10) and (11) are 𝑢̈𝑘𝑗, 𝑢𝑘𝑛 and 𝜆̃𝑚, where 𝑗, 𝑚 and 𝑛 are 

integers from 1 to 3 and 𝑖, 𝑘 are integers from 1 to 4. By considering the boundary conditions, 

we can write the equations in a matrix form of 𝐀𝛿𝐱 = 𝐛. The size of the matrix is determined by 

the number of segments in the line model. For more detailed information about the theory, please 
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refer to Chen (2002). 

To evaluate the accuracy of the MOORING3D code, a prescribed motion test is conducted. The 

test’s results are compared with the results from commercial software OrcaFlex under the same 

experimental condition. 

 

2.1.2 Verification 
The verification test consists of a 4-leg 90∘spaced mooring lines. The 3D overview of the 

experimental set-up is shown in Fig. 1. The parameters of the four mooring lines are shown in 

Table 1. The top-end points of the mooring lines are attached to a buoy with coordinates of (8.5, 0), 

(0, 8.5), (0, 8.5), (8.5, 0). The bottom-end points of the mooring lines are anchored on the sea 

floor with coordinates of (330, 0), (0, 330), (0, 330) and (330, 0).  

 

 

Fig. 1 3D overview of catenary mooring lines' configuration in the free-decay test 

 

 
Table 1 Parameters of mooring lines in verification test 

 Unit Mooring 

Water Depth m 106.8 

Length m 350 

Diameter m 0.12 

EA N 3.538991012E10 

Density kg/m3 8841.9413 

Normal CD  1 

Normal CM  2 

Axial CD  0 

Axial CM  1 
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Fig. 2 Tension comparison between MOORING3D and OrcaFlex (Line1 – Line4) 

 

 

 

The test is first simulated in the commercial software OrcaFlex. A free-decay test is used to 

generate the motion of the buoy and the motion of the four mooring lines’ fairleads. The initial 

displacement of the buoy is 8 m in x direction. The trajectories of four fairleads are used as the 

displacement inputs for the MOORING3D code to simulate a prescribed-motion test. The mooring 

lines used in the prescribed-motion test are the same as the ones used in OrcaFlex. Both the 

OrcaFlex and MOORING3D simulations were performed using 35 equally spaced elements along 

each mooring line. 

By comparing the tangential tensions (from F1 to F4) at the top of each mooring line (from 

Line1 to Line4) computed by OrcaFlex and MOORING3D (Fig. 2), it can be verified that the 

MOORING3D code is able to simulate the dynamic responses of mooring lines with similar 

accuracy to OrcaFlex. 

To demonstrate that the time interval of 0.1 second is sufficient for providing accurate 

simulation, tests with time increment of 0.01s and 0.2s are also conducted for comparison (Fig. 3). 

It is seen that the change of time interval has no effect on the final results, which means that the 

time interval of 0.1s is able to provide accurate estimation of the dynamic responses of the 

mooring line system. 
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Fig. 3 Tension comparison between different time intervals (Line1 – Line4) 

 

 

2.2 Computational Fluid Dynamics (CFD) 
The flow field around the buoy is computed by solving the unsteady incompressible 

Navier-Stokes equations with the finite-analytic method (Pontaza et al. 2005, Chen et al. 2013, 

Chen and Chen 2016). Large eddy simulation (LES) turbulence model, which applies 

volume-averaging Navier-Stokes equation, is used to simulate the turbulence. 

𝜕𝑢̅𝑖

𝜕𝑥𝑖
= 0                              (16) 

𝜕𝑢̅𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝑢𝑖̅𝑢𝑗̅) = −

1

𝜌

𝜕𝑝̅

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖̅̅ ̅

𝜕𝑥𝑖𝜕𝑥𝑗
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑖
                (17) 

Eqs. (16) and (17) are the differential equation used by LES method. 𝜏𝑖𝑗 is the subgrid stress, 

which is determined by eddy-viscosity 𝜈𝑡 . Smagorinsky’s subgrid-scale turbulence model is 

utilized to estimate 𝜈𝑡 (Eq. (18) to Eq. (22)). 

