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Abstract: 

 

Different types of wave energy convertors are being studied using the 

heave motion of floating bodies to generate electricity.  In this thesis, 

we investigate the interaction of floating buoys from hydrodynamic 

point of view. The dynamic heave response of buoy under two different 

load cases and represented by single degree of freedom model is 

studied. The fluid-structure interactions based on 2-dimensional linear 

potential flow theory were modeled and simulated using finite element 

method. The numerical results obtained in transient harmonic 

oscillations are compared with those of different geometries. An 

experimental system is studied and compared with simulated results to 

validate the numerical models.  
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1. Notations 

 
   Added damping        

   Added mass      

   Angular frequency         

   Atmospheric pressure        

   Buoyancy stiffness       

  Complex variable 

    Contact angle       

  Damping of a system        

  Damping ratio          

   Density of fluid (     ) 

   Dependent variable, the phase field variable 

   Dependent variable, the phase field help variable 

   Dynamic viscosity (      ) 

  Force due to gravity (         ) 

  Imaginary unit (        

   Mass of the floating buoy      

  Mass of the system      

     Mean free path     

  Mobility           

   Mobility tuning parameter 

  Modulus of elasticity (Young‟s modulus)      

   Parameter controlling interface thickness 

  Poisson‟s ratio 

  Pressure        
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   Relative permittivity  

  Stiffness of the system       

   Surface tension coefficient in fluid dynamics 

     User-defined free energy         
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2. Introduction 

 
This work has been carried out to figure out the Fluid Structure Interaction 

(FSI) analysis of semi-submerged planar buoy under two different load 

capacities at Blekinge Institute of Technology (BTH) using COMSOL 

Multiphysics. 
 

Renewable energy sources constitute a minor part in the total global power 

generation which is largely dependent of fossil fuels. The global fossil fuel 

reserves are decreasing so it is very important to develop renewable energy 

system. Wind mills and ocean energy converters are continuously being 

investigated by researchers. The methods to extract energy from the marine 

environment are using Thermal, Wave, Tidal, current based devices, etc. 

The thermal ocean energy converter uses the difference between the water 

temperatures at different water depths to produce useful energy. Similarly, 

the wave and current energy devices harvest the kinetic and potential 

energy respectively to produce electrical energy.  
 

Wave energy is created by wind, as a result of the atmosphere‟s 

redistribution of solar energy. The key characteristic of sea waves is their 

high energy density, which is the highest among renewable energy sources 

Because of great potential in ocean waves, many devices have been 

developed for wave energy conversion purpose. One of the oldest yet 

efficient ways of ocean energy conversion is to utilize floating body 

motions in waves. Girard (late 18th century) was among the pioneers who 

discovered the energy contained in waves. He registered the first patent as a 

device which converts the wave power into mechanical energy [1]. 

 

 

2.1 Aim 

 
The aim is to formulate a mathematical model to describe the dynamics of 

the system by means of applying physical laws. Approximations and 

assumptions are involved in order to build a simplified mathematical 

model; therefore the range of validity of the model is restricted and has 



8 
 

limited the model to accurately perform prediction only with the extent of 

the known physical system. 
 

The significant concept in Fluid-structure interaction (FSI) analysis is to 

figure out the added mass and added damping terms of the oscillating 

cylindrical buoy. Both coefficients are difficult to determine due to many 

dependent parameters. The coupling between fluid and structural dynamics 

is a complex phenomenon that occurs at their interface. The governing 

equations of coupling must consider both computational fluid dynamics 

(CFD) and computational structural dynamics (CSD).  
 

The added mass and damping in FSI has been calculated by C. Conca, A. 

Osses, J.Planchard [2]. Damping effect in FSI application to slamming 

problem by Aquelet, N. and Souli, M. [3]. The added mass and damping 

coefficients are based on the multi-pole expansion by Wu, G.X [4]. The 

values of the added mass and added damping are calculated analytically so 

they needed to deal with quite complex mathematics. Sharan, K. Shailendra 

[5], have proposed a finite element method to find out only the added mass 

coefficient [6].  
 

The modeling and simulations are carried out using COMSOL Multiphysics 

software through FSI application mode in its MEMS module. The problems 

because of the precise delineation and distortions from the usual meshing 

methods are resolved with accommodation of Arbitrary Lagrangian-

Eulerian (ALE).  

 

 

2.2 Objective 

 
The main objective of this thesis is to achieve a mathematical 

representation of the semi submerged cylindrical buoy with its numerical 

model. The mathematical model is simply based upon SDOF imposition 

and its estimation from the numerical model solved by carrying out the 

finite element analysis in COMSOL Multiphysics. The SDOF model is then 

validated against the analytical model investigated from the former work, 
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fluid-structure interaction analysis for hydrodynamic parameters in semi-

submerged axisymmetric buoy [6]. 

 

 

2.3 Scope 

 
This thesis is in the domain of the dynamic analysis of the axisymmetric 

planar buoy oscillating in finite water depth limited to a single mode of the 

oscillation. The numerical models are created with two similar geometries 

having the same total mass in two different load conditions. The SDOF 

mathematical models of the axisymmetric cylindrical buoy are formulated 

on the basis of linear theory to represent the vertical heave mode 

oscillation. The models are assessed and correlated by means of validation 

against its analytical model. 
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3. Basic Concepts and theory 

 

3.1 Background 

 
This thesis is an extension of the preceding work entitled “fluid-structure 

interaction analysis for hydrodynamic parameters in semi-submerged 

axisymmetric buoy” [6], in which the floating spherical buoy connected to 

a stabilized mass. The emphasis was to achieve a mathematical 

representation of the axisymmetric buoy utilizing its numerical model. The 

mathematical model was simply formed based upon single degree of 

freedom imposition with the variables, i.e. m, c, k, estimated from the 

numerical model solved by running finite element analysis in COMSOL 

Multiphysics software. The SDOF model was validated against the 

analytical model and the experimental results investigated from the former 

work, modeling of buoyancy and motion of a submerged body [6, 7]. 
 

