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Abstract  

Wave energy technology is currently growing and gaining popularity. With around 100 separate 

technologies researched globally in over 25 countries wave energy are believed to soon be able to compete 

with other renewable sources such as wind energy. One of the new technologies is WaveTube; a wave 

energy converter currently under development and in need of technical verification. The basic idea of 

WaveTube is a partially submerged container with an enclosed fresh water volume. The kinetic energy of 

the ocean waves are transferred onto the floating container, creating an inner flow in the structure and 

electricity is generated as the fresh water flows through turbines. 

Previous small-scale model tests have confirmed the basic idea of WaveTube and an inherent continuation 

is visualizing and evaluating the inner flow using Computational Fluid Dynamics. A simplified 2D 

simulation where the WaveTube structure is subject to a pure sinusoidal, rotational motion was believed 

to be able to give useful information about the inner flow field. However, this Master Thesis project 

shows that a simulation using ANSYS Fluent of this case is not a successful approach. With inner moving 

parts a so called dynamic mesh was required, which updates the mesh as the boundaries move. In order 

for this method to be successful the mesh needs to be of high quality. However, for the complex 

geometry that WaveTube is no mesh was found to meet the requirements and the calculations using the 

Volume of Fluid method were not able to proceed.  

Sammanfattning 

Vågkraftteknik är under ständig utveckling och ökar stadigt i popularitet. Med cirka 100 separata tekniker 

studerade i över 25 länder världen över så anses vågenergi inom en snar framtid kunna uppnå samma 

lönsamhet som andra förnybara energikällor såsom vindkraft. En av dessa nya vågenergitekniker är 

WaveTube, ett koncept som ännu inte är fullständigt utvecklat och vars tekniska lösning behöver 

verifieras. Grundidén bakom WaveTube är en nersänkt behållare, delvis fyllde med färskvatten. Den 

kinetiska energin från vågorna överförs på den flytande behållaren, vilket generarar ett inre flöde i 

strukturen och elektricitet genereras när vattnet flödar genom turbiner.  

Tidigare har småskaliga tester som genomförts bekräftat att principen bakom WaveTube fungerar och ett 

naturligt nästa steg är att visualisera och utvärdera det inre flödet med hjälp av CFD (Computational Fluid 

Dynamics). En förenklad simulering i 2D där strukturen rör sig med en enkel, harmonisk roterande 

rörelse antogs kunna ge god information angående det inre flödet. Dock visade detta examensprojekt att 

denna simulering i ANSYS Fluent inte var rätt väg att gå. På grund av de inre rörliga delarna i WaveTube-

strukturen är en dynamisk mesh nödvändig, en metod som uppdaterar meshen efter väggarnas rörelse och 

som ställer höga kvalitetskrav på den ursprungliga meshen. Tyvärr kunde ingen sådan mesh genereras för 

den komplexa geometrin som WaveTube utgör, vilket ledde till att beräkningarna med den så kallade 

Volume of Fluid-metoden inte kunde genomföras.  
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Nomenclature  

Symbol Quantity Unit 

  Wave amplitude     

  Wave celerity       

   Wave group speed       

  Water depth     

  Gravitational acceleration        

  Fluid height     

  Wavenumber         

  Pressure        

  Particle path radius     

   Surface particle path radius     

  Time     

 ̅ Average local velocity       

   Non-dimensional relative velocity     

   Friction velocity       

   First layer thickness     

   Non-dimensional relative wall distance     

  Courant number     

     Maximum Courant number     

  Wave energy        

      Kinetic and potential wave energy        

  Wave period     

  Particle velocity       

      Velocities        

      Valves translational velocities        

      Space coordinates     

  Non-dimensional perturbation parameter     

  Waveform     

   Waveform in complex notation     

  Wavelength      

  Dynamic viscosity          

  Density         

  Kinematic viscosity        

    WaveTube incline angle       

   Valve incline angle       

       Valves angular amplitude       

   Initial valve incline angle       

  Velocity potential        

         Vorticity       

  Angular wave frequency         

    WaveTube angular velocity         

   Valve angular velocity         

   Time step size     

   Cell size     
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Abbreviations  

ASM Algebraic Stress Model 

CFD Computational Fluid Dynamics 

EVM Eddy Viscosity Models 

LES Large-Eddy Simulation 

MAC Marker And Cell 

NITA Non-Iterative Time Advancement 

OWC Oscillating Water Column 

PDE Partial Differential Equation 

PISO Pressure-Implicit with Splitting of Operators 

RANS Reynolds-Averaged Navier-Stokes 

RSM Reynolds Stress Model 

STT Shear-Stress Transport 

SIMPLE Semi-Implicit Method for Pressure-Linked Equations 

SPH Smoothed Particle Hydrodynamics 

VoF Volume of Fluid 

UDF User Defined Function 

WEC Wave Energy Converter 
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1 Introduction 

Climate change and oil depletion are reasons for increasing interest in renewable energy from sources such 

as wind, water and sun. Wind power is a well-researched and developed technology widely commercially 

used, and the principle of hydro power has been the same for hundreds of years. Wave power on the 

other hand is not yet a mature technology, but it is a field where a lot of new development is currently 

seen. In their survey from 2010 the World Energy Council listed over 100 separate technologies currently 

under development (World Energy Council, 2010). One of these new developments are the wave energy 

converter (WEC) called WaveTube, an idea developed by inventor Richard Nilsson. The concept is still in 

the design stage and has previously only been tested under very simple circumstances using a physical 

small scale model. In order to proceed with the design process it is essential to evaluate the concept in 

further detail. After consulting with project managers Ingvar Rask and Da-Qing Li at the private maritime 

engineering consulting company SSPA in Gothenburg it has been decided that a Computational Fluid 

Dynamics (CFD) simulation is preferable to further scale model tests. With a CFD model the inner water 

flow in the WaveTube structure can be visualized and easily evaluated for various design configurations, 

something that is far less costly than using a physical scale model.  

1.1 The WaveTube concept  

The WaveTube WEC, formerly known as Wavebox, is developed by inventor Richard Nilsson who got 

his patent application granted in 2011. The design was defined after a primary Master Thesis project by a 

student at Uppsala University, where various hull shapes was evaluated numerically (Gotthardsson, 2010). 

As described previously, WaveTube is a floating, partly submerged and moored structure with an enclosed 

fresh water volume. The kinetic energy from the waves is transferred onto the structure, causing it to 

move with the waves. The structure will pitch, i.e. lean back and forth in the wave direction, and as the 

structure moves a flow is generated inside, see Figure 1. As an inner flow is generated, the structure is 

designed so that the water inside is elevated, gaining potential energy which then can be utilized as it flows 

through turbines. The structure itself weigh around 150 tonnes, and the water amount is approximately 

400 tonnes, which means WaveTube is a rather large structure with length 24 m, width 23 m and height 

5.4 m. With these dimensions and a wave height of 4 m the concept has the estimated rated capacity of 

300 kW. The turbine head for these wave conditions and structure geometry is determined to 1.7-1.9 m.  

  

Figure 1 – The inner flow in WaveTube illustrated as the structure moves with the waves. 
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The different components of the WaveTube structure can be seen in the Figure 2. The water gathered in 

the lower part of the middle container (1a) and as the whole structure leans to the side, the water flows via 

the lower channels (1b), through the open check valves (1c) and fills up the side container (2a). As the 

structure reaches the top of wave crest the motion returns and the structure leans in opposite direction, 

causing the water inside to follow. Gravity causes the check valves to close and the water from side 

container is directed into the upper channel (2b) and fills up the upper middle container (3a). 

Simultaneously the remaining water in the lower middle container flows into the opposite side container, 

starting a parallel flow with same characteristics. In the upper middle container the water is gathered 

before it runs through the five turbines (3b), where the corresponding generators (3c) are converting the 

energy from the waves to electricity. Finally the water flows back to the lower container (1a). 

 

Figure 2 – Overview of the different components of WaveTube. 

When the water flows inside the structure the position of the center of mass varies. The side containers 

maximum load is 88 tons of water each, and the remaining part of their volume (2d) is filled with air. 

When the structure leans over and the center of mass displaced form the symmetry axis, this air volume is 

balancing the side container. Ultimately this is meant to prevent the sides from sinking further and causing 

instability in the motion. 

The WaveTube concept is different from existing WEC´s and concepts under development. It is not 

directly falling under any of the main categories; instead the concept is actually incorporating parts of two 

different techniques called overtopping and attenuating. The uniqueness of this concept has met some 

criticism and experts are troubled by the fact that developer try to “invent the wheel again”. But the area 

of wave energy is not a mature field. There are no optimal commercial solutions for WEC’s, like there is in 

1a   Middle container, lower part, ~200m
3
 

1b   Channel for transport to side container 
1c   Check valves 
  

2a   Side container, ~77m
3
 

2b   Channel for transport to the middle container 
2c   Check valve 

2d   Air containers, ~141m
3
 

  

3a   Middle container, upper part, ~325m
3
 

3b   Turbines 
3c   Generators 
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for example the wind energy industry, and this is what inspired inventor Richard Nilsson to the idea 

behind WaveTube. He observed complicated technical solutions, including several moving parts which 

would probably be even more advanced before they could be realized. Instead Nilsson strived for a simple 

idea that hopefully would lead to a relatively simple system when realized, with good possibility of being 

commercial and feasible. The simplicity of WaveTube is clear; the only moving parts are the turbines and 

the check valves, which are completely isolated from the corrosive seawater preventing marine growth on 

these significant components. With a control system the enclosed water volume could be optimized to 

match the current wave height, obtaining a steady flow through the turbines. The concept consisting of 

few and well-known parts would be an advantage for the reliability, reaching low production and 

maintenance costs. This is in theory however, and verification of the concept is essential. 

1.2 Objective  

After the primary Master Thesis project by Gotthardsson the overall design and configuration of the 

WaveTube concept was determined, but since several simplifications where made during that project the 

overall viability could not be confirmed. In the previous analysis the effects of the inner flow were 

neglected due to the restrictions in combining dynamic forces with the seakeeping software used in that 

parameter study. Also the variation of mass distribution inside the structure was neglected and the water 

surface was assumed to be horizontal throughout the motion. This is not realistic; a moving, accelerating 

fluid inside a container is causing large forces on the container walls and these effects are described by the 

phenomenon called sloshing. Dynamic forces caused by liquid sloshing can as for today not be captured 

by seakeeping software, and therefor attempts have been made to combine them with CFD software in 

order to achieve a more realistic simulation of the phenomena, done for example by Andersson & 

Pedersen, 2011. The idea is to use the seakeeping software to simulate the motion of a floating body, and 

use that motion as input in the CFD software where the variations of internal forces can be calculated. 

The forces are sent back to the seakeeping software and the procedure is repeated until convergence 

reached. This specific attempt of software coupling was not completely successful for open tanks, where 

free surface effects are strongly present. The complexity of the problem was too high and the results did 

not show convergence, but the concept of coupling was not believed to be the problem, rather the 

number of simulations. 

In order to take the WaveTube concept one step closer to realization the dynamic forces inside the 

structure must be analyzed. The objective for these Master Thesis is therefor to investigate and evaluate 

the effects of the inner flow between the containers in order to attempt to relate the flow through the 

turbines with time. The aim is to verify how configurations of WaveTube, such as the size of the enclosed 

water volume, are related to the wave period   and an optimized continuous flow through the turbines. 

The attempt will be to perform a CFD simulation of the inner flow in order to obtain useful output data 

of the volume flow rate through the channels and the turbine, which could be used in future simulations 

in seakeeping software at SSPA.  
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1.3 Methods 

The inner flow between the containers in WaveTube is simulated using the CFD software ANSYS Fluent, 

which was chosen due to its availability at the Department of Energy Technology at KTH where this 

project is carried out. The pre-processing including, building the geometry and the mesh, is done in 

ANSYS v.12.1. To save computational time larger calculations are performed on supercomputer Ferlin1 at 

PDC Center of High Performance Computing at KTH with ANSYS Fluent v.14.0. 

In order to fully capture the effects of the inner flow a 3D model geometry is preferable, but due to time 

restrictions of these Master Thesis a simplified 2D model of the concept is used. The geometry of the 2D 

model is a straight forward cross-section of the structure, with the upper and lower channels in the same 

vertical plane. The turbines are not part of the CFD simulation; they are simply replaced with circular 

holes in the same manner as in the physical scale model, where a varying diameter corresponds to 

different turbine sizes. A 2D model is believed to give enough useful information about the characteristics 

of the inner flow, and the aim is to calibrate the CFD model against the physical scale model. The motion 

of the WaveTube structure caused by the forces from the ocean waves are simplified and simulated as a 

harmonic sinusoidal rotational velocity. The velocity is applied in Fluent using a so called User Defined 

Function (UDF), complied with the model.  