𝜏𝑖𝑗 = 𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ − 𝑢𝑖̅𝑢𝑗̅                         (18) 

𝜏𝑖𝑗 = −2𝜈𝑡𝑆𝑖𝑗                          (19) 

𝜈𝑡 = (𝐶𝑆∆)2√2𝑆𝑖𝑗𝑆𝑖𝑗                         (20) 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑗
)                        (21) 
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∆= (∆𝑥∆𝑦∆𝑧)
1/3

                             (22) 

where 𝑆𝑖𝑗 is the local strain tensor. 𝐶𝑆 = 0.1 is the Smagorinsky’s coefficient. ∆ is a filter width 

which filters out any vorticity smaller than it. 

To best describe the motions of each subdomain of the fluid, an overset grid approach by Suhs 

and Tramel (1991) is used. With overset grid method, information among adjacent subdomains is 

transferred by overlapped common region between both borders. 

The overset grid system for the buoy is shown in Figs. 4 and 5 The grid parameters are 

normalized by the characteristic length 𝐷, which is the outer diameter of the buoy. The total fluid 

domain size ranges from 5 ≤  x/D  ≤ 12, 5 ≤  y/D  ≤ 5 and 6.28235 ≤  z/D  ≤0. There are a 

total of 7 computational blocks, including 5 near buoy cylindrical columns with 521,633 grid 

points and 2 rectangular blocks describing the far field of the fluid domain. The total number of 

the grid points is 1,223,378. With regard to the global coordinate system, x-axis stands for the 

incoming flow direction, y-axis is the cross-flow direction, and z-axis is the axial direction of the 

buoy. 

 

 

Fig. 4 Grids near the buoy model 

 

 

 

Fig. 5 Background grids and computational domain 
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Fig. 6 Interaction between the three modules 

 

 

2.3 Interface module 
 

By using the MOORING3D module and FANS module, we are able to simulate the 

hydrodynamic behaviors of both the buoy model and mooring system. An interface module was 

established as a transmission channel to exchange the essential information between the FANS 

code and MOORING3D code. The general function and procedure for the whole simulation is 

demonstrated in Fig. 6. 

At the beginning of each time step, the FANS code first updates the flow field and the 

hydrodynamic response of the buoy. The calculation is based on the updated information obtained 

from the last time step. The response of the buoy is calculated based on the updated total forces. 

The total external forces on the buoy are obtained by combining the hydro forces with the mooring 

lines’ tensions, which are transferred from the MOORING3D module by means of the Interface 

module. 

Being attached to the fairleads on the buoy, the mooring lines are forced to move at the same 

time. The motion of the fairleads is transferred from the FANS module to the MOORING3D 

module through the Interface module. The updated displacements for the mooring lines reversely 

affect the response of the buoy by exerting new external tensions and moments on the buoy. 

In the coupled FANS/MOORING3D simulations, the Interface module is responsible for 

transferring the updated displacement of the buoy to the MOORING3D module as an input, and 

transferring the tensions and moments caused by the new displacement back to the FANS code as 

an external effect on the buoy. As all the parameters in the FANS module are dimensionless, the 
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Interface module is designed to normalize the input for the MOORING3D code and 

dimensionalize the input for the FANS code. 

 

 

3. Numerical simulation 
 

3.1 Free-decay test 
 

3.1.1 Experimental set-up 
To calibrate the dynamic characteristics of the CALM buoy system established by the coupled 

code, a free-decay model test conducted in the Offshore Engineering Basin at the Institute for 

Marin Dynamics in Canada by Ryu et al. (2006) has been replicated with the coupled code and 

OrcaFlex separately. The results from the coupled code and OrcaFlex are compared with the model 

test data to verify that the model established in the coupled code has the same hydrodynamic 

characteristics with the one in the model test. 

The parameters of the prototype buoy are listed in Table 2. To facilitate a direct comparison 

with the model test data, numerical simulations were performed for the model-scale CALM buoy 

system. The scale ratio for the length of model test is λ =
LF

LM
=35.6. As the model test in the wave 

basin follows the Froude similarity scaling law, the corresponding scale ratio for the velocity 

becomes 
𝑈𝐹

𝑈𝑀
= √𝜆 = √35.6. The time in the simulation is scaled with a ratio of 

𝑇𝐹

𝑇𝑀
= √𝜆 =

√35.6.  

Due to the limitation of experimental water depth, Ryu et al. (2006) used truncated mooring 

method in the model test to replicate equivalent dynamic behaviors of the prototype mooring 

system. The full-scale parameters of the mooring lines employed in the model test is presented in 

Table 3. To facilitate a direct comparison with the model test results, the parameters of the mooring 

lines in the coupled code and OrcaFlex are the same as the ones in the model test. Fig. 7 present 

the 3D overview of the experimental configuration. 