In this thesis, the focus is on the design of the SDOF model to demonstrate 

heave motion of planar oscillating buoy in constant water depth. The 

linearization of superposition of exciting waves, added mass, added 

damping and restoring force is done using the fundamentals of the linear 

theory. The assumptions about zero forward-speed and no exciting force led 

to build a mathematical model for computer simulations. The coupled 

governing equations of interaction between the rigid semi-submerged 

cylindrical buoy and the water were formulated using the equations of 

motion of Fluid Dynamics (FD) and Structural Dynamics (SD). The 

governing equations for the water must first be established without the 

planar buoy. The fluid motion is described by Navier-Stokes equations of 

incompressible flow. The planar buoy motion is described by using the 

stress-strain relation and also the strain-displacement from structural 

mechanics. The compatibility of displacement and traction must always be 

set to satisfy and to ensure equilibrium along the interface while solving the 

coupling of the solid-fluid interface.  
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3.2 Conceptual framework 

 
The most common approach to finite element FSI problems is built around 

Arbitrary Lagrangian-Eulerian (ale) formulation. The 2D axial symmetry 

fluid-structure interaction application package in COMSOL Multiphysics is 

used to model and simulate the FSI of the semi submerged cylindrical buoy 

and the fluids. The FSI predefined Multiphysics encompassed a continuum 

application mode Stress-Strain 2D axisymmetry (smaxi), Moving Mesh 

ALE (ale), and Two-Phase Flow, Laminar, Phase Field (mmglf). It has a 

wide range of industrial applications, e.g. underwater and offshore 

structures, automotive in shock absorber, exhaust systems, hydraulic engine 

mounts, wind engineering designs of tall structures and buildings, 

aerodynamic designs of aircraft wings etc. Regardless of the types of 

applications, the FSI problems shared similar phenomenon that was the 

coupling, either loose or strong, between the fluid and the structure on their 

boundaries. This phenomenon enforced the coupled fluid-structure 

governing equations to be resolved simultaneously. There are two main 

approaches to solve the coupled fluid-structure governing equations. 

Partitioned approach solved the fluid-structure coupled equations separately 

with two distinct solvers [8] whereas monolithic approach solved 

simultaneously. COMSOL Multiphysics solver solved the coupling fluid-

structure equations using the monolithic approach. [6] 
 

The conceptual framework for this thesis work is illustrated below in the 

Figure 3.1.  
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Figure 3.1.The conceptual framework. 

 
 

 

Pre-Process:  

1. Model Navigator->MEMS Module->FSI->Transient Analysis 

2. Draw Mode->creating the geometry 

3. Physics->Sub domain setting-> Boundary Settings 

 

Finite Element:  

4. Mesh->Free Mesh Parameters  

5. Solve-> Solver Parameter->Solver Manager, Transient Initialization 

(solve for mmglf)->Solve  

6. Solve-> Solver Parameter->Solver Manager Transient Analysis (solve 

for smaxi, ale, mmglf)->Restart 

 

SDOF-heave-oscillation 

model of the planar buoy 

 

Post-Processing:  

7. Plot Parameters->Domain Plot Parameters  

 

Numerical Result and parameters estimation 

 

Validate with the analytical model 
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3.3 Theoretical Model 

 
The theoretical model is most commonly used to describe the 

characteristics of a mechanical structure and the parameter influence to 

properly understand the structure and the parameters that have an influence 

on it.  The buoy is definitely a complicated multi degree of freedom 

(MDOF) system, but with some assumptions we can consider it as a single 

degree of freedom (SDOF) mass, spring, damper system. Here, the general 

case of a SDOF system will be used to model the dynamics of the buoy. 

 

 

3.3.1 Single Degree of Freedom Model 

 

A SDOF system is defined as a system whose motion is defined just by a 

single independent co-ordinate (or function) e.g. „x‟ which is a function of 

time.  
 

As in our case the SDOF systems are often used as a very crude 

approximation for a generally much more complex system. However, the 

behavior of SDOF systems is probably the most important topic in 

structural dynamics because the behavior of more complex systems could 

be treated as if they are simply collections of several SDOF systems. 

Schematically, a SDOF mass-spring-damper system is shown in figure 3.2. 

Theoretically, it is expressed using the equation of motion.  

 

                                                         

 

Where,    = Mass of the system      

     = Coefficient of viscous damping         

     = Stiffness of the system       

    = Displacement of the mass from its equilibrium     

    = Input force applied to the system     
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Figure 3.2. A SDOF System. 

 

In order to find out the displacement of the system, the Laplace transform 

of the equation 3.1 is   

   

                                                       

 

Considering the initial conditions to be zero, i.e.         and       , 

this can be written as 

 

                                                      

 

     
    

    
 

 

        
                                 

 

Or the dynamic transfer function 
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Where,     = The un-damped angular resonance frequency 

                               

       = Relative damping ratio 

               

 

This is the frequency response function (FRF) when represented in the 

frequency domain; it can also be represented in residues [R] and [λ] poles 

as shown below. 

 

     
 

   
   

  

    
                                   

 

Where,       * = Complex conjugate  

 

The poles give information about natural frequency of the system and its 

damping, while residues describe the mode shapes. Hence dynamic 

characteristics of the system can be identified. 

 

 

3.3.2 Mathematical model  

 

The mathematical model of the buoy can be built by building on the SDOF 

system. The hydrodynamic force acting on the buoy can be found by 

integrating hydrodynamic pressure, obtained by solving velocity potential, 

over its wet surface while the hydrostatic pressure is calculated from 

restoring force as stated. The model can be represented by the following 

equation of motion, assuming zero-speed problem [9]. 

 

                                                          

 

Where        = signified the mode no.,             for surge,                

sway, heave, roll, pitch and yaw respectively. 

        = the expression for the body inertia matrix 

       = the added mass coefficient 

         = the damping coefficients 
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        = the hydrostatic restoring force coefficients  

         = designated translatory and angular displacements                

of the body 

         = the exciting force for         and moment for               

        arose from the presence of the incident wave elevation  

                                   

However, the number of degree of freedoms is to be reduced according to 

the analysis only the heave mode of oscillation of the axisymmetric planar 

buoy and therefore coupling effects from other modes are neglected.  

 

 
Figure 3.3. A SDOF model of the floating buoy. 

 

The equation of motion       takes the form to present the heave mode of 

oscillation (see Figure 3.3) of the floating buoy as 
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Where,    is the external exciting force considering the hydrodynamic 

forces to be expressed in terms of added mass and damping, and restoring 

force coefficients. 

 

 

3.4 Dynamics of the buoy 

 
A submerged buoy is excited by the surface wave which experiences six 

degrees of motion; three each translator and rotational motion. Translator 

motion is described in terms of heave, surge, and sway, while rotational in 

terms of roll, yaw, and pitch, see figure (3.4). As mentioned before, we will 

investigate the buoy motion in z-direction only since heave motion is 

important with respect to the oscillations of the buoy. 

 

 
Figure 3.4.Components of Motion of a buoy oscillating in water. 

