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Abstract 

Nowadays, Computational Fluid Dynamics is being used more and more to capture the behavior of vessels being 

propelled by propellers. This study focuses on a preliminary model-scale research vessel based on a modern surface 

combatant. This thesis develops a procedure to determine the uncertainty of power/speed prediction whilst keeping 

the computational costs of the procedure, which are linked to grid coarseness, reasonable.  

The developed procedure captures the self-propulsion point for a predetermined ship speed. Hereby, the main focus 

lies on the propeller/hull interaction. The contribution of the discretization error and iterative error to the numerical 

uncertainty is investigated. This is done by performing a grid refinement study with five grids with different 

coarseness. In general, the computations are performed with the 𝑘 − 𝜔 Shear Stress Transport 2003 turbulence 

model. However, the influence of three other turbulence models on the propeller/hull interaction and prediction 

method is studied. These turbulence models are the 𝑘 − 𝜔 Shear Stress Transport CC model, the Local Correlation-

Based Transmission Model and the Explicit Algebraic Reynolds Stress Model.    
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Introduction 

Mankind is gaining more knowledge in general every day, improving the comprehension of, among others, physical 

phenomena. During the last century, technology has been through a major development, leading to structures, 

vehicles and devises which are constantly being updated, upgraded and improved. In the maritime sector this means 

that ships are getting stronger, more economical and more diverse. Of course, physical phenomena are still not fully 

understood, and a lot of progress is still to be made; hence research is still performed nowadays extensively. With 

the technology improvement, the extensive research is focusing more and more on complicated phenomena. Within 

the maritime sector, research is aiming at capturing all the phenomena that a ship is exposed to during 

commissioning. Nowadays, an efficient way to predict this behavior of a vessel is with the aid of the computer 

through Computational Fluid Dynamics (CFD).  

An important factor in the design phase of a ship is the prediction of speed. To investigate this, often a self-propelled 

vessel is considered, which contains a propeller that is driven in order to propel the vessel to a certain speed. The 

design speed for a ship is the speed that has been agreed contractually between the ship designer and the client, in 

most cases this is the top speed that needs to be achieved. A client wants a perfect tradeoff for its ship between 

functionality (type of ship), speed and energy efficiency. This implies that the ship designer is searching for a vessel 

that meets the requirements of the client, thereby analyzing as specifically as possible what happens to the power 

flow with the engine power as input. In this analysis, it is desirable to separate the different factors contributing to 

the energy dissipation. This way every factor and its influence can be analyzed separately. The main factors 

considered for propulsion can be separated as follows: 

- Transmission line (Engine  Propeller) 

- Hull resistance 

- Propeller efficiency (Propeller  Water) 

- Propeller/Hull interaction 

As can be seen it is not entirely possible to separate the different factors. This is due to the fact that the propeller 

thrust, when the propeller is operating behind a hull, is influenced by the hull form, and the hull resistance is 

influenced by the presence of the propeller.  

In this study, the hull resistance and propeller efficiency will be investigated, where the main focus lies on the 

interaction between the propeller and the hull. The research plan of this study can be found in Chapter 1, after which 

background information and history of the aforementioned factors will be overviewed in Chapter 2. In Chapter 3, 

the general theoretical CFD approach can be found and the computational domain and meshing procedure will be 

discussed in Chapter 4. The influence of the grid on the propeller and hull will be explained in Chapter 5, different 

turbulence models will be analyzed in Chapter 6. To finalize the study, the procedure of determining the self-

propulsion power and the speed prediction for two types of engines will be discussed in Chapter 7. 
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1. Problem definition and research plan 

1.1. Problem definition 
With the aid of CFD, the design process of a ship can be optimized by adjusting certain parameters, which is more 

time efficient than building and adjusting test models. However, using CFD around ships can be difficult for complex 

ship hulls, propeller geometries and the interaction between them. This leads to challenging problems with many 

different factors to consider. In order to produce accurate results according to CFD, extensive knowledge is required 

about what problem has to be solved, what flow properties are to be expected, how to setup the CFD model and 

how to interpret the results and verify and validate them. When it comes to a contractual agreement between a ship 

designer and a client, the top speed of the considered ship is one of the main contractual requirements. For the 

designer this means that the ship top speed needs to be achieved to avoid costly penalties. Therefore, a ship designer 

needs to be able to predict the speed within a specific certainty range. A difficult factor to capture, with respect to 

the prediction of this certainty range, is the propeller/hull interaction, which will be the main focus of this study.  

1.2. Research plan 
During this study, the aim is to investigate the propeller-hull interaction of a model-scale research vessel, which is a 

preliminary design of a modern surface combatant. The research will be performed within the hydrodynamic team 

of the shipyard Damen Schelde Naval Shipbuilding (DSNS) in Vlissingen.  

Research question 
To determine the state-of-the-art CFD possibility to predict the speed of a ship with its certainty range, the following 

question is going to be investigated during this study: 

Within what certainty range can the speed of a self-propelled ship be predicted using CFD, focusing on the 

propeller/hull interaction? 

The end result of this study is a procedure to determine the speed of a ship, with its certainty band. Due to time 

restrictions and the extensiveness of the topic of speed prediction, this research focuses on how well the 

propeller/hull interaction can be captured for a model-sized ship. To find an answer to the research question, it is 

divided in the following sub-problems, which will be elucidated in the following section: 

- What is the influence of the grid with respect to the propeller/hull interaction? 

- What is the influence of turbulence modeling for capturing the propeller/hull interaction? 

- How will the self-propulsion be determined? 

The CFD tool that will be used is ReFRESCO, which is an acronym for REliable & Fast Rans Equations solver for Ships 

and Constructions Offshore. This is in general a commercial CFD code developed by MARIN, but it is optimized 

exclusively for maritime applications. 

Sub-problems 

Grid influence 

As is determined from previous research, one major contribution in numerical error during CFD modelling is the 

mesh and its density, representing the geometry of a vessel. To create a CFD model where the results are 

independent of the grid, a study needs to be done which is called a Grid Refinement Study (GRS). From this study, 



COMMERCIAL IN CONFIDENCE 

   2 

the discretization uncertainty as well as an iterative uncertainty will be determined for five different grids. In this 

research the GRS will be performed on the propeller/hull interaction problem and can be found in Chapter 5.  

Turbulence models 

Another conclusion that can be drawn from previous research is that turbulence modeling is a complex component 

within CFD. Since no turbulence model perfectly suits all flow problems, different models are available, and a choice 

has to be made dependent on the flow problem to be solved. In order to limit the scope of this research, five different 

RANS models will be chosen and compared after a brief study into turbulence modeling of the propeller/hull 

interaction. This study can be found in Chapter 6. 

Self-propulsion analysis 

Theoretically the most accurate way to determine the self-propulsion point would be to simulate a self-propelled 

vessel, i.e. a vessel in two degrees of freedom pushed by the rotation of its propeller, in a viscous fluid with a free 

surface. However, this could be expensive due to the long simulation time necessary to achieve convergence for the 

free surface wave pattern, in combination with the small time-step required to capture unsteady propeller/hull 

interaction phenomena. Therefore, the problem is divided, separating the positioning of the ship and its generated 

wave pattern from the propeller/hull interaction. The propulsive coefficients will be determined by computing an 

open water diagram of a propeller working in a uniform inflow. During this analysis, the propeller/hull interaction 

will be investigated further; the results of aforementioned sub-problems will be combined to determine what the 

contribution is of the propeller/hull interaction with respect to the power prediction. Furthermore, a loading test 

will be performed to determine the self-propulsion point. Based on two types of engines, a speed prediction is done. 

The speed- and self-propulsion analysis is elaborated in Chapter 7. 

 

1.3. Research vessel ONRT 
The study will be performed on a research naval vessel: the Office of Naval Research Tumblehome model 5613 

(ONRT). This ship only exists in model-scale and is a test case for the workshop which will be held in Wageningen in 

2021. Experimental data is available, but not extensively since the test case is preferred to be as blind as possible.  

The model is 3.147m long and has a scale ratio of 48.9 to the nonexistent full-scale vessel, it is appended with skeg, 

bilge keels, rudders, drive shafts with struts and propellers. The basic design is based on the DDG 1000 Zumwalt class 

destroyer [1] as shown in Figure 1-1. The ONRT 3D CAD-model is visualized in Figure 1-2, where the perpendiculars 

are indicated in yellow in the bottom left of the figure. The distance between forward- and aft perpendiculars Lpp is 

important for the maneuvering of the ship, a topic which is outside the scope of the current study. The draught is 

the distance from the keel-line to the undisturbed water surface in vertical direction. The main geometry dimensions 

and characteristics of both the model scale vessel and the nonexistent full-scale vessel are presented in Table 1-1.  
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Figure 1-1: Zumwalt class DDG-1000 guided missile destroyer 

 

 

Figure 1-2: 3D CAD representation of the fully appended ONRT in Rhinoceros 

Table 1-1: Main hull and propeller dimensions for ONRT 

Main Particulars Symbol Model Scale Full-scale Units 

Length of waterline Lwl 3.147 154.00 [m] 

Length between perpendiculars Lpp 3.001 146.86 [m] 

Maximum Breadth of waterline Bwl 0.384 18.78 [m] 

Draught T 0.112 5.494 [m] 

Depth D 0.296 14.5 [m] 

Water displacement Δ 72.6 8507e3 [kg] 

Propeller diameter Dp 0.1066 5.22 [m] 

Propeller number of blades Z 4 4 [-] 

Propeller center, longitudinal direction Propxc 0.2304 11.29 [m] 

Propeller center, lateral direction Propyc 0.0836 4.10 [m] 

Propeller center, vertical direction Propzc -0.1121 -5.49 [m] 

Drive shaft angle, downward positive ϵ 4.939 4.939 [°] 

 



COMMERCIAL IN CONFIDENCE 

   4 

2. Background of the project  

The problem description, research plan and the considered vessel are described in Chapter 1. Furthermore, a basic 

division is made in the factors considered when analyzing the power for a self-propelled vessel. In the current chapter 

detailed information will be given about the history of research into ship hydrodynamics. In section 2.1, background 

information is provided about the empirical research development throughout history, which mainly discusses the 

hull resistance. The computational research development is described in section 2.2 and captures more and more 

on the propeller and propeller/hull interaction. The latest developments are reviewed in section 2.3, focusing on 

turbulence modeling, the propeller and verification and validation of CFD. In section 2.4, a brief summary of the 

background information is given. 

2.1. History of empirical research 
In the past the topic of hull resistance of a vessel has been studied extensively. As early as the 15th century, Leonardo 

da Vinci (1452-1519) already carried out tests on three ship models with different fore and aft distributions of 

displacement [2]. According to Baker [3], the next known usage of model testing is around the 17th century when 

Samuel Fortney (1622-1681) did experiments with small wooden models being towed in a tank. After the 17th century 

the interest in ship model experiments grew steadily as described by Todd [4].  

2.1.1. Froude 

A big problem to capture was the scaling from model experiment to full-scale ship; it was not clear how to 

extrapolate the towing force and how the model speed corresponded to the full-scale speed. The first person to 

investigate this was French scientist Ferdinand Reech (1844); however, he never used his ideas for practical 

purposes. Because of this, Englishman William Froude is known to be the person who has solved the scaling problem, 

proposing his law of comparison in 1868 [5]. In 1871, a new tank was built near Froude’s home in Torquay, because 

of the sizing of this tank and its ability to tow models this tank may be considered as the forerunner of the towing 

tanks that are being used for ship model experimenting nowadays. Froude discovered that hull forms with similar 

geometry create similar wave systems, smaller models had to be towed at slower speed with respect to larger 

models in order to obtain the same wave system. He showed that a similar wave pattern was obtained between 

model 1 and model 2 if the following correlation holds: 

 𝑉1

𝑉2

= √
𝐿1

𝐿2

, { 2-1 }  

 

or, in a different notation: 

𝑉1

√𝐿1

=
𝑉2

√𝐿2

, 

with 𝑉 being the speed and 𝐿 being the waterline length. Froude’s approach to solve the scaling problem was to 

divide the total hull resistance into two components, one to cover the viscous effects between the hull and the 

water, and another one to cover the resistance due to waves that are generated by the hull (residuary resistance). 

The latter, i.e. the wave making resistance RW, scaled with 𝑉/√𝐿 and the former, i.e. the frictional resistance 𝑅𝐹, 

does not scale with this factor. By treating the two sources of resistance independently, the total hull resistance 

according to Froude is defined as: 
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 𝑅𝑇 = 𝑅𝐹 + 𝑅𝑊. { 2-2 } 
 

In 1954, Hughes discovered that a third resistance component needs to be taken into account [6], which was related 

to the drag of the ship caused by its form. He called this extra resistance the viscous pressure resistance 𝑅𝑉𝑃 and 

incorporated it as follows: 

 𝑅𝑉 = 𝑅𝐹 + 𝑅𝑉𝑃 = (1 + 𝑘)𝑅𝐹. { 2-3 } 
 

The right-hand side contains the so-called form factor of the hull, (1 + 𝑘). This term is dependent on the shape of 

the hull. Hence according to Hughes, the total resistance becomes: 

 𝑅𝑇 = (1 + 𝑘)𝑅𝐹 + 𝑅𝑊. { 2-4 } 
 

Another theory of Froude was that the frictional resistance of a ship, or model, is equal to the resistance of a flat 

plate being towed at the same speed with equal wetted surface and waterline length as the ship or model. After 

experiments with these towing planks in the model tank in Torquay, Froude derived an empirical formula for RF, 

taking the form: 

 𝑅𝐹 = 𝑓𝑆𝑉1.825, { 2-5 } 
 

here, 𝑆 is the wetted hull surface area and 𝑓 is a coefficient varying with the waterline length and the wetted surface 

roughness, increasing with roughness and decreasing with length.  

The procedure that Froude followed to determine the full-scale ship resistance based on the component-wise 

analysis of the hull resistance was as follows: 

1. Use a model (geometrically similar to the full-size ship) in the model tank to measure the total resistance 

of that model, RTM, when being towed through the water at different speeds. With this step equation { 2-1 

} has to be taken into account. 

2. Calculate the frictional resistance of the model RFM and subtract this value from RTM, leaving the wave 

making resistance of the model RWM. 

3. Calculate the frictional resistance of the full-size ship RFS and add this value to the wave making resistance 

of the full-size ship RWS, scaled from RWM, to obtain the total resistance of the full-size ship RTS. 

Equation { 2-1 } can be made dimensionless with the gravitational acceleration 𝑔, when this is done the well-known 

Froude number is obtained: 

 
𝐹𝑛 =

𝑉

√𝑔𝐿
. { 2-6 } 

 

Though Froude’s theoretical analysis has had great value in the scaling process of model experiments to full size 

ships, care needs to be taken when using his results. His work was carried out before the state definition of a flow 

by Reynolds; laminar, turbulent or transition. This meant that Froude’s results from the flat plate experiments 

contained significant errors due to disregarding the state of the flow. However, Froude did pave the way for 

successive resistance prediction techniques by looking at the problem component-wise. 

2.1.2. 20th century 

Gertler [7] was the first to come up with corrections for water temperature variations of the tank, its walls and 

bottom blocking effect and turbulence effects. The latter was taken into account using Schoenherr’s skin friction 
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formula, based on the introduction of the Reynolds number in model testing in 1932 [8]. In this same year, a meeting 

was held in Hamburg of the international hydro-mechanical congress, which can be seen as the origin of the 

International Towing Tank Conference (ITTC). This is an association of worldwide organizations who investigate the 

hydrodynamic performance of ships.  In 1957, the ITTC suggested the Reynolds number scaling of the friction and in 

the early 1960s it became evident that the hull resistance needed to be decomposed more thoroughly. In 1978 the 

‘ITTC-78’-procedure introduced 3D-extrapolation, through which an extra component of the viscosity effects was 

taken into account with respect to the plank experiments. Todd presented a comprehensive report in 1963 in which 

results were presented of a series of tests on hull shapes of more modern ships and their resistance [9]. This series, 

called series 60, contained design charts through which new hulls could be developed, as well as results for self-

propelled conditions; enabling the designer to perform power estimations. In 1959, Doust and O’Brien were the first 

who attempted to develop a resistance formula based on unsystematic data [10]; however, their approach did not 

involve any physics. Holtrop and Mennen proposed a more scientific regression formula in 1978 [11], looking at the 

wave resistance as a travelling pressure disturbance at the bow and another one at the stern. The coefficients of this 

formula were determined through 334 hull tests. Furthermore, the hull resistance was separated into different 

components (like Froude) using the 3D-exrapolation from the ITTC-78 mentioned earlier. The Holtrop-Mennen 

method is nowadays still very widely used for rapid determination of hull resistance and is based on the total 

resistance formula with sub-division into components, which is given below. 

 𝑅𝑇𝑜𝑡𝑎𝑙 = 𝑅𝐹(1 + 𝑘) + 𝑅𝑊 + 𝑅𝐴𝑃𝑃 + 𝑅𝐵 + 𝑅𝑇𝑅 + 𝑅𝐴. { 2-7 } 
 

Where:  𝑅𝐹  = Frictional resistance 

  1 + 𝑘 = Form factor of the hull 

  𝑅𝐴𝑃𝑃 = Resistance due to appendages on the hull 

  𝑅𝐵 = Pressure resistance due to bulbous bow near the water surface 

  𝑅𝑇𝑅 = Pressure resistance due to transom immersion 

  𝑅𝐴 = Model-ship correlation resistance 

A schematic representation of the sub-divided resistance components is displayed in Figure 2-1, this representation 

only holds in the case of calm water. A more detailed elaboration of this formula is not given here because of its 

comprehensiveness. For further elaboration, one is referred to [11], or [12], or [13].  

 

Figure 2-1: Sub-division of resistance components 
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2.2. History of computational research 
Because of the rapid development of the computer’s abilities to solve complex problems during the last century, its 

usage within analyses of ship hydrodynamics is increased in a shorter time span than the empirical techniques. CFD 

is being used more and more extensively to analyze the flow around the propeller/hull in the design process of a 

vessel.  

2.2.1. Start of 20th century 

Even though computer usage gained popularity over a shorter time span than empirical methods, the first method 

of computational hydrodynamics was mentioned by Michell [14] already more than a century ago. His goal was to 

compute the wave resistance and to simplify this problem, a potential fluid was used. He linearized the boundary 

conditions of the computational domain and the hull boundary condition was not applied to the hull surface, but to 

the center plane. Furthermore, the free surface distortion was neglected. Michell’s formulation was an 

approximation to determine the actual ship-wave pattern; however, it was not fully worked out for the whole wave 

field for another century. Havelock et al. came with an alternative method around the beginning of the 20th century 

[15], in this method 𝑅𝑊 was measured by the energy in the wave system. He also came with the idea to use sources 

and sinks, distributing them on the hull’s center plane, allowing the far field waves to be determined. Around the 

1960s and 1970s, important work on 𝑅𝑊 was also carried out by Inui et al. [16]. This work described among other 

things how to optimize the hull shape with respect to 𝑅𝑊. The aforementioned work was developed for inviscid 

flows and mostly based on empirical techniques. 