 

 
Table 2 Buoy's parameters 

Parameter Unit Value 

Model Test Scale  35.6 

Water Depth m 106.8 

Buoy Hull Diameter m 17.0 

Buoy Height m 7.65 

Draft m 5.65 

Weight in Air ton 878.6 

KG m 3.4 

Buoy Total Rxx m 4.39 

Buoy Total Ryy m 4.39 
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Table 3 Parameters of the mooring lines in the model test (full-scale) 

 Unit Mooring 

Length m 133.3 

Wet Weight kg/m 3 

Diameter mm 30 

EA metric tons 1963 

Pretension metric tons 150 

 

 

 

Fig. 7 3D overview of mooring lines’ configuration 

 

 

3.1.2 Simulation results 
Fig. 8 compares the surge displacements of the buoy model obtained from the three tests. The 

hydrodynamic coefficients of the buoy in OrcaFlex is shown in Table 4.For the numerical methods, 

the simulation time increment used in the free-decay test is 0.1s in prototype scale. As the model 

test only provides the results from 0 to 120s in the full-scale, the number of iteration steps is set to 

be 1200. 

Fig. 9 illustrates the 2D and 3D z-vorticity patterns in free-decay test at simulation time steps of 

200, 500 and 1000, which correspond to full-scale time of 20s, 50s and 100s. The 2D contours is 

obtained on the plane of z/D =  0.2, which is 3.4 meters below the free surface. 

Compared with the surge displacement in Fig. 8, at the time step of 200, the buoy reaches the 

leftmost (minimum x) position within one period. It is seen in Fig. 9(a) that the vortex is mainly 
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located on the positive side of the buoy, which is an accumulative consequence of unidirectional 

surge motion in previous time steps. At the time step of 500, the buoy reaches the rightmost 

(maximum x) position. It is clear that new vortex has been generated on the negative side of the 

buoy. Instead of dissipating instantly, the vortex generated in the previous oscillation period still 

exists. The vortices on both sides of the buoy tend to drift further in opposite direction, which is 

depicted in Fig. 9(c). This phenomenon can be explained with a 3D view of the vortex generation 

in z direction. Due to the shallow draft of the buoy, a large amount of vortex appears at the bottom 

corner of the buoy. The vortex is pushed upward by the motion of the buoy, which strengthens the 

vortex on the upper layer. 

 

 

 

Fig. 8 Surge comparison in free-decay test 

 

 

 
Table 4 Buoy’s hydrodynamic coefficients in OrcaFlex 

 Unit New Mooring 

Normal Drag Coefficient  0.49 

Axial Drag Coefficient  7 

Normal Added Mass Coefficient  0.71 

Axial Added Mass Coefficient  1 
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(a) Time Step = 200 

  
(b) Time Step = 500 

  
(c) Time Step = 1000 

Fig. 9 2D and 3D vorticity contours in z direction 

 

 

From Fig. 8, it can be seen that the displacements of the CALM buoy model are in a good 

agreement between the model test and the two numerical methods. The CALM buoy system model 

used in the coupled method is calibrated successfully with the same hydrodynamic behavior, 

which proves that the coupled code is able to predict the hydrodynamic response of the CALM 

buoy system accurately and the model can be used for further study. To ensure the results are 

parameter-independent, a grid refinement study and a time interval study are conducted. 

 

3.1.3 Parametric study 
A grid refinement study is conducted with different resolutions of grids in the fluid domain near 

the buoy model. The resolution of the grid is controlled by two parameters, ∆θ and ∆r, which are 

illustrated in Fig. 10. 

By adjusting ∆θ and ∆r, the resolution of the grid is changed. Table 5 shows the detailed 

information about the grid refinement test. The number of grid points used in the calibration test is 

the one with medium resolution. The CPU time for each condition is also included in Table 5. 