 

The following assumptions are made while constructing the governing 

equations of motion: 
 

1. The buoy is oscillating only in heave direction.  

2. The viscosity and friction losses are neglected.   

3. The mooring forces are not considered explicitly. 
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3.4.1 Hydrodynamic problems 

 

Hydrodynamic problems in regular waves are normally classified according 

to their hydrodynamic loads [9] 
 

i) The structure was restrained from oscillating to the incident 

regular waves. The hydrodynamic loads are called the wave 

excitation loads. 

ii) The structure was forced to oscillate by wave excitation 

frequency in the absence of incident wave. The hydrodynamic 

loads in this case are recognized as added mass and damping, 

and restoring terms. 
 

The terms of the added mass and damping are greatly essential to FSI 

studies. The added mass is described by a matrix which models the 

interaction of the solid mechanical structure because of the fluid 

hydrodynamic pressure fluctuations. It is than determined by assuming an 

ideal fluid provided that the added mass is independent of fluid viscosity. 

Therefore the viscosity of the real fluid is then easily expressed and 

modeled in the damping term [6,13]. 

 

 

3.4.2 Restoring Force in Heave Mode 

 

Restoring force is stemmed from the hydrostatic pressure and the solid 

mass considerations. In the heave mode of oscillation, it is approximated as 

the forced heave motion change because of the buoyancy forces in 

hydrostatic pressure [10]. 

 

                                                           

 

                                                          

 

Where,     = The restoring coefficient or buoyancy stiffness 

    = The water plane area 
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3.4.3 Added Mass and Damping Terms 

 

The added mass is obtained from determining the dynamic pressure. This is 

done by leaving out the hydrostatic pressure and integrating the rest of 

pressure over the rigid solid buoy, the resulting force on the buoy can then 

be written as [9] 

 

      

   

   
   

  

  
                                         

 

Where,       = Force on buoy in z direction 

     = The added mass in heave mode 

       = The heave damping coefficient 

 

The damping coefficient is determined from the energy relations because 

the damping term is related to energy of the system. The total energy is 

written as a summation of kinetic and potential energy [8]. 

 

        
 

 
        

 

                                  

 

Derivation with respect to time yields 

 

     

  
     

  

  

  

  
  

    

 
 

  

  
      

 

               

 

Where,       = The total energy of the fluid volume   

       = The volume integration 

        = The boundary surface of the fluid volume   

       = The atmospheric pressure 

      = The normal component of the mean velocity of   
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In the case of 2-D axial symmetry, we considered to have the preceding 

boundary conditions being imposed on its boundary  , the derivative of the 

total energy are now written as 

 

  

  
            

  

   
  

  

  

  
  

       

                    

 

This implies that, 

 

           
  

 
  

  
          
  

                           

 

It can be written as 

 

           
  

 
  

  
   

   

   
   

  

  
                      

 

The terms     and     have been introduced because of the hydrostatic 

pressure. The coefficient   , here, symbolizes a change in the buoyancy of 

the cylindrical buoy because of the result of the displacement in   direction. 

The fluid volume displacement at     is said to be  . 
 

The total energy is now integrated over the oscillation period   to attain the 

average energy. 

 

 
  

  
  

 

 

                                                    

 

               
  

 
 

 

       

   

   
   

  

  
                     

 

 

 

 

Same results are attained by exploitation of the symmetry along the z-axis 

which has reduced the integration over     and    to half-symmetry. 
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3.5 FSI Computation 

 
FSI is the interaction of some movable or deformable structure with an 

internal or surrounding fluid flow. Fluid-structure interactions can be stable 

or oscillatory. In oscillatory interactions, the strain induced in the solid 

structure causes it to move such that the source of strain is reduced, and the 

structure returns to its former state only for the process to repeat. 
 

FSI analysis requires solving a two-field problem consisting of the model 

equations of fluid dynamics and structural dynamics. The nature of 

dynamic problem causes the change in model geometry, shape and meshing 

upon changes in the physics of the problem. Arbitrary Lagrangian-Eulerian 

(ALE) method was introduced to efficiently solve such deformed mesh. 

The ALE technique allows moving the boundaries but ensures that the 

mesh movement will not follow the material. It is proven to be very useful 

while capturing the fluid flow movement.  
 

In our case there are two-fluid sub domains, i.e. air and sea water, making it 

a multiphase flow problem.  The moving boundary is usually tracked using 

either the level set or phase field method [14]. The level set method tracks 

the interface by simply convecting it with the flow field. Hence, the phase 

field method, however, uses a phase field variable   to govern the interface 

between the two fluids to ensure the system total energy diminish correctly. 

[6]  
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3.5.1 Two-Phase Flow, Laminar, Phase Field (mmglf) Application 

Mode  

 

The model equations of the fluid are defined by generalized Navier Stokes 

equations, i.e. momentum transport equations and equation of continuity, 

which are then solved for pressure and velocity [14].  

 

 
  

  
                                                      

 

This implies that, 

 

                                                            

 

Where   = The fluid velocity [     

   = The fluid density [     ] 

   = The dynamic viscosity [      ] 

   

The fluid density   is computed based on the density of fluid1      and of 

fluid2      as 

 

                                                         

 

Similarly, the dynamic viscosity   is computed based on the dynamic 

viscosity of fluid1      and of fluid2       as 

 

                                                         

 

In the above equations    is the volume fraction of Fluid2 and its value is 

defined as 

 

            
   

 
                                            

 

The gravity force   is  
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The surface tension force     is conveniently considered to be body force: 

 

                                                            

 

The force because of an external contribution to the free energy      is  

 

      
     

  
                                                

 

Assuming        [7], than the Navier-stokes equation for the two-phase 

flow, laminar, phase field is  

 

 
  

  
                                                

 

                                                            

 

 

3.5.2 Axial Symmetry, Stress-Strain (smaxi) Application Mode  

 

The model equation of the structure is build by exploiting the geometric 

symmetry of the planar buoy by defining 2D axial symmetry in the 

cylindrical coordinates. Stress-Strain application mode is assumed so that 

the components of the stresses         and strains         are equal to 

zero and it is solved by the global displacement       in the         

directions, respectively. As assumed, the allowed loads are only in 

the        . Hence, the equilibrium stress-strain equation [15] 
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The assumed small displacement in deformation components         are 

associated with the strain-displacement in axial symmetry coordinates is 

 

   
  

  
             

  

  
             

  

  
                            

 

    
  

  
 

  

  
                                                 

 

The Newton‟s second law is introduced to obtain the time-dependent 

equation to carry out the transient FSI analysis of the floating buoy [15]. 