1.4 Limitations 

The limitations of the CFD model are mainly due to the time restrictions of 20 weeks provided for 

performing this Master Thesis project. Some simplifications of the real flow case had to be made in order 

to make the simulation possible and the main areas of restrictions are: 

 2D modeling: 

The WaveTube concept would for obvious reasons be more realistically simulated in 3D, since 

the concept contains a distinguished 3D flow in a non-axis symmetric geometry. However, 

extending the CFD model in 3D would greatly increase the complexity of the setup and mesh 

building process. The increase in number of cells would have severe effects on calculations times. 

It is believed that the most important effects will be captured in a 2D model. 

 Simplified structure motion: 

The motion of the structure is assumed to follow the waves and the water surface perfectly. The 

structure is assumed to always be oriented in the wave direction, with the three containers 

perpendicular to the wave crests. This simplification enables the approximation of a rotational 1D 

center of gravity motion, which is enough for the 2D model but leaves out the 3D effects in the 

flow. Using this approximation also a variation of the center of gravity position, due to the inner 

water flow, is neglected. 

                                                      
1 PCD’s computer Ferlin is a 672 node cluster, where each node has 8 cores; two quad-core Intel Harpertown 2.66 
GHz CPUs with 8 GB memory. 
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 Plane linear waves: 

The irregularities and stochastic nature of the sea waves are neglected as the water surface is 

approximated with a pure sinusoidal wave with constant wave height and wavelength. This wave 

model is also used in potential wave theory, which is widely used in these types of so called deep 

water problems (Bergdahl, 2010). Also, possible effect of the mooring on the overall motion is 

neglected.  

 Mesh size: 

The accuracy of the results from a CFD simulation is strongly dependent on the mesh quality. 

However, in this project time spent on meshing is restricted and a shorter computational time is 

favorable, therefor a too fine mesh is avoided. Another reason for avoiding small cells is the 

restrictions in time step sizes that follow when using dynamic meshing (see chapter 4.2.3). 

2 Background 

Commercial wave energy is a new and up-coming field of technology. For decades the world has been 

dependent on oil and other fossil fuels, but as the reserves grows smaller the importance of suitable 

alternatives become larger. Renewable energy sources have ever since the first oil crisis in the 1970´s 

believed to be a sustainable option, and the research and development of wave energy started at this time 

when several governments reacted by investigating these renewables. However, the development slowed 

down during the 1980´s and 1990´s while other renewables kept on progressing. In the beginning of the 

21st century it was picked up again by several small developing companies, supported by international 

organizations such as the European Commission.   

The ocean is an enormous source of energy and WEC’s are part of the leading technologies for utilizing 

this energy, but still these techniques are not yet as commercially marketable as other renewables such as 

wind energy. Wave energy is currently seen as an immature technology, but there are indications of wave 

energy taking the same path as wind energy, just 15-25 years behind in the development (REN21, 2011). 

There is no doubt the potential is there; the global wave power resource in deep water is estimated to be 

roughly 8,000-80,000 TWh, which can be compared to the 2007 global electricity production which was 

around 19,000 TWh (World Energy Council, 2010). Theoretically about 10% of today’s global energy 

demand could be covered by wave generated energy. In 2009 when the California Energy Commission 

research the energy prices for different sources they estimated wave energy to be commercial viable in 

California by 2018. At that point an average levelized cost of ocean wave energy was estimated to $200-

250 per MWh, which would be comparable with solar energy from parabolic troughs and just above the 

cost of offshore wind energy (Klein, 2009). 

The interest for ocean energy and wave power technologies in particular is growing rapidly. This is 

indicated by reports stating at least 25 countries are currently involved in the development and among 
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them are Norway, Australia, the UK, the USA and Sweden (REN21, 2011). During the last few years 

some initial commercialization of wave energy has been taking place. Swedish Vattenfall is one of the 

companies putting a lot of effort into developing and researching wave power technology. They do not 

believe the technology will be completely commercial until 2020, but the company states that they find it 

important to invest in renewable energy sources. Most of their current research involves finding 

appropriate locations and permits for commercial wave power parks. Vattenfall is currently involved in 

two different wave power park projects; they have invested in the technology called Pelamis outside the 

cost of Scotland and the technology Wavebob outside the cost of Ireland. These locations are chosen for 

their huge ocean resources, the availability of easy access to the onshore electricity grid and the local 

knowledge of offshore industries in fields such as oil and natural gas (Vattenfall AB, 2012). 

2.1 Existing wave energy techniques 

Previously mentioned WEC’s Pelamis and Wavebob are only two of at least 100 separate technologies 

currently under development listed by the World Energy Council in their survey from 2010. There are 

different ways to categorize all of these technologies, but the World Energy Council has decided upon the 

five different types described in this chapter. These five types represent roughly 90% of all technologies, 

and are harnessing the energy of the waves according to different principles.  

When designing WEC’s there are several aspects to consider; for example in order to optimize mechanical 

and electrical efficiency the converters must have minimized down time. This means their rated capacity 

must be at the most common wave level for each location, and at the same time they must be able to 

endure extreme weather and waves. Long and short term variation in the wave height and wave period 

cause fluctuations in the electricity generation, which is something that has to be converted or 

smoothened in order to be accepted by the local electricity grid.  The converters also need to be able to 

handle a range of wave directions, accomplished by a symmetric device or a flexible mooring system.  One 

way to avoid this problem is locating the device near land, where wave directions are more or less 

constantly perpendicular to the shore. This will also facilitate easy access for service, repairs and 

maintenance which are very important design aspects. Return to harbor is expensive and unwanted since it 

causes down time in the electricity production. The different technologies described in the next chapter 

approaching these design aspects in different ways, with different results. 

2.1.1 OWC devices 

The Oscillating Water Column (OWC) device is one of the most common wave energy technologies. The 

principle is a partly submerged, hollow structure through which the waves pass. As the waves make the 

water surface rise inside the structure, the air inside is compressed and pushed upwards trough a turbine. 

As the water sinks back down in the structure, air is drawn back in trough the turbine. This technology is 

well-researched and rather simple with few moving parts, which are all above the water surface and easily 

accessible for servicing. One example of the OWC technology is Australian Oceanlinx, illustrated in 

Figure 3 (Oceanlinx Ltd., 2012). There are two versions of this concept; one designed especially for deep 
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applications and one for shallow water applications. Oceanlinx also designed a special turbine which 

functions for air flow in both directions. In 2005 Oceanlinx started one of the world´s first full scale wave 

energy projects located outside the south coast of Australia. In 2010 a pre-commercial project was 

installed and connected to the onshore grid for the first time ever in Australia. This project validated a full 

scale design rated at 2.5 MW, and in the future Oceanlinx have interest in projects in European countries 

like Portugal, the UK and Spain.  

 

Figure 3 – Working principle of the Australian OWC technology Oceanlinx (Oceanlinx Ltd., 2009). 

2.1.2 Point absorbers 

More than 50% of all the wave energy technologies belong to the category of point absorbers. This 

technology is simply a buoy, small compared to the wave length, floating on or near the ocean water 

surface.  The buoy absorbs wave energy vertically or in all directions, and is connected a transformations 

system either on the seabed or in the buoy itself. The latter is the case for previously mentioned Wavebob 

(see Figure 4), an Irish technology development in 1999 (VINNOVA Analys, 2009). Inside the floating 

buoy are a hydraulic pump, a turbine and a generator, which all are driven by a 100 m long structure under 

the water surface which are absorbing the wave motion. Wavebob has a high power output of 500 kW per 

unit, and tests of even larger units are planned. Wavebob are together with Vattenfall planning a large 

scale commercial wave power park in the Atlantic with a total installed capacity of 250 MW. 

Swedish Seabased is an example of the point absorber technology where the generators are stationed at 

the seabed, seen Figure 4 (Seabased AB, 2012). With connections to Uppsala University and ABB this is 

probably the most developed and well-known technology in Sweden. The result of having the generator at 

the seabed is low effect; Seabased only have a capacity of 10-50 kW per unit. Therefor the idea is to install 

the units together in parks of 2,000 generators, with the total installed capacity of at least 20 MW and the 

expected power output 50 GWh annually. Together with their partners Seabased conducted a field study 

researching the possibility of a demonstration park outside the Swedish west coast, and hopefully this will 

be the first commercial wave power park in the country.  
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Figure 4 – From the top left; the point absorber Wavebob (Wavebob, 2012), an illustration of a 

Seabased wave power park (Seabased AB, 2012) and the surge device the Oyster (Ackerman, 2011). 

2.1.3 Surge devices  

The surge devices utilize the horizontal movement in the waves for electricity generation. The systems are 

generally located in shallow water, often close to cost. Here the larger part of the wave energy are 

contained in the horizontal wave motion, since the circular water particle paths in shallow water are 

elongated into elliptic paths. The configurations of this technology vary widely, but one example is 

Scottish Aquamarine Power´s the Oyster (Collier, et al., 2008), see Figure 4. This is a huge single-flap 

construction, placed on the seabed where it swings back and forth with the wave motion. The movement 

activates hydraulic rams, which pressurizes seawater that is pumped ashore where it drives a turbine and a 

corresponding generator.  
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Aquamarine Power has wave energy projects in Ireland and the USA, but outside the Scottish coast is 

where they are running the majority of their projects. In this area they started already in 2005, and in 2009 

the first full scale Oyster device with a capacity of 315 kW was installed. In 2012 the next generation 

Oysters are being installed, each with a generating capacity of 800 kW.  

2.1.4 Attenuators 

The attenuators are floating devices comparable to the point absorbers and also with similarities to the 

WaveTube concept. The difference is that the attenuators are elongated in the horizontal direction and 

moves parallel with the wave motion. Pelamis is an example of this technology and according to the 

developers this is the world´s most advanced wave energy (Pelamis Wave Power, 2012). The Pelamis 

WEC is a series of cylindrical hallow steel segments, connected by hinged joints which allow movement in 

two directions, see Figure 5. As a wave passes the segments they move in relation to each other, causing 

the hydraulic cylinders incorporated in the joints to pump oil and drive a hydraulic motor. Each machine 

has a rated capacity of 750 kW and is designed to endure hard weather by simply dive thorough larger 

waves. Pelamis is a very efficient system with the highest power capture per given volume seen so far. 

Pelamis utilizes established and proven technology wherever possible in the development and 

manufacturing, which increases the feasibility of the technology. Pelamis was the first WEC to deliver 

electricity to an onshore electricity grid in 2004, and in 2008 they were the first to open a commercial wave 

power park located outside the coast of Portugal. They are currently working with the two major energy 

utilities E.ON and Scottish Power Renewables in developing projects outside the Scottish coast with a 

total installed capacity of 170 MW. 

 
 

 

Figure 5 – At the top, the leading wave power technology Pelamis (Pelamis Wave Power, 2012), and at 

the bottom the Danish overtopping device Wave Dragon (Marine Energy Pembrokeshire, 2010). 
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2.1.5 Overtopping devices 

The overtopping technology makes use of a ramp to transform and store both the kinetic and potential 

energy in a wave by elevating part of it above its natural height. The water is gathered in a reservoir above 

the sea-level from where it is drained through turbines before flowing back into the ocean. A version of 

the overtopping technique is used inside the WaveTube concept, but in a closed system form. Another 

commercial example of the technique is the Danish WEC Wave Dragon (Wave Dragon, 2012), a concept 

combining existing offshore floating platforms and traditional hydro turbine technology, see Figure 5. 

Wave Dragon is slacked-moored floating structure, distributed in arrays of units in group or as one single 

unit. One of the largest advantages is that the concept can be up-scaled without any limitations and 

dimensions can be optimized to fit the wave conditions in the area where the converter is installed. In a 

location with high energy wave crests containing up to 48 kW/m, the rated power output per Wave 

Dragon unit is 11 MW. When units of this size are installed together in wave power parks the total 

capacities are comparable to traditional fossil based power plants. With this power capacity Wave Dragon 

is a very large system; with length 220 m, width of 390 m and weight of 54,000 tones, still it is a simple 

concept with the only moving parts being the low-head turbines. As the turbines must run at full speed in 

order to be fully efficient, a control system is individually regulating the runtimes to match the water level 

in the reservoir. A similar turbine and control system have been considered for WaveTube.  