The comparison of surge displacement in the three cases is shown in Fig. 11 It is seen that the 

change of grid resolution does not have much effect on the final result, which means that 

estimation provided by the coupled code is grid-independent and the medium grid provides 

adequate resolution for present applications. 
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Fig. 10 Zoom-in view of the grid 

 

 

 

 

Fig. 11 Comparison of surge displacement with different grid resolution 

 

 

33



 

 

 

 

 

 

Haoyuan Gu, Hamn-Ching Chen and Linyue Zhao 

 

Fig. 12 Comparison of surge displacement with different time intervals 

 

 

Table 5 Parameters for grid refinement test 

 ∆θ ∆r/D 
Near Body 

Number 

Off Body 

Number 

CPU Time 

(sec/time step) 

Fine Grid 2.25° 0.001 722385 1424130 13.80258 

Medium Grid 3.0° 0.002 521633 1223378 13.49448 

Coarse Grid 4.5° 0.002 359113 1060858 12.45798 

 

 

Time interval study is also conducted to confirm that the results are independent of simulation 

time increment for each time step. The time step size used for calibration free-decay test is 0.1s. 

Numerical simulation with time interval of 0.05s is conducted for comparison. The comparison of 

surge displacement in the two cases is shown in Fig. 12. From the picture it is seen that the change 

of time increment does not have much effect on the final results, which means the time interval of 

0.1s for each time step is able to provide accurate estimation for present simulation. 

 

3.2 Uniform current test 
 

3.2.1 Experimental set-up 
After successful calibration of the numerical CALM buoy system model, the coupled 

FANS/MOORING3D code is employed to predict the hydrodynamic responses of the buoy model 

under a constant uniform current condition. The model used in this test is the same as the one in 

the free-decay test.  

34



 

 

 

 

 

 

Coupled CFD-FEM simulation of hydrodynamic responses of a CALM buoy 

 

Fig. 13 Side view of the uniform current test 

 

 

The gravity center of the buoy is kept static at the origin of the global coordinate on x-y plane. 

Like what is shown in Fig. 13, a steady current with uniform velocity comes from the far field in x 

direction. 

 

3.2.2 Test with current velocity of 1m/s 
A comparative study is conducted between the coupled FANS/MOORING3D method and 

OrcaFlex with full-scale current velocity of 1 m/s. The number of calculation time steps is 20000, 

with a full-scale time interval of 0.1s. To verify the accuracy of the result simulated by the coupled 

code, a same case is also conducted with OrcaFlex. The parameters and input information applied 

in both simulations are identical. 

Fig. 14 shows the comparison between OrcaFlex and the coupled code in terms of surge and 

sway displacements during the time from 0 to 2000 s. For the surge displacement, as the coupled 

method considers the impulsive start of the CALM buoy motion, compared to the amplitude of 

oscillation in OrcaFlex, the initial amplitude in the coupled code is much larger. The surge motion 

in OrcaFlex reaches steady-state condition after 200 s, while the surge displacement in the coupled 

method oscillates around an equilibrium position, which is also a little bit farther away from the 

origin point than the stationary position in OrcaFlex. For the comparison of sway displacement, it 

is seen that compared to the simulation with the coupled code, there is no motion in y direction in 

OrcaFlex. Based on the results from the coupled method, the buoy oscillates irregularly in both 

positive and negative directions of y axis. 

Fig. 15 compares xy-trajectories of the buoy estimated by the coupled code and OrcaFlex. 

Compared to the pure surge motion only in x direction in OrcaFlex, there exist oscillations in y 

direction according to the result from the coupled method. Additionally, it is shown that the 

amplitude of the sway motion is much smaller than that of the surge motion. 

Fig. 16 depicts the comparison between the coupled code and OrcaFlex in terms of the total 

force and its component forces (i.e., hydro force and tension from mooring lines) exerted on the 

buoy model in both surge and sway directions. From the picture, it is seen that the differences 

between the two methods in the force terms are the same as those in the motion terms in Fig. 14. 
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Fig. 14 Comparison of surge and sway displacements with current velocity = 1 m/s 

 

 

 

Fig. 15 Comparison of xy-trajectories 
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Coupled CFD-FEM simulation of hydrodynamic responses of a CALM buoy 

 

 

 

Fig. 16 Comparison of forces on the buoy in x and y directions 

 

 

The differences in the forces and displacements predicted by OrcaFlex and the coupled code 

can be explained by Fig. 17, which shows the 2D and 3D vorticity patterns in z direction on the 

surface of z = 3.4m. The selected full-scale time instants are 100s, 200s and 1000s, respectively, 

which stand for three typical stages of the response of the buoy based on Figs. 14 and 16. Due to 

the unsteady vortex shedding throughout the process, it is reasonable that the displacements and 

forces of the buoy continue to oscillate about the equilibrium position. As the effect of vortex is 

not taken into account in OrcaFlex, the estimated buoy motion and forces are different from the 

ones predicted by the coupled method, especially in the crossflow direction. 