 

 
   

   
                                                    

 

 

3.5.3 Arbitrary Lagrangian-Eulerian (ale) Application Mode 

 

The numerical simulation of multidimensional problems in fluid dynamics 

and nonlinear solid mechanics often requires coping with strong distortions 

of the continuum under consideration, while allowing for a clear delineation 

of free surfaces and fluid-fluid, solid-solid, or fluid-structure interfaces. The 

arbitrary Lagrangian-Eulerian (ALE) description was developed in an 

attempt to combine the advantages of the classical kinematical descriptions, 

while minimizing as far as possible their respective drawbacks. 
 

Because of the shortcomings of purely Lagrangian and purely Eulerian 

descriptions, ALE has been developed that succeeds to a certain extent in 

combining the best features of both the Lagrangian and the Eulerian 

approaches. In the ALE description, the nodes of the computational mesh 

may be moved with the continuum in normal Lagrangian fashion, or be 

held fixed in Eulerian manner, or, as suggested in Figure 1, be moved in 

some arbitrarily specified way to give a continuous rezoning capability. 

Because of this freedom in moving the computational mesh offered by the 
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ALE description, greater distortions of the continuum can be handled than 

would be allowed by a purely Lagrangian method, with more resolution 

than is afforded by a purely Eulerian approach. [11] 

 

 

 
 

Figure 3.4.One-dimensional example of Lagrangian, Eulerian, ALE mesh 

and particle mest [11]. 
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3.6 Finite Element Analysis 

 
Finite Element Analysis (FEA) was first developed in 1943 by R. Courant, 

who utilized the Ritz method of numerical analysis and minimization of 

variational calculus to obtain approximate solutions to vibration systems. 

Shortly thereafter, a paper published in 1956 by M. J. Turner, R. W. 

Clough, H. C. Martin, and L. J. Topp established a broader definition of 

numerical analysis. The paper centered on the "stiffness and deflection of 

complex structures". 
 

FEA consists of a computer model of a material or design that is stressed 

and analyzed for specific results. It is used in new product design, and 

existing product refinement. A company is able to verify a proposed design 

will be able to perform to the client's specifications prior to manufacturing 

or construction. Modifying an existing product or structure is utilized to 

qualify the product or structure for a new service condition. In case of 

structural failure, FEA may be used to help determine the design 

modifications to meet the new condition. 
 

There are generally two types of analysis that are used in industry: 2-D 

modeling, and 3-D modeling. While 2-D modeling conserves simplicity and 

allows the analysis to be run on a relatively normal computer, it tends to 

yield less accurate results. 3-D modeling, however, produces more accurate 

results while sacrificing the ability to run on all but the fastest computers 

effectively.  

 

 

3.6.1 How Does Finite Element Analysis Work? 

 

FEA uses a complex system of points called nodes which make a grid 

called a mesh. This mesh is programmed to contain the material and 

structural properties which define how the structure will react to certain 

loading conditions. Nodes are assigned at a certain density throughout the 

material depending on the anticipated stress levels of a particular area. 

Regions which will receive large amounts of stress usually have a higher 

node density than those which experience little or no stress. Points of 

interest may consist of: fracture point of previously tested material, fillets, 

corners, complex detail, and high stress areas. The mesh acts like a spider 

web in that from each node, there extends a mesh element to each of the 
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adjacent nodes. This web of vectors is what carries the material properties 

to the object, creating many elements.   

 

 

3.6.2 Types of Engineering Analysis 

 

Structural analysis consists of linear and non-linear models. Linear models 

use simple parameters and assume that the material is not plastically 

deformed. Non-linear models consist of stressing the material past its 

elastic capabilities. The stresses in the material then vary with the amount 

of deformation. 
 

Vibrational analysis is used to test a material against random vibrations, 

shock, and impact. Each of these incidences may act on the natural 

vibrational frequency of the material which, in turn, may cause resonance 

and subsequent failure. 

 

 

3.6.3 Results of Finite Element Analysis 

 

FEA has become a solution to the task of predicting failure due to unknown 

stresses by showing problem areas in a material and allowing designers to 

see all of the theoretical stresses within. This method of product design and 

testing is far superior to the manufacturing costs which would accrue if 

each sample was actually built and tested. [12] 
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4. Research Methodology  

 
In this chapter we have discussed, in detail, the process for the numerical 

modeling in COMSOL Multiphysics of the planar buoy. All the necessary 

details have been discussed thoroughly and a detailed step by step tutorial 

for the COMSOL Multiphysics is added in the appendix A.  

 

 

4.1 Numerical Model  

 
The planar buoy considered in our case is cube of length of each side equal 

to 0.4m. The model description is discussed in detail for both cases below. 

 

 

4.1.1 Model Description for case1 

 

The model geometry for the first case considered the buoy in floating in 

still water at the very start and then a known force was applied on it. The 

geometry of the buoy as shown in figure 4.1 is drawn half by applying 2D 

axisymmetric application. The two fluid domains, water and air, are shown 

by rectangles of length 2.2m and height 1m and 0.45m respectively. 
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Figure 4.1. The 2D-axisymmetric Schema of case1. 

 

 

4.1.2 Model Description for case2 

 

The model geometry for the second case considered the buoy in floating in 

still water at the very start and then a wave was produced by the first buoy. 

The buoy then oscillated by the energy created by the wave. The buoy 

under consideration is seen as a square, with the 0.4m side, start from 1.6m 

along the radial direction as shown in figure 4.2. The two fluid domains, 

water and air, are shown by rectangles of length 4m and height 1m and 

0.45m respectively. 
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 Figure 4.2. The 2D-axisymmetric Schema of the case2. 

 

 

4.1.3 Subdomain Settings 

 

The subdomain was composed of the following three types: 
 

 Solid subdomain 

 Fluid subdomain 

 ALE subdomain 
 

The Material properties and settings for each domain are discussed 

according to the model descriptions. 

 

 

4.1.3.1 Solid subdomain 

 

The material properties for the solid domain are stated below in the table 

4.1. The density of the solid domain is using the Archimedes principle, 
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which states “any body completely or partially submerged in a fluid at rest 

is acted upon by and upward, or buoyant, force with its magnitude equal to 

that of the fluid displaced by it”. The mass of buoy is included in the 

stabilized mass, and the density of water is denoted by       and   , 

respectively. The fluid volume    which is displaced by the submerged part 

of the cylindrical buoy is then written as  

 

                                                                

 

   
      

    
                                                     

 

The density of the solid buoy    is figured out then  

 

                                                                             

 

   
             

     
    

  

  
                              

 

Where, the volume and density of the buoy are represented by    and    

respectively.  