The idea behind the Wave Dragon concept started already in 1987. Considerable amounts of tests and re-

designs followed during the 1990´s, which resulted in the first large scale test during the first years of this 

century. During 2006 to 2009 a project to develop and validate the technical and economic feasibility of a 

multi-MW Wave Dragon unit was carried out together with the European Commission. 

3 Theory 

When designing and evaluating WEC’s it is of importance to have a basic understanding for the 

underlying physics of the problem such as fluid dynamics, basic wave theory and in the case of WaveTube 

also the behavior of floating bodies. The potential flow theory is based on basic fluid mechanics and 

despite its simplicity it is widely used. This theory is required for a good understanding for modeling with 

CFD since many flow models are based on it. This chapter will also describe the sloshing phenomenon, 

which referees to the liquid dynamics of a partially filled container in motion. If sloshing occurs in the 

inner flow the WaveTube it most likely have distinct effects on the overall motion of the structure and the 

also the output capacity. Sloshing is a well-researched area in the seakeeping industry where these effects 

can have enormous impact on ship stability. Therefor literature in the field of naval architecture is 

reviewed in order to establish which precautions usually are made to prevent these unwanted sloshing 

effects. Also the Airy wave theory is shortly presented to show the basic nature of ocean waves and how 

to approximate them. Finally the subject of floating bodies is briefly described and a simplified expression 

for the 2D motion of the structure is derived. This will later be used in the CFD simulation of the flow 

case inside the WaveTube structure. 
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3.1 Potential flow theory 

Many flow problems, such as partly filled containers and liner wave theory, are often solved based on the 

potential flow theory (Bergdahl, 2010). This theory holds under the assumption that the fluid is 

incompressible and the flow is irrotational. For a homogenous and incompressible fluid the density   is 

constant so all derivatives of    are zero. Considering flow through an infinitesimal control volume this 

assumption translates to the mass of the inflow through the boundary equals the increase of mass inside 

the volume. From this the continuity equation, can be derived, stating that “mass is conserved”: 
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The rotation of a fluid around its own center can be expressed by spatial gradients of the local fluid 

velocities     and  . The rotation per unit of time, referred to as the vorticity, is defined as 
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The flow is said to be irrotational, i.e. free from rotation, if the following holds: 

 
           

(3:3)  

Combining equations (3:2) and (3:3) one arrive at the condition for irrotational flow: 
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Introducing a new function; the velocity potential  , defined such that the spatial gradient of this function 

in each point gives the velocity vector of the flow: 
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Combining equation (3:5) and the condition for irrotational flow (3:4) shows that the second mixed 

derivatives are equal and prove that   is continuous. The velocity potential   exists if the flow is 

irrotational and therefor irrotational flow is also called potential flow. Using the continuity condition for 

an incompressible fluid (3:1) together with the velocity potential gives the Laplace differential equation: 

 
   

   
 

   

   
 

   

   
   (3:6)  

So, irrotational and incompressible flow can be described by this linear second order differential equation 

and for small amplitude wave motion this is a good approximation for potential flow. Deviation from the 

physical solution for higher amplitude waves depends on the approximations of the boundary conditions 

as well as viscous and rotational effects. Velocities and accelerations can be obtained directly from the 

velocity potential  , but to calculate the pressures and water levels it is necessary to use an additional 

condition; the Bernoulli equation for irrotational and incompressible flow. This equation derives from the 

Navier-Stokes equation, which is a simplification of Newton’s second law stating the conservation of 

momentum. For 2D flow it is written as 
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(3:7)  

Here   is a height and negative in  -direction,   is the pressure and   is the dynamic viscosity of the 

liquid. Next the continuity condition (3:1) is substituted in (3:7), as well as 
  

     
  

  

     
 which can be 

used since the velocities   and   are continuous and differentiable. When expressing the accelerations in 

terms of the velocity potential   and integrating with respect to   and   one arrive at 

 

  

  
 

  

 
 

  

 
 

 

 
           

  

  
 

  

 
 

  

 
 

 

 
           

 
(3:8)  

This must be satisfied in all points in the flow and therefore 

 
                     

(3:9)  

The result of this is one single equation, namely the previously mentioned Bernoulli equation for 

irrotational and incompressible flow. With      included in the right hand side this equation in 2D reads 
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3.2 The sloshing phenomena 

Any moving container partially filled with liquid experiences dynamic forces due to the moving surface 

and possible breaking waves. This phenomenon is called sloshing and is of large concern for example in 

the seakeeping industry, where water tanks used as ballast and liquid cargo tanks can be problematic. Free 

surface effects and sloshing of water on ships have historically been reported as possible causes of failure 

for capsizing ships. One example is the M/V Al Salam Boccaccio 98, an Egyptian passenger ferry that 

sank in the Red Sea in 2006. A fire was reported onboard during hard weather and after the alarm the 

capsizing was very quick. Due to the rapidness in the capsizing event the exact underlying cause was never 

definitely determined. One theory is that the sea water pumped up to put out the fire was collected in the 

hull when the draining pumps were out of order. In the rough weather conditions sloshing water gained 

momentum, causing the ferry to capsize (Panama Maritime Authority, 2006). Another similar example is 

the passenger ship M/S Estonia that sank during rough weather in the Baltic Sea in 1994. The fact that 

Estonia was leaking is clear, even if the reason for water flooding into car-deck is much-disputed. Sloshing 

effect of the water on the open car-deck in the hard weather conditions had part in causing the rapid 

capsizing of the ship that rolled over and sank roughly within an hour (Imstøl, 2008).  

Sloshing is also a concern in other fields, such as aerospace and nuclear engineering. The phenomenon has 

been studied in large dams, in stationary oil tanks and in water tanks on rooftops during earthquakes 

(Ibrahim, 2005). Liquid fuel onboard spacecrafts have large influence on the overall dynamics and 

historically several severe problems have been reported in connection to critical maneuvers in space 

(Veldman, et al., 2007). One example is during the first moon landing in 1969 when sloshing in the 

propellant remains caused oscillations of the spacecraft Apollo 11, which had negative effects on the 

accuracy of the landing controls. Another example is the robotic space probe NEAR Shoemaker which in 

1998 had a mission to orbit and finally land on the asteroid Eros.  During an orbital correction the 

spacecraft underwent unexpected motion, later proven to be caused by fuel sloshing. This unexpected 

motion led to the spacecraft entering “safety mode”, causing a delay of 13 months. 

3.2.1 The theory of sloshing 

The theory of sloshing is based on developing the fluid field equations, estimating the free-surface motion 

and the resulting hydrodynamic forces and moments. The boundary value problem is usually solved for 

modal analysis, which for a partially filled container means estimating the natural frequencies and the 

corresponding mode shape, and dynamic response characteristics to external excitations. The violent 

motion that is referred to as sloshing and its resulting high sloshing pressures is the outcome when there is 

resonance between the overall tank motion and the natural mode of the fluid motion inside the tank 

(Manour & Liu, 2008).  

The normal mode frequencies, also called the natural frequencies, are dependent on the configuration of 

the tank and are therefore essential in the design process. The sloshing phenomenon is also strongly 

dependent on the movement of the tank and on the depth of the liquid inside it. With more complex tank 
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geometries, the complexity of problem also increases and therefore not every case is possible to solve 

analytically. Explicit solutions are only available for special cases such as cylindrical and rectangular 

containers, where the walls are upright, straight and the liquid depth are constant. For other container 

shapes experimental or numerical methods have to be used (Ibrahim, 2005). The types of pressure for 

spherical and cylindrical tanks are similar to those for rectangular tanks with the difference that the most 

important load is the total force or moment acting on the tank walls. It is proven difficult to predict the 

forces and pressures with large excitation amplitudes, and therefore experimental data obtained with scale 

model tanks are needed in order to determine the loads for the structure design. 

For rectangular tanks the sloshing phenomenon can be described in 2D, with the exception of the corners 

where 3D effects are present and significant. Considering a rectangular tank and the case of low liquid 

depth, defined as less than 20% filling, the flow is usually categorized by formation of hydraulic jumps and 

traveling waves in the exciting periods near resonance. Through experiments it has been shown that these 

pressure pulses are neither harmonic nor periodic, even if the oscillations in the test are. For the case of 

larger depths, defined as more than 20% filling, standing waves are formed and the pressure levels are 

more constant over time, without the extreme peaks that occur for lower depths.  

This liquid motion has an infinite number of natural periods, but it is most likely that the lowest is the one 

to be excited by the overall tank motion. Therefor most studies concentrate on investigating forced 

harmonic oscillations at the lowest natural frequencies, where the fluid field can be approximated by linear 

equations. For cases where the liquid surface no longer maintains a planer shape, with a nodal diameter 

perpendicular to the excitation, the vertical displacement of the center of gravity can no longer be ignored. 

In these cases the non-linear effects have to be considered. Examples of non-linear and parametric 

sloshing phenomena are rotary sloshing and non-linear liquid sloshing interaction with elastic structures. 

3.2.2 Sloshing in naval architecture  

As previously mentioned, the sloshing effects are dependent on the type of load the liquid tank is subject 

to. In ship building one of the most important considerations are the external loads on the ship. 

Compared to a land-based construction a ship obviously does not have a fixed foundation. Instead it is 

completely supported by the pressure exerted by the dynamic and varying sea around it, which becomes 

an important characteristic in the ship design. The random and probabilistic nature of the sea makes it 

difficult and in principle impossible to absolutely predict the loads it imposes on the ship. Instead the 

probabilities of at which frequency a load are expected to occur are presented, and here computer-based 

analytical tools based on a mix of theory and experience is of high importance (Manour & Liu, 2008). 

Due to the difficulties in obtaining absolutely accurate load predictions focus are put on predicting the 

consequences of these uncertainties. One of the most important tasks is to find a proper balance between 

the acceptable level of uncertainty in the predictions and the time and effort it takes to achieve a higher 
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level of accuracy. Further the overall goal in naval architecture is obviously to avoid structural failure, and 

to do this awareness about the modes of failure and how to predict them are necessary.  

There are several different sources to the loads that ships are subjects to. First there are a static 

component which principally is the effects of weight and buoyancy of the ship in calm water. Further 

there is a dynamic component cause by the wave-motion which transferred onto the ship itself and these 

are categorized as low-frequency loads. Other dynamic components are the high-frequency loads, caused 

by the propellers or by slamming. Slamming refers to the impact of the bottom of a ship against the water 

surface and are common when sailing in waves and the front of the ship hull, also called the bow, rises 

from the water and then falls back down on the surface. These effects can lead to vibrations in specific 

parts or in the whole ship. Finally, there are loads that might be caused by the ship’s specific functions 

such as ice breaking or cargo carrying, and these are categorized as impact loads. One part of this category 

is the loads caused by moving liquid inside the ship hull or on deck, which is sloshing effects. The wave 

induced loads is the basic cause of the irregularities in the ship motion, and that motion are the cause of 

the sloshing onboard. 

In a full tank, where no free surface are present, the loads acting on the boundaries are composed of 

hydrostatic pressure, inertial force due to acceleration and pressure added due to the roll and pitch motion 

of the ship. In a partially filled tank violent motion causing high sloshing pressures occurs when there is a 

resonance between the ship motion and the natural mode of the fluid motion in the tanks.  Therefor 

transportation of liquid in partially filled tanks is in many cases prohibited, but not always possible to 

avoid.  Examples are partial unloading during journeys with multiple stops, and loading and unloading of 

ballast water at sea (Manour & Liu, 2008). 

Liquid sloshing can be the main cause for internal hull damage in these tanks, therefor predicting and 

analyzing these effects are of highest importance in the ship building industry. Since sloshing often is a 3D 

problem of random nature the prediction of the sloshing pressures are rather difficult. Therefor 

experimental data obtained from scale model tanks are generally needed to determine the loads, but also 

to verify the numerical analysis where CFD has been used together with rigid body dynamics.   

3.2.3 Slosh suppression 

The sloshing motion and the resulting pressures can be damped by the right configuration of the tank, 

reducing the sloshing mass and altering the sloshing frequencies. One example is to minimize the area of 

the free surface trough the choice in tank geometry, but that approach is not very flexible in practice. 