Around the 1960s, when the computer was gaining popularity rapidly, a technique arose which was based on 

numerical methods. A method was developed by Hess and Smith [17] where the velocity is imposed through a 

boundary condition on the body surface, for the discretization flat quadrilateral panels were used, also known as the 

panel method. The method proved itself useful in aerodynamic- as well as hydrodynamic design, because of its 

applicability to arbitrary 3D bodies. Dawson used a similar panel method for introducing the free surface in ship 

hydrodynamics in 1977 [18]. He set the free surface boundary condition, and when assuming the surface to be a 

plane of symmetry, the boundary condition was linearized about a ‘double model’ solution. Dawson’s double model 

flow approach is considered less approximate than Michell’s approach. However, his model contained an 

inconsistency in the boundary conditions. The imposed boundary condition was exact on the hull and linearized on 

the free surface. After the 1980s, this drawback was overcome and the method was refined further in the years after 

that. Nowadays, panel methods are used quite extensively in ship design; however, results from these methods will 

probably not match measured data due to the disregarding of viscosity.  

2.2.2. International CFD workshops 

Together with the gaining popularity of the computer in the 1960’s, the viscosity was being researched and 

implemented in computational methods. Kline, Coles and Hirst studied the 2D boundary layer and new methods 

were developed [19]. 3D boundary layers were being researched about a decade later and in 1980 an international 

workshop was organized in Gothenburg1 on the numerical predictions of ship viscous flow [20]. The main conclusion 

about the boundary layer approximation was that it did not work at the stern. It turned out later that the Reynolds 

Averaged Navier Stokes (RANS) methods were necessary to solve that problem, which had just been introduced [21]. 

During the second international workshop in Gothenburg in 1990, most of the participants had delivered methods 

that contained the RANS approach, making it possible to predict the stern flow more accurately. Unfortunately, the 

flow through the propeller plane was difficult to predict and this prediction of the so-called wake field became the 

                                                                 
1 This workshop was the first of a series that is still continuing at the time of writing this report, so far there have 
been 7 editions; 4 in Gothenburg, 3 in Tokyo and the next one will be in Wageningen (the Netherlands). The 
objective of the workshops is to assess the state-of-the-art CFD methods for ship hydrodynamics. 
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main focus of the research after the workshop in 1990. Another problem that had to be captured was the interaction 

of the free surface and the boundary layer. Due to the limitation of computational power, the resolution at the free 

surface was insufficient. This problem was encountered during the third workshop, which was held in Tokyo in 1994 

[22], and even during the fourth workshop, again in Gothenburg in 2000 [23]. Both the wake field and the wave 

system were considerably more accurate during the fourth workshop; however, better resolution of RANS was 

necessary to improve the details of the flow. Also, in 2000, formal verification and validation procedures as well as 

self-propulsion were introduced. Five years later, in Tokyo’s workshop [24] seakeeping and maneuvering was 

introduced, which asked for a significant larger amount of test cases. Another 5 years later, at the workshop in 2010 

held in Gothenburg, results were discussed regarding resistance, local flow, self-propulsion and seakeeping. The 

maneuvering wasn’t included because this area was covered well within the SIMMAN workshop, held in Copenhagen 

in 2008 [25]. During the 2000 workshop, three hulls were used (a large crude carrier, a frigate and a container ship) 

which were also used during the 2005 and 2010 workshops. At the time of writing this report, the latest workshop 

was held in Tokyo in 2015. For this workshop some prior test cases of previous workshops remained, but the focus 

will be on captive and free-running self-propulsion, advanced seakeeping and local flow with turbulence variables 

around appendages and propulsors [26]. The next workshop will be at MARIN in Wageningen (the Netherlands) in 

December 2021. For this workshop, test cases will include a captive Japanese Bulk Carrier (JBC) focused on 

turbulence, a captive/free running Kokusai Cable Ship (KCS) focused on added resistance/powering and an Office of 

Naval Research Tumblehome (ONRT) ship focused on course keeping [27]. 

2.3. Recent research 
When looking at the history and the development of the performed research before 2000, it can be noticed that the 

main focus lied on the basic hull resistance. The more detailed topics (which also include propeller/hull interaction) 

of self-propulsion-, propeller efficiency-, wake field- and turbulence analysis were introduced around 2000 and 

gained popularity ever since. Furthermore, focus has directed more towards verification and validation in the last 

couple of decades; because of the gained knowledge in general, results can be treated and analyzed more veracious 

by taking into account the (un)certainty of all the different components.  

2.3.1. Turbulence 
In general, in CFD, a turbulence model is assessed on its robustness, economy and accuracy. Taking these factors 

into account, the standard 𝑘 − 𝜖 model [28] is one of the better options and therefore widely used. Another 

commonly used model is the 𝑘 − 𝜔 model [28], which advantage is its low Reynolds number applicability. In this 

range it does not require wall functions when integration to the wall takes place. A disadvantage of this model is, 

however, its sensitivity to the free stream values outside the boundary layer [29]. To overcome this problem, a 

combination of the 𝑘 − 𝜖 and the 𝑘 − 𝜔 model is therefore introduced which is also used often; the SST 𝑘 − 𝜔 

model. The Reynolds Stress Model (RSM) [28] is another turbulence model which is seen as more accurate, but time 

inefficient. The turbulence models mentioned above are the most prominent turbulence models based on the RANS 

equations. Another approach is to separate larger and smaller eddies, capture the large eddies and model the 

universal smaller eddies with a compact model. This method is based on spatial filtering of the smaller and larger 

eddies instead of time averaging and it is called the Large Eddy Simulation (LES) [28]. A major disadvantage of these 

models is that they only produce veracious results when the flow is fully turbulent. Direct Numerical Simulation 

(DNS) is another turbulence modeling method; however, the lack of literature of this method in the maritime sector 

suggests that it is barely used in this field.    

Within naval engineering, all these different models are being used, researched and compared with one another. 

Conclusions drawn from these comparisons should be handled with care, since they are dependent on the studied 

flow problem. Morgut showed in 2012 that for propellers working in open water the RSM was marginally better than 



COMMERCIAL IN CONFIDENCE 

   9 

the 𝑘 − 𝜔 model [30]. Krasilnikov concluded in 2013 from his comparison between turbulence models and 

experimental results on a single-screw container ship that the SST 𝑘 − 𝜔  model was closest to the experimental 

values and the RSM had the largest aberration [31]. Gülich showed in 2014 that because of the assumption of the 

turbulent flow to be isotropic in the 𝑘 − 𝜖 model, it lacks accuracy when applied to swirl flows, curved path flows or 

strongly separated flows [32]. He noted that the Re-Normalization Group (RNG) 𝑘 − 𝜖 model and Realizable 𝑘 − 𝜖 

model are more accurate in these types of flows because they do take into account the anisotropy of the turbulent 

flow. In 2006, Langtry et al. developed a new correlation-based transition model built on local variables. This model 

was designed to form a framework for correlation-based models into CFD. Deng et al. made a comparison between 

the SST 𝑘 − 𝜔 and the Explicit Algebraic Stress 𝑘 − 𝜔 model (EASM). They recommended usage of the latter model 

with respect to the results of the ship resistance and wake flow [33]. Queutey et al. investigated the difference 

between the SST 𝑘 − 𝜔, the EASM 𝑘 − 𝜔 and a hybrid RANS-LES. To capture the unsteady main vortex structure of 

the JBC used for the 2015 Tokyo workshop, only the hybrid model produced consistent results [34].  

These examples are just a minor part of all the research conducted into turbulence and its modeling. It becomes 

clear from all these different studies that there is no perfect model that solves every problem; it is very dependent 

on the situation. With every turbulence model, knowledge is required of what exactly the model implies and how it 

is producing the results for a specific problem.  

2.3.2. Propeller 

Self-propelled vessels are often propelled by a propeller. Unfortunately, due to their complex shape and interaction 

with the hull, a lot of different aspects need to be taken into account when propellers are modeled. In 2002, Atlar 

et al. did a research into the blade surface roughness and concluded that the propulsive efficiency dropped with 

increasing roughness [35]. However, what was not mentioned in the conclusion but can be seen in their results is 

that the efficiency drop was primarily due to an increase in propeller torque, the propeller thrust barely changed. 

Salvatore et al. conducted in 2009 a research with seven computational models into a cavitating propeller with a 

uniform and non-uniform inflow [36]. They concluded that for the open water performance, the uncertainty for 

thrust and torque is lower than 5%. Furthermore, between the various models they noticed differences in cavitation 

results, according to them this is likely due to an insufficient grid resolution and/or too much numerical dissipation 

close to the cavity-fluid interface. Therefore, for more adequate turbulence and cavitation models, numerical 

uncertainty studies into this problem are required. In 2011, Marin focused a bit more on the propeller/hull 

interaction by developing a new effective wake field methodology combining a RANS and BEM (Boundary Element 

Method) [37]. The RANS code was used for the flow analysis over the hull, the BEM code was used for the propeller 

analysis. In the open water case, the RANS agreed well with the BEM if the thickness effect of the blades is neglected 

in the latter. They concluded that further investigation needs to be done into the propeller force field on the RANS 

mesh and the sensitivity to this force field’s irregularities.  Also, the extrapolation of the positions of the computation 

planes of the effective wake fields to a plane in the propeller disk needs further research. An extensive research into 

cavitating flow in open water and behind conditions was done in 2015 by 10 different institutions using eight 

different RANS and RANS-BEM coupled codes were used [38]. With respect to the uniform inflow, a 5% variance 

between all the different KT and KQ values was noticed; also, the differences between the wake fields were not 

significantly large. The cavitation extent contained large differences, probably due to differences in cavitation 

models and their constants. With respect to the non-uniform inflow (behind condition), their main conclusion was 

that for the wetted flow, when using steady RANS, the predicted nominal wake differed among the results of the 

partners. What was interesting was that the unsteady time-averaged nominal wake was in close agreement with the 

laser doppler velocimetry experimental data. However, the numerically predicted averaged thrust value did not 

coincide with the experiments for all the partners. Because the models do give a consistent solution for the open 

water performance and they are close to the experiments, the disagreement needs further investigation.  
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As goes for the turbulence research examples given before, the examples considering propeller research are just a 

tip of the iceberg of the total amount of research that has been done into propellers. When analyzing propeller 

characteristics, as has been proven during previous research, it is important to look into factors as open water 

efficiency, thrust- and torque coefficients, nominal and effective wake field, turbulence model, Reynolds number 

regimes for the model and full-scale, roughness, cavitation, grid/mesh resolution. 

2.3.3. Verification, validation and uncertainty  

Because of the gained knowledge during the period of research into ship hydrodynamics, the determination of the 

uncertainty per component has matured. Usually the uncertainty is determined during verification and validation of 

the results. However, sometimes it is difficult or even impossible to determine the uncertainty due to complexity of 

the system. This can be seen in the V&V of Deng et al. [33], where they were unable to estimate the numerical 

uncertainty for the self-propulsion due to high iterative- and time discretization error. An interesting study into 

numerical uncertainty is done by Wieleman [39]. The discretization uncertainty was determined according to a grid 

refinement study as presented by Eça and Hoekstra [40] and validation was done with Lloyd’s workshop [41]. Three 

simulations were done; a double body simulation where the free water surface effects are disregarded, a free surface 

simulation and a propeller open water simulation. The most interesting conclusion was that the first two simulations 

resulted in relatively high uncertainties with respect to the open water simulation, according to Wieleman this is 

likely to be caused by the usage of unstructured grids in the first two simulations.   

2.4. Background summary 
The first known research started in the 15th century by performing tests on model ships and distributing weight. In 

the 17th century the first towing tests were performed with small wooden ship models and in the 19th century, Froude 

improved these towing tests and found a way to scale the results from model-scale to full-scale, he was also the first 

to sub-divide the hull resistance into components. In the early 20th century, the state definition of a flow was 

introduced by Reynolds, making it possible to distinct laminar flow from turbulent flow. In the 20th century, 

investigation around ship hydrodynamics intensified with the emergence of the ITTC, CFD workshops, the 

development of the computer and the influence of Holtrop and Mennen, who developed a numerical description of 

the ship resistance and propulsion on the basis of basic hull dimensions. Whereas the focus of research before the 

20th century was mainly focused on the hull, throughout the 20th century research was focusing more and more on 

detailed topics, such as propeller/hull interaction and turbulence analysis. It also became clear that solutions coming 

from CFD contain errors which need to be evaluated carefully. 

When looking into the research development of ship hydrodynamics going from the 15th century to now it can be 

concluded that a lot of progress is made. With the invention of the computer and possibility to compute fluid flows 

around ships the research is getting more detailed and expanding even more rapidly than before. Though mankind 

has gained a lot of knowledge in history concerning ship hydrodynamics, still a lot of progress is to be made. 
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3. Computational Fluid Dynamics 

The solver that is used throughout this study is ReFRESCO, an acronym for REliable & Fast Rans Equations solver for 

Ships and Constructions Offshore. The theoretical formulation behind the computation of a flow problem is 

discussed in this chapter. First, the reference systems are discussed in section 3.1, then the governing equations are 

given in section 3.2. The averaging procedure as a basis for turbulence modeling is shown in section 3.3. The 

discretization procedure is elaborated in section 3.4, the iterative algorithm in section 3.5, and the boundary in 

section 3.6. Lastly, a CFD procedure in practice, taking into account the possibilities within DAMEN, is explained in 

section 3.7. For more details, one is referred to the manual of ReFRESCO [42] 

3.1. Reference systems 
In this study, two different reference frames are used; an absolute stationary earth-fixed Cartesian reference frame 

𝑿 = (𝑋1, 𝑋2, 𝑋3) = (𝑋, 𝑌, 𝑍) and a relative moving body-fixed reference frame 𝒙 = (𝑥1, 𝑥2, 𝑥3) = (𝑥, 𝑦, 𝑧). The fluid 

velocity in the absolute frame is denoted by 𝑼 = (𝑈1, 𝑈2, 𝑈3, ), and the fluid velocity in the moving reference frame 

is denoted by 𝒖 = (𝑢1, 𝑢2, 𝑢3, ). The use of an absolute reference frame eases the modelling and computation 

process; however, the body movement has to be taken into account to achieve a veracious result. The moving 

reference frame approach allows for a simulation of the flow around a combination of a stationary body (the ship) 

and a moving body (the propeller). The relation between the position of a particle in the absolute reference frame 

and this position in relative reference frame is defined as follows: 

 𝑿 = 𝒙 + 𝒙𝟎, { 3-1 } 
 

with 𝒙𝟎 the position vector of the origin of the relative reference frame. The relation between the velocity in the 

absolute frame and the velocity in the relative reference frame is defined by: 

 𝑼 = 𝒖 +
𝑑𝒙𝟎

𝑑𝑡
+ 𝛀 × 𝒙. { 3-2 } 

 

The acceleration becomes [43]: 

 
𝐷𝑼

𝐷𝑡
=

𝐷𝒖

𝐷𝑡
+

𝑑2𝒙𝟎

𝑑𝑡2
+

𝛀

𝑑𝑡
× 𝒙 + 𝟐𝛀 × 𝒖 + 𝛀 × (𝛀 × 𝒙). { 3-3 } 

 

The additional terms in the velocity and acceleration are the following: 

- 
𝑑𝒙𝟎

𝑑𝑡
 is the translational velocity of the relative reference frame origin. 

- 𝛀 is the rotational velocity of the relative reference frame origin. 

- 
𝑑2𝒙𝟎

𝑑𝑡2  is the acceleration of the relative reference frame origin. 

- 
𝛀

𝑑𝑡
 is the angular acceleration of the relative reference frame origin. 

- 𝟐𝛀 × 𝒖 is the Coriolis acceleration of the relative reference frame origin. 

- 𝛀 × (𝛀 × 𝒙) is the centripetal acceleration, pointed towards the center of rotation. 

Since the relative reference frame used in this study will only be rotating and not translating, the terms 
𝑑𝒙𝟎

𝑑𝑡
 and 

𝑑2𝒙𝟎

𝑑𝑡2  

are both equal to zero. 
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3.2. Governing equations 
When using Cartesian coordinates and an absolute reference system, the mass- and momentum conservation 

equations (also known as the Navier-Stokes, NS equations) for an infinitesimally small control volume can be written 

in differential form [44]: 

Mass: 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌(𝑼 − 𝑼𝑪𝑽)) = 0, { 3-4 } 

 

Momentum: 
𝜕(𝜌𝑼)

𝜕𝑡
+ ∇ ∙ (𝜌𝑼(𝑼 − 𝑼𝑪𝑽)) =

𝐷(𝜌𝑼)

𝐷𝑡
= ∇ ∙ 𝑻 + 𝜌𝑩, { 3-5 } 

 

with 𝑡 the time, 𝜌 the density, 𝑩 the body-force vector, 𝑻 the stress tensor and 𝑼𝑪𝑽 the velocity with which the 

control volume is moving, in this study 𝑼𝑪𝑽 = 0. The stress tensor represents the molecular rate of transport of 

momentum. For water, which is a Newtonian fluid and can be considered incompressible (∇ ∙ 𝑼 = 𝟎), this tensor 

can be written as: 

 𝑇𝑖𝑗 = − (𝑝 +
2

3
𝜇∇ ∙ 𝑼) 𝑰 + 2𝜇𝑫 = 2𝜇𝐷𝑖𝑗 − 𝑝𝛿𝑖𝑗, { 3-6 } 

 

with 𝑝 the static pressure, 𝜇 the dynamic viscosity, 𝛿𝑖𝑗  the Kronecker symbol (equal to 1 if i = j, otherwise equal to 

0) and 𝑫 the deformation tensor: 

 𝐷𝑖𝑗 =
1

2
(∇𝑼 + (∇𝑼)𝑇) =

1

2
(
𝜕𝑈𝑖

𝜕𝑋𝑗

+
𝜕𝑈𝑗

𝜕𝑋𝑖

). { 3-7 } 

 

The stress tensor 𝑻 is subdivided in a pressure term and a viscous term, where the pressure term is equal to −𝑝𝑰 

and the viscous term is covered by:  

 𝜏𝑖𝑗 = 2𝜇𝑫 −
2

3
𝜇𝑰∇ ∙ 𝑼 = 2𝜇𝐷𝑖𝑗 . { 3-8 } 

 

When analyzing an arbitrary control volume 𝑉 and its enclosed surface 𝑆 with 𝒏 the unit vector orthogonal to surface 

𝑆 pointing outward, the integral form of the mass and momentum equations for the Cartesian component 𝑖 can be 

written respectively as: 

 
𝜕

𝜕𝑡
∫ 𝜌𝑑𝑉

𝑉

+ ∫𝜌𝑼 ∙ 𝒏𝑑𝑆
𝑆

= 0, { 3-9 } 

 

 
𝜕

𝜕𝑡
∫𝜌𝑈𝑖𝑑𝑉

𝑉

+ ∫𝜌𝑈𝑖𝑼 ∙ 𝒏𝑑𝑆
𝑆

= ∫𝑡𝑖 ∙ 𝒏𝑑𝑆
𝑆

+ ∫ 𝜌𝑏𝑖𝑑𝑉
𝑉

, { 3-10 } 

 

with 𝑡𝑖  defined as follows: 

 𝑡𝑖 = 𝜏𝑖𝑗𝑖𝑗 − 𝑝𝑖𝑖 = 𝜇 (
𝜕𝑈𝑖

𝜕𝑋𝑗

+
𝜕𝑈𝑗

𝜕𝑋𝑖

) 𝑖𝑗 − 𝑝𝑖𝑖 . { 3-11 } 

 

Equation { 3-10 } is written in strong conservation- and integral form for the absolute reference frame. The non-

conservative form of Equation { 3-10 } is written as : 
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 𝜌
𝜕𝑈𝑖

𝜕𝑡
+ 𝜌𝑼 ∙ ∇𝑈𝑖 =

𝐷(𝜌𝑈𝑖)

𝐷𝑡
= ∇ ∙ (𝜏𝑖𝑗 − 𝑝𝑖𝑖) + 𝜌𝑏𝑖 , { 3-12 } 

 

where use has been made of the relation ∇ ∙ (𝜌𝑼𝑈𝑖) = 𝑈𝑖∇ ∙ (𝜌𝑼) + 𝜌𝑼 ∙ ∇𝑈𝑖.  