 

Table4.1. Solid Domain Parameter setting. 

 

Young‟s modulus E      Pa 

Poisson‟s ratio      

Thermal expansion coefficient             

Density              

Load, Body load                     

 

 

4.1.3.2 Fluid Domain  

 

The properties of both fluids at 293.15 Kelvin are shown below in table 4.2. 
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Table 4.2.  Fluid Subdomain Parameter Setting. 

 

Fluid properties Fluid1 (air) Fluid2 (water) 

Density     =              =            

Dynamic viscosity                            

          
       

Surface tension coefficient                        

Volume force Fz  9.81* if (phi<0,1.25,1030)       

Mobility tuning parameter            1       

Parameter interface thickness                 

Relative permittivity          

Mean free path                     

 

In order to reduce the effect of the wave reflection at the outlet boundary, 

the classical sponge layers [17] have been used. The sponge layers 

absorbed the energy of wave by exponentially increasing the dynamic 

viscosity which is given as 

 

                       
                                      

 

Where,     = the dynamic viscosity of water            

    = The reference coordinate of the sponge layer 

 

From the table 4.2 the volume force    is computed dependently by the 

weight of the fluid applied to the buoy. The phase field „„ ‟‟ controls the 

interaction between the two fluids so that those flow smoothly between the 

values -1 of air and to the value 1 of the water. Therefore in the air domain 

at phase field is less than zero      which is the true state, then the air 

density „„1.25‟‟ multiplied with the gravitational force g to create the 

volume force. Whereas the phase field is greater than the zero “   ” is 
the false state.  
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4.1.3.3 Moving Mesh ALE 

 

In the solid domain the mesh displacement is constrained only to displace 

in heave direction as per the calculations from the structural mechanics 

application mode. The mesh displacement in the fluid domains “air and 

water” is arranged to displace in any direction and is only limited by the 

boundary conditions and is solved by the prescribed Winslow smoothing 

function. [6]  

 

Table 4.3.Moving mesh ALE-subdomain setting. 

 

Moving Mesh ALE Solid domain Fluid domain 

Mesh displacement  Prescribed displacement 

dr = 0, dz =w 

Free displacement 

 

 

4.1.4 Boundary conditions 

 

The boundary conditions are also discussed at the solid, fluid and moving 

mesh ALE level. 

 

 

4.1.4.1 Solid domain boundary conditions 

 

In 2D solid domain, the load is applied on the buoy by the fluid is given by 

the total force per area multiplied by a factor for the area effect [14]. 

 

                 
        

    
 
             

 
 
 

  
              

 

 

              
        

    
 
             

 
 
 

  
              

 

Where,            = The total fluid force per area in r component  

            = The total fluid force per area in z component 

                 = The factor for the area effect R 

             =  R-displacement in m 
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4.1.4.2 Fluid Domain 

 
Figure 4.3. Boundaries of the planar buoy selected by group, structure 

displacement (in black at point 4, 6, 8, 9), free-surface (at point 10), 

exterior (open-air and horizontal bottom at 2,7), outlet (at point 11, 12). 

 
Figure 4.4. Boundaries of buoys are same selected by group, structure 

displacement (in black at point 4, 6, 8,9), free-surface  (at point 10), 

exterior (open-air and horizontal bottom in blue at 2,7) outlet (at 11, 12 ). 
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Boundary conditions for the incompressible Navier-Stokes equations are 

given in the table below Table 4.4. 

 

Table 4.4. Fluid Domain Boundary Conditions. 

 

Fluid 

domain 

    Solid Boundary  Free-

Surface  

Exterior 

Boundary  

Outlet 

 

Boundary 

type 

           Wall Interior 

Group 

Wall Outlet 

Boundary 

condition 

Moving wetted wall 

Z-velocity moving 

wall wt (m/s) 

Contact angle 90 

degree 

Interior 

boundary  

No slip Zero 

normal 

outflow 

velocity 

 

At co-ordinate R the symmetry boundary is zero and    axial symmetry 

gives     . The stresses vanish in the z-direction. 
 

The surface of the buoy is in the contact with fluid is considered as a wall. 

The boundary must be considered for the moving wetted wall, and the 

velocity of the structure define the velocity of the fluid move with a wall 

assigned at 90 degree implying slip condition      was applied 
 

On the free surface the two fluids air and water are in contact, the 

Continuity boundary condition is zero “               ”, and it is 
imposed to ensure the continuity of the fluid flow across the unit area or 

interior boundary between the air and the water. 
 

The No slip wall boundary condition is considered as the exterior 

boundaries, which shows the open air and pond bottom. No slip wall 

physically is the stationary solid wall at the pool bed, which describe the 

condition u=0 on which the normal component of the fluid are zero and 

assumed ideal as in viscid fluid. 
 

Another exterior boundary is placed where fluid exited the buoy, and 

describe that the outlet velocity       to be zero to satisfy the radiation 

condition for the outgoing wave at infinite distance. 

 



36 
 

4.1.4.3 Moving Mesh ALE 

 

The Table below shows the setting which defined the mesh displacement. It 

is set to follow the buoy displacement in z-direction.  

 

Table 4.5. Moving Mesh ALE boundary condition. 

 

Mesh Displacement (m) Solid Boundary 
Free-Surface & Exterior 

Boundary  &  outlet 

r-direction dr=0 dr=0 

z-direction dz=w dz=0 

 

 

4.2 Meshing 

 
The free mesh contains the triangular elements used for the partitioning the 

sub domains of the two models (see Figure 4.5 and Figure 4.6). 
 

We used the normal default mash parameters to reduce the simulation time. 

Now the mash statistic for model 1 and 2 is given below in the table 4.6 

 

Table4.6. Mash statistics of Model1 and Model2. 

 

Global  Global  Global 

Number of degrees of freedom 2228 2335 

Number of mesh points 119 124 

Number of elements 201 211 

Triangular 201 211 

Quadrilateral 0 0 

Number of boundary elements 48 59 

Number of vertex elements 10 19 

Minimum element quality 0.842 0.743 

Element area ratio 0.312 0.084 
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Figure 4.5.The Solid and Fluid Domains of Model 1 Partitioned the 

Subdomain into Triangular Mesh Elements Using Free Mesh. 

 
Figure 4.6. The Solid and Fluid Domains of Model 2 Partitioned the Sub 

domain into Triangular Mesh Elements Using Free Mesh. 
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4.3 Solving the Models 

 
In properties of the solver parameters setting and solving the problem are 

specified as below. 