Another method for reducing the sloshing effects is by using suppression devices. Already in 1969 NASA 

made a survey of different types of suppression devises to reduce sloshing effect in the propellant tanks 

on their spacecrafts (Abramson, 1969). Some examples of suppression devises they investigated can be 

seen in Figure 6. Various types of ring baffles are a commonly used and seen in both circular cylindrical 
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and spherical tanks. Deflectors or floating lids place above the liquid surface are also used, as well as other 

floating suppression devices (Ibrahim, 2005).  

In ship building bulkheads contribute to the strength of the hull, but they also serve as liquid-tight 

boundaries dividing the inside of the hull into separate compartments (Manour & Liu, 2008). The 

bulkheads minimize possible sloshing effects in hulls where liquid is present, either as ballast or cargo. 

   

Figure 6 – Various ring-baffle configurations in cylindrical tanks. From the left; flat-ring baffles in 

cylindrical tank, flat ring, flat ring with lip, flexible baffle and truncated perforated cone (Abramson, 1969). 

3.3 Airy wave theory 

Linear wave theory, also called the Airy wave theory, is the simplest form of describing surface gravity 

waves (Bergdahl, 2010). Despite its simplicity the theory is sufficient and widely applied to problems 

where the wave amplitude   is much smaller than the wavelength   and the water depth  . Using the 

theory the solutions for different frequencies and propagation direction can be superposed and the wave 

motion in irregular sea states can be determined. The Airy wave theory is based on the potential flow 

theory, described in chapter 3.1, and therefore properties such as velocities, acceleration and pressure of a 

moving wave can be derived from the Laplace equation (3:6), which in tensor notation is written as 

 
      

(3:11)  

It is required that the velocity potential   satisfies the boundary conditions. The first and most simple 

boundary condition states that the velocity perpendicular to the sea bottom must be zero: 
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   (3:12)  

In order to state the remaining boundary condition a cosine function is introduced to describe a plane 

harmonic wave progressing in positive x-direction 

                      (3:13)  
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The angular wave frequency is given by   
  

 
 and the wavenumber is given by   

  

 
. The free surface 

kinematic boundary condition, which states that a particle on the water surface will remain there an is 

written as 

 
  

  
  

  

  
           

  

  
 

  

  

  

  
 

  

  
   (3:14)  

The free surface dynamic boundary condition is derived from the Bernoulli equation (3:10) and states that 

the pressure at the free surface are constant and equal to zero when assuming the atmospheric reference 

pressure is also set to zero: 
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In linear wave higher order terms are assumed to be negligible when expanding the solution the velocity 

potential   and the wave profile   in a perturbation series. These both solutions are assumed to be 

expanded in power series of a non-dimensional perturbation parameter: 

   
   

 
    (3:16)  

So, the solutions in power series are written as 
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 (3:18)  

When applying these series in the boundary conditions (3:14) and (3:15) and neglecting higher order terms 

one arrives at one linearized free-surface boundary condition: 

 
   

   
  

   

  
   (3:19)  

To find the solution for a progressive wave the easiest approach is to introduce the complex notation 

                                          (3:20)  

with the real component 

 
                   

(3:21)  



 

18 
 

The wave form in (3:21) above is clearly a function of both time and space and can be separated into a 

product of two functions, meaning the solution to the velocity potential can be written as a product of 

three single-variable functions 

 
               

(3:22)  

Further the Laplace equation from (3:11) can be written as 

                                (3:23)  

As     ≠ 0 the equation can be separated into two second order differential equations 
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 (3:24)  

with the solutions in the following form 

 
         

        
      

        
       

     
(3:25)  

Here          and    are constants determined using the boundary conditions. First in reducing the 

problem is to set the complex time function to           . From the waveform in (3:21), it is seen that 

   must be set to  , which enables    to be included it in    and   . One can realize that the variable 

  must be equal to the wavenumber   in order for the propagation speed of the waveform to be correct. 

The two remaining constants    and    can be found using (3:12), giving the real part of complex velocity 

potential  

 
  

  

 

            

         
           

(3:26)  

Using (3:26) together with (3:5) the particle velocities in the flow are determined 
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 (3:27)  

From here the particle paths can be calculated as well as the corresponding particle accelerations. The 

pressure above the atmospheric reference pressure is obtained from the Bernoulli equation (3:10) 
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Using (3:26) in the combination with (3:19) one can obtain the so called dispersive relation for the wave 

celerity  ; which is the propagation speed of the waveform which is defined as      . The dispersive 

relation proves that the wave celerity   is a function of the wave length   which makes groups of waves 

disperse, i.e. wave components of different frequencies spread out as the wave propagates. This relation is 

used to find the group velocity of the waves   , the speed of which the energy of a wave travels that is 

dependent on the water depth  . The local mean energy contained in a progressing wave is estimated by 

integrating the sum of the kinetic and potential energy over one wavelength. The mean potential energy 

over one wavelength can be described by the deformation work required to obtain the wave form: 
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     (3:29)  

The kinetic energy refers to all the kinetic energy contained in the water from the free water surface to the 

seabed. For deep water the water particle move with constant speed      along their circular paths, and 

the radius of the particle paths decrease with the distance from the surface as 

         
   
  (3:30)  

Here      is the path radius at the mean water level. Further the particle velocity is then written as 
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The kinetic energy per unit volume is given by  
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and when integrating over the water depth 
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      (3:32)  

The total wave energy, which has the unit J/m2, then sums up to 

          
 

 
      (3:33)  

3.4 Motion of a floating body 

A ship with a constant speed forward will experience oscillations in six degrees of freedom, in the 

seakeeping industry called surge, sway, heave, roll, pitch and yaw. A floating body without any self-

induced velocity will only experience a drift speed due to the waves which is dependent on wavelength 

and the slope of the waves (Tanizawa & Imoto, 2002). A body like the WaveTube structure will not be 

subject to this velocity as it is moored to the seabed, as the wave-induces drift force will be absorbed in 

the mooring construction.  The reality of a floating body motion is rather complex, where the diffraction 

of the waves against the floating body needs to be considered as well as the radiation that are the effect of 

the motion of the body itself (Bergdahl, 2010), (Mousavizadegan, et al., 2004). However, in the CFD 
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simulation simplifications are necessary due to the lack of the tools for simulating the motion as a 

response of the dynamic forces from the waves. The motion of the structure in this case will therefore be 

reduced to a 1D translational velocity in the vertical direction and a rotational velocity around the center 

of gravity. When deriving the rotational velocity the Airy wave theory is assumed to hold and the structure 

is assumed to follow that surface without any delay or irregularities. The water surface is again 

approximated by the 2D harmonic sinusoidal wave from equation (3:13): 

 
                     

 

As the WaveTube structure follows the water surface the longitudinal axis will always perpendicular to the 

surface normal  , see Figure 7. This means the angle between the global horizontal axis fixed in space and 

the structures body fixed longitudinal axis is described by the derivative in space of the wave form: 

     
  

  
                                (3:34)  

The angular velocity of the structure    , i.e. the rotation around its center of gravity for the empty 

structure, is then given by the time derivative of the position 

     
    

  
                             (3:35)  

This is the approximation used for the velocity in the CFD simulation, with time   as a variable and the 

position put to  =0 as the moored structure are assumed to be fixed in space. The translational velocity of 

the structure would have as it travels over the wave crests would simply derivative in time of the wave 

form in (3:13). This velocity is neglected in order to simplify the case.  

 

Figure 7 – The incline of the WaveTube structure relative the horizontal. 
 

The check valves that open due to dynamic forces from the inner water flow are in need of large 

simplifications in order for them to be incorporated in this Fluent model. The valves are assumed open 

and close in a regular and sinusoidal motion, with a direction opposite the overall structures rotational 

motion from equation (3:35). The angular velocity of the valves   , with respect to the attachment point, 

is described by 

𝜑 

�̅� 
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                     (3:36)  

where the angular amplitude is estimated trough scale model tests to       =15º. In the Fluent software 

these velocities are with respect to the space fixed coordinate system, which means this rotational velocity 

is only applied to the valves when they are assumed to be stationary with respect to the overall WaveTube 

structure, i.e. when they are closed. During the time they open and close, they do in fact not rotate relative 

a spaced-fixed coordinate system. Details on how this is accounted for in the UDF-codes can be viewed in 

Appendix 1.  

The point where the valves are attached to the overall structure also moves relative the global coordinate 

system. The cylindrical coordinates for this point of the right valve are defined as  

 
           

           
 (3:37)  

where the valve attachment point angle is defined as                 with        being the time 

dependence of the overall structure’s incline relative to the horizontal plane from (3:34), and    is the 

angular position of the attachment point at     found by measurements in the Fluent model. The 

translational velocities for the right valve are obtained by derivation in time of (3:37): 

 
                                     

                                     
 (3:38)  

This is also done for the left side valve with the result 

 
                                      

                                     
 (3:39)  

 

Figure 8 – Position of the right check valve relative the overall WaveTube structure.  
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4 CFD modeling 

In general CFD simulations are an effective tool for analyzing various types of fluid flows, where 

numerical methods and algorithms help to solve a physical flow problem. The computer-based CFD 

calculations are an attractive alternative to expensive and time-consuming physical scale modeling. The 

efficiency of CFD modeling increases with computer efficiency, and today’s high-performance 

supercomputers enables the possibility to accurately solve complex flow problems using more complex 

calculation methods. In this chapter the concept of CFD will be described followed by the basic 

procedure for creating a CFD model. Also the model setup of the WaveTube problem and some related 

theory will be discussed. 

4.1 Introduction to CFD 

The basic governing principles for all fluid flows are conservation of mass, momentum and energy as 

previously described in chapter 3.1. These principles can be expressed mathematically, generally in partial 

differential equations. The basic idea of CFD is to replace these governing equations with numbers, and 

advancing these numbers in time and/or space in order to obtain a final numerical description of the 

complete flow field. This is the general case while some problems involve immediate solutions without 

time/space advancing and other cases require more complex integral equations. What is common for all 

cases translating the equations to the end product; numbers describing the flow field (Wendt, 2009). 

A first historical example of CFD is the massive tables of numerical solutions for the governing 

differential equations for supersonic flow over sharp cones, done already in 1947 on very primitive 

computers. In the 1950’s the computer development made it possible for CFD solutions for high velocity 

and temperature problems, involving vibrational energies and chemical reactions in flows. Today CFD is 

used for flow problems described by equations so complicated that computers are needed in order to 

obtain them. One example is mixed subsonic-supersonic flow; a transition region containing very complex 

physical phenomenon. CFD has basically become a new third dimension in classical fluid dynamics, 

supporting and complementing the other two; pure experiments and pure theory. Before CFD, fluid 

mechanics was based on simplified models of fluid flows where some parameters were disregarded. Those 

models immediately gave closed-form solutions and showed dependence on variations of some flow 

parameters. With CFD the governing equations are treated in their “exact” form, including detailed 

physical phenomena such as finite-rate chemical reactions.   

CFD modeling has many application areas; aerospace, biomedical, naval architecture, turbo machinery, 

steel and glass industry and even special effects in movies involving fluids can be created using this 

technology (CFD-online, 2012). In biomedical engineering CFD can be used to simulate the temperature 

variations inside a neonatal incubator, which could help prevent heat loss and apnea for infants (Kim, et 

al., 2002). CFD can be used to simulate the air flow over an airplane wing using a thermodynamic model 

in order to describe the dynamic response of the wings anti-icing system (Hua, 2006). When CFD 
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software developer ANSYS presents how their customers have cut design-cost, they show that by using 

CFD simulations early in the design process the tedious process of evaluating design iterations can be 

avoided. As an example they refer to a British company that used CFD software ANSYS CFX when 

designing warmer channels for a baby bottle in order to optimize the surface area in contact with the 

bottle. The simulation also gave them a better understanding of the liquid process through the channels 

and the company reports cutting two years of their design process, saving $55,000 (Slagter, 2011). The list 

of examples can be made endless; more and more companies are starting to see the benefits relative to the 

direct cost the software licenses involve; economic savings and time savings are the main reasons for 

increasing popularity of CFD simulations. 