Next we substitute Equation { 3-3 } into Equation { 3-5 } and define an extra body force term 𝑩𝟎: 

 
𝐷(𝜌𝒖)

𝐷𝑡
= ∇ ∙ 𝑻 + 𝜌𝑩 − 𝜌𝑩𝟎, { 3-13 } 

 

with 𝑩𝟎 defined as: 

 𝑩𝟎 =
𝛀

𝑑𝑡
× 𝒙 + 𝟐𝛀 × 𝒖 + 𝛀 × (𝛀 × 𝒙). { 3-14 } 

 

The stress tensor 𝑻 needs to be transformed to take into account Equation { 3-2 }, resulting in: 

 𝐓 = 𝑻′ + 𝑻𝟎 = −𝑝𝑰 + 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) + [∇(𝛀 × 𝒙) + ∇(𝛀 × 𝒙)T] = −𝑝𝑰 + 𝝉 + 𝝉𝟎. { 3-15 } 

 

3.2.1. Navier-Stokes for a relative reference frame 
So finally, for an incompressible fluid in the relative reference frame the integral form of the mass- and momentum 

(NS) equations for Cartesian coordinate 𝑖 can be written as follows (𝑗 = 1,2,3 in 3D): 

 
∫𝑢𝑖 ∙ 𝒏𝑑𝑆

𝑆

= 0, 
{ 3-16 } 

 

 𝜕

𝜕𝑡
∫(𝜌𝑢𝑖)𝑑𝑉

𝑉

+ ∫𝜌𝑢𝑖𝒖 ⋅ 𝒏𝑑𝑆
𝑆

= ∫[(𝜏𝑖𝑗 + 𝜏𝑜,𝑖𝑗)𝑖𝑗 − 𝑝𝑖𝑖] ⋅ 𝒏𝑑𝑆
𝑆

+ ∫𝜌(𝑏𝑖 − 𝑏0,𝑖)𝑑𝑉
𝑉

. 
{ 3-17 } 

 

Where the differential form of Equation { 3-16 } and { 3-17 } can respectively be written as:  

 
𝜕(𝑢𝑖)

𝜕𝑥𝑖

= 0, { 3-18 } 

 

 
𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗

=
𝜕(𝜏𝑖𝑗 + 𝜏0,𝑖𝑗)

𝜕𝑥𝑗

−
𝜕𝑝

𝜕𝑥𝑖

+ 𝜌(𝑏𝑖 − 𝑏𝑖,0). { 3-19 } 

 

3.2.2. General conservation of quantities 

By means of an analogous derivation as stated before, the general integral form of the conservation of any arbitrary 

quantity Φ  is defined as: 

 
𝜕

𝜕𝑡
∫𝜌Φ𝑑𝑉

𝑉

+ ∫𝜌Φ𝒖 ∙ 𝒏𝑑𝑆
𝑆

= ∫ 𝛤∇Φ ∙ 𝒏𝑑𝑆 + ∫ 𝜌𝑞Φ𝑑𝑉
𝑉𝑆

. { 3-20 } 

 

Here, the first term on the right-hand side represents the diffusivity of quantity Φ, with 𝛤 the diffusivity factor and 
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𝑞Φ in the second term on the right-hand side represents a source or sink term for Φ. The generic equation of { 3-20 

} in differential form for Cartesian coordinate 𝑖 is thus written as: 

 
𝜕(𝜌Φ)

𝜕𝑡
+

𝜕(𝜌Φ𝑢𝑗)

𝜕𝑥𝑗

=
𝜕

𝜕𝑥𝑗

(
𝛤𝜕Φ

𝜕𝑥𝑗

) + 𝜌𝑞Φ. { 3-21 } 

 

3.3. Reynolds Averaged Navier Stokes (RANS) 
In the flow around the hull and propeller, it is likely that turbulence will be present. Turbulence is known by its 

unsteadiness and different time and length scales; therefore, simulating turbulence might be a challenging task. 

Instead of simulating all different scales by means of Direct Numerical Simulation, the Reynolds Averaged Navier-

Stokes (RANS) approach is often used to compute a turbulent flow problem. This approach uses averaging of the 

most relevant terms and models the turbulence with additional closure models, i.e. turbulence models.  

3.3.1. Turbulence decomposition 

Typical turbulent behavior of an arbitrary quantity Φ is shown in Figure 3-1 [45], varying in a random and chaotic 

way over time. 

 

Figure 3-1: Visualization of turbulent behavior of an arbitrary quantity 

 

This behavior can be decomposed according to Reynolds decomposition into a steady mean value Φ̅(𝑥𝑖) and a 

fluctuating component Φ′(𝑥𝑖 , 𝑡): 

 Φ(𝑥𝑖 , 𝑡) = Φ̅(𝑥𝑖) + Φ′(𝑥𝑖 , 𝑡), { 3-22 } 
 

where the mean value Φ̅(𝑥𝑖) is defined as: 

 Φ̅(𝑥𝑖) =
1

∆𝑡
∫ Φ(𝑥𝑖 , 𝑡)𝑑𝑡

∆𝑡

0

. { 3-23 } 

 

The time interval ∆𝑡 should approach infinity in theory, in practice ∆𝑡 should be larger than the time scale of the 

slowest variations (i.e. the largest eddies) of quantity Φ to give a meaningful time average. Equation { 3-23 } only 
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holds when the flow has a steady mean. If this mean of the flow is unsteady, time averaging is done by taking the 

average of the instantaneous values of a quantity over a number of members 𝑁, i.e. ensemble averaging [46]: 

 Φ̅(𝑥𝑖) =
1

𝑁
∑ Φ(𝑥𝑖 , 𝑡)

𝑁

𝑛=1

. { 3-24 } 

 

As for Equation { 3-23 }, the number of members 𝑁 should theoretically approach infinity, but in practice 𝑁 should 

be large enough to eliminate the effects of fluctuations as much as possible. If Equation { 3-22 } is applied for the 

Navier-Stokes equations{ 3-18 } and { 3-19 }, the Reynolds Averaged Navier-Stokes (RANS) equations are acquired. 

For an incompressible fluid in relative reference frame these equations are defined as follows (where use has been 

made of Φ′̅̅ ̅ = 0): 

 
𝜕(𝜌�̅�𝑖)

𝜕𝑥𝑖

= 0, { 3-25 } 

 
𝜕(𝜌�̅�𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) =
𝜕𝜏�̅�𝑗

𝜕𝑥𝑗

−
𝜕�̅�

𝜕𝑥𝑖

+ 𝜌�̅�𝑖 , { 3-26 } 

 

with 𝜏�̅�𝑗the mean viscous stress tensor components: 

 𝜏�̅�𝑗 = 𝜇 (
𝜕�̅�𝑖

𝜕𝑥𝑗

+
𝜕�̅�𝑗

𝜕𝑥𝑖

) = 2𝜇𝑆𝑖𝑗 . { 3-27 } 

 

Following the same approach as for the Navier-Stokes equations, the conservation of an arbitrary quantity (Equation 

{ 3-21 }) can be written as: 

 
∂(𝜌Φ̅)

∂𝑡
+

∂

∂𝑥𝑗

(𝜌Φ𝑢𝑗
̅̅ ̅̅ ̅) =

∂

∂𝑥𝑗

(𝛤
∂Φ̅

𝜕𝑥𝑗

) −
𝜕�̅�

𝜕𝑥𝑖

+ 𝜌�̅�Φ. { 3-28 } 

 

3.3.2. Turbulence modelling 

The terms 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ in Equation { 3-26 } and ρΦuj
̅̅ ̅̅ ̅ in { 3-28 } are not easily computed, therefore modeling approximations 

(models) must be introduced. Recall that Φ′̅̅ ̅ = 0, aforementioned terms then become: 

 

𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ = 𝜌�̅�𝑖�̅�𝑗 + 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ , 

𝜌Φ𝑢𝑗
̅̅ ̅̅ ̅ = 𝜌Φ̅�̅�𝑗 + 𝜌Φ′𝑢𝑗

′̅̅ ̅̅ ̅̅ , 

where 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  are known as the Reynolds stresses and 𝜌Φ′𝑢𝑗
′̅̅ ̅̅ ̅̅  as the turbulent scalar flux. Since these cannot be 

represented by means of the mean quantities, the conservation equations are not closed. Closure of the system 

requires approximations, which is where turbulence models are used. 

Boussinesq’s well known solution for this closure problem was the introduction of eddy viscosity. This concept was 

based on the assumption that the effect of turbulence can be represented by an increased viscosity with respect to 

a laminar flow. This eddy viscosity model for an incompressible flow is represented for the Reynolds stresses as: 

 𝜏𝑖𝑗 = −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ = 𝜇𝑡 (
𝜕�̅�𝑖

𝜕𝑥𝑗

+
𝜕�̅�𝑗

𝜕𝑥𝑖

) −
2

3
𝜌𝛿𝑖𝑗𝑘, { 3-29 } 
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with 𝜇𝑡 the turbulence eddy viscosity, and 𝑘 the turbulence kinetic energy: 

 𝑘 =
1

2
𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅ =

1

2
(𝑢𝑥

′ 𝑢𝑥
′̅̅ ̅̅ ̅̅ + 𝑢𝑦

′ 𝑢𝑦
′̅̅ ̅̅ ̅̅ ̅ + 𝑢𝑧

′ 𝑢𝑧
′̅̅ ̅̅ ̅̅ ). { 3-30 } 

 

The eddy-diffusion model for a scalar is represented as follows: 

 −𝜌Φ′𝑢𝑗
′̅̅ ̅̅ ̅̅ = 𝛤𝑡

∂Φ̅̅

∂𝑥𝑗

, { 3-31 } 

 

with 𝛤𝑡  the eddy diffusion coefficient.  

When defining turbulence in a very basic way, it can be characterized by two parameters: a turbulence velocity scale 

𝑣 and a turbulence length scale 𝑙. In order to derive these two needed quantities, turbulence models use partial 

differential equations to compute them, where in general the models can be categorized in 0-, 1- or 2-equation-

models: 

- 0-equation models: In these models 𝜇𝑡 is computed by means of a mixing length. In wall-bounded turbulent 

flows, 𝜇𝑡 must vary with distance from the wall, which is where the mixing length is used. 

- 1-equation models: These models use the eddy-viscosity approach and usually solve a modelled transport 

equation for the turbulence kinetic energy 𝑘 in combination with a simple relation for the turbulence length 

scale 𝑙. Because of this simple relation these models are called incomplete. An example of a 1-equation 

turbulence model is the Spalart-Allmaras model. 

- 2-equation models: These models use the eddy-viscosity approach and also provide equations, next to the 

turbulence kinetic energy 𝑘, for the turbulence length scale 𝑙. Since with these models both of the 

parameters are captured, they can be considered complete models. Popular 2-equation turbulence models 

are the 𝑘 − 𝜖 and 𝑘 − 𝜔 models.  

3.4. Discretization 
In order to solve the system of partial differential equations (PDE’s), also known as conservation laws, throughout 

the computational domain, the system is approximated by a system of algebraic equations for the variables in a 

discretized set of space and time. ReFRESCO uses the approach of a cell-centered, collocated arrangement with the 

finite volume method (FVM). This method requires a mesh/grid; hence the continuous geometric computational 

domain is subdivided into discrete geometric and topological cells, representing the control volumes. With FVM, the 

dependent variables to be solved are approximated in the center of each control volume and considered to be a 

proper average over the control volume. An advantage of this method is that it accepts unstructured grids, which is 

used in this study. In the following sections, the spatial-, time-, convection- and diffusion discretization are discussed.  

3.4.1. Space & Time 

The method that is used contains both volume- and surface integrals, where the volume integrals are represented 

as: 

 ∫ Φd𝑉 ≈ Φ𝑐Δ𝑉
𝑉

, { 3-32 } 

 

with 𝑉 the control volume and Φ𝑐  the averaged value of the cell center of the integrated control volume. The surface 

integrals are approximated as follows: 
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∫ Φ𝑑𝑆 ≈ ∑ Φ𝑓𝑆𝑓

𝑁𝑓

𝑓=1𝑆

, { 3-33 } 

 

with 𝑁𝑓 the number of faces for the considered control volume, Φ𝑓  the variable value of face 𝑓, determined by 

interpolation of cell center data, and 𝑆𝑓  the surface area of face 𝑓. 

Besides the cell center variable values, the gradients of the dependent variable Φ need to be discretized as well. This 

discretization is done according to Gauss’ theorem: 

 ∫ ∇Φ𝑑𝑉 = ∫ Φ ⋅ 𝒏𝑑𝑆
𝑆𝑉

, { 3-34 } 

 

which results in: 

 

(∇Φ)𝑐  ≈
1

Δ𝑉
∑ Φ𝑓𝑆𝑓

𝑁𝑓

𝑓=1

. { 3-35 } 

 

For the time discretization, the first order implicit backward Euler scheme is used. This means that the time derivative 

term for control volume 𝑉 is approximated as follows: 

 𝜕

𝜕𝑡
∫(𝜌Φ)𝑑𝑉 ≈

(𝜌𝑐Φ𝑐Δ𝑉)𝑛 − (𝜌𝑐Φ𝑐Δ𝑉)𝑛−1

Δ𝑡𝑉

, { 3-36 } 

 

where 𝑛 represents the time-step level, and Δ𝑡 the time-step length.  

3.4.2. Convection & Diffusion 

In the previous section, the spatial- and time discretization are discussed. This section will deal with the convection- 

and diffusion discretization. When looking again at the arbitrary scalar Φ, the convection term is discretized 

according to a face cell approach as follows: 

 

∫ Φ𝒖 ∙ 𝒏𝑑𝑆 ≈ ∑(𝑢𝑓 ⋅ 𝑆𝑓)Φ𝑓 = ∑ 𝑞𝑓
Φ

𝑁𝑓

𝑓=1

𝑁𝑓

𝑓=1𝑆

, { 3-37 } 

 

where 𝑞𝑓
Φ represents the flux of scalar quantity Φ in cell face 𝑓, which is given by a blend of central-differencing (CD) 

and first order upstream differencing (FOU) as follows: 

 𝑞𝑓
Φ = (𝑢𝑓 ⋅ 𝑆𝑓)[𝛽Φ𝑓 + (1 − 𝛽)Φ𝑐𝑢,𝑓]          0 ≤ 𝛽 ≤ 1, { 3-38 } 

 

with Φ𝑐𝑢,𝑓 the cell centered value of Φ upstream of face 𝑓. For 𝛽 = 0, the FOU scheme is applied and for 𝛽 = 1, the 

CD scheme is applied. 

The conservative diffusion term for scalar Φ is discretized according to: 

 ∫(𝛤∇Φ) ∙ 𝒏d𝑆 ≈ ∑(𝛤𝑓∇Φ𝑓) ⋅ 𝑆𝑓𝒏𝑓

𝑁𝑓

𝑓=1𝑆

, { 3-39 } 
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where the term 𝑆𝑓𝒏𝑓 represents the normal area vector for face 𝑓. In the momentum equation, the diffusion term 

is discretized in a similar fashion: 

 ∫(𝜇𝑒∇𝒖) ∙ 𝒏𝑑𝑆
𝑆

+ ∫(𝜇𝑒∇𝒖T) ∙ 𝒏𝑑𝑆
𝑆

≈ ∑ (𝜇𝑒𝑓
∇𝒖𝑓) ⋅ 𝑆𝑓𝒏𝑓

𝑁𝑓

𝑓=1

+ ∑ (𝜇𝑒𝑓
∇𝒖𝑓

T) ⋅ 𝑆𝑓𝒏𝑓

𝑁𝑓

𝑓=1

, { 3-40 } 

 

𝜇𝑒 being the effective viscosity after addition of the turbulence eddy-viscosity to the fluid viscosity; 𝜇𝑒 = 𝜇 + 𝜇𝑡. 

3.5. Iterative algorithm/solution 
When the result of the time integration of a PDE is a nonlinear algebraic equation, the solution can be found by 

linearizing each term of the nonlinear equation. The sequence of linear equations which is obtained is then solved 

iteratively, hoping for the solutions to converge to the solution of the nonlinear algebraic equation.  

3.5.1. Picard linearization 

The linearization procedure which is used in this study is the Picard linearization. This procedure is based on a first 

approximated value at t = 0 for the solution, which is used to linearize the nonlinear equations. The first iteration 

results in a new solution, assumed to be closer to the exact solution, which is used instead of the first approximated 

value to perform the linearization again. This process continues iteratively until it is terminated when a certain 

threshold for the total amount of iterations is reached, or when the solution reaches a pre-defined convergence 

tolerance.  