 

 

4.3.1 Solver Parameters Setting 

 

The model is solved by using the time dependent solver related to the 

analysis type. Direct solver tended to have less convergence problem. So 

the linear system direct solver PARDISO chosen [16].In the time dependent 

solver, the time stepping and tolerance parameters are required. The output 

time step of solver is set at distance of     with time step       . While 

the internal time steps of the solver are set to select any arbitrary values. 

The relative and absolute tolerance is set up to      to hold the local and 

threshold errors within 0.1%. 

 

 

4.3.2 Solving the Problem 

 

In solving the problem especially for the transient problem, the initial 

values are must be first determine. In solving the Fluid structure interaction 

problem, initial values can be get separately for the phase field   which 

control the interface between the two fluids in the       application. 
 

By taking the initial values from the transient initialization, the time 

dependent solver can be solve other equation simultaneously. 
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5. Results and Discussion 

 
This chapter presents the post processing and visualization of model 

quantities. The selected contour and surface von Mises stress plots of the 

both the models are discussed. The quantities of vertical displacement of 

the oscillating buoys are defined by point plots are specially evaluated and 

post processed to attain the heave oscillation motions. In addition, 

parameters study is performed on the numerical data from the point plots of 

the cylindrical buoy under study to approximate the hydrodynamic added 

mass and damping.  

 

 

5.1 Post processing results in 2D 

 
The contour surface, von Mises stress and transient heave oscillation plots 

for Model1 are shown in Figure 5.1, 5.2 and 5.3, respectively.  
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Figure 5.1.load case1 Model1: The contour surface plot of the rigid semi-

submerged planar buoy oscillating in heave mode in finite depth of water. 

 
Figure 5.2. load case1 Model1: The 2D surface von Mises stress plot. 
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Figure 5.3. load case1 Model1: The heave oscillation of the planar buoy. 

 

Similarly, the contour surface, von Mises stress and transient heave 

oscillation plots for Model2 are shown in Figure 5.1, 5.2 and 5.3, 

respectively.  
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Figure 5.4. load case2 Model2: The contour surface plot of the rigid semi-

submerged planar buoy oscillating in heave mode in finite depth of water. 

 
Figure 5.5. load case2 Model2: The 2D surface von Mises stress plot. 
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Figure 5.6. load case2 Model2: The heave oscillation of the planar buoy.  

 

The buoy in the second model has slightly more stress as compared to that 

of the first Model. 

 

 

5.1.1 2D Model for load case 2 

 

An additional 2D Model for load case2 is simulated to add to the results of 

the axisymmetric simulation. The contour surface, von Mises stress and 

transient heave oscillation plots for 2D Model load case 2 are shown in 

Figure 5.7, 5.8 and 5.9, respectively.  
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Figure 5.4. load case2 2D Model2: The contour surface plot of the rigid 

semi-submerged planar buoy oscillating in heave mode in finite depth of 

water. 

 
Figure 5.5. load case2 2D Model2: The 2D surface von Mises stress plot. 
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Figure 5.9. load case2 2D Model2: The heave oscillation of the rigid 

planar buoy.  

 

5.2 Parameters estimation 

 
The parameters estimation is carried out using the spectrum analysis tool, 

i.e. computational algorithms fast Fourier transform (FFT), is used to 

evaluate the discrete Fourier transform (DFT) of the heave oscillation. The 

spectrum of the heave response is scaled by the spectrum of the input force, 

the weight of the buoy, to obtain the frequency response receptance. The 

added mass is then calculated using the slope for high frequency of log-log 

plot of the receptance. The 3dB-bandwidth method is opted to calculate the 

damping ratio. The added damping is then successively evaluated through 

the damping ratio definition.  
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5.2.1 Hydrodynamic Added mass and damping 

 

5.2.1.1 Model1 

 

The heave response in time domain of Model1 is shown in Figure 5.3, FFT 

tool is used to transform it into its frequency domain. The spectrum is 

scaled and plotted in logarithmic scale as shown in Figure 5.10. 

 

 
Figure 5.10. load case1 Model1: The heave frequency response of the semi-

submerged axisymmetric rigid cylindrical buoy. 

 

The planar buoy model is a cube with the length of each side equal to  

      and of weight 3.234    . The geometry of the stabilized mass is 

neglected in both models, only its weight 12 kg is added to the buoy. 

Hence, the total mass of the buoy    is considered to be 15.234 kg. 
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From the figure 5.10, the resonance frequency is             and the 

slope of the higher frequency is 0.0055, the added mass is then found from 

the relation 

 

        
                                               

 

                                                                

 

 
Figure 5.11. load case1 Model1: The frequency response plotted in dB.  

 

The heave added damping is found from the definition of damping ratio 

 

  
  

   
                                                       

 

Where,   is the damping ratio obtained from 3dB-bandwidth 
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5.2.1.2 Model2 

 

The heave response in time domain of Model2 is shown in Figure 5.6, FFT 

tool is used to transform it into its frequency domain. The spectrum is 

scaled and plotted in logarithmic scale as shown in Figure 5.12. 

 

 
Figure 5.12. load case2 Model2: The heave frequency response of the semi-

submerged axisymmetric rigid cylindrical buoy. 

 

From the figure 5.12, the resonance frequency is             and the 

slope of the higher frequency is 0.0233, the added mass is then found from 

the relation 
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Figure 5.13. load case2 Model2: The frequency response plotted in dB.  

 

Here,          , hence the added damping is 

 

                                                           

 

Similarly, the 2D model for load case is studied, the heave response in time 

domain is shown in Figure 5.9, FFT tool is used to transform it into its 

frequency domain. The spectrum is scaled and plotted in logarithmic scale 

as shown in Figure 5.14. 
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Figure 5.14. load case2 2D Model2: The heave frequency response of the 

semi-submerged axisymmetric rigid cylindrical buoy. 

 

 
Figure 5.15. load case2 2D Model2: The frequency response plotted in dB.  
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The numerical results are assessed against the analytical results and the 

comparison is shown in table 5.1 

 

Table 5.1.Comparison with analytical results. 

 

Types of Analysis Added 

mass (kg) 

Added 

damping 

(N.s/m) 

Stiffness 

(N/m) 

Resonance 

Frequency 

(Hz) 

Analytical [6]      562 0.76 

Numerical Model1  10.56 56.64 574.76 0.75 

Numerical Model2 9.09 35.65 541.92 0.75 

Numerical Model2 

2D planar 

9.23 37.17 242.26 0.50 

 

The hydrodynamic pressure vertically exerts hydrodynamic forces unto the 

planar buoy expressed in 9 kg of added mass and 32 Ns/m of added 

damping, analytically. In comparison to the analytical results, the added 

mass is almost the same to the analytical added mass whereas the added 

damping appeared slightly higher in the case of first numerical model.  
 