4.2 Basic CFD procedure 

All fluid flows are described by the fundamental equations of continuity and momentum conservation. To 

define flows involving heat transfer or compressibility the additional energy equation is required, and for 

turbulent flows transport equations are needed. All CFD problems involve solving the governing 

equations respectively, and a basic CFD procedure can be divided into three parts:  

 pre-processing 

 simulation  

 post-processing 

Pre-processing is the most difficult and time-consuming part. It involves setting up the geometry of the 

problem, creating the physical boundaries of the flow, assigning the boundary conditions in an appropriate 

way and for transient problems initial conditions are required. When the volume (or area for 2D 

problems) that is occupied by fluid is defined it is discretized. This means the volume is divided into 

discrete cells, together defined as a mesh. The governing equations are usually only applicable to very 

simple cases, and it is therefore necessary to divide the flow domain into these smaller subdomains where 

the discretized versions of the governing equations can be solved (CFD-online, 2012). The most common 

discretization approach used in CFD is the finite volume method where the governing equations are 

solved on discrete control volumes. Other examples are the finite element method, generally used for 

structural analysis of solids but also applicable to fluids if carefully adapted, and the finite difference 

method with high accuracy and efficiency.   

The choice of mesh is reflected in the stability of the solution and must be done carefully to ensure 

continuity throughout the domain. The meshing can be a very time-consuming part of setting up the 

problem due to lack of automatic mesh generation. One of the many ways to classify a mesh is by the 

used cell geometry type. In 2D-meshes two typical geometries are triangles or quadrilaterals, and in 3D 

usually hexahedra, tetrahedral or square pyramids are used (see Figure 9). Another classification of a mesh 

is the connectivity, i.e. how the cells are connected; in a structured or unstructured manner. In a structured 

mesh the cells are connected regular and repetitive, and the elements are restricted to a quadrilateral mesh 
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in 2D and a hexahedral mesh in 3D. A structured mesh is described by a regular array which has low 

storage requirements. An unstructured mesh obviously does not have this regularity and cannot be stored 

in an array, and requires therefor larger storage space. However, in an unstructured mesh any kind of 

element are allowed, but typically in a 2D mesh triangles are used and in 3D a tetrahedral mesh is most 

convenient. Also unstructured meshing is less time consuming.  

  
 

  

Figure 9 – Examples of mesh types; at the top unstructured meshes, at the bottom 

structured meshes. 

An area of the mesh generally of high importance is the near wall boundary layer (Chung, 2002). In order 

to obtain good results close to the walls and capture the viscous effects present in this area, the mesh need 

to be relatively fine and of high quality. Generally this is accounted for using a conformal quadrilateral 

mesh in this area. This is easily obtained for example for a plate, an airplane wing or any other “free 

flowing” obstacle, but can be difficult to obtain for a complex geometry such as WaveTube.  One 

important parameter of the boundary layer mesh is the first layer thickness     which can be estimated 

trough the so called “Law of the Wall”: 

    
 

    
         (4:1)  

Here     ̅    is the non-dimensional relative velocity and            is the first layer thickness. 

Further  ̅ is the average velocity,    is the friction velocity and   is the kinematic viscosity. The viscous 

sublayer reaches up to a non-dimensional relative wall distance of approximately   =5, and for good 

resolution near the wall the first cell layer are required to be within this sublayer. 

Last step in the pre-processing is to choose a physical model and a numerical method suitable for the 

specific problem and at the same time are efficient, robust and reliable. The physical model should 

represent the type of flow that is simulated; incompressible or compressible, laminar or turbulent, steady-

state or transient, single- or multiphase, and flow where phenomena such as heat transfer or chemical 

reactions are present. For the WaveTube case both an appropriate turbulence model and multiphase 

model are required and some options will be discussed in chapter 4.2.1 and 4.2.2. Usually there is no 

definite way to choose these models since their applicability are extremely dependent on the particular 

flow case. Instead models used in similar cases can be tested and evaluated against each other and 

experimental data, in order to find the one showing best convergence and accuracy. 
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The simulation involves options considering the numerical scheme used to solve the governing equations. 

One needs to consider the linear dependence between the velocity and the pressure which can be treated 

in various methods, and one example is SIMPLE which stands for Semi-Implicit Method for Pressure-

Linked Equations. This algorithm uses the relationship between velocity and pressure corrections to 

enforce mass conservation and obtain the pressure field (CFD-online, 2012). A version of the SIMPLE 

algorithm is PISO, Pressure-Implicit with Splitting of Operators, which is based on the higher degree of 

the approximate relation between the velocity and the pressure corrections. In addition the PISO 

algorithm makes neighbor and skewness corrections in order to faster reach a balance in the momentum 

equation after the pressure-correction equation is solved, which is slower in the basic SIMPLE algorithm 

(ANSYS Inc. Fluent Theory Guide, 2011). Both SIMPLE and PISO are examples of pressure-based 

solvers, or so called segregated solvers, which basically was developed for low-speed incompressible flows. 

The other category of solvers is the density-based or coupled solvers, which are more suitable for high-

speed compressible flow. 

Post-processing involves evaluating the results from the calculations, determining the accuracy of these 

results and presenting the output in an understandable manner. There are generally built-in tools in CFD 

software to visualize and analyze the result through graphs, plots or animations of different parameters of 

the flow field. There is also separate post-processing software with extended possibilities to present the 

results in interesting and helpful ways. 

4.2.1 Turbulence modeling 

With CFD the “exact” form of the governing equations of a fluid flow are treated, but for some flow 

problems these equations are not able to properly include all physical phenomenon. One of these 

weaknesses is simulation of turbulent flow, which is of random nature with chaotic and stochastic 

property changes. Most turbulent flows are therefore simulated by turbulence models, which are 

approximations of real physics. The turbulence models are dependent on empirical data for various 

variables used as input, which means all turbulent modeling involves some inaccuracy. Turbulent flow 

problems are treated with the assumption that with a small enough length and time scales the flow obeys 

the classical Navier-Stokes equation, and then both small and large scale turbulence can be captured. 

Turbulence modeling is an area with a lot of ongoing research. The major problem involves finding a way 

to treat a complex physical phenomenon like turbulence, using an as simple as possible model. The 

complexity of different turbulence models vary strongly dependent on the details one wish to observe and 

is due to the nature of the Navier-Stokes equation (Sodja, 2007). Turbulence can be seen as the instability 

of laminar flow occurring at high Reynolds numbers, which is refereeing to the non-dimensional number 

which is used to classify fluid flows in terms of the degree of turbulence present. This turbulent instability 

is caused by the interactions between non-linear inertial terms and viscous terms in the Navier-Stokes 

equation, interactions that are rotational, time-dependent, in 3D and seen as vortex stretching in the 

physical flow. The turbulent instability is also seen as a random process in time and therefor no fully 
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deterministic approach is possible. Neither can the features of turbulence be viewed as a local 

phenomenon since the vortex structures usually have long lifetimes as they move along the flow. 

One category of turbulence modeling is the Reynolds-Averaged Navier-Stokes (RANS) models. Using 

Reynolds averaging the flow and its parameters are decomposed into one average component and one 

fluctuating component. When the obtained average expressions are substituted into the Navier-Stokes 

equation the result is an extra term. This term has the structure and dimensions of a viscous stress tensor 

and is therefore called Reynolds stress. The term is in fact not a stress, but it has the effect of a stress on 

the flow. The problem occurring when introducing Reynolds averaging is that the additional terms have 

no general relation, so the purpose of the RANS models is to model this turbulent stress as accurately as 

possible. There are various approaches for this approximation and the RANS models are categorized by 

their complexity (Saad). There are first order models, called the Eddy Viscosity Models (EVM), which are 

based on the analogy between laminar and turbulent flow. This means that the averaged turbulent flow 

field is assumed to have the same characteristics as the corresponding laminar flow field, an analogy 

referred to as the generalized Boussinesq hypothesis. One example of a first order model is the two-

equation Shear-Stress Transport (SST) k-ω model (Menter, 1994). A two-equation model includes two 

extra transport equations representing the turbulence properties of the flow, enabling the model to 

account for convection and diffusion of turbulent energy. The SST k-ω model has a robust and accurate 

formulation in the near-wall region as well as a free-stream-independence in the far field. With these 

features the SST k-ω model is a combination of the standard k-ω and the original k-ε model, and therefore 

it is reliable for a wider class of flows (ANSYS Inc. Fluent Theory Guide, 2011).  

The second order models make direct use of the governing equation for second order moments instead of 

the Boussinesq hypothesis, which overcomes the limitation of dealing with isotropic turbulence. Examples 

are Algebraic Stress Model (ASM) and Reynolds Stress Model (RSM).  

The other category of modeling turbulence is computation of fluctuating quantities (Sodja, 2007). One 

example is the Direct Numerical Simulation (DNS) which simply solves the Navier-Stokes and the 

continuity equation numerically without any modeling. For successful simulations the problem needs to be 

resolved at all length and time scales, and therefore one needs to find the smallest scales for the flow so 

that it can be incorporated in the mesh size. This method is accurate, but computationally expensive for 

obvious reasons. A second example in this category is the Large-Eddy Simulation (LES) were large 

vortexes are computed while the small scale-eddies are modeled. Compared to the DNS larger grids and 

time steps are possible, making the LES method less computationally expensive.  

4.2.2 The Volume of Fluid method 

For simulation of mixed flows or multiphase flows, such as the WaveTube case, special methods are 

required to capture the fluid interface. It is of importance that the numerical approach is flexible in order 

to capture all the physical aspect of the fluid, as well as the easily and drastically changing liquid surface. 
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The free surface is an unknown boundary, and is where the problem lies. The free surface requires an 

accurate and efficient scheme that resolves the motion continuously in time. One example of such a 

multiphase method is the Marker And Cell (MAC) method, the first free-surface flow methods ever used. 

This method uses massless particles as markers to keep track of the liquid region and to reach high 

accuracy a larger number of particles per grid cell are needed, making this method rather computationally 

expensive. Using only surface markers saves calculation effort, but might cause problems for splitting or 

merging of the surface (Veldman, et al., 2007).  

A version of the MAC method is Volume of Fluid (VoF) method, which uses a discrete indicator function 

for a cell volume occupied by fluid. A function F is defined and given a value at every point in the cell. 

The function has the value 1 at every point occupied by fluid and 0 otherwise, so an average value of F 

between 0 and 1 in a cell corresponds to a cell containing the free surface. The VoF method gives the 

same information as the MAC method, but requires only one stored number for each mesh cell. The 

method also tracks the location of the fluid in the cell by putting the surface normal in the direction in 

which the value of F changes most rapidly (Hirt & Nichols, 1981). Due to round off errors a variation in 

mass can be observed, even if the VoF method in principle are mass conserving. This variation can be 

accounted for using a local height function, which simply represents the distance from a reference line to 

the free surface as a function of the position along this reference line. When the “fluid height” is known 

for every position, the mass flow can be kept constant along the reference line, ensuring mass 

conservation (Veldman, et al., 2007).  

The VoF method is a common approach for flow problems involving a partially filled container in 

motion, used by Khezzar et al. in 2009 to investigate a simple sloshing case and by Veldman et al. in 2007 

when theoretically investigating fuel sloshing in a spacecraft. In these cases, as well as the WaveTube case, 

the governing equations for the liquid motion are coupled with the rigid body dynamics of the container 

itself. Nevertheless, the VoF method has some limitations; for example it is not available with the density-

based solver and must be used with the pressure-based solver. Also the method only allows one of the 

phases to be an ideal gas and streamwise periodic flow cannot be modeled (ANSYS Inc. Fluent Theory 

Guide, 2011). The VoF method is however developing over time and the latest version has highly 

improved accuracy, traces the free surface with minimal numerical smearing and is now applicable to 3D 

flow problems (Kim, et al., 2003). The new features in this version are described as an orientation vector 

to represent the free surface orientation in each cell and a baby-cell to determine the fluid volume flux at 

each cell boundary.   

4.2.3 Dynamic meshing 

For a flow problem such as the WaveTube case where moving boundaries are present some kind of mesh 

updating method are required in order to maintain a valid mesh as the flow domain geometry changes. 

Dynamic meshing in Fluent includes three alternative mesh updating methods called smoothing, layering 

and remeshing. Layering is best applied to structured meshes with boundaries moving perpendicular to 
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each other, see Figure 10. As the mesh area grows or shrinks cell layers are added or removed in the mesh 

depending on defined limits of the first layer thickness    . For a boundary motion parallel with the 

boundaries no deforming mesh are required, instead a so called sliding mesh can be used. With this 

method only the boundary between two mesh zones are updating in time and the different mesh zones are 

kept rigid, see Figure 10. 