Additionally to the Picard linearization, the Pressure Weighted Interpolation Method (PWIM) is applied to prevent 

spurious pressure oscillations [47]. In this method, the velocity interpolation at the cell faces is modified with the 

addition of a pressure term. 

3.5.2. Mass-momentum solver 

The Picard linearization is performed in a segregated way to cast the all the equations to be solved in a generic linear 

convection-diffusion form.  However, the pressure term in the momentum equation is treated differently; hereto, 

the velocity-pressure coupling is done by using a segregated SIMPLE-type pressure correction method. This method 

is a legacy iterative method based on SIMPLE developed by ReFRESCO [42]. 

When the Picard linearization and PWIM are applied, the mass-momentum system can be represented in the 

following matrix form: 

[

𝑄1 0 0 𝐺1

0 𝑄2 0 𝐺2

0 0 𝑄3 𝐺3

𝐷1 𝐷2 𝐷3 𝐶

] [

𝑢1

𝑢2

𝑢3

𝑝

] = [

𝑓1

𝑓2

𝑓3

𝑔

]. 

This system can be written briefly in the form 𝐴𝑥 = 𝑏, with: 

 
𝐴 = [

𝑄 𝐺
𝐷 𝐶

] ,       𝑥 = [
𝑢
𝑝] ,       𝑏 = [

𝑓
𝑔

], { 3-41 } 

 

where the matrices represent the following: 

- 𝑄: Convection-diffusion matrix 
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- 𝐷: Divergence matrix 

- 𝐺: Gradient matrix 

- 𝐶: Stabilization matrix from PWIM 

One iteration of the nonlinear system of discrete equations, represented in the form of Equation { 3-41 } going from 

iteration 𝑘 to 𝑘 + 1, can be written as follows: 

 𝑥𝑘+1 = 𝑥𝑘 + 𝜔�̃�𝑘
−1(𝑏 − 𝐴𝑘𝑥𝑘), { 3-42 } 

 

where 𝜔 represents a relaxation parameter, �̃�𝑘
−1 is an approximation of 𝐴−1 and 𝑏 − 𝐴𝑘𝑥𝑘 denotes the residual at 

nonlinear iteration 𝑘. The residuals are the local imbalances of a conserved variable in each cell, and can be seen as 

a measure for the numerical accuracy. 

3.5.3. Explicit/implicit relaxation 
Updating the newly obtained value from iteration 𝑘 can lead to numerical instability. To prevent divergence and to 

improve the robustness of the solver, relaxation parameters are used. A distinction is made between the explicit and 

implicit relaxation factors, where the explicit factor can be seen as a variable relaxation and the implicit factor as an 

equation relaxation. The explicit relaxation solves 𝑄𝑢∗ = 𝑓 − 𝐺𝑝𝑘  and reads for solution 𝑢: 

 𝑢𝑘+1 = 𝜔𝑒𝑥𝑢∗ + (1 − 𝜔𝑒𝑥)𝑢𝑘, { 3-43 } 
 

with 𝜔𝑒𝑥  the explicit relaxation factor and 𝑢∗ the predicted value from the computation after iteration 𝑘. The explicit 

relaxation factor is usually chosen in the range 0 ≤ 𝜔𝑒𝑥 ≤ 1, which does improve robustness, but also increases the 

computational time by slowing down convergence. 

Implicit relaxation is supplementary to explicit relaxation and is used to increase the diagonal dominance of the 

linear system. In contrast to the explicit method, the implicit method evaluates the dependent variables in terms of 

unknown quantities at the new iteration. For the linear system 𝑄𝑢𝑘+1 = 𝑓 − 𝐺𝑝𝑘, the implicit relaxation reads: 

 
(𝑄 +

1 − 𝜔𝑖𝑚

𝜔𝑖𝑚

𝑑𝑄)  𝑢𝑘+1 = 𝑓 + (
1 − 𝜔𝑖𝑚

𝜔𝑖𝑚

𝑑𝑄) 𝑢𝑘 − 𝐺𝑝𝑘 , { 3-44 } 

 

with 𝜔𝑖𝑚  the implicit relaxation factor. As for the explicit relaxation factor, 𝜔𝑖𝑚  is also usually chosen in the range 

0 ≤ 𝜔𝑖𝑚 ≤ 1.  

3.6. Boundary conditions 
The cell faces at the domain boundary, having only one neighbor cell, need a different treatment than interior faces. 

In the case of a Dirichlet condition the face value can be extracted directly from the boundary condition (BC), 

otherwise the face value has to be extrapolated from the interior cells. This can be done either as a 0th order 

extrapolation: 

 Φ𝑓 = Φ𝑐1, { 3-45 } 

 

or as a linear extrapolation: 

 Φ𝑓 = Φ𝑐1 − 𝒅 ⋅ (∇ Φ)𝑐1, { 3-46 } 

 

with Φ𝑐1 the quantity value of the cell interior of face 𝑓, and 𝒅 the distance between cell 𝑐1 and face 𝑓. The 

extrapolation is based on the boundary conditions explained below, where the settings are given for normal- and 
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tangential component of the velocity 𝒖𝒏 and 𝒖𝒕, the pressure 𝑝, volume-fraction 𝛼 and the turbulent quantities 

kinetic energy, eddy-viscosity and turbulent dissipation 𝑘, 𝜇𝑡 and 𝜖/𝜔 respectively.  

At the inflow boundary it is assumed that the velocity field is given, the Dirichlet condition is applied to set the 

velocity components. The pressure is extrapolated from the interior to the boundary. All the other scalars are set at 

the boundary faces. In practice, the settings for an Inflow BC are defined as follows: 

Table 3-1: BC Inflow settings 

𝒖 Given 

𝑝 Extrapolated 

𝛼, 𝑘, 𝜇𝑡 , 𝜖, 𝜔 Given 

 

For the Outflow BC, all vector or scalar quantities are free and are extrapolated from the interior cells; hence the 

settings are set as follows: 

Table 3-2: BC Outflow settings 

𝒖 Extrapolated 

𝑝 Extrapolated 

𝛼, 𝑘, 𝜇𝑡 , 𝜖, 𝜔 Extrapolated 

 

When a boundary needs to be se to a specific pressure value, the Pressure BC can be used. The velocities and other 

scalar quantities are extrapolated. The settings for the Pressure BC are: 

Table 3-3: BC Pressure settings 

𝒖 Extrapolated 

𝑝 Given 

𝛼, 𝑘, 𝜇𝑡 , 𝜖, 𝜔 Extrapolated 

 

The impermeability condition is applied to the wall boundary conditions, hereby the convective flux vanishes, and 

the normal stress is equal to zero, in contrast to the tangential stress, which is present. The normal component of 

the velocity gradient is determined by the tangential velocity component divided by the normal distance to the wall. 

Assuming the wall to be at rest, the shear force at the wall is in the same direction as the tangential velocity at the 

center of the boundary cell. A Neumann condition is used for the pressure and ∇Φ ⋅ 𝒏 = 0 for the other scalar 

quantities, except for the turbulent quantities 𝜖 and 𝜔. For these quantities, a so-called freeze near wall condition 

is used because ϵ is undetermined and 𝜔 is infinity at the wall. For a SlipWall BC the same conditions are applied as 

for a Wall BC, the only difference being the omission of the tangential stress at the wall. In practice the (Slip)Wall BC 

for the different quantities can be written as: 

Table 3-4: BC (Slip)Wall settings 

𝒖𝒏 = 0 
𝒖𝒕 = 0 (for Wall), ≠ 0 (for SlipWall) 

𝑝 Extrapolated, Neumann condition 

𝛼, 𝑘, 𝜇𝑡 Extrapolated, ∇Φ ⋅ 𝒏 = 0 

𝜖, 𝜔 Extrapolated, Freeze near wall 

 

When the domain is computed partially, e.g. half the ship if the ship is fully symmetric, the plane where the domain 

is cut in half is called the symmetry plane. This plane is treated similarly as the SlipWall BC in ReFRESCO.  
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3.7. CFD procedure in practice 
In this study, a general procedure will be followed with the aid of the available software packages within DSNS. This 

general procedure looks as follows: 

Table 3-5: general computation procedure 

1 The 3D CAD model as shown in Figure 1-2 is modified until a ‘waterproof’ model is obtained, i.e. for the entire 
ship every surface must be seamlessly connected to neighboring surfaces. This step is done in Rhinoceros, a 
3D CAD modeling software package.  

2 The dimensions of the computational domain are determined and the domain is created. Since the ONRT is 
a fully symmetric ship, it is possible to only compute half the domain and mirror the results in the symmetry 
plane, hereby saving computational costs. The creation of the waterproof domain is also done in Rhinoceros. 
The computational domain, at this stage consisting of surface patches, is exported as a COLOR Standard 
Tessellation Language (STL) file, coloring the different surface patches with different colors. This file can be 
seen as the description of the geometry by tiling it, with smaller tiles for smaller features in the geometry.  

3 The STL-file is used to create the mesh, i.e. the domain is divided into control volumes, refining the regions 
with smaller features more. This step is done with the meshing software package Hexpress and explained in 
Appendix A. The mesh is exported as a CFD General Notation System (CGNS) file. 

4 The CGNS-file, the mesh, is then loaded into ReFRESCO, which solves the flow problem according to the 
theory discussed in this chapter.  

 

This general procedure refers to the steps to be taken when performing a computation for a known 3D CAD 

geometry. When performing computations on a ship in combination with a rotating propeller, four important factors 

have to be determined: 

1. The positioning of the ship in the water. 

2. The wave pattern at the free surface.  

3. The propeller/hull interaction. 

4. The propeller in open water. 

It is possible to perform a computation which includes the first three factors. However, this would be a costly 

computation because of the refinement in the different regions of interest (free surface and propeller). Furthermore, 

different time scales are considered for the wave pattern development and propeller rotation, making it hard to find 

a suitable time-step to solve both problems. This is the reason why, for this study, the complete problem is 

subdivided into 3 different computations, being the following: 

- Propeller Open Water (OW): To determine the propeller characteristics and creating the propeller curve, 

computations are performed of the propeller operating in open water.  

- Free Surface (FrSrf): This computation is done to solve the first two of the aforementioned factors. To check 

if the appendages of the ship influence the results, this computation is done for both the bare hull ship and 

the fully appended ship, see Chapter 4.2. To check the influence of the propeller on the two factors, an 

actuator disk is used at the position of the propeller, with an assumed thrust based on the OW diagram. 

- Double Body (DoBo): The results from the Free Surface computation are used to create the computational 

domain for the propeller ‘in behind’ condition, i.e. working behind the hull. The Double Body computation 

is performed with a fixed positioning of the ship as well as a fixed wave pattern at the free surface created 

by the ship.  

For every computation, the general procedure as explained in Table 3-5 needs to be applied to solve the problem. A 

more elaborate explanation on the procedure in determining the self-propulsion point can be found in Chapter 7.1.  
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4. Computational setup 

In Chapter 3 the theoretical background behind CFD is explained in combination with the applied procedure in 

practice. In the end, the main focus of this study is the interaction between the propeller/hull; hence the main 

computation that is being considered is the Double Body computation. Still, the Free Surface computation and 

propeller in open water are necessary, as explained in Chapter 3.7. The computational settings for the three different 

computations are elaborated in section 4.1 (Propeller Open Water), 4.2 (Free Surface), and 4.3 (Double Body). For 

the computations, the characteristics of the hull and propeller as stated in Table 1-1 are used. The ship is positioned 

with its longitudinal axis in x-direction (bow in positive direction), its lateral axis in y-direction (port side in positive 

direction) and its vertical axis in z-direction (positioned in gravitational direction). The domain is at rest and the fluid 

is moving through the domain. Hereto, the inlet velocity is initialized perpendicular to the inlet plane (negative x-

direction) with the ship speed2 𝑣𝑠 = 1.11 m/s, which corresponds to a Froude number of 𝐹𝑛 = 0.2. Throughout this 

study, in general the 𝑘 − 𝜔 Shear Stress Transport (SST) 2003 model [48] is used because of its popularity (according 

to ITTC [49]: “𝑘 − 𝜔 models have shown to be able to give accurate predictions in ship hydrodynamics” and are “by 

far the most applied turbulence models”).  For more information on turbulence modeling and for a study into 

alternative turbulence models, see Chapter 6. 

4.1. Propeller open water 
A propeller is a rotating device which transforms rotational power into thrust, axial direction, by creating a pressure 

difference in a fluid. The propeller is driven by a shaft, the resulting torque of the propeller with the water is in 

tangential direction from the propeller’s center. The thrust- and torque force direction are indicated for an annular 

element section in Figure 4-1. 

 

Figure 4-1: Propeller thrust and torque direction 

 

The aim of the propeller OW computation is to get the propeller OW diagram. In this diagram, two non-dimensional 

parameters, the thrust- and torque coefficient, characterize the propeller operating in open water. These two 

coefficients are a function of the so-called advance ratio of the propeller, when it is exposed to a uniform freestream 

inflow water velocity 𝑣𝑎: 

 𝐽𝑎 =
𝑣𝑎

𝑛𝐷𝑝

. { 4-1 } 

                                                                 
2 This value is obtained from the CFD workshop in Tokyo 2015, which will also be used for the next workshop 
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The thrust – and torque coefficient are respectively defined as follows: 

 
𝐾𝑇 =

𝑇

𝜌𝑛2𝐷𝑝
4

, { 4-2 } 

 

and 

 
𝐾𝑄 =

𝑄

𝜌𝑛2𝐷𝑝
5

. { 4-3 } 

 

In Equations { 4-1 }, { 4-2 } and { 4-3 }, 𝑛 indicates the propeller rotational speed in rotations per second, 𝐷𝑝 the 

propeller diameter, and the thrust and torque are represented by 𝑇 and 𝑄 respectively. With these coefficients and 

the advance ratio, the OW propeller efficiency, indicating the thrust power vs the shaft power, can be calculated as: 

 
𝜂𝑂 =

𝐽𝐾𝑇

2𝜋𝐾𝑄

. { 4-4 } 

 

When creating the domain for the simulation of a propeller in open water, a similar approach is used as for the free 

surface computational domain. Since the ONRT is propelled by two propellers, it is not possible to simplify the 

computational domain for the propeller, e.g. only simulating 1 blade, when it is working behind the hull. Therefore, 

it is chosen to similarly create a computational domain for the entire propeller working in open water.  

4.1.1. Domain 
The situation of the propeller in open water with a uniform inflow can be computed by different techniques; hereby, 

a distinction is made between a steady- and unsteady computation. To check if there is any influence on the way the 

problem is solved, two different computational domain setups are used; a conventional- and a sliding interface (SI) 

setup. The former consists of only one domain, similar to the FrSrf domain, whereas the latter consists of an inner 

and outer domain. In the conventional domain the grid is not moving, this approach is also known as the frozen rotor 

approach. The frozen rotor approach can also be used in combination with an inner- and outer domain, but usually 

the inner-outer domain configuration is used in combination with the SI setup. In a SI computation, the inner domain 

is rotating whereas the outer domain is stationary, creating sliding interfaces between the two domains. 

Furthermore, the propeller is propelled by a shaft, which is also incorporated in the simulation. To see how much 

influence the positioning of the shaft has on the results, a domain is created where the shaft is positioned upstream 

of the propeller and another one where the shaft is positioned downstream of the propeller.  

When looking at the water particles that flow through the propeller plane area and analyzing them upstream and 

downstream of the propeller plane area, it can be noticed that the shape of the control volume of these water 

particles is shaped like a tube. In general, when the uniform inflow velocity is smaller than the outflow velocity, this 

stream tube is shaped like Figure 4-2. Because of this effect, the domain boundaries must be sufficiently far away 

from the propeller to guarantee that the entire stream tube is captured within the domain boundaries. To ensure 

this, a cylindrical domain is created with 10𝐷𝑝 upstream and downstream of the propeller and a radius of 5𝐷𝑝, which 

is close to the domain size Bosschers & Starke used in 2011 [50]. This is beyond the recommended 2𝐷𝑝 upstream, 

6𝐷𝑝 downstream and 3𝐷𝑝 radius suggested by Numeca in 2014 [51]. The domain with the chosen dimensions is 

shown in Figure 4-3. Two situations can occur: the first situation is where the drive shaft is positioned 
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Figure 4-2: 2D control volume of fluid flow through propeller plane 

 

upstream of the propeller, i.e. green face is the inlet and blue the outlet, in the other situation, the drive shaft is 

positioned downstream of the propeller, i.e. the blue face is the inlet and the green the outlet. In both situations the 

propeller is positioned with the leading edge facing the inflow face. The boundary conditions belonging to Figure 4-3 

are shown in Table 4-1. 

 

Figure 4-3: Computational domain for Propeller open water 

Table 4-1: Boundary conditions OW 

Color Name Boundary condition 

Blue Outlet Inflow or Outflow 

Light Gray Side Pressure 

Green Inlet Inflow or Outflow 

Black Propeller No-slip Wall 

Dark Gray Driveshaft Slip Wall 

 

Both the conventional- and the sliding interface domain setup are shown in Figure 4-4 and Figure 4-5. The inner 

domain dimensions are based on literature values, where the radius values range from 0.5𝐷𝑝 − 0.8𝐷𝑝 and the length 

values from 0.28𝐷𝑝 − 0.8𝐷𝑝. In this study the inner domain radius is chosen to be 0.6𝐷𝑝 and the length 0.4𝐷𝑝. 
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Figure 4-4: Conventional propeller domain Figure 4-5: Sliding Interface propeller domain 

4.1.2. Mesh 

The computation of the propeller acting in open water will need one mesh for the conventional setup and two for 

the sliding interface setup. The general refinement settings are based on the refinements Mikelic used in 2019 [52]. 

In this document it is also explained that the blades of the propeller should be divided into 5 sections, which are also 

indicated by the different colors in Figure 4-4, for the original setup the following colors apply: 

- Leading edge (green) 

- Trailing edge (yellow) 

- Pressure side of the blade (visible light gray) 

- Suction side of the blade (non-visible side) 

- Tip region (light blue) 

The initialization of the mesh is done according to Table 4-2, notice that with this initialization the cell sizes of both 

the inner and outer domain are isotropic.  

Table 4-2: Initialization of the two domains for Propeller OW 

 

 

  

 

After this initialization, the refinement levels of the sliding interface mesh are set to the values as shown in Table 

4-3. To match the sliding interface boundaries between the inner- and outer domain, the target cell sizes from the 

outer domain interfaces are set to the same cell size at the interfaces in the inner domain3.  