5.3 SDOF Heave Oscillation Models 

 
The analytical SDOF heave oscillation model is illustrated in figure 5.13 

corresponding to the added mass and damping coefficient and buoyancy 

stiffness. 
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Figure 5.13.The analytical SDOF heave oscillation model. 

 

The partial differential equation of motion for the analytical SDOF heave 

oscillation model of semi-submerged cylindrical buoy is expressed as 

 

                                                            

 

The SDOF numerical models are derived from the estimated added mass 

coefficients, added damping coefficients and buoyancy stiffness. The 

parameters are based on the simulation results obtained by solving the both 

load cases in COMSOL Multiphysics.  

 

The SDOF analytical model is approximated by simulating the transient 

displacement of the oscillation in heave direction with fourth-order Runge-

Kutta method in Matlab plotted against the SDOF numerical model1, 

SDOF numerical model2 and 2D SDOF numerical model3 for the same 

load case2 is shown in Figure 5.17, 5.18 and 5.19 respectively. The 

axisymmetric cases indicates the lower amplitude of oscillation in 

numerical models which results the rise in the added damping. The 

harmonic oscillations of the in both cases had their fundamental period of 

1.3s which corresponded to the resonance frequency of 0.76 Hz. The 2D 

model differs the fundamental period but with the assumption of same 

bouyancy stiffness it correlates to the analytical model.  
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Figure 5.17.The heave response of the SDOF analytical model plotted 

against that of the SDOF numerical model for load case1 obtained by finite 

element approach. 

 

 
Figure 5.18.The heave response of the SDOF analytical model plotted 

against that of the SDOF numerical model for load case2 obtained by finite 

element approach. 
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Figure 5.19.The heave response of the SDOF analytical model plotted 

against that of the SDOF numerical model for 2D model of load case2 

obtained by finite element approach. 

 

The difference in the amplitudes of oscillations between both numerical 

models can be seen in figure 5.20. Model1 and Model2 are oscillating with 

the fundamental period of 1.3 s which corresponded to the resonance 

frequency 0.76 Hz. The difference in amplitude between the models 

suggests that the energy is lost in moving the planar buoy hence less force 

is applies on it.   
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Figure 5.20.The comparison of the scaled heave modes of oscillation. 
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6. Conclusion 

 
The dynamic behavior of the semi-submerged axisymmetric planar buoy 

has been studied in this work. The buoy was modeled into a simplified 

mechanical SDOF model composed of the variables hydrodynamic added 

mass   , hydrodynamic added damping    and buoyancy stiffness  . 

These variables are dependent on the mode and frequency of oscillation, 

geometries, and water-depth. This thesis was circumscribed to the analysis 

of the planar buoy under two different load cases. Two models of different 

geometries were studied in water of finite depth. Model1 assumed that the 

buoy was under the load in still water Model2 was modeled by assuming 

the buoy under no load and wave created in the fluid domain oscillated the 

buoy. The time-dependent heave displacements of both models were 

obtained by FEM solving the coupled partial differential equations of 

Navier-stoke equations, stress-strain equations, and ALE. It was affirmed, 

also, that hydrodynamic assumptions of linear and 2-dimensional potential 

flow were valid. 
 

The SDOF numerical model was affirmed by assessment against the results 

from the previous work [6]. The results were within the acceptable range. 

The affects of the change in the geometry from spherical to planar resulted 

indicate a potential to produce more electricity in similar scenario. A 

suggestion for further work is to theoretically estimate the added mass and 

added damping coefficients. Researchers can compare the results with any 

other Finite Element Software. Another probable extension of this work can 

be to study the surge and sway modes and to consider wind and current 

waves. 
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Appendix A 

 

Modeling Using the Graphical User Interface 

 

Model Navigator 

 

1. In the Model Navigator, select 2D axis symmetry from the Space 

dimension list. 

2. From the Application Modes list, select MEMS Module>Fluid-

Structure Interaction>Plane Strain with Fluid   Interaction>Transient 

analysis. And also select MEMS Module> micro Fluid>two phase flow 

field >Transient analysis. 

3. Click OK to close the Model Navigator. 

 

 

Geometry Modeling 

 

1. In Draw mode, hold down shift and click the Rectangle/Square button 

on the Draw toolbar. 

2. In the Width edit field type 0.2, and in the Height edit field type 0.2. 

Click OK. 

3. Shift-click the Rectangle/Square button on the Draw toolbar. 

4. In the Width edit field type 2.2, and in the Height edit field type 0.45. 

5. Click OK. 

6. Click the Zoom Extents button on the Main toolbar. 

7. Shift-click the Rectangle/Square button on the Draw toolbar. 

8. In the Width edit field type 2.2, and in the Height edit field type -1.  

9. Click OK. 

10. Select objects R1 and R2. Click the Difference button on the Draw 

toolbar. This will create a new composite object called CO1. 

11. Shift-click the Rectangle/Square button on the Draw toolbar. 

12. In the Width edit field type 0.2, and in the Height edit field type 0.2. 

13. Click OK. 

14. Select objects R3 and R4. Click the Difference button on the Draw 

toolbar. This will create a new composite object called CO2. 
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15. Shift-click the Rectangle/Square button on the Draw toolbar. 

16. In the Width edit field type 0.2, and in the Height edit field type 0.2. 

17. Select object new R5. Click the Union button on the Draw toolbar  

18. Click OK. 

19. Click the Zoom Extents button on the Main toolbar. 

 

 

Physics Settings 

 

1. From Physics menu, select Model Settings. 

2. Under Frames, select Frame (ref). Set the geometry shape order to 

Linear. 

3. Under Frames, select Frame (ale). Set the geometry shape order to 

Linear. 

4. Click OK. 

5. From Physics menu, select Properties to open the Application Mode 

Properties dialog box. 

6. Set the Two-phase flow property to Non-conservative phase field. 

7. Click OK. 

 

 

Subdomain Settings 

 

1. From the Physics menu, select Subdomain Settings. 

2. Select Subdomains 1 and 2 and then select Fluid domain from the 

Group list. 

3. For Fluid 1, for the density edit field type 1.25 and for the dynamic 

viscosity edit field type 2e-5. 

4. For Fluid 2, for the density edit field type 1030 and for the dynamic 

viscosity edit field type Vs. Click Apply. 

5. Click the Sources/Sinks tab. In the surface tension coefficient edit field 

type 0.07. 