When the motion is unidirectional and perpendicular to the boundaries spring-based smoothing can used 

in order to evenly spread out the nodal motion in the mesh domain, see Figure 10. The edges between 

mesh nodes act like an idealized network of connected springs. The mesh updates can be controlled by 

adjusting the stiffness of the “springs”, called Spring Constant Factor in Fluent, and the deformation at 

the boundaries can be controlled by the Boundary Node Relaxation. 

For a more irregular motion the remeshing method keep a good quality mesh, with the requirement that 

the dynamic mesh zone is large with respect to the motion. In order to avoid bad cell quality, or so called 

“negative cell volume”, this method simply updates and rewrites the nodal positions as the boundary 

motion cause high skewness of the cells. Remeshing is illustrated in Figure 10 where an object is “falling” 

through the mesh.  

 

 

 

 

 

 

Figure 10 – Illustration of a sliding mesh and the mesh updating methods layering, spring-based 

smoothing and remeshing (ANSYS Inc. Fluent User Guide, 2011).  
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4.3 Model setup of WaveTube 

For this simulation of the WaveTube concept the commercial CFD software ANSYS Fluent is used. 

Being part of the ANSYS software family Fluent contains wide physical modeling capabilities necessary 

for simulating turbulence for example. The software is suitable for solving mixed phase flows such as the 

WaveTube case where the water-air interface is of high interest in the solution. The WaveTube problem 

requires a method for generating the dynamic of the problem. Fluent lacks the possibility of simulating the 

rigid body motion as a response to external dynamic forces, instead the motion is simplified to rotational 

and translational velocities that are applied in Fluent using a so called User Defined Function (UDF). 

Setting up this model is based on a trial an error process, where various combinations of methods and 

setting are evaluated in order to find the setup which gives the best convergences and accuracy. Since 

there is no universal approach for building a mesh for a unique geometry like this, building the mesh for 

this complex geometry is an experimental process with many configurations to investigate.  

4.3.1 Geometry and mesh 

The WaveTube concept is not a symmetrical structure and in reality not a 2D case, but due to time 

limitations in this Master Thesis it will be modeled in 2D, despite the losses in accuracy of the behavior of 

the inner flow. The model geometry is built with the ANSYS geometry tool and is based on the 

dimensions of the scale model previously built by Nilsson, see Figure 11. The Fluent model is a 

straightforward cross section of the scale model, with the upper and lower channels in the same plane.    

 

 

Figure 11 – Blueprint of the scale model 1:50. Measurements in millimeters. 
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When building the geometry the objective is to model the surface that is the flow domain, with the 

structure walls evidently being the boundaries of this domain. The two check valves are built as separate 

walls, defined as their own zone in the mesh in order to apply the motion in a later state.  The WaveTube 

geometry can be seen in Figure 12, with the different zones in the mesh marked. The 

“deformation_zones” have moving boundaries, i.e. “valve_left” and “valve_right”, and will be provided 

with a specific mesh updating method as described in the next chapter. No mesh updating method in 

Fluent is able to create new cells, therefore in order to keep a valid mesh as the valves open, at least one 

layer of cells are necessary in the gap between the valve itself and the outer structure wall. Over the zone 

“turbine” the volume flow rate can be measured and reported, something that also can be done at the 

reference boundaries in the interior domain, see Figure 12. For a 2D simulation like this the volume flow 

rate is calculated and monitored in time using the reference depth 1 m.  

 

Figure 12 – The geometry built in ANSYS representing the flow domain, with the specified mesh zones: 

A) deformation zones, B) left valve, C) right valve, D-I) reference boundaries and J) turbine zone.   

When the geometry is completed, the mesh is generated. The geometry in this case is relatively complex 

with sharp corners, especially where the valves meet the outer structure wall. This is making a structured 

quadrilateral mesh with high quality mostly difficult to obtain. Instead, for the WaveTube case, time is 

spent on building a high quality mesh using the more flexible triangular elements. The aim is to obtain a 

mesh with low maximum aspect ratio (the measurement of the stretching of a cell), as well as low 

maximum skewness (defined as the difference between the shape of the cell and a shape of an equilateral 

cell of equivalent volume). A measurement of the overall quality of a mesh is the orthogonal quality, 

where 1 represents perfect quality and a values closer to 0 corresponds to lower quality (ANSYS Inc. 

Fluent User Guide, 2011). The final mesh used in the WaveTube simulations in Fluent is presented in 

Figure 13, and a quality report and further details can be viewed in Appendix 2. 
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Figure 13 – The mesh used for the simulations of WaveTube in ANSYS Fluent. In the bottom left 

picture, note the thin mesh layer between the check valve and the outer structure wall. 

4.3.2 Fluent setup 

The WaveTube case is a dynamic flow problem where the water inside the structure moves as a reaction 

to the structure itself moving with the ocean waves. In Fluent the possibilities of modeling a body’s 

motion as a response to dynamic forces are restricted; therefor the motion of WaveTube is simplified to a 

rotational velocity, harmonic in time as previously described in chapter 3.4. A second dynamic aspect in 

this case setup is the valves that move as a dynamic response to the water inside the structure pushing 

them up and gravity pulling them down. Again, the Fluent software is not able to simulate this reaction, 

instead the valves are assumed to follow a regular motion with the same frequency as the overall structure. 

Figure 14 shows a snapshot of the motion where the structure is leaning to the left and as a response the 

left valve is opening. The complete sequence can be viewed in Appendix 3.  

 

Figure 14 – Snapshot from the WaveTube motion at      . As the overall structure leans to the left, 

the left valve opens allowing the water flow out to the left side container. 
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To generate theses motions a UDF is used, a function written in C-language that can be used to customize 

the setup in Fluent and enhance the built-in features (ANSYS Inc. Fluent UDF Manual, 2011). With a 

UDF the boundary conditions can be defined as functions in time, material properties specified and 

source terms of the flow regime can be determined. In the WaveTube case setup the UDF is used to give 

a center of gravity motion to different mesh zones in the model using the pre-defined macro 

DEFINE_CG_MOTION. Both translational and rotational velocities are defined as functions of time 

according to the derivations in chapter 3.4. The UDF’s are hooked in Fluent and each specific zone; the 

structure walls, the left valve and the right valve (see Figure 12). The rigid body motion of both valves and 

overall structure are specified with respect to the global coordinate system fixed in space. For the 

complete UDF-codes, see Appendix 1. 

The input data for the UDF’s are the wave parameters specific for the wave scenario used in the study. 

Changing the wave scenario is simply done by varying these wave parameters in the C-code. The data for 

the deep water wave scenario studied in this case can be seen in Table 2.  

  Table 1: Wave data for the specific wave scenario used in the WaveTube simulation. 

Wave amplitude       

Wave length        

Wave period         

For a case like WaveTube with an inner dynamic configuration due to the moving valves, a mesh update 

method is required in order to maintain a valid mesh as the boundaries move relative each other. For the 

WaveTube case the spring-based smoothing method together with remeshing is applied to the cell zones 

around the valves, called “deformation_zones” in Figure 12. As the total boundary displacement is larger 

than the local cell size in this area the remeshing is a good complement to smoothing. The method setup 

is a result of evaluating various combinations against each other using the Mesh Preview tool in Fluent. 

The final dynamic mesh setup, with details according to Appendix 4, successfully updates the mesh during 

the first flow period        . For this dynamic setup one must however be cautious with the time step 

size   . Having a nodal displacement per time step larger than the cell itself can cause convergence 

problems and negative cells in the mesh. So in order to avoid too small time steps and long calculation 

times, also the mesh must be kept rather coarse.  

The turbulent model used is in the WaveTube setup in Fluent is the STT k-ω model, described in chapter 

4.2.1. The model is used since it is a good choice for turbulent flow at relatively low Reynolds numbers 

and it proved to be more accurate and stable than the alternatives. As described in chapter 4.2.2, this case 

requires a multiphase flow method and the obvious choice is the VoF method since it is commonly used, 

proven effective and also simply due to the lack of suitable alternatives in Fluent. In order to improve 
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solution convergence the option Implicit Body Force is used together with the VoF method. When large 

body forces like gravity are present in multiphase flows it is in general in equilibrium with the pressure 

gradients, making the viscous and convective terms small in comparison. This option takes into account 

the effect of this, with a more robust solution as the result (ANSYS Inc. Fluent User Guide, 2011).  

Further the compressible and thermal effects in the flow are assumed to be negligible for this simulation. 

At the walls the so called “no-slip” condition is assumed to hold, stating that the fluid in the cells adjacent 

to the solid boundary will have no velocity relative the wall, i.e. there will be no “slip” in the velocity 

between the wall and the fluid.  

In a transient problem like this one important parameter is the Courant number  , a non-dimensional 

parameter relating the time step size   , the cell size    and the local flow velocity   (Gottlieb & Tadmor, 

1991). The Courant number   is defined as 

   
   

  
 (4:2)  

In order for convergence in the solution the CFL condition need to be fulfilled: 

        (4:3)  

The value of      is dependent on the method used, and for the VoF method the limit is set to 2.  

As the mesh used in this case hs a rather large variation in cell size a variable time step size is suitable. This 

means Fluent automatically change the time step size when the fluid interface moves through dense cells 

or when the interface velocity is higher, and this will help keep the Courant number under the maximum 

limit. For a complete overview of the setup in Fluent, see Appendix 4. 

5 Result 

The model setup of the WaveTube case as well as the original un-deformed mesh was validated trough a 

first simulation in Fluent. In this a partly steady case the valves are kept closed, disabling the need for a 

dynamic mesh. The results are presented in chapter 5.1. However, problems occurred when the motion of 

the valves was applied, and no satisfactory result was reached for the complete case setup. The result of 

the calculation followed by an investigation and discussion of the underlying cause of failure are presented 

in chapter 5.2 and 5.3. 

5.1 Simulation without valve motion 

This case setup without the dynamic mesh present was meant to give some indication on the quality and 

convergence of the basic setup and the methods chosen. Such a simulation is not fully capable of proving 

the setup, since the valves are closed and therefor no water will reach the upper channels in the model. 
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This case setup does however illustrate the amount of leakage from the closed valves (see Figure 15 ), and 

it could be discussed whether one should aim to close these gaps further in order to have accurate results 

on the volume flow rate.  

 

Figure 15 – The absolute velocity magnitude in the WaveTube structure at        . 

In order to investigate the effects of sloshing the static pressure at the structure walls is measured. In this 

case sloshing will only occur in the lower parts of the structure since the water is contained here by the 

closed valves. Therefor the first points on the reference boundaries “left_1” and “right_1”, i.e. the cells on 

each boundary adjacent the lower structure wall, are chosen for measuring the pressure. The result 

obtained with reference pressure set to 0 can be seen in Figure 16, and it indicates the irregularity that is 

expected when sloshing is present (Rudman & Cleary, 2009). However, in order to really evaluate these 

results accurately this simulation of only one flow period need to be extended considerably.  

 

Figure 16 – The static pressure measured in the first cell adjacent the lower wall at reference boundaries 

“left_1” and “right_1”, respectively.  

The result of the successfully progressing water surface from the calculations of the first flow period 

  =5.4 s can be seen in Figure 17. The Courant number   is kept at very low levels throughout the 

calculation and the variable time step size    stays close to its allowed maximum limit.  
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Figure 17 – Snapshots of the water surface during the simulation performed with the valves closed, 

indicating the basic setup works and show reasonable results. 
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5.2 Simulation with valve motion 

When the original mesh and case setup is validated, the valve motion and dynamic mesh are applied. 

During the calculations in Fluent using the full case setup described in chapter 4.3 the solution progresses 

with steady convergence during roughly the first second of flow, see Figure 18. The time step size is 

constant at the maximum limit   =5·10-5 s and the Courant number is kept at allowed levels under  =0.1. 

Problems occur immediately as the water surface approaches the deformed cells under the left side valve, 

which has developed skewness due to the motion of the valve. As the water surface reaches these cells the 

time step size decreases drastically to keep the Courant number down. The minimum time step size 

acceptable by the VoF method is   =1·10-10 s, which is reached quickly and a rapid increase in Courant 

number follows. The global Courant number reaches its maximum limit at  =1.101 s and as a result the 

calculations can no longer proceed. Both the mesh updating method and the case setup are successful 

separately, but when used together no result could be obtained. 