  

                                                                 
3 It was noticed that Hexpress did not follow this target, the reason why this happened was unclear. Instead of setting 
the refinement to the targeted value, Hexpress refines to the refinement level. This should not influence the results, 
since ReFRESCO uses an interpolation method to compute the exchange data between the interface boundaries. 

Domain 

Number of cells 
[-] 

𝒉𝒊 
[m] 

x y z x y z 

Inner OW 16 48 48 2.67E-3 2.67E-3 2.67E-3 

Outer OW 16 8 8 1.33E-1 1.33E-1 1.33E-1 
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Table 4-3: Local refinements for propeller OW sliding interface 

Domain Surface/Curve 
Refinement 

[-] 
𝒉𝒊 

[m] 

Inner 

Interfaces 2 6.66E-4 

Hub/Driveshaft 2 6.66E-4 

Cap 2 6.66E-4 

Roots 3 3.33E-4 

Blade   

Tip region 5 8.33E-5 

Tip curve 6 4.16E-5 

L.E./T.E. 4 1.67E-4 

Press.-/Suct. side 2 6.66E-4 

Outer Interfaces 8 Set target to 6.66E-4 

 

For the conventional setup, the interfaces are omitted and the refinements are set according to the refinement 

levels in Table 4-3 added by 6, meaning that the cell sizes are slightly smaller than for the sliding interface setup. The 

diffusion level is set to 4 for all the refinements, both for sliding interface and conventional setup. The viscous layer 

settings of the propeller are set similar to the FrSrf computation, see Table 4-14. 

4.1.3. Computation 

With the conventional grid and SI grid, the dependency of solving strategy can be checked. As briefly mentioned in 

section 4.1.1, the propeller OW situation can be computed with both a steady solver and an unsteady solver. The 

steady solver is the most efficient option; however, to check the difference with an unsteady computation, an 

unsteady computation is performed as well. In both situations, the physical propeller is included in the computation, 

and only for the unsteady case the inner propeller grid is physically rotating. In ReFRESCO, the following solver 

methods are applied: 

- AFM (Steady): Absolute Formulation Method, the RANS equations are written in terms of the absolute 

(inertial) reference frame quantities but solved in the moving reference frame. Because of steadiness, the 

time-dependent terms in the RANS equations disappear, making this method more efficient than an 

unsteady computation. AFM can be seen as a frozen rotor computation. 

- MVG (Unsteady): Moving Grid Method, the RANS equations are both written and solved in the absolute 

reference frame.  Because of the grid movement, this method is inherently unsteady.  

To compute the OW diagram, a sweep of computations is necessary for a 𝐽𝑎 value typically ranging from 0 − 1.5, as 

is the case for the experimental OW diagram. Hereto it is chosen to keep the uniform freestream inflow velocity 𝑣𝑎  

equal to the ship speed 𝑣𝑠 and change 𝑛 to let 𝐽𝑎 range from 0 − 1.5 with steps of 0.1. To keep the costs low, the 

vast majority of the computations are performed with AFM. The computations are given in Table 4-4. The different 

computations are performed to check the influence of: 

a) The solving method: AFM vs MVG, only one MVG computation is done because of the computational costs. 

This computation is done with a time-step of 6 °/dt. 

b) The domain: Conventional vs Sliding Interface. 

c) The positioning of the shaft: Upstream vs downstream of propeller, see section 4.1.1. 
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Table 4-4: OW computations 

𝑱𝒂 Solver method Domain setup Flow direction (Figure 4-3) 

0, 0.1, 0.2, … , 1.4, 1.5 AFM Conventional Drive shaft upstream 

0, 0.1, 0.2, … , 1.4, 1.5 AFM Sliding Interface Drive shaft upstream and downstream 

1.1 MVG, 6 deg/dt Sliding Interface Drive shaft upstream 

 

4.2. Free surface 
The main goal of this type of computation is to capture the wave pattern that the ship is making in combination with 

the positioning, i.e. trim and sinkage, of the ship. When performing a Free Surface computation, the ship is initialized 

in the water at a certain draught which is 0.112 m at both the bow and stern for the ONRT. This means that the initial 

trim, i.e. rotation around lateral center of buoyancy, is set to zero. To mimic the suction effect of the propeller, an 

actuator disk can be added to the computation. This actuator disk is a model which applies body forces on the control 

volumes in a plane which represents the propeller. 

4.2.1. Domain 

In the case of the ONRT model it is possible to compute one half of the vessel and it is chosen to compute only the 

port side of the vessel. In the case of a free surface computation, the domain is a prismatic rectangular region with 

dimensions large enough to capture the behavior of the waves properly. Following the procedures and guidelines 

described in ITTC [49], the computational domain dimensions are set as shown in Table 4-5, with L the length of the 

ship. These dimensions are with respect to the zero-point in world coordinate system, which is based at the cross-

section of the symmetry-plane, the undisturbed water surface and the transom of the ship. 

Table 4-5: Computational FrSrf domain dimensions 

Direction Minimum [m] Maximum [m] 

Longitudinal (x-direction) −6 ∗ Lpp 3 ∗ Lpp 

Lateral (y-direction) 0 3 ∗ Lpp 

Vertical (z-direction) −2 ∗ Lpp 1 ∗ Lpp 

 

A prismatic rectangular region with aforementioned dimensions is created with aforementioned dimensions. The 

intersection with the ship geometry is then taken and the ship region is cut from the prismatic region. This leaves 

the domain which is used for the computation and exported as an STL-file. In Figure 4-6 the computational domain 

is visualized, the planes with their physical boundary conditions are defined in Table 4-6, how these boundary 

conditions are implemented are explained in Chapter 3.6. 

Table 4-6: Boundary conditions FrSrf 

Color Name Boundary condition 

Black/Gray Ship No-slip Wall 

Pink Mirror Symmetry, because of half-ship simulation 

Green Inlet Inflow, uniform velocity normal to plane 

Dark blue Outlet Outflow 

Turquoise Top Slip Wall 

Yellow Side Slip Wall 

Red Bottom Slip Wall 
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Figure 4-6: Computational domain for free surface 

4.2.2. Mesh  

Now that the computational domain of the Free Surface computation is created, the mesh can be created. The 

meshing procedure is done with the meshing software Hexpress, for which details can be found in Appendix A. For 

the Free Surface computation, two geometries are considered, namely the bare hull geometry and the fully 

appended geometry, visualized in Figure 4-7 and Figure 4-8 respectively. The latter refers to the ship with all 

appendages included, i.e. the hull with the skeg (blue), the bilge keels (yellow), the drive shafts (red), the struts 

(green)and the rudders (pink), the bare hull consists of only the hull with the skeg.  

  

Figure 4-7: Bare hull geometry, view from astern Figure 4-8: Fully appended geometry, view from astern 

 

The fully appended geometry consists of some challenging features to take into account during the meshing, these 

features are the following: 

- Connection of the driveshaft with the hull (bossing). 

- Connection of the struts with the driveshaft and the hull. 

- Leading- and trailing edges of the struts and rudder. 

- Trailing edge of the skeg. 
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With the original geometry, Hexpress cannot handle these features due to too small angles between surfaces, so 

adjustments need to be made to the fully appended geometry of the ONRT model. These adjustments consist of 

creating fillets in the regions where the angle between two surfaces is too small and can be found in Appendix B. 

During this procedure, a trade-off needs to be made between a representation of the true geometry and the number 

of refinements during the generation of the mesh in the fillet region. Representing the true geometry as close as 

possible leads to a small fillet, which in turn leads to a high refinement in that region, i.e. large number of cells, and 

thus increasing computational costs. Since it is a time-consuming task to iteratively determine the perfect trade-off 

point, and because the fully appended vessel leads to a higher computational time, it may be beneficial to consider 

the bare hull. By doing this it is assumed that the influence of the appendages on the positioning of the ship and the 

wave pattern at the free surface is negligible. 

To initialize the mesh for both the bare hull and the fully appended vessel, the numbers of cells are set to the values 

shown in Table 4-7, where the initial cell size is indicated by 𝒉𝒊, it can be noticed that the cell sizes are isotropic. 

Table 4-7: Initialization of the FrSrf mesh 

 

 

 

4.2.2.1. Bare hull 

Since the skeg is defined as being part of the hull, it is also included in the bare hull computation so a simplification 

of the trailing edge is necessary.  The hull is divided into six  parts, as shown in Figure 4-9; the sonar (orange), the 

bow (yellow), the foreship (pink), the midship (green), the skeg (blue)  and the stern/aft (red).  

 

Figure 4-9: Hull division 

 

The diffusion of all the refinements for the bare hull free surface mesh is set to 4. The local refinements of the 

different parts of the vessel are determined iteratively by monitoring the mesh quality during refinement, starting 

off with refinements from literature [53]. The final local refinement as well as the cell size which are used for the 

free surface bare hull computation can be found in Table 4-8. The cell sizes are obtained by the following equation: 

 
ℎ𝑖 =

Lpp

4
∗

1

2𝑟𝑒𝑓
, { 4-5 } 

 

with 𝑟𝑒𝑓 the refinement level for the surface patch. Since the initialization is isotropic, the cell sizes are similar in x-

, y- and z-direction.  

Number of cells [-] 𝒉𝒊 [m] 

x y z x y z 

36 12 12 
Lpp

4
 

Lpp

4
 

Lpp

4
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Table 4-8: Local surface and curve refinements, bare hull 

Surface/Curve Refinement [-] 𝒉𝒊 [m] 

Bow + Sonar (bulbous bow) 8 2.93E-3 

L.E. 10 7.33E-4 

Foreship 7 5.86E-3 

Midship 7 5.86E-3 

Aft + transom 8 2.93E-3 

Transom curve 11 3.66E-4 

Deck 5 2.34E-2 

L.E. 10 7.33E-4 

Skeg 8 2.93E-3 

Upstream small plate 10 7.33E-4 

T.E. fillet 11 3.66E-4 

 

Obviously, apart from the region around the vessel, the wave pattern is also of interest. Therefore, the free surface 

plane is divided into four regions: the entire free surface without the damping zone, a damping zone (towards the 

outlet) and the inner and outer kelvin wedge region4. These regions need to be refined since this will be the accuracy 

of the wave pattern calculated by the free surface computation, i.e. the coarser the grid, the coarser the wave 

pattern. Contrary to the cell sizes on the surfaces of the vessel, the cell sizes of the kelvin wedge regions are chosen 

to be anisotropic. This is done because the computed air-water ratio throughout the computational domain has a 

sharp interface going from water to air in vertical direction which represents the wave pattern. Hence the cell size 

needs to be smaller in z-direction (vertical) than its size in x- and y-direction. The refinement and cell size of the free 

surface regions can be found in Table 4-9. These refinements are placed in the region of interest and based on the 

estimated length and amplitude of the wave, defined as: 

 𝜆𝑤 = 2 ∗ π ∗ Lwl ∗ 𝐹𝑛
2 = 2 ∗ π ∗ 3.147 ∗ 0.22 = 7.91E − 01, { 4-6 } 

 

and 

 
𝐴𝑤 = min (0.5 ∗ T ,

v2

g
) = min(0.056 , 0.126) = 0.056, { 4-7 } 

 

with 𝜆𝑤 the length of the wave and 𝐴𝑤 the predicted amplitude of the wave. 

Table 4-9: Local surface refinements, free surface 

Surface patch 
𝒉𝒊 [m] 

x y z 

FrSrf Damping region 𝜆w 𝜆w Aw/14 

FrSrf minus damping region 𝜆w/3 𝜆w/3 Aw/14 

FrSrf Outer kelvin wedge 𝜆w/20 𝜆w/20 Aw/14 

FrSrf Inner kelvin wedge 𝜆w/80 𝜆w/80 Aw/14 

 

 

                                                                 
4 The kelvin wedge is the V-shaped area behind a vessel where the waves are generated due to the movement of 
the vessel through the water.  
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Besides the surface refinements, additional refinement boxes at the bow and stern are chosen to keep the grid 

density reasonable in these regions. These box refinements are set according to Table 4-10, which are based on the 

length and breadth of the vessel and the estimated wave length and amplitude. 

Table 4-10: Box refinements FrSrf 

Section 
Corner 1 [m] Corner 2 [m] 𝒉𝒊 [m] 

x y z x y z x y z 

Box Bow Lwl -0.5*𝜆w 0 -Aw Lwl + 0.25*𝜆w 0.625 * Bwl Aw 𝜆w 𝜆w Aw/14 

Box Stern -0.25*𝜆w 0 -Aw 0.5* 𝜆w 0.625 * Bwl Aw 𝜆w 𝜆w Aw/14 

 

Since an actuator disk is also included during the computation, extra refinement is necessary around the propeller 

region. Hereto one cylindrical section around the propeller center is defined as follows: 

Table 4-11: Cylindrical sector refinement FrSrf 

Section 
Center [m] Thickness 

[m] 
Radius 

[m] 
Angle 
[deg] 

Refinement 
[-] 

𝒉𝒊 
[m] x y z 

Sector Propeller 0.2303 0.0836 -0.1121 0.01 0.06 4.939 9 1.47E-3 

4.2.2.2. Fully appended 

The settings for the creation of the fully appended vessel mesh are very similar as the bare hull mesh settings, the 

only two differences being the patch refinements on the ship and an additional refinement region to allow for a 

more reasonable grid density around the appendages. Additional to the refinements given in Table 4-8, the 

refinements for the appendages of the fully appended ship are set according to Table 4-12.  

Table 4-12: Additional surface and curve refinements, fully appended 

Surface/Curve 
Refinement 

[-] 
𝒉𝒊 

[m] 

Bilge keel 9 1.47E-3 

Curved surfaces 2x 10 7.33E-4 

Rudder 9 1.47E-3 

L.E. 10 7.33E-4 

T.E. 12 1.83E-4 

Driveshaft 9 1.47E-3 

Fillet hull 11 3.66E-4 

Fillet struts 12 1.83E-4 

Struts 9 1.47E-3 

L.E./T.E. 11 3.66E-4 

Fillet/curve hull 11 3.66E-4 

 

To create a more reasonable grid density around the appendages, a cylindrical section with a refinement of 8 is used 

which is positioned longitudinally in x-direction with its centerline going through the propeller center as described 

in the following table: 

Table 4-13: Additional cylindrical refinement section FrSrf, fully appended 

Section 
Base 
[m] 

Thickness 
[m] 

Radius 
[m] 

Angle 
[deg] 

Refinement 
[-] 

𝒉𝒊 
[m] 

x y z 

Sector Appendages 0 0.0836 -0.1121 0.7 0.1 0 8 2.93E-3 
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4.2.2.3. Viscous layer 

In Hexpress, the viscous layer properties in normal direction to the wall are defined according to a first cell size 

thickness 𝑆0, near the wall and a stretching ratio 𝑟, defining the growth ratio in cell thickness moving away from the 

wall.  The near wall region is chosen to be fully resolved and the settings to allow this are based on the 

recommendations from ITTC [54] and set as follows: 

Table 4-14: Viscous layer settings FrSrf 

𝑺𝟎 [m] y+ [-] 𝒓 [-] 

3E-5 < 1 1.2 

 

The y+-value refers to the non-dimensional normal distance between the wall and the first cell. The stretching ratio 

defines the thickness ratio between consecutive layers in the direction normal to the wall. To meet the constraints 

in Table 4-14, the viscous layer is first inflated, after which the cells can be inserted into the viscous layer, meeting 

the constraints, this process is visualized in Figure 4-10.  

 

Figure 4-10: Viscous layer insertion process 

4.2.3. Computation 

At the stage when the mesh has been generated, steps 1-3 of Table 3-5 have been performed and the settings have 

to be determined for the computation in ReFRESCO. As explained in Chapter 3.7, the FrSrf computation aims to 

determine the positioning of the ship and the wave pattern created by the ship. Hereto two situations are considered 

for the positioning of the ship: 

The estimated approach:  Here the positioning of the ship is unknown, and needs to be determined by the 

computation iteratively. This is done with the aid of an estimating algorithm, which 

estimates the trim and sinkage of the ship. This trim and sinkage then need to be updated, 

this process is repeated until the updated trim and sinkage match the estimated values.  

The fixed approach:  With the fixed approach, the trim and sinkage are set to the values obtained from the 

experiments, e.g. [1], [55], [56]. 

For both approaches, the wave pattern is determined by solving, next to the momentum-, turbulence- and pressure 

equation, an equation that solves the water-air volume fraction, hereby determining the interface between the 

water and air. To make this interface as sharp as possible, it is important to have a considerably small mesh in z-

direction, as stated in section 4.2.2. The FrSrf computation is an unsteady computation, i.e. it takes time for the wave 

pattern to develop.  Hereto, the time-step and iteration settings are set according to the values in Table 4-15. It is 
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chosen to determine the time-step by using the length of the ship, the speed of the ship, and the maximum iterations 

per time-step (maxIter), to ensure that the propagation of the waves can be captured reasonably. 

Table 4-15: Time-step settings FrSrf 

Time-step 
[s] 

maxIter 
[-] 

ConvTol 
[-] 

0.054 50 1E-6 

 

The setting ‘ConvTol’ refers to the convergence tolerance within one time-step; hence the computation for one time-

step is stopped either when the maximum amount of iterations is reached, or when the convergence tolerance is 

reached.  

4.3. Double body 
During a free surface computation the main goal is to determine the wave pattern and the positioning of the ship in 

the water. When combining such a computation with a propeller working behind the vessel to analyze the interaction 

between the hull and the propeller, some difficulties arise: 

- The time scale to determine the wave pattern is different from the time scale to determine the flow 

characteristics of a rotating propeller. 

- It is hard to reach convergence of the positioning of the ship in the water as well as the hull resistance [57]. 

- For a free surface computation the main region of interest is at the free surface plane itself, asking for a 

refined volume around that plane. For a double body computation the main region of interest is the 

propeller. Each refinement leads to more cells in the mesh and when combining the free surface and 

propeller refinement, the number of cells will be high, causing the computation to be more costly.  

Because of these difficulties, the problem is separated in two computations as explained in Chapter 3.7; the FrSrf 

computation and the DoBo computation.  

4.3.1. Domain 
The DoBo computation is done to focus on the propeller/hull interaction and omits the free surface effect. The 

procedure is thus to first perform a free surface computation to determine the wave pattern and positioning of the 

ship. This result is then used to create the DoBo domain, which is shown in Figure 4-11 and Figure 4-12. Notice that 

the domain is almost similar to the free surface domain, the only differences are the positioning of the ship, the top 

surface and the extra inner domain. The top surface is defined as the wave pattern obtained by the free surface 

computation, the turquoise surface in Figure 4-11 and Figure 4-12. Since the propeller is now working behind the 

hull and thus not working in a uniform upstream flow, the problem is undisputedly unsteady. Therefore, introducing 

a sliding interface around the propeller is the only option for the double body domain; the inner domain is shown in 

orange in Figure 4-12. 