 

3.2.3 Parametric study of current velocities 
Based on the results from the uniform current case, it is verified that the coupled method is able 

to resolve the viscous effect on the hydrodynamic behavior of the CALM buoy system. Additional 

cases with higher uniform current speeds are conducted to study the vortex-induced motion of the 

CALM buoy system. 

The CALM buoy system model is the same as the one used in 3.2.2. The direction of the 

incoming uniform current is the same as that shown in Fig. 13. To study the correlation between 

vortex-induced motion of the buoy and the current speed, current velocities of 1 m/s, 2 m/s, 3 m/s 

and 4 m/s are applied for different cases. 
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(a) Time Step = 1000 

  

(b) Time Step = 2000 

  

(c) Time Step = 10000 

Fig. 17 2D and 3D vorticity contours in z direction 

 

 

To ensure proper resolution of the vortex shedding process and vortex-induced motions of the 

CALM buoy, the time step sizes are adjusted for each different current velocities. Table 6 shows 

the corresponding time interval for each current velocity. The simulation time is 2000s in 

prototype scale. 

 

 
Table 6 Current velocities and corresponding time interval 

Current Velocity (m/s) Reduced Velocity Time Interval (s) 

1 1.208823529 0.1 

2 2.417647059 0.05 

3 3.626470588 0.02 

4 4.835294118 0.02 
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Coupled CFD-FEM simulation of hydrodynamic responses of a CALM buoy 

 

 

Fig. 18 Comparison of surge and sway displacements under different uniform current velocities 

 

 

 

Fig. 19 Comparison of xy-trajectories under different uniform current velocities 
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(a) Current Velocity = 1 m/s (b) Current Velocity = 2 m/s 

  

(c) Current Velocity = 3 m/s (d) Current Velocity = 4 m/s 

Fig. 20 Vorticity contours with different current velocities at t = 1000s 

 

 

 

Fig. 21 VIM response of buoy 
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Coupled CFD-FEM simulation of hydrodynamic responses of a CALM buoy 

Figs. 18 and 19 show the comparison of the buoy displacements in x and y directions under the 

condition of different current velocities. With the increase of the current velocity, the amplitudes of 

the oscillations in both x and y directions increase as well. Due to the drag forces induced by the 

ocean current, the equilibrium positions around which the buoy oscillates in x direction also 

increases with the increase of current velocities.  

The displacement of buoy in y direction is mainly caused by the generation of vortex and 

vortex shedding. Fig. 20 compares the vortex contours in z direction under different current 

velocities at full-scale time instant of 1000s. The position of the fluid surface is z = 3.4 m. It is 

seen that the effect of vortex and vortex shedding increases with the increment of current velocity. 

The vorticity pattern in z-direction becomes more complicated as the current velocity increases. It 

can be inferred that the amplitudes of oscillations in surge and sway displacements are directly 

related to the strength of vortices generated by uniform currents. 

Fig. 21 illustrates the relation between the amplitude of vortex-induced motion and the current 

velocity. From the picture it is seen that the vortex-induced motion (VIM) responses of the buoy is 

below the significant amplitude (0.15D) when the reduced velocity is smaller than 5, which means 

that under the condition of typical ocean current velocities, the VIM response of the buoy is small 

compared to the size of the buoy. 

 

 

4. Conclusions 
 

A coupled Finite-Analytic Navier-Stokes (FANS) and MOORING3D method is employed to 

simulate the hydrodynamic behaviors of CALM buoy system in this study. A free-decay model test 

was utilized to calibrate the numerical model. A comparative study with 1 m/s uniform current 

velocity was conducted between the coupled code and OrcaFlex to verify the accuracy of the CFD 

method. It is shown that the contribution of vortex shedding can be successfully estimated with the 

coupled method. Tests with different uniform current speeds were also conducted to study the VIM 

responses of the CALM buoy system. The result shows that the hydrodynamic behavior of the 

buoy is affected by the vorticity, although the response induced by VIM is small for the buoy 

model under typical current speeds. 

In summary, a coupled FANS/MOORING3D method has been developed to simulate the 

hydrodynamic behavior of the CALM buoy system for a wide range of ocean current speeds. The 

method will be further developed in the aspect of simulations with more complicated geometries 

and environmental conditions. 
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