                    

 

                    

 

                    

 

          

Figure 18 – Water surface progressing up until the calculation fails at  =1.101 s. 
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5.3 Result evaluation  

The reason for the simulation failure is mainly the low cell quality that is developing in the dynamic mesh 

zones. The cells under the valve are already in the original mesh the ones of lower quality due to the 

limited space in this area. In the original mesh this cell quality is still above acceptable levels, as see 

Appendix 2, but as the valves open the mesh deforms and cells with poor quality is the result. As seen in 

Figure 19 the cells in the narrow gap elongate and stretches out leading to high skewness levels. The cells 

at the tip of the valve get compressed and the mesh completely loses its conformity. The VoF method is 

rather sensitive to mesh quality and as the cells deformation reaches a certain limit the solution fails. 

      

 

          

 

Figure 19 – To the left the original un-deformed mesh zone around the left valve, to the right the same 

mesh zone right before the calculations are interrupted.  

The deforming mesh is to some extend dependent on the original mesh quality since defects easily tend to 

spread, but the main reason for failure in this case is due to the bad results of the mesh updating method. 

In Fluent there are different types of dynamic mesh updating methods as described in chapter 4.2.3. For a 

mesh zones with pure parallel motion sliding meshes can be used, for perpendicular boundary the layering 

method is most suitable, for unidirectional motion the spring-based smoothing can used and when the 

motion is more irregular the remeshing method is a good alternative. In this WaveTube setup the motion 

of the valves are neither parallel nor perpendicular but closer to rotational, which definitely disables using 

a sliding mesh. The layering method was tested without any results. The spring-based method together 

with remeshing was believed to work, and many combinations of settings where evaluated before the 

setup that best kept the mesh quality was found. However, the area surrounding the valves was too 

narrow with respect to the amplitude of the motion. The cells could not absorb the motion of the valves 

and skewed cells became a problem both under the valves in the narrow gap adjacent to the structure wall, 

as well as at the tip of the valve where the rotational velocity is highest, as seen Figure 19. Table 2 shows 

how considerably low the quality is right before solution failure, compared to the original un-deformed 

mesh.  
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Table 2: A mesh quality report from Fluent for the original mesh at  =0 s and the deformed one 

at  =1.101 s. An extended comparison of the meshes can be viewed in Appendix 2. 

 Original mesh Deformed mesh 

Minimum orthogonal quality 0.600 0.047 

Maximum aspect ratio 5.835 7.926 

Maximum skewness 0.464 0.954 

6 Conclusion and discussion 

The aim of this Master Thesis project was to generate a model of the inner flow in the WEC WaveTube 

using CFD software ANSYS Fluent. A successful model presenting the flow field inside the structure 

could help validate the concept and bring it forward in the design process. Unfortunately this aim could 

not be fulfilled as no successful flow model could be obtained. The sources of error and the various 

attempts to avoid failure are presented in this chapter, as well as an objective evaluation of WaveTube. 

6.1 Sources of error in the WaveTube model 

Simulation of flow inside a partially filled container in motion using CFD has successfully been done 

before, but what is separating WaveTube from most cases is the complex container geometry. As 

previously mentioned, the sloshing theory can basically only describe a simple 2D case with a rectangular 

container, as the complexity of the problem increases drastically with the container geometry. This is also 

true for a CFD simulation. The complex WaveTube geometry made meshing and calculations rather time 

consuming, but in spite of this a successful model was obtained for the partly steady case with the valves 

closed. Instead problems occurred when an inner dynamic problem was generated by the motion of the 

valves, which brought the need of a dynamic mesh into the setup. The dynamic mesh updating methods 

used in this case was remeshing together with spring-based smoothing. Even though focus was put on 

finding a suitable setup for the updating method, the results were not satisfactory. The mesh updating 

method used retained a valid mesh, but the cells above the tip of the valves and in the narrow gap 

between the valves and the outer structure walls developed extremely high skewness as the valves open. 

This evidently had effects on the solution.  

The mesh updating methods available in Fluent does not generate new cells, with the exception of layering 

which only are applicable for perpendicular boundary motion and conformal meshes. In order to use the 

relatively mesh-sensitive VoF method, an updating method capable of altering the number of cells and at 

the same time has larger flexibility then the layering method, is required. However, an option to CFD and 

the VoF method could be Smoothed Particle Hydrodynamics (SPH); a meshless method with particles 

representing the flow. The governing equations are solved for each particle, which carries mass, 

momentum and energy and travels with the local fluid velocity (Rudman & Cleary, 2009).  This method is 

more computationally expensive than mesh-based solvers due to the amount of particles required to 

achieve the same resolution, but is well-used where interactivity is more important than accuracy.  
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Another option could be the new generation CFD software introduced to the market, which also are 

meshless supposedly making traditionally complex simulations evidently easier (Next Limit Technologies, 

2012).  

Both the mesh updating method and the VoF method require a high quality mesh. Meshing is a tedious 

process where endless time can be spent in order to reach perfection, especially with limited previous 

experience. For the WaveTube geometry various mesh types were evaluated. With the valve motion 

ignored a structured mesh with quadrilateral elements could be used, which due its confirmative nature 

gave good resolution of the flow as well as kept the calculation time down. However, when the valve 

motion where to be applied no dynamic meshing method where found usable together with this 

conformal mesh. There was simply not enough flexibility in the elements adjacent the valves, elements 

that due to the sharp corners become quite small in a structured mesh. Therefor the choice to work with 

triangular elements was rather convenient, and different mesh sizes where evaluated in a simple mesh 

study. It was found that generally a fine mesh led to unreasonable calculation as well as caused difficulties 

in applying a dynamic mesh, and a coarser mesh gave bad resolution of the water surface. The mesh found 

trough this short study was the result of altering details until the best quality, in terms of low maximum 

skewness and aspect ratio, possible was reached. 

One evidential weakness in the WaveTube mesh is the small gap under the valves where they meet the 

structure walls as they close. In a realistic model this gap is infinitesimal with minimal water leakage, but as 

mentioned before the gap is necessary in the Fluent in order to apply a dynamic mesh. The resulting 

leakage is believed to be very small and have limited effects on the volume flow rates. The effects of the 

gap could easily be measured in a working model. 

Since the dynamic mesh appears to be the cause of failure one option could be to simply avoid such a 

mesh. With a partly steady case using a small series of manually updated meshes, the valve motion can be 

simplified even further and deformed cell avoided. With this strategy the mesh quality would be easier to 

control, cell-layers could manually be added under the valve and skewed cells therefor avoided. This 

would be an extremely time-consuming and complex calculation setup. How to actually manage it is 

unclear and therefor this approach is left for possible future studies. An alternative setup that was tested 

was applying a dynamic mesh in the whole domain, instead of restricting the mesh updating methods only 

to the “deformation_zones”. When applying remeshing and smoothing with the same settings as 

previously but to the whole domain, the idea was to increase the number of cells absorbing the valve 

motion. Unfortunately this approach did not better retain the quality of the mesh. The deformation in the 

narrow gap was barley affected and at the tip of the valve the motion was still not absorbed by the mesh. 

Instead the Mesh Preview collapsed already at  =0.520 s due to negative cells, see Figure 20.  
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Figure 20 – The result of the whole domain set as a deforming mesh zone. To the left the original un-

deformed mesh zone around the left valve, to the right the same mesh as negative cells were detected. 

A general solution to convergence problems in the dynamic mesh updating and the calculation 

progressing is reducing the time step size. This approach was not fully applicable, since the time step size 

in the basic setup already was significantly low and a further decrease would mean unreasonable 

calculation times. With a time step size reduced from   =5·10-5 s to   =1·10-7 s the number of time steps 

per flow period  =5.4 s would increase from 108 000 to 54 million. With the generous estimate of 20 

minutes per 1000 time steps the calculation time would increase from 36 hours to around two years. Also 

in the basic setup the variable time stepping adjust the time step size to   =1·10-10 s in the end of the 

calculations, without any considerable effects. The convergence in the solution is also dependent on the 

velocity field, since the Courant number is a function of the local velocity (see equation (4:2)). In the 

simulation the structure is given an immediate acceleration from rest which leads to a rapid turbulent 

motion in the water mass. If this sudden accelerations could be avoided, possibly a better convergence 

would be seen. However, considering the very rapid increase in Courant number relative to this change in 

velocity, it is not likely a slow start will enable a solution in this case. 

There are uncertainties in the model setup of WaveTube besides the problems the mesh is creating, for 

example all the simplifications of the physical flow problem that was made. One example is the simplified 

motion where irregularities are neglected. This simplification is obviously making the model easier to 

generate, and once a working model is obtained the overall motion of the structure can simply be altered 

to be more realistic. This would not cause problems with convergence; the problem will lie in finding the 

accurate corresponding motion of the valves. For this an exhaustive analysis of the rigid body dynamics of 

the valves relative the overall structure is required, as well as some extended knowledge in the C-language. 

An alternative that obviously would make this case more realistic would be if the valve motion actually 

could be simulated as a dynamic response of the inner flow. However, since the valves are meant to be 

design to easily float on the water and not restrict the flow in any way, this alternative are believed to not 

change the results considerably.   
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Perhaps the most influencing simplification is the reduction of the problem from a 3D flow case to a 2D 

model. If a 2D model is still to be used in future simulation, one might need to find ways to compensate 

for this reduction. This could be done by extending the area in the geometry which corresponds to the 

wider section in the actual construction, i.e. the middle and side containers. There would be difficulties 

preforming this compensation accurately and evaluation against experiment tests of the scale model would 

be required. 

The limitations in this analysis of the WaveTube concept were first and foremost due to the time 

restrictions of five months for carrying out this Master Thesis project. Initially there were also some 

restrictions in the availability of the software. This aside the results of the simulations are clear; this 2D 

model of multiphase flow in the rather complex WaveTube geometry was not an appropriate approach. In 

spite of all the simplifications made, no mesh found could successfully handle the strong deformation the 

moving valves caused. The developing low cell quality could not be avoided and the VoF calculations 

could not proceed. A conclusion made from these result is that ANSYS Fluent might not be a suitable 

tool for simulating the inner flow in WaveTube and validating the concept. 

6.2 Final remarks on the WaveTube design 

The WaveTube concept is still in the design process and still there are some areas in the geometry that 

might not be optimal for the inner flow in the structure (some areas marked in Figure 21). The objective 

of this CFD investigation was to determine the severeness of these problems and possibly find additional 

undiscovered weaknesses. Even if this investigation using the software Fluent was unsuccessful these 

problem areas and a solution on how to minimize their effects are discussed below: 

(a) The beginning of the lower channels, where they are connected to the lower middle container. 

As it is seen these ramps continue over the edge to the middle container without any purpose. 

Having smooth corners here would both prevent turbulent effects and vortex shedding caused by 

these obstacles, as well as enable all water to flow out from the lower middle container. With these 

obstacles part of the water will always be trapped at the bottom and never generate any electricity in 

the turbines. Instead this water will only contribute to the instability of the structure. 

(b) The outer wall of the side containers, which stops the water as it flows from the lower channels. 

The flow has a high velocity when it reaches these sharp corners, and the sudden blockage of the 

water result in a loss of momentum. This speed could instead be used to transport the water higher, 

having it gain more potential energy, leading to a larger power output in the turbines. With these 

sharp corners the energy is transferred on to the structure walls instead, affecting the motion of the 

structure. The energy loss could be lowered by curving these corners and forcing the water to go 

around. This would have the water maintain some of the speed as it changes direction and continues 

into the upper channel.   
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(c) The end of the upper channels, where they are connected to the upper middle container. 

The length and incline of these channels could be preventing water from ever reaching the upper 

container. On the other hand, depending on the amount of water they might be necessary to keep 

the water from flowing over to the opposite channel and not trough the turbine. This question could 

be solved had the simulation given results for the volume flow rates inside the structure. 

(d) The incline angle of the upper channels. 

A concern that has been raised by Nilsson is regarding the incline of the upper channels and if the 

current angle of 7º really is optimal. As stated in the original aim for this study the effect of 

horizontal upper channels was to be investigated trough the simulation in Fluent. It was believed that 

planar channels would have less resistance on the flow and the water would still be able to reach the 

turbines even in calmer sea with smaller waves. This could make the concept applicable to a wider 

range of wave scenarios.  Unfortunately it could also have the effect that in a rough sea the water 

continues straight in to the opposite side, completely evading the middle container and the turbine. 

To solve that an extra set of check valves in these channel openings would be required. 

 

Figure 21 – Some of the problem areas detected in the WaveTube geometry: (a) extended lower 

channels, (b) sharp corners in the side containers, (c) extended upper channels and (d) incline of the 

upper channels. 

(e) The width of the three containers relative the width of the channels. 