Contrary to the propeller OW situation, the problem with the non-matching sliding interface mesh is overcome for 

the DoBo situation. Hereto, the outer domain dimensions are slightly adapted with respect to the FrSrf domain and 

set to the values shown in Table 4-16. This is done to ensure that the initial cell sizes for the inner domain mesh 

correspond to a certain level of refinement of the initial outer domain mesh. It should be noticed that the maximum 

coordinate in z-direction of zero is the coordinate of the undisturbed free surface level, the waves exceed this 

boundary so in practice this value is the height of the highest wave computed with the free surface computation. 
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Figure 4-11: Computational domain for double body Figure 4-12: Zoom of ship region 

 

Table 4-16: Computational double body domain adapted dimensions 

Direction Minimum [m] Maximum [m] 

Longitudinal (x-direction) −6 ∗ Lpp + 0.408 ∗ Lpp 3 ∗ Lpp  − 0.408 ∗ Lpp 

Lateral (y-direction) 0 3 ∗ Lpp  − 0.272 ∗ Lpp 

Vertical (z-direction) −2 ∗ Lpp + 0.181 ∗ Lpp 0 

 

4.3.2. Mesh 

Since the focus of this study is the interaction between the hull and the propeller, the DoBo mesh is used for a grid 

refinement study (GRS). This study aims at determining the influence of the grid size on the results, discussed in 

Chapter 5. Five different grids of different initialization and diffusion are used for the GRS. The initialization for the 

inner- and outer grid are given in Table 4-17 and Table 4-18 respectively; hence grid 5 refers to the coarsest grid and 

grid 1 to the finest. The total number of cells after initialization is indicated by 𝑁𝐼. The targeted refinement ratio is 

indicated by 𝑟𝑖,𝑡 and defines the targeted relative refinement ratio with respect to grid 1, calculated by: 

 
𝑟𝑖,𝑡 =

ℎ𝑖

ℎ1

. { 4-8 } 

 

The targeted refinement ratio differs from the real refinement ratio obtained after the creation of the unstructured 

mesh, this will be elaborated in Chapter 5.2.1. For any grid the initial cell size of the inner domain is the same size as 

the outer domain cell size after a refinement of 8 due to the adapted dimensions of the computational domain:  

ℎ𝑖,𝑜𝑢𝑡𝑒𝑟  

28
= ℎ𝑖,𝑖𝑛𝑛𝑒𝑟  

Table 4-17: Inner domain mesh initialization for DoBo 

Grid 
Number of cells 𝒉𝒊 

[m] 
Diffusion 

[-] 
𝑵𝑰 
[-] 

𝒓𝒊,𝒕 

[-] x y z 

5 8 24 24 5.33E-3 1 4608 3.0 

4 12 36 36 3.55E-3 2 15552 2.0 

3 16 48 48 2.67E-3 3 36864 1.5 

2 20 60 60 2.13E-3 4 72000 1.2 

1 24 72 72 1.78E-3 5 124416 1.0 
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Table 4-18: Outer domain mesh initialization for DoBo 

Grid 
Number of cells 𝒉𝒊 

[m] 
Diffusion 

[-] 
𝑵𝑰 
[-] 

𝒓𝒊,𝒕 

[-] x y z 

5 18 6 4 1.36E+0 1 432 3.0 

4 27 9 6 9.10E-1 2 1458 2.0 

3 36 12 8 6.82E-1 3 3456 1.5 

2 45 15 10 5.46E-1 4 6750 1.2 

1 54 18 12 4.55E-1 5 11664 1.0 

 

Local refinements are similar for the 5 meshes and need to be set by means of a trade-off between 1) a reasonable 

representation of the geometry for the coarsest mesh and 2) a reasonable number of cells for the finest grid. The 

local refinements are determined iteratively, for the inner domain a similar approach is used as for the open water 

propeller inner domain, of which the values are shown in Table 4-3, for the outer domain, the local refinements are 

shown in Table 4-19. The refinement of the wave pattern can be set differently than for the FrSrf mesh, since for the 

DoBo it is a fixed surface; hence the refinement is merely necessary to mimic the wave pattern’s shape. 

Table 4-19: Local refinement with cell size per grid for DoBo 

Surface/Curve 
Refinement 

[-] 

𝒉𝒊 [m] 

1 2 3 4 5 

Interfaces 10 4.44E-4 5.33E-4 6.66E-4 8.88E-4 1.33E-3 

Bow and sonar 8 1.78E-3 2.13E-3 2.67E-3 3.55E-3 5.33E-3 

L.E. 10 4.44E-4 5.33E-4 6.66E-4 8.88E-4 1.33E-3 

Fore- and midship 7 3.55E-3 4.26E-3 5.33E-3 7.11E-3 1.07E-2 

Aft 8 1.78E-3 2.13E-3 2.67E-3 3.55E-3 5.33E-3 

Transom 9 8.88E-4 1.07E-3 1.33E-3 1.78E-3 2.67E-3 

Edge curve 11 2.22E-4 2.67E-4 3.33E-4 4.44E-4 6.66E-4 

Bilge keel 9 8.88E-4 1.07E-3 1.33E-3 1.78E-3 2.67E-3 

Curved surfaces 2x 10 4.44E-4 5.33E-4 6.66E-4 8.88E-4 1.33E-3 

Rudder 9 8.88E-4 1.07E-3 1.33E-3 1.78E-3 2.67E-3 

L.E. 10 4.44E-04 5.33E-04 6.66E-04 8.88E-04 1.33E-03 

T.E. 12 1.11E-04 1.33E-04 1.67E-04 2.22E-04 3.33E-04 

Driveshaft 9 8.88E-04 1.07E-03 1.33E-03 1.78E-03 2.67E-03 

Fillet hull 11 2.22E-04 2.67E-04 3.33E-04 4.44E-04 6.66E-04 

Fillet struts 12 1.11E-04 1.33E-04 1.67E-04 2.22E-04 3.33E-04 

Struts 9 8.88E-04 1.07E-03 1.33E-03 1.78E-03 2.67E-03 

Fillets/L.E./T.E. 11 2.22E-04 2.67E-04 3.33E-04 4.44E-04 6.66E-04 

Skeg 8 1.78E-03 2.13E-03 2.67E-03 3.55E-03 5.33E-03 

T.E. bottom 12 1.11E-04 1.33E-04 1.67E-04 2.22E-04 3.33E-04 

T.E. hull 11 2.22E-04 2.67E-04 3.33E-04 4.44E-04 6.66E-04 

WavePattern       

outer kelvin 4 2.84E-02 3.41E-02 4.26E-02 5.69E-02 8.53E-02 

inner kelvin 5 1.42E-02 1.71E-02 2.13E-02 2.84E-02 4.26E-02 

Viscous layer 

As explained in section 4.2.2, the viscous layer insertion is based on 𝑆0 and 𝑟. With these definitions, the cell size 

thickness of cell 𝑐 is then: 
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 𝑆𝑐 = 𝑆0𝑟(𝑐−1). { 4-9 } 
 

The total thickness of the boundary layer at cell 𝑐 is computed by: 

 
𝑑𝑐 = ∑ 𝑆0𝑟(𝑗−1)

𝑐

𝑗=1

. { 4-10 } 

 

Following the grid refinement settings for 𝑆0 and keeping 𝑟 similar for every grid, the near wall region will not be 

geometrically similar [53]. To keep the near wall region as geometrically similar as possible, the following relations 

need to be followed for the 5 refined grids: 

 
𝑟𝑛𝑖

= 𝑟𝑛,5

1
𝑛𝑖 , { 4-11 } 

   

 
𝑆𝑛𝑖

= 𝑆0,5

1 − 𝑟𝑛𝑖

1 − 𝑟𝑛,5

, 
{ 4-12 } 

 

with 𝑛𝑖 =
ℎ5

ℎ𝑖
 for grid 𝑖, and 𝑆0,5 and 𝑟𝑛,5 represent respectively the first cell size thickness and stretching ratio for the 

coarsest grid 5. Following Equations { 4-11 } and { 4-12 } for all the grids, and keeping similar settings as Table 4-14 

for grid 3, 𝑆0 and 𝑟𝑛 are set as follows: 

Table 4-20: Viscous layer settings DoBo GRS 

Grid 𝒏 𝒓𝒏 𝑺𝟎,𝒏 

5 1.0 1.31453 4.7180E-05 

4 1.2 1.25596 3.8394E-05 

3 1.5 1.20000 3.0000E-05 

2 2.0 1.14653 2.1980E-05 

1 3.0 1.09544 1.4317E-05 

 

These settings lead to the cell distribution as shown in Figure 4-13, where it can be seen that if the boundary layer 

would be 0.00216m thick, every grid would be able to generate a viscous layer with neatly distributed cells. However, 

in Hexpress it is not possible to control the boundary layer thickness, instead it is a result from the inflation procedure 

as shown in Figure 4-10 and is also dependent on the local Eulerian cell refinement. Therefore, the viscous layer 

between the different grids will not be perfectly geometrically similar.    

 

Figure 4-13: Cell distribution of the near wall region 

 

The 5 different grids are shown in Figure 4-14, where the cells are visualized in a yz-slice through the propeller center, 

for a slice through the xz-plane and for more detailed pictures, see Appendix C. 
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Figure 4-14: Refinement grid cells, yz-slice through prop center. Top left to bottom right: coarse to fine grid 

4.3.3. Computation 

For this computation, the aim is to capture the propeller/hull interaction; therefore, the time-step is chosen to meet 

a specific physical rotation of the propeller. Since the computational domain needs time to be entirely initialized, it 

is desirable to first perform a computation with a large time-step, after which the computation is finalized with a 

smaller time-step. Hereto, the most efficient solving strategy is determined for the coarsest grid, which is then used 

for all the grids. This solving strategy that has been used is given in Table 4-21. Next to the fixed speed velocity 

initialization 𝑣𝑠, the propeller revolution rate5 is fixed to 8.97 RPS (56.36 
rad

s
). Recall that from the FrSrf computation, 

the positioning of the ship and its generated wave pattern are fixed for the DoBo computation. 

Table 4-21: Solving strategy DoBo 

Comp Method No time-steps 
Rot. per time-step  

[ °/dt] 
Prop. Rotations 

Initialization MVG 300 360 300 

Finalization MVG 720 2 4 

                                                                 
5 This value is obtained from the Tokyo workshop in 2015 [77], which will also be used for the next workshop 
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5. Grid influence 

In this chapter, the aim is to capture the grid sensitivity of the quantities of interest with respect to the propeller/hull 

interaction. Recalling from the problem definition as stated in Chapter 1, the problem is divided into three sub-

problems, of which the first reads: 

What is the influence of the grid with respect to the propeller/hull interaction? 

The propeller/hull interaction is captured by the DoBo computation, as explained in Chapter 4.2, and the grid 

influence is captured by the GRS computations. The results of these 5 different grid computations are discussed in 

this chapter, where the main focus is on the total resistance of the hull, indicated by 𝑅𝑡, the propeller thrust 𝑇, and 

torque 𝑄. The results of these quantities are shown in section 5.1, their discretization- and iterative error are 

discussed in sections 5.2 and 5.3 respectively. The results of the thrust- and torque identity method, to obtain the 

advance ratio 𝐽𝑎 and other propulsive coefficients, are elaborated in section 5.4. A visual analysis of some solved 

quantities can be found in section 5.5, and an interim summary is given in section 5.6. Recall that the ONRT is a 

research vessel, and experimental data for the self-propelled 𝑅𝑡 , 𝑇 and 𝑄 are not available; therefore, the results 

shown in this chapter are all computational.  

5.1. Computational results 
The propeller working behind a vessel is an intrinsically unsteady flow problem. Therefore, the propeller is rotated 

physically per time-step, where each time-step represents a different position of the propeller. For each time-step, 

the conservation equations are solved until the convergence tolerance, or the maximum number of iterations is met. 

Two typical examples for the iterations of the thrust 𝑇 and torque 𝑄 within one time-step are shown in Figure 5-1 

and Figure 5-2 respectively. 

 

 

Figure 5-1: 𝑻, iterations within a time-step 
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Figure 5-2: 𝑸, iterations within a time-step 

 

In both examples, it can be seen that the maximum number of iterations (50) is reached, after which the next time-

step is initiated. Furthermore, it can also be noticed that for both integral variables 𝑇 and 𝑄, the convergence within 

one time-step is decent, as is the case for all time-steps. Contrarily, the convergence within a time-step for 𝑅𝑡 is a 

bit more erratic, as shown in Figure 5-3, where the convergence is shown within four time-steps. This behavior is 

analyzed, and numerical settings have been altered to try to improve the convergence. Changing the settings did not 

improve the convergence within one time-step. However, it was noticed that the moving average value over time of 

𝑅𝑡 barely changed when altering the numerical settings. Therefore, it was chosen to not investigate into this topic 

any further. For the analysis on the convergence of 𝑅𝑡 for different settings, see Appendix D. 

 

Figure 5-3: Erratic time-step convergence 𝑹𝒕 
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When looking only at the last values of the time-steps and plotting them for all time-steps, the results are obtained 

as shown in Figure 5-4 - Figure 5-7 for the residuals, 𝑅𝑡 , 𝑇 and 𝑄 respectively. Recall from Chapter 4.3 that the 

initialization phase goes from time-step 0-300, with a grid rotation rate of 360 degree per time-step. The finalization 

phase goes from time-step 300-1020, with a grid rotation rate of 2 degree per time-step. 

Besides the results for the integral variables of interest, also the 𝐿2-residuals are shown for the solved quantities 

(velocity, pressure and turbulence quantities). The 𝐿2 refers to the RMS value for all residuals throughout the grid. 

It can be noticed that the 𝐿2-residuals stagnate at values as high as 1e-4, which is not unusual considering the fact 

that this study is dealing with a complex flow problem with an unstructured grid. 

 

 

Figure 5-4: L2-residuals, typical DoBo computation 

 

 
 

Figure 5-5: Hull Resistance 𝑹𝒕, typical DoBo computation 
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Figure 5-6: Thrust 𝑻, typical DoBo computation 

 

 

Figure 5-7: Torque 𝑸, typical DoBo computation 

 

The propeller working behind a vessel is an intrinsically unsteady flow problem. Therefore, the solution will not 

converge to a single value as can also be noticed from previous figures; instead, the solution is considered converged 

when the value oscillates about a single value. During the finalization phase, four rotations are performed over 720 

time-steps, i.e. the propeller rotates 1440 degrees from time-step 300-1020. From the figures, it can be seen that 

during this time interval, 16 oscillations occur; hence, the period of the oscillation is then: 

 
𝑃𝑒𝑟𝑖𝑜𝑑 =

1440

16
= 90 [deg]. { 5-1 } 

 

Since the number of blades on the propeller is equal to four, the period of the oscillation exactly matches the blade 

passing period. The convergence is assessed by looking at the moving average of the oscillation, which is defined as 

the average over the data from the previous rotation (180 time-steps), for time-step 𝑡, this would be: 

 
𝑀𝐴|𝑡 =

∑ Φ(𝑖)𝑡
𝑖=𝑡−180

180
, { 5-2 } 
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where Φ is the variable for which the moving average is calculated. A typical moving average analysis for 𝑅𝑡 is shown 

in Figure 5-8. In the left graph, the moving average is indicated in red, and in the right graph, the difference of the 

current MA-value with the MA-value of one rotation earlier is plotted: 

 
𝑑𝑀𝐴|𝑡 =

𝑀𝐴|𝑡 − 𝑀𝐴|𝑡−180

𝑀𝐴|𝑡

∗ 100 { 5-3 } 

 

A computation is deemed converged, after a certain number of rotations for the propeller, if  𝑑𝑀𝐴|𝑡 < 1% holds 

for all integral parameters of interest. This was the case for every grid after 4 propeller rotations, end therefore the 

computation ends at 1020 time-steps.  

 

Figure 5-8: Moving average convergence, example for 𝑹𝒕 

 

For every grid, the converged value is taken to be the last value of the moving average calculation. The results for 

the integral values of interest, where the forces have been divided in the pressure- and friction contribution, are 

then: 

Table 5-1: DoBo GRS results for 𝑹𝒕, 𝑻 and 𝑸 

Grid 
𝑹𝒑 

[N] 

𝑹𝒇 

[N] 

𝑹𝒕 
[N] 

𝑻𝒑 

[N] 

𝑻𝒇 

[N] 

𝑻 
[N] 

𝑸 
[Nm] 

5 -0.663 -1.623 -2.286 2.590 -0.140 2.449 -0.08059 

4 -0.614 -1.653 -2.268 2.601 -0.120 2.482 -0.07959 

3 -0.602 -1.683 -2.285 2.600 -0.116 2.484 -0.07892 

2 -0.587 -1.703 -2.291 2.601 -0.114 2.486 -0.07868 

1 -0.578 -1.717 -2.296 2.604 -0.113 2.491 -0.07878 

 

It can be noticed that the total hull resistance is mainly dominated by the friction component of the force (𝑅𝑓 =

± 3𝑅𝑝), whereas the thrust is almost entirely dominated by the pressure component of the force (𝑇𝑝 = ±20𝑇𝑓). 

Furthermore it can be observed that a coarser grid overpredicts the pressure component of 𝑅𝑡 as well as the friction 
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component of 𝑇, and underpredicts the friction component of 𝑅𝑡. The pressure component of 𝑇 is fairly similar for 

all grids. 

Verification is performed on the numerical results for quantity Φ to estimate the numerical uncertainty 𝑈Φ, for 

which the exact solution Φ𝑒𝑥𝑎𝑐𝑡  is not known. The goal of the verification is to define an interval with 95% confidence, 

which includes the exact solution according to: 

 Φ − 𝑈Φ ≤ Φ𝑒𝑥𝑎𝑐𝑡 ≤ Φ + 𝑈Φ. { 5-4 } 
 

The numerical error consists of three components [58]: the round-off error, the spatial discretization error, and the 

iterative error. In general, the round-off error is negligible with respect to the discretization- and iterative error; 

therefore, only the two latter are discussed in the subsequent sections. The method used to determine the 

discretization- and iterative error is created by Eça and Hoekstra, and elaborated in e.g. [59] or [60]. In [59], it is 

explained that if the iterative error is two to three orders of magnitude smaller than the discretization error, the 

numerical uncertainty 𝑈Φ can be estimated by means of the discretization error. If the iterative error is non-

negligible, it should be added to the discretization error arithmetically before estimating 𝑈Φ. 