6. In the Gravity, y-component edit type -9.81. 

7. Click the Phase Field tab. In the Parameter controlling interface 

thickness edit field type 4e-4. 

8. Click the Init tab. Select only Subdomain 1, then click the Fluid 2 

button. 
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9. Select Subdomain 3, then select Solid domain from the Group list. This 

deactivates the fluid equations in Subdomain 3 (the solid). 

10. Click OK to close the dialog box. 

11. From the Multiphysics menu, select Plane Strain (smaxi). 

12. From the Physics menu, select Subdomain Settings. 

13. Select Subdomains 1 and 2, then select Fluid domain from the Group 

list to deactivate the structural mechanics equations in the fluid. 

14. Select Subdomain 3, then select Solid domain from the Group list. In 

the E edit field for the Young‟s modulus, type 5e09 [Pa]. 

15. Click OK to close the dialog box. 

16. From the Multiphysics menu, select Moving Mesh (ALE) (ale). 

17. From the Physics menu, open the Subdomain Settings dialog box. 

18. Select all Subdomains and click the Element tab. Select Lagrange - 

Linear from the list of Predefined elements. 

19. Click the Mesh tab in the Subdomain Settings dialog box. Select 

Subdomain 1, then click the No displacement radio button 

20. Select Subdomain 2, then select Fluid domain from the Group list. 

21. Select Subdomain 3, then select Solid domain from the Group list. For 

the fluid domain, this means that the displacements are free in the z -

direction. In the solid domain, the deformation of the solid determines 

the mesh displacement. 

22. Click OK. 

 

 

Boundary Conditions 

 

1. From the Multiphysics menu, select Two-Phase Flow, Laminar, Phase 

Field (mmglf). 

2. From the Physics menu, open the Boundary Settings dialog box. 

3. Select Boundaries of solid domain except axis symmetry one. With 

Wall as the selection in the Boundary type list, select Moving wetted 

wall from the boundary condition list. 

4. Type 0 in the x-velocity of moving wall edit field and wt in the y-

velocity of moving wall edit field. 

5. In the Contact angle edit field type pi/2. 

6. Make sure that pi/2 is entered in the Contact angle edit field. 

7. Clear the Select by group check box. 

8. Click OK. 

9. From the Multiphysics menu, select Plane Strain (smaxi). 
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10. From the Physics menu, open the Boundary Settings dialog box. 

11. Select Boundaries 4, 6, 8, and 9. Select Fluid load from the Group list. 

This automatically adds the force due to the fluid motion which you can 

see by clicking on the Load tab. 

12. Click OK. 

13. From the Multiphysics menu, select Moving Mesh (ALE) (ale). 

14. From the Physics menu, open the Boundary Settings dialog box. 

15. Select all boundaries, and then select Fixed from the Group list. 

16. Select Boundaries 4, 6, 8, and 9 and select Structural displacement from 

the group list. And select 0, w in r edit field & z edit field respectively. 

This allows the mesh to slip along this boundary in the y direction. 

17. Finally, select Boundary 7, 12, 11 and 2.and select fixed mesh with 0 in 

r & z direction.  

18. Click OK. 

 

 

Point Settings 

 

1. From the Multiphysics menu, select Plane Strain (smaxi). 

2. From the Physics menu, open the Point Settings dialog box. 

3. Select Point 3 and check the Point constraint check box. 

4. Click OK. 

 

 

Mesh Generation 

 

1. From the Mesh menu, choose Mapped Mesh Parameters. 

2. Select Subdomain 1, and then select normal from the Predefined mesh 

sizes list. 

3. Click the Mesh Selected button. 

4. Click OK. 

5. From the Mesh menu, choose Free Mesh Parameters. 

6. Select Normal from the Predefined mesh sizes list. 

7. Click the Subdomain tab. 

8. Select Subdomains 2 and 3 and set the Maximum element size to 4e
-4

. 

9. Set the Method to Quad. 

10. Click the Mesh Selected button. 

11. Click OK. 
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Computing the Solution 

 

You compute the solution in two stages. First, the phase field variable is 

initialized. In order for the phase field variable to reach a steady-state value, 

the end time is selected as 10 seconds. In general it might be necessary to 

run the initialization stage for a longer time than the full fluid model. Once 

the phase field variable is initialized, you solve the full problem by clicking 

the Restart button. 

 

1. From the Physics menu, choose Properties. 

2. Set the Analysis type to Transient initialization. 

3. Click OK. 

4. Click the Solver Parameters button on the Main toolbar. 

5. In the Times edit field type range (0,0.01,8). 

6. In the Relative tolerance edit type 0.002. 

7. On the Time Stepping page, enter 10 for the Maximum time step. 

8. Click OK. 

9. Click the Solver Manager button on the Main toolbar. 

10. On the Solve For page, select only phi and psi. 

11. Click OK. 

12. Click the Solve button on the Main toolbar. 

13. When the solver has computed the transient initialization, click the 

Solver Parameters button on the Main toolbar. 

14. On the General page, set the Times to range(0,0.0137,8). 

15. Select Transient from the list of analysis types for the Two-Phase Flow, 

Laminar, Phase Field application mode. 

16. Click OK. 

17. Click the Solver Manager button on the Main toolbar. 

18. On the Solve For page, select all variables. 

19. Click OK. 

20. Click the Restart button on the Main toolbar. 

 

 

Post Processing and Visualization 

 

To reproduce the plots given in “Results and Discussion”, do the following: 
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1. Click the Plot Parameters button on the Main toolbar. 

2. On the General page, find the Plot type area. Select the Contour, 

Boundary, and Arrow check boxes; clear all the other check boxes. 

3. Click the Contour tab. From the Predefined quantities list on the 

Contour Data page, select Two-Phase Flow, Laminar, Phase Field 

(mmglf)>Density. 

4. Click the Vector with isolevels option button and type 500 in the 

associated edit field. 

5. Set the Color table to Rainbow and select the Filled check box. 

6. Click the Boundary tab. Type 1 in the Expression edit field on the 

Boundary Data page. 

7. Click the Uniform color option button, then click the Color button. Set 

the color to black, then click OK to close the Boundary Color dialog 

box. 

8. Click the Arrow tab. From the Predefined quantities list on the Sub 

domain Data page, select Two-Phase Flow, Laminar, Phase Field 

(mmglf)>Velocity field. 

9. Set the number of X points to 30 and the number of Y points to 35. 

10. Click OK. 

 

To see the deformation of the buoy at maximum displacement, do the 

following: 

 

1. Click the Plot Parameters button on the Main toolbar. 

2. On the General page, set the Solution at time to 7.897 

3. Click OK. 
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