When the water is flowing from the containers to the channels and vice versa, the width of the flow 

area is changing. In general an area decrease gives a velocity increase and the sharp corners in these 

areas are obstacles generating turbulence and energy losses. Also, the whole water mass might not 

have time to flow into the channels from the side containers before the structure leans back. To 

determine the effects of these area variations would require an extended 3D simulation of 

WaveTube. 

These problem areas in the overall design might be something to consider before performing further 

studies on the current concept. Other concerns that only can be evaluated through an actual simulation 

are for example possible sloshing effects inside the structure, which definitely are something to be avoided 

as far as possible. Inside the WaveTube concept the risk for free-surface effects such as breaking waves is 

rather large. The water flows freely in the long channels, gaining relatively high speed before the flow 

suddenly stops when reaching the side containers. This results in high sloshing pressures and forces at 

these side walls, which most likely will have effect on the overall motion and stability. These effects are 

    

(a) 

(b) (c) (d) 
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neglected in this case setup, but the idea was that they could be considered in a further analysis at SSPA 

with appropriate seakeeping software. Such a further study could have shown how severe the sloshing 

effects are, and give indications on how to prevent them. One possibility could be to implement one of 

the sloshing suppression devices described in chapter 3.2.3. Baffle walls in the channels, parallel with flow 

direction could help minimize 3D sloshing effect and in the middle containers some kind of floating lid 

device could stabilize the water surface.  

The idea behind WaveTube is simple; transform the energy from the ocean waves to potential energy 

inside the structure and generate electricity. However, this concept might involve unnecessary losses in the 

transformation. In parts of the design the water flow is blocked by the structure walls, transporting the 

kinematic energy of the water on to the structure itself instead of lifting the water up and gaining potential 

energy. If the concept could be made with fewer sharp corners and an overall smoother flow path the 

system could become more efficient.   
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Appendix 1 – UDF codes 

The UDF-codes used in ANSYS Fluent to apply a center of gravity motion to the different dynamic zones 

of the WaveTube structure are written in C-language and very straight forward. First is the UDF 

WT_CoG.c applied to the overall structure: 

# include "udf.h" 

# include "dynamesh_tools.h" 

DEFINE_CG_MOTION(WT_CoG,dt,vel,omega,time,dtime) 

{ 

real a, T, w, k, la; 

a=1; 

T=5.4; 

la=23; 

 

w=2*M_PI/T; 

k=2*M_PI/la; 

 

omega [2] = a*k*w*cos(w*time); 

} 

Second the UDF valve_left.c used to create the approximated motion of the left valve: 

# include "udf.h" 

# include "dynamesh_tools.h" 

DEFINE_CG_MOTION(valve_left,dt,vel,omega,time,dtime) 

{ 

real a, T, w, k, la, xa, ya, r, fi, fia, fi0, omega_z; 

a=1; 

T=5.4; 

la=23; 

 

xa=-5.6568; 

ya=0.3071; 

r=sqrt(xa*xa+ya*ya); 

fia=15*M_PI/180; 

fi0=abs(atan(ya/xa)); 

 

w=2*M_PI/T; 

k=2*M_PI/la; 

 

vel [0] =  a*k*r*w*cos(w*time)*sin(a*k*sin(w*time)+fi0); 

vel [1] =  -a*k*r*w*cos(w*time)*cos(a*k*sin(w*time)+fi0); 

 

omega_z = a*k*w*cos(w*time); 

fi=-a*k*sin(w*time); 

omega [2] =fia*w*cos(w*time); 

 

if (fi < -0.05) 

{ 

  if (fi > -0.2) 

    { 

omega [2] = 0; 

    } 



 

 
 

 } 

} 

 

Finally the similar code valve_right.c for the right valve: 

# include "udf.h" 

# include "dynamesh_tools.h" 

DEFINE_CG_MOTION(valve_right,dt,vel,omega,time,dtime) 

{ 

real a, T, w, k, la, xa, ya, omega_z, r, fi, fia, fi0; 

a=1; 

T=5.4; 

la=23; 

 

xa=5.6640; 

ya=0.4400; 

r=sqrt(xa*xa+ya*ya); 

fia=15*M_PI/180; 

fi0=abs(atan(ya/xa)); 

 

w=2*M_PI/T; 

k=2*M_PI/la; 

 

vel [0] = -a*k*r*w*cos(w*time)*sin(a*k*sin(w*time)+fi0); 

vel [1] =  a*k*r*w*cos(w*time)*cos(a*k*sin(w*time)+fi0); 

 

omega_z = a*k*w*cos(w*time); 

fi=-a*k*sin(w*time); 

omega [2] = fia*w*cos(w*time); 

 

if (fi > 0.05) 

{ 

  if ( fi < 0.2 ) 

    { 

omega [2] = 0; 

    } 

 } 

}



 

 
 

Appendix 2 – Mesh quality report 

The quality of a mesh used in the simulation of the WaveTube concept is indicated by values of for 

example the skewness, the orthogonal quality and the aspect ratio of the cells. The values are reported 

from ANSYS Fluent and the ANSYS meshing tool, and together some cell size data they are presented in 

Table A.1. The values of the original mesh at  =0 s are compared to some additional values for the 

deformed mesh at  =1.101 s. The orthogonal quality of the original mesh is illustrated in the contour plot 

in Figure A. 1. To further illustrate the difference in quality between the original and deformed mesh the 

contour plots of orthogonal quality and skewness are presented in Figure A. 2 and Figure A.3.   

Table A. 1: Mesh quality report from Fluent for the original mesh at  =0 s and the deformed one 

at  =1.101 s. 
 Original mesh Deformed mesh 

Number of cells 9553 

Minimum face size 0.0015 m - 

Maximum face size 0.0035 m - 

Minimum edge length 0.00236 m - 

Maximum growth rate 1.150 - 

Minimum orthogonal quality 0.600 0.047 

Maximum aspect ratio 5.835 7.926 

Maximum skewness 0.464 0.954 

Minimum element quality 0.501 - 

   

 

Figure A. 1 - Orthogonal Quality of the original un-deformed mesh. 



 

 
 

                    

Figure A. 2 – Ortogonal quality of the original un-deformed mesh and the deformed mesh at  =1.101 s. 
A value of 1 represents perfect quality, and the quality decreases as the value approches 0. Note the 

different scales in the plots. 
 

                      

Figure A. 3 – Skewness of the cells in of the original un-deformed mesh and the deformed mesh at 

 =1.101 s. As the solution crashed the skweness is over 0.95 in the deformed cells. Note the different 
scales in the plots. 



 

 
 

Appendix 3 – The WaveTube motion 

In Figure A. 4 snapshots of the motion of the WaveTube structure including the valves relative to the 

structure can be viewed for one flow period   . 

    

 
      

 
      

 
       

 
    

 

Figure A. 4 – Snapshot of the motion of WaveTube and the inner vales over one wave period  . 



 

 
 

Appendix 4 – The Fluent setup 

Table A. 2 shows the complete detailed list of settings used for the simulation of WaveTube made in 

ANSYS Fluent 14.0. Additional explanation of some not previously mentioned settings follows (ANSYS 

Inc. Fluent Theory Guide, 2011), (ANSYS Inc. Fluent User Guide, 2011). Settings not mentioned are used 

with default values. 

Table A. 2: Complete overview of the settings used for the WaveTube simulation in Fluent. 

 Settings: Comments: 

Type of solver: Pressure-based transient solver. 
Gravitational acceleration, y: -9.81 m/s 

 

Multiphase model: Volume of Fluid 

 Implicit Body Force: on. 

 Explicit scheme. 

See chapter 4.2.2. 

Viscous model: SST k-ω with default settings. See chapter 4.2.1. 

Phases:  Primary phase: air.  

 Secondary phase: water. 

 Surface Tension Force Modeling: on. 

 Surface Tension Coefficient: 0.0728 

 

Operating conditions: Specified Operating Density: 1.225 kg/m3 i 
 Operating Pressure: 101325 Pascal  
 Reference Pressure Location: (x,y)=0, 0.5 m ii 
Boundary conditions: No slip-conditions at all walls. See chapter 4.3.2. 

Dynamic mesh methods:  See chapter 4.2.3. 

Smoothing: Spring-based method. 

 Spring Constant Factor: 0.01 

 Boundary Node Relaxation: 1 

 Convergence Tolerance: 0.0001 

 Number of iterations: 20 

 

Remeshing: Local Cell and Region Face Remeshing: on. 
Sizing function: on. 

 Resolution: 3 

 Variation: 0.7 

 Rate: 0.3 

 

 Minimum length scale: 0.018284 m 
Maximum length scale: 0.192983 m 
Maximum Cell Skewness: 0.8 
Maximum Face Skewness: 0.8 
Remeshing Interval: 1 

Values obtained 
from Mesh Scale 
Info in Fluent.  

Dynamic mesh zones: Interior of “deformation_zones” and the interior 
boundaries relative deformation zones. 

 Smoothing and remeshing: on. 

 Zone parameters according to Mesh Scale Info for each 
individual zone. 

See Figure 12. 



 

 
 

Rigid body zones: Surface body and remaining interiors: 

 Motion UDF/Profile: WT_CoG.c 

 Center of Gravity Location: (0,0.4) 

 
 
 
iii 
  Left valve: 

 Motion UDF/Profile: valve_left.c 

 Center of Gravity Location:  
(-5.6568, 0.4400) 

 Right valve: 

 Motion UDF/Profile: valve_right.c 

 Center of Gravity Location: (5.6640,0.3071) 
For all rigid body-zones:  

 Deform Adjacent Boundary Layer with Zone: 
on  

Reference values: Default settings. iv
 

Solution methods:  See chapter 4.3.2. 

Pressure-Velocity Coupling 
Scheme: 

PISO with default settings.  

Spatial discretization:  Gradient: Least Squares Cell Based. 

 Pressure: PRESTO!. 

 Momentum: Second Order Upwind. 

 Volume Fraction: Geo-Reconstruction. 

 Turbulent Kinetic Energy: First Order Upwind. 

 Specific Dissipation Rate: First Order Upwind. 

 

Transient formulation: First Order Implicit.  

Non-Iterative Time 
Advancement: 

Off. v
 

Solution controls: Default settings.  

Solution initialization: Default settings. 
Marked region patched with water:  

                     
                     

     is the water 
level vi. Other 
values exaggerated 
in order to cover 
the whole domain. 

Run calculation: Time Stepping method: Variable. 

 Global Courant number: 2 

 Minimum Time step size: 1e-10 s 

 Maximum Time step size: 5e-05 s 

 Minimum Step Change Factor: 0.5 

 Maximum Step Change Factor:  1.5  

 Number of Fixed Time steps: 1 

 

 Extrapolate Variables: on. 
Maximum Iterations/Time Step: 20 

vii 

 

 

 



 

 
 

                                                      
i Specified Operating Density: 

This density should be the one of the lighter phase, air in this case. This setting improves the round-off 

accuracy for the momentum balance. 

 
ii Reference Pressure Location: 

This point corresponds to a point where the fluid will always be 100% of one phase. It is a condition for 

smooth and rapid convergence.  

iii Center of Gravity Location: 

For the structure (i.e. the structure walls and the mesh excluding the dynamic mesh zones) this is an 

approximated the center of rotation. The actual center of gravity of the water filled structure varies in time 

as the water mass moves, but again those effects cannot be accounted for in Fluent. For the valves this is 

not the center of gravity, but the upper inner corner of the valve which is the center of rotation.  

iv Reference Values: 

The reference values are specified and used to calculate physical quantities of the flow. For example the 

volume and mass flows obtained in this 2D model are calculated using the reference depth 1 m. 

v Non-Iterative Time Advancement:  

An iterative time-advancement scheme requires a larger amount of computational effort because of the 

number of outer iterations performed for each time-step. With the non-iterative time-advancement 

scheme the splitting error are not reduced to zero, but made the same order as the truncation error. This 

enables the method to perform just one outer iteration per time step, which significantly speeds up the 

simulation. NITA is disabled in this simulation since it showed instability in the solution. 

vi Water Level: 

The initial water level is estimated from the previous scale model test where 1 liter of liquid was used. This 

approximation is due to lack of tools for exactly measure the amount of liquid in the Fluent model. 

vii Extrapolate Variables:  

For simulations with low limits for the Courant number using the Extrapolate Variables option can be 

very beneficial as it reduces the number of iterations per time step with up to 40%. 