5.2. Discretization error 
To determine the discretization error, only the grid cell size contribution is taken into account; hence, the time 

contribution is omitted in this study. It is assumed that the numerical solution Φ𝑖  for grid i can be represented by a 

truncated power series expansion, which is based on assumptions [61]:  

 Φ𝑖 = Φ0 + 𝛼𝑟𝑖
𝑝

, { 5-5 } 

 

and the discretization error is estimated by: 

 𝜖Φ
𝑑 = Φ𝑖 − Φ0 = 𝛼𝑟𝑖

𝑝
, { 5-6 } 

 

where Φ0 represents the estimated exact value, 𝛼 is a constant, 𝑟𝑖  is the relative refinement ratio of the grid, see 

section 5.2.1, and 𝑝 is the observed order of accuracy of the grid convergence. Typically, when complying with the 

underlying assumptions of Equation { 5-5 }, for the FVM, the theoretical order of convergence 𝑝 = 2. However, if 

not all assumptions are met, 𝑝 can reach unrealistic values. When this is the case, the following alternative 

expansions are considered that set 𝑝 to first-, second-, or a combination of first and second order accuracy: 

 Φ𝑖 − Φ0 = 𝛼𝑟𝑖 , 
Φ𝑖 − Φ0 = 𝛼𝑟𝑖

2, 
Φ𝑖 − Φ0 = 𝛼1𝑟𝑖 + 𝛼2𝑟𝑖

2. 
{ 5-7 } 

 

Furthermore, the least squares fit to determine Φ0, 𝛼 and 𝑝 is weighted, dependent on the standard deviation of 

the fit. This is done by giving a finer grid a larger weight, since better results are expected for a finer grid. Once the 

error has been estimated, it is combined with a safety factor following Roache’s approach [58], the standard 

deviation 𝜎 of the fit and the difference between the fitted value, Φ𝑓𝑖𝑡 , and Φ𝑖. The latter two contributions are 

related to the scatter of the fit. The numerical uncertainty is obtained as follows: 

 

𝑈𝛷 = {
1.25𝜖Φ

𝑑 + 𝜎 + |Φ𝑖 − Φ𝑓𝑖𝑡|,             if 𝜎 < ΔΦ

3
σ

ΔΦ

(𝜖Φ
𝑑 + 𝜎 + |Φ𝑖 − Φ𝑓𝑖𝑡|),         if 𝜎 > ΔΦ

 { 5-8 } 
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where ΔΦ is defined as the data range for 𝑛𝑔 number of grids: 

 
ΔΦ =

max (Φ𝑖) − min (Φ𝑖)

𝑛𝑔 − 1
, { 5-9 } 

5.2.1. Relative refinement ratio 

The relative refinement ratio 𝑟𝑖  is an important factor in estimating the discretization error during the GRS. If the 

mesh would be structured, the targeted refinement ratio as mentioned in Chapter 4.3.2 would be equal to the real 

relative refinement, 𝑟𝑖,𝑟; however, the real refinement ratio changes when the generated mesh is unstructured, as 

is the case in this study. The difference between the targeted- and real refinement is due to the fact that for 

unstructured grids, it is impossible to keep geometrical similarity between the different refined grids. It may be tricky 

to properly define the typical cell size for an unstructured grid, this can be done based on the volume of the cells, 

𝑟𝑖,𝑟 = (
𝑉𝑖

𝑉1
)

1

3
 , or the surface of the cells, 𝑟𝑖,𝑟 = (

𝑆𝑖

𝑆1
)

1

2
. According to [62], the best way to define the real relative 

refinement ratio is based on the surface area of the ship surface cells, with two options: 

- Mean value: 
𝑆1 =

∑ 𝑆𝑗
𝑁𝑠
𝑗=1

𝑁𝑠

, { 5-10 } 

 

and 

- Root Mean Square value: 

𝑆2 = √
∑ 𝑆𝑗

2𝑁𝑠
𝑗=1

𝑁𝑠

, { 5-11 } 

 

where 𝑆𝑗  refers to the surface area of cell 𝑗, and 𝑁𝑠 is the total number of ship surface cells. In this study, it is chosen 

to use 𝑆2 to determine the real relative refinement ratio, for grid 𝑖, this implies the following: 

 

𝑟𝑖,𝑟 = √
𝑆𝑖

2

𝑆1
2. { 5-12 } 

 

The targeted- and the real relative refinement ratio are shown in Table 5-2. 

Table 5-2: Targeted vs Real 𝒓𝒊 

Grid 5 4 3 2 1 

𝒓𝒊,𝒕 3.0 2.0 1.5 1.2 1.0 

𝒓𝒊,𝒓 2.824 1.937 1.476 1.192 1.000 

 

Once the real relative refinement ratios are determined for every grid, the least squares fit can be made and Φ0, 𝛼 

and 𝑝 can be determined. For 𝑅𝑡 , 𝑇 and 𝑄 the fits are shown respectively in Figure 5-9, Figure 5-10, Figure 5-11 and 

accompanying tables. Similar to the convergence for one time-step, care needs to be taken for the discretization 

error for 𝑅𝑡 as well. After analysis of the pressure- and friction component of the resistance on the hull, it is hard to 

find a proper convergence fit; therefore, the results discussed here are for the total resistance on the hull. Notice 

that for 𝑅𝑡, grid 5 is omitted, this is done since it is not possible to generate a proper fit with inclusion of this point. 

If the resistance of the hull is analyzed, the results from the GRS predict a real extrapolated value 𝑅𝑡,0 of -2.306 N 
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(where the discretization error is equal to zero). The predicted discretization uncertainty for e.g. grid 1 is 1.4%, i.e. 

the predicted real value is within 1.4% of the obtained result from grid 1, within a confidence band of 95%. 

 

Table 5-3: Estimated exact value for 𝑹𝒕 

𝑅𝑡,0 -2.306 
 

Table 5-4: Discretization absolute error 
and uncertainty for 𝑹𝒕 

Grid 𝝐𝑹𝒕

𝒅  𝑼𝒅,𝑹𝒕
 

1 0.0101 1.4% 

2 0.0143 1.9% 

3 0.0219 3.0% 

4 0.0378 5.0% 

5 - - 
 

Figure 5-9: GRS fit for 𝑹𝒕 

 

 

 

Table 5-5: Estimated exact value for 𝑻 

𝑇0 2.497 
 

Table 5-6: Discretization absolute error 
and uncertainty for 𝑻 

Grid 𝝐𝑻
𝒅 𝑼𝒅,𝑻 

1 0.0060 0.7% 

2 0.0085 1.1% 

3 0.0131 1.6% 

4 0.0225 3.0% 

5 0.0478 5.8% 
 

Figure 5-10: GRS fit for 𝑻 
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Table 5-7: Estimated exact value for 𝑸 

𝑄0 -0.07828 
 

Table 5-8: Discretization absolute error 
and uncertainty for 𝑸 

Grid 𝝐𝑸
𝒅  𝑼𝒅,𝑸 

1 0.0004 0.9% 

2 0.0005 1.1% 

3 0.0007 1.5% 

4 0.0012 2.2% 

5 0.0023 3.9% 
 

Figure 5-11: GRS fit for 𝑸 

5.3. Iterative error 
Iterative errors are a result of the non-linearity of the RANS equations solved in CFD, which are linearized by the 

Picard method. To determine the iterative uncertainty, a method is used which is developed by Eça and Hoekstra 

[63]. In their paper they conclude that the most consistent and reliable procedure of estimating the iterative error 

for a considered variable is based on the 𝐿∞-norms of the changes between consecutive iterations. Here, 𝐿∞ 

represents the maximum value of the local changes over the grid. A fit is made through these norms, which is then 

extrapolated to an infinite number of iterations. The effect of the standard deviation of the fit is included to improve 

the estimation.  

The norms of the changes is commonly represented by 𝐿(ΔΦ), where ΔΦ represents the local change of variable Φ. 

The fit that is made through the changes is described as a geometric progression: 

 𝐿(ΔΦ)|𝑛 = 𝐿(ΔΦ)|𝑛0
10−𝑞(𝑛0−𝑛), { 5-13 } 

 

where 𝐿(ΔΦ)|𝑛0
 is the 𝐿-norm at the last performed iteration 𝑛0, and 𝑞 represents the convergence rate, which 

should be smaller than 0 for a convergent solution. Equation { 5-13 } can also be written as: 

 log(𝐿(ΔΦ)|𝑛) = log(𝐿(ΔΦ)|𝑛0
) − 𝑞(𝑛0 − 𝑛), { 5-14 } 

 

which is a linear equation with two unknowns; log(𝐿(ΔΦ)|𝑛0
) and 𝑞. To determine these two unknowns, the data 

of the last 𝑚 + 1 iterations in combination with the least squares root is used. If  log(𝐿(ΔΦ)|𝑖) is designated by ℒ𝑖, 

the two unknowns then become: 

 
𝑞𝑓 =

(m + 1) ∑ 𝑖ℒ𝑖 − (
𝑛0
𝑖=𝑛0−𝑚 ∑ ℒ𝑖)

𝑛0
𝑖=𝑛0−𝑚 (∑ 𝑖)

𝑛0
𝑖=𝑛0−𝑚

(m + 1) ∑ 𝑖2 − (∑ 𝑖)
𝑛0
𝑖=𝑛0−𝑚

2𝑛0
𝑖=𝑛0−𝑚

, { 5-15 } 

 

and  

 
log (𝐿(ΔΦ)|𝑛0,𝑓

) =
∑ ℒ𝑖 − 𝑞𝑓

𝑛0
𝑖=𝑛0−𝑚 ∑ 𝑖 − 𝑛0

𝑛0
𝑖=𝑛0−𝑚

𝑚 + 1
, { 5-16 } 
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where 𝑓 refers to the fitted values. If a fit can be made6, the extrapolation is done by taking the sum of the terms of 

the geometric progression, Equation { 5-13 }, for 𝑛 ≥ 𝑛0. This extrapolation is defined by Eça and Hoektstra [63] as: 

 
𝐿(ΔΦ)|∞ =

𝐿(ΔΦ)|𝑛0,𝑓

1 − 10𝑞𝑓
, { 5-17 } 

 

which can also be written as: 

 
𝐿(ΔΦ)|∞ = ∑ 𝐿(ΔΦ)|𝑛0,𝑓

10−𝑞𝑓(𝑛𝑜−𝑛)

∞

𝑛=𝑛0

. { 5-18 } 

 

To correct for non-smoothness of the convergence, the standard deviation of the fit is also taken into account and 

defined as: 

 

𝜎 = √
∑ (ℒ𝑖 − (log (ΔΦ|𝑛0,𝑓

) − 𝑞𝑓(𝑛0 − 𝑖)))2𝑛0
𝑖=𝑛0−𝑛𝑖𝑡

𝑛𝑖𝑡 − 1
, { 5-19 } 

 

with 𝑛𝑖𝑡 the number of iterations used for the fit. After correction with 𝜎, the final iterative error estimate with 

inclusion of a safety factor of 1.25, as mentioned in [59], is defined as: 

 
𝜖Φ

𝑖 = 𝐿(ΔΦ)|∞ = 1.25 ⋅
10

(log(ΔΦ|𝑛0,𝑓)+𝜎)

1 − 10
(𝑞𝑓+

2𝜎
𝑛𝑖𝑡+1

)
. { 5-20 } 

 

As mentioned before, 𝐿(ΔΦ) is representing the 𝐿∞-norm of the changes, i.e. the maximum local change of a 

variable throughout the grid. These norms can only be used for the solved quantities for the flow, since these 

quantities are monitored per grid cell locally. For the integral quantities only one value per iteration is available and 

𝐿(ΔΦ) can simply be replaced by ΔΦ. Therefore, the iterative error for the solved quantities is determined with the 

𝐿∞-norm for ΔΦ, and for the integral quantities, the iterative error is determined based on ΔΦ. Obviously, the 

iterative error is determined for each time-step; therefore, it is chosen to consider only the time-steps of the last 3 

rotations and take the RMS value over all these time-steps to estimate the iterative error for one computation. The 

results of the estimated iterative errors for every grid per integral quantity of interest are shown in Table 5-9. 

Table 5-9: Absolute iterative error for main integral quantities 

Grid 𝑹𝒕 𝑻 𝑸 

1 0.0106 0.000350 0.000081 

2 0.0133 0.000535 0.000104 

3 0.0102 0.000833 0.000104 

4 0.0103 0.001426 0.000130 

5 0.0079 0.002924 0.000191 

 

In the papers from Eça and Hoekstra it is stated that the estimation of the discretization error is dependent on the 

level of iterative error, where in general the latter can only be neglected if the iterative error is two to three orders 

of magnitude smaller than the discretization error. This is not the case as can be seen in Table 5-9, where it can be 

noticed that only for 𝑄 for grids 3-5 the results are two to three orders of magnitude smaller than the 

                                                                 
6 A proper convergence fit can only be made if 𝑞 < 0 and the trend of the convergence follows Equation { 5-13 }.   
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discretization error. The influence of the higher iterative error is that in general it leads to a higher estimated 

discretization uncertainty.  It would be better to increase the iterations per time-step, to assure a smaller iterative 

error and therefore a more representative estimate for the discretization error; however, this would lead to very 

expensive computations, especially for the finer grids. 

Since the iterative error is non-negligible, its contribution to the numerical uncertainty needs to be determined. 

Hereto, the iterative error 𝜖Φ
𝑖  (Equation { 5-20 }) is simply added to the discretization error 𝜖Φ

𝑑  in Equation { 5-8 } to 

obtain the updated 𝑈Φ. The absolute discretization- and iterative error as well as the updated numerical 

uncertainties for the integral variables 𝑅𝑡 , 𝑇 and 𝑄 are given in Table 5-10. Note that the main contribution to the 

numerical uncertainty is the grid size, especially for 𝑇 and 𝑄.  

Table 5-10: Absolute discretization-, iterative error and numerical uncertainty for the main integral quantities 

Grid 
𝑹𝒕 𝑻 𝑸 

𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 

1 0.0101 0.0106 2.73% 0.0060 0.0004 0.78% 0.0004 0.0001 1.08% 

2 0.0143 0.0133 3.65% 0.0085 0.0005 1.19% 0.0005 0.0001 1.30% 

3 0.0219 0.0102 4.26% 0.0131 0.0008 1.69% 0.0007 0.0001 1.70% 

4 0.0378 0.0103 6.29% 0.0225 0.0014 3.16% 0.0012 0.0001 2.50% 

5 - 0.0079 - 0.0478 0.0029 6.11% 0.0023 0.0002 4.36% 

 

In order to choose a grid for the turbulence model study described in Chapter 6 and the power/speed prediction 

procedure as described elaborated in Chapter 7, a trade-off needs to be made between computational cost (lead 

time) and the grid accuracy. Another factor that could be taken into account is whether the diversity of the power 

predictions for the different grids lead to different engine types. If the difference in power cannot be captured by 

one engine type, extra costs have to be considered, not only the costs of the different engines, but also costs with 

respect to the engine room size. After collaboration with people from the products & proposals team within DSNS, 

it was concluded that the resultant power range from the GRS could be captured by one engine type, and therefore 

these extra costs are omitted. This trade-off between the spatial accuracy and the lead time costs is done by means 

of a decision matrix and after collaboration with people from Damen it was decided to weigh the accuracy twice as 

high as the lead time costs. From this decision matrix it was found that grid 3 is the best suitable choice, the analysis 

of this can be found in Appendix E. 

Care needs to be taken when analyzing the iterative error of 𝑅𝑡, due to the problems of the convergence of 𝑅𝑡 per 

time-step, as explained in section 5.1, not all time-steps are suitable for determining the iterative error. Therefore, 

the unsuitable time-steps are omitted in determining the iterative error for 𝑅𝑡, the omitted time-steps are ± 10% of 

the total amount of time-steps used to determine the iterative error.  

5.4. Thrust-/Torque Identity Method 
In order to tow a ship at a speed 𝑣𝑠, a power is necessary, which is also known as the effective towing power [64]: 

 𝑃𝐸 = |𝑅𝑡|𝑣𝑠, { 5-21 } 
 

where 𝑅𝑡 is obtained from the nominal, i.e. no propeller effect, FrSrf computation. In the case of self-propulsion, 𝑃𝐸  

is overcome by the rotating propeller, of which the delivered power is equal to: 

 
𝑃𝐷 =

𝑃𝐸

𝜂𝐷

. { 5-22 } 
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The term 𝜂𝐷 in Equation { 5-23 } is known as the (quasi-) propulsive efficiency: 

 𝜂𝐷 = 𝜂𝑅𝜂𝑂𝜂𝐻 , { 5-23 } 
 

where the three efficiencies on the right hand side are known as the relative rotative efficiency, the open water 

efficiency, and the hull efficiency. These efficiencies will be elaborated later in this section. The parameters needed 

to determine the different efficiencies in Equation { 5-23 } are obtained by using the OW diagram and the thrust- or 

torque identity method. Following the ITTC standard [65], the OW curves in the diagram are used to determine the 

advance ratio, which is then used to determine the other parameters. Hereby, an assumption is made that the 

propeller behavior, when operating behind the hull, can be obtained through the OW propeller characteristics [65], 

[66].  Two methods are possible when performing this procedure; the thrust identity method and the torque identity 

method, where respectively the thrust and torque from the DoBo computation are used as input. 

The thrust identity works as follows: 

1) The computed thrust 𝑇 is used to calculate 𝐾𝑇 with Equation { 4-3 }. 

2) The calculated 𝐾𝑇 is used to find the matching advance ratio 𝐽𝑎,𝑇 from the OW diagram. 

3) 𝐽𝑎,𝑇 is used to obtain the torque coefficient 𝐾𝑄,𝑇, and the propeller efficiency 𝜂𝑂,𝑇 from the OW diagram.  

4) The rest of the parameters are determined with 𝐽𝑎,𝑇, 𝐾𝑄,𝑇 , and 𝜂𝑂,𝑇. 

The torque identity works in a similar way as the thrust identity: 

1) The computed torque 𝑄 is used to calculate 𝐾𝑄 with Equation { 4-2 }.  

2) The calculated 𝐾𝑄 is used to find the matching advance ratio 𝐽𝑎,𝑄 from the OW diagram. 

3) 𝐽𝑎,𝑄 is used to obtain the thrust coefficient 𝐾𝑇,𝑄, and the propeller efficiency 𝜂𝑂,𝑄 in the OW diagram.  

4) The rest of the parameters are determined with 𝐽𝑎,𝑄, 𝐾𝑇,𝑄, and 𝜂𝑂,𝑄. 

The relative rotative efficiency accounts for the different power absorption for the OW situation and the situation 

with the propeller behind the ship. It is defined as: 

 
𝜂𝑅 =

𝐾𝑄,𝑂𝑊

𝐾𝑄,𝑏

, { 5-24 } 

 

where 𝐾𝑄,𝑂𝑊 is the value from the open water case, with uniform incoming velocity set to 𝑣𝑠. 𝐾𝑄,𝑏 is the torque 

coefficient obtained with the thrust- or torque identity method. The open water efficiency is defined in Equation { 

4-4 } and can be obtained via the thrust- or torque identity method. The hull efficiency is defined according to the 

wake fraction 𝑤 and thrust deduction factor 𝑡, according to: 

 
𝜂𝐻 = (

1 − 𝑡

1 − 𝑤
), { 5-25 } 

 

with: 

 
𝑡 =

𝑇 − |𝑅𝑡|

𝑇
,        𝑤 =

𝑣𝑠 − 𝑣𝑎

𝑣𝑠

,  { 5-26 } 

 

where 𝑇 is the thrust, and 𝑣𝑎  the advance velocity observed by the propeller. These terms are both determined with 

the thrust-torque identity method. 
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For grid 5, the thrust- and torque identity method are visualized in the OW diagram, shown in Figure 5-12. The red, 

green and dark blue lines represent the OW CFD sweep results, as explained in Chapter 4.1.3. The light blue dashed 

vertical line represents the advance ratio in OW conditions for 𝑣𝑠. The yellow and purple shapes are the results from 

the thrust- and torque identity method respectively. For more information about the OW diagram, see Chapter 7.2. 

 

Figure 5-12: OW Diagram zoom in, Thrust/torque Identity Method, Grid 5 

 

When these two methods are performed to determine the advance ratio, the efficiencies in Equation { 5-23 } and 

the delivered propeller power, the results are obtained as shown in Table 5-11.  

Table 5-11: Thrust- Torque identity results for GRS 

Grid 
𝑱𝒂,𝑻 

 [-] 

𝑱𝒂,𝑸  

[-] 

𝜼𝑹,𝑻  

[-] 

𝜼𝑹,𝑸  

[-] 

𝜼𝑶,𝑻  

[-] 

𝜼𝑶,𝑸  

[-] 

𝜼𝑯,𝑻  

[-] 

𝜼𝑯,𝑸  

[-] 

𝜼𝑫,𝑻 

[-] 

𝜼𝑫,𝑸  

[-] 

𝑷𝑫,𝑻 

[W] 

𝑷𝑫,𝑸  

[W] 

5 1.0583 1.0336 0.8519 0.8230 0.5891 0.5817 0.9355 0.9165 0.4695 0.4387 4.9393 5.4138 

4 1.0517 1.0431 0.8439 0.8338 0.5871 0.5846 0.9292 0.9248 0.4604 0.4508 5.0365 5.2739 

3 1.0512 1.0493 0.8433 0.8412 0.5870 0.5864 0.9288 0.9305 0.4598 0.4590 5.0434 5.1825 

2 1.0507 1.0516 0.8428 0.8438 0.5868 0.5871 0.9283 0.9326 0.4591 0.4620 5.0507 5.1499 

1 1.0496 1.0506 0.8415 0.8427 0.5865 0.5868 0.9273 0.9317 0.4577 0.4607 5.0662 5.1639 

 

It can be noticed from the results that for every parameter both methods tend to converge to the same values when 

refining the grid, this effect is shown for 𝐽 in Figure 5-13. Furthermore, it is interesting to see that the thrust identity 

method overpredicts 𝐽 and 𝜂𝐷, and underpredicts 𝑃𝐷. The torque identity method has the opposite effect, suggesting 

that the torque identity method would be a safer choice when it comes to power prediction, resulting in too 

conservative predictions if a coarser grid is chosen. 
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Figure 5-13: advance ratio 𝑱 for GRS, thrust- (blue) and torque (red) identity results 

5.5. Visual analysis 
In this section, the following results will be visually shown, where for brevity reasons, for the latter three 

visualizations, only grid 5, 3 and 1 are used. 

- The residuals for 𝑣𝑥  and 𝑝, in an xz-slice and yz-slice (normal to the propeller plane) through the propeller 

center. 

- 𝑣𝑥  in a yz-slice (normal to the propeller plane) upstream of the propeller and downstream of the struts.  

- Propeller pressure- and suction side and both sides of the port side rudder, for visualization of the pressure 

coefficient and shear stress magnitude.  

- Volumetric region around propeller, for visualization of the Q-criterion7. 

- The turbulence kinetic energy 𝑘 in an xz-slice through the rudder center. 

Since the residuals showed similar results in magnitude for all the grids, it is interesting to check the spatial 

distribution of the residuals. This spatial distribution is visualized in Figure 5-14 and Figure 5-15 for 𝑣𝑥  and 𝑝 for grid 

1. Notice from the figures that the highest residuals are mainly concentrated in the tip- and hub vortices and in the 

sliding interface regions. It is also observed that the residuals are higher in the regions where refinement levels 

change, this is particularly visible for the pressure residuals in the xz-slice through the propeller center. These higher 

residual regions are probably caused by hanging nodes8 in these regions.  

For this study, the wake region upstream of the propeller and downstream of the struts is the most interesting 

region, since here the velocity profile, influenced by the hull, can be seen. For all the grids, this region is visualized 

in Figure 5-16. Here, the x-velocity is shown, which is normalized with the ship speed as follows: 
𝑣𝑥

𝑣𝑠
. In this figure, the 

coarseness of the grid can clearly be seen for grid 5 and 4. Because of this coarse grid, properties fade out sooner 

than for finer grids. This phenomenon is also observed for the other properties. Furthermore, when looking at the 

x-velocity for grid 5 and 4 with respect to the other three grids, it can be noticed that the influence of the drive shaft 

is less pronounced. The same holds for the influence of the bilge keel and skeg when comparing grid 5 with the other 

                                                                 
7 The Q-criterion is a balance between the rotation rate and the shear strain rate, a positive Q isosurface isolates a 
region where the rotational strength overcomes the strain, and is thus eligible as vortex envelopes 
8 Hanging nodes are a consequence of using an unstructured grid with adaptive grid refinement. A hanging node 
can be described as a vertex which is located interior to an edge with two end points.  
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grids. Lastly, notice that the visual differences between grid 3 and 1 are minor, suggesting that the solution for the 

velocity in this wake region can be deemed converged for grid 3.  

 

 

 

Figure 5-14: Residuals 𝒗𝒙 in xz- and yz-slice through propeller center 
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Figure 5-15: Residuals 𝒑 in xz- and yz-slice through propeller center 
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Figure 5-16: Velocity profile in wake region for GRS, upstream of propeller, downstream of struts 
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Besides the velocity in x-direction, the pressure coefficient and shear stress on the port-side9 propeller and rudder 

are also analyzed. The pressure coefficient 𝐶𝑝 on all faces of the propeller and rudder shows little difference between 

the grids. This observation coincides with the similarity of the results for the pressure term of the thrust 𝑇𝑝, as stated 

in Table 5-1. Nevertheless, the pressure dominated thrust still has a numerical uncertainty of 6.11% for grid 5 and 

1.69% for grid 3. This indicates that the small contribution of the friction component to the thrust influences the 

numerical uncertainty significantly.  

When analyzing the shear stress, it can be seen that for the finer grids, a spanwise structure downstream of the 

leading edge of the rudder develops. This is probably caused by vertical vorticity envelopes initiated by the rudder’s 

leading edge. Similar to the x-velocity profile in the wake region, the differences between grids 3 and 1 are small, 

indicating a converged solution for grid 3. 

The Q-criterion is visualized for grid 5, 3 and 1 in the volumetric region around the propeller. In Figure 5-19, an 

isosurface of Q=500 is shown in this region. A similar structure can be seen as for the shear stress in the region 

closely downstream of the leading edge of the rudder, indicating that indeed these vertical structures are vortex 

envelopes. Furthermore, for grid 5, the propeller trailing edge vortices are predicted differently than for grid 1. The 

latter predicts clear cylindrically shaped vortex envelopes downstream of the trailing edge. It can also be observed 

that the vortices are diffused further downstream for a finer grid than for a coarser grid. Here, differences between 

grid 1 and 3 are noticeable, indicating that for the Q-criterion convergence isn’t fully achieved. Nevertheless, the 

main features distinguishing grid 1 from grid 5 are captured by grid 3.  

The turbulence kinetic energy 𝑘 is shown in Figure 5-20 in an xz-plane through the rudder center. In this figure, the 

quicker diffusion of 𝑘 in travelling direction for coarser grids is clearly visible.   

                                                                 
9 A ship has a port-side and starboard-side, referring to the portion of the ship from its midplane in lateral 
direction. When an observer is aboard a vessel and facing the bow, the left hand side is referred to as the port-
side, and the right hand side as starboard side. 
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Figure 5-17: Propeller pressure- and suction side in top- and bottom two rows respectively. Grid 5, 3, 1 from left to right 

Rotation 

Rotation 

Rotation 

Rotation 
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Figure 5-18: Rudder inner- and outer side in top- and bottom two rows respectively. Grid 5, 3, 1 from left to right 
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Figure 5-19: Q-criterion for GRS. grid 5,3,1 from top to bottom 
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Figure 5-20: 𝒌 for GRS. Grid 5,3,1 from top to bottom 
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5.6. Interim summary 
To assess the convergence of a simulation, the changes in the moving average of different properties is monitored. 

The computations are deemed converged after 4 propeller rotations, at this point the changes for all moving 

averages of the integral quantities were smaller than 1%. Subdivision of the forces into a pressure- and friction 

component shows that for 𝑅𝑡 the largest component is the frictional force (± 65%), whereas for 𝑇 it is the pressure 

force (± 95%). A coarser grid overpredicts 𝑅𝑝 and 𝑇𝑓, and underpredicts 𝑅𝑓, the differences for 𝑇𝑝 between the grids 

is small.  

Both the discretization- and the iterative error contributions to the numerical uncertainty have been determined 

according to the method developed by Eça and Hoekstra. The iterative error for the integral quantities is non-

negligible, and should therefore be included in the numerical uncertainty estimation. 

Based on a decision matrix, grid 3 is chosen for the turbulence models-, and speed prediction procedure studies. For 

this grid, the discretization error, iterative error and numerical uncertainty for the integral quantities are: 

Grid 
𝑹𝒕 𝑻 𝑸 

𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 𝜖Φ
𝑑  𝜖Φ

𝑖  𝑼 

3 0.0219 0.0102 4.26% 0.0131 0.0008 1.69% 0.0007 0.0001 1.70% 

 

To determine the advance ratio 𝐽𝑎, and other propulsive coefficients, the thrust- and torque identity method are 

used. It can be concluded that the torque identity method is a safer choice than the thrust identity when it comes 

to speed prediction with coarser grids, since it underpredicts the efficiency and overpredicts the delivered power. 

Furthermore, it is observed that the difference between the thrust and torque identity reduces with reducing grid 

coarseness.  

From the visual analysis, the following observations can be made: 

- The highest residuals are mainly concentrated in the vortex- and sliding interface regions. Higher residuals 

are also observed in regions with hanging nodes.  

- For a coarser grid, properties fade out sooner in travelling direction than for finer grids. 

- The pressure coefficient 𝐶𝑝 on the propeller and rudder shows little difference between the grids. Despite 

this small difference, the numerical uncertainty is still reasonably high, indicating that the influence of the 

friction component on the uncertainty is significant.  

- Spanwise vortex envelope structures can be seen in the finer grids just downstream of the rudder leading 

edge, which are not captured by the coarser grids. 

- For the coarser grids, the trailing edge vortices are not predicted as accurately as for the finer grids. 

Because in general the differences between grid 3 and grid 1 are small, the results from the visual analysis also 

indicate that grid 3 can be deemed converged, which corresponds with the results from the decision matrix. 

Care needs to be taken when analyzing the resistance on the hull, since this integral quantity does not converge 

properly for every time-step. This problem for 𝑅𝑡 when determining the iterative error is solved by omitting the 

time-steps for which this error cannot be determined, which is about 10% of the total amount of time-steps. In this 

study, it is not discovered what causes these convergence problems, hence this should be further investigated in the 

future.  
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6. Turbulence model influence 

In Chapter 5, the influence of the grid on the quantities of interest is discussed. In the current chapter, the influence 

of the turbulence model will be discussed. The accompanying sub-problem regarding this influence was stated in 

Chapter 1.2 and recalled here: 

What is the influence of turbulence modeling for capturing the propeller/hull interaction? 

Answering this question can become very extensive due to the fact that a broad range of turbulence models is 

available nowadays, all designed to capture different phenomena in flows. Therefore, the study is limited to RANS 

models, and the Reynolds stresses are modeled by means of an extra turbulence viscosity, i.e. eddy viscosity, see 

Chapter 3.3 for the theoretical background. The eddy viscosity is generally described by a velocity- and length scale, 

which can be represented by 0-, 1-, or 2-equation models. The eddy viscosity models are used based on the 

assumption that in the propeller/hull interaction flow, the production and dissipation of turbulent kinetic energy are 

almost equal to one another, and the turbulence characteristics change relatively slowly, following the mean flow 

characteristics [67]. It has been chosen to limit the number of turbulence models in this study to four models in total, 

hence besides the 𝑘 − 𝜔 SST 2003 model used for the GRS, three extra models will be investigated.  

Details about the 𝑘 − 𝜔 SST 2003 model are elaborated in section 6.1, and the choice of the other models as well as 

their theoretical framework will be explained in section 6.2. As concluded from Chapter 5, the grid that will be used 

to compare the turbulence models is grid 3. To check if the trends observed during the GRS are similar for every 

turbulence model to the grid refinement results, an additional computation for every turbulence model is done using 

grid 5. In total this leads to 6 extra computations of which the numerical and visual results can be found in section 

6.3. An interim summary of this chapter is given in section 6.4. 

6.1. 𝒌 − 𝝎 SST 2003  
The main goal of the SST model was to properly capture flows with strong adverse pressure gradient and separation. 

The popular 𝑘 − 𝜖 fails to predict turbulence behavior in the boundary layers up to separation, whereas the 𝑘 − 𝜔 

is sensitive for the 𝜔-values in the freestream region. Therefore, a zonal formulation is created, which is based on 

blending functions, applying 𝑘 − 𝜖 or 𝑘 − 𝜔 optimally. This zonal formulation is the basis of the 𝑘 − 𝜔 SST models. 

For more information about the 𝑘 − 𝜔 SST 2003 model, see [68], its main equations are briefly given here: 

 𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗

= �̃�𝑘 − 𝛽∗𝜌𝑘𝜔 +
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘𝜇𝑡)
𝜕𝑘

𝜕𝑥𝑗

], { 6-1 } 

 

 𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗

=
𝛼𝜌�̃�𝑘

𝜇𝑡

− 𝛽𝜌𝜔2 +
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔𝜇𝑡)
𝜕𝜔

𝜕𝑥𝑗

] + 2(1 − 𝐹1)
𝜌𝜎𝜔2

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, { 6-2 } 

 

where 𝐹1 represents a blending function and is defined by: 

 𝐹1 = tanh(Γ4), 
with:  

Γ = min[𝑚𝑎𝑥(𝛤1, 𝛤2) , 𝛤3], 
where: 

𝛤1 =
√𝑘

𝛽∗𝜔𝑦
;        𝛤2 =

500𝜈

𝑦2𝜔
;       𝛤3 =

4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
, 

{ 6-3 } 
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with: 

𝐶𝐷𝑘𝜔 = max (
2𝜌𝜎𝜔2

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, 10−10). 

 

In the latter equation, 𝑦 represents the distance from the point to the nearest wall. 𝐹1 causes the model to act as a 

𝑘 − 𝜖 model in the freestream region and a 𝑘 − 𝜔 model inside the boundary layer. The turbulence eddy viscosity 

is defined as: 

 
𝜇𝑡 =

𝜌𝑎1𝑘

max(𝑎1𝜔, 𝑆𝐹2)
, 

with: 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 , 

𝐹2 = tanh(max(2Γ1, Γ2)2). 

{ 6-4 } 

 

The term 𝛽∗𝜌𝑘𝜔 in Equation { 6-1 } is also referred to as the destruction source term �̃�𝑘. The �̃�𝑘 term in Equation { 

6-1 } and { 6-2 } is a production limiter, which is used to prevent turbulence build-up in regions where stagnation 

occurs, and is defined as: 

 �̃�𝑘 = min(𝑃𝑘 , 10𝛽∗𝜌𝑘𝜔), 
with: 

𝑃𝑘 = 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

. 
{ 6-5 } 

 

The model coefficients in Equations { 6-1 } - { 6-5 } are determined based on a blend of the constants from the 𝑘 − 𝜖 

and 𝑘 − 𝜔 model, according to: 

 𝜙 = 𝐹1𝜙1 + (1 − 𝐹1)𝜙2, { 6-6 } 
 

where 𝜙 represents the different coefficients. For 𝑘 − 𝜔 SST 2003 model, the coefficients for the different sets are 

given in Table 6-1. 

Table 6-1: Constants for 𝒌 − 𝝎 SST 2003 model 

 𝛽∗ 𝜎𝑘  𝛼 𝛽 𝜎𝜔 𝑎1 

𝝓𝟏 
0.09 

0.85 5/9 0.075 0.5 
0.31 

𝝓𝟐 1.0 0.44 0.0828 0.856 

 

6.2. Description of chosen models 
In order to choose turbulence models which suit the flow problem, the flow specifications are briefly summarized 

here: 

- The fluid is water, and assumed incompressible 

- The flow is external, the grid is generated in such a way that the boundary layer is fully wall resolved 

- The free stream velocity, 𝑣𝑠, is equal to 1.11
𝑚

𝑠
 

- The nominal 𝑅𝑒 is equal to 3.39𝑒6, where the characteristic length is set to Lwl = 3.147 𝑚 
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Considering these characteristics in combination with recommendations from ITTC and the availability of models 

within ReFRESCO, the following three models have been chosen to be studied next to the standard 𝑘 − 𝜔 SST 2003 

model: 

1) 𝑘 − 𝜔 SST with curvature and rotation correction, Smirnov/Menter 2009 [69] 

2) Explicit Algebraic Reynolds Stress Model (EARSM), Hellsten 2005 [70], [71] 

3) Local Correlation Transition Modeling (LCTM),  Menter/Langtry 2006 [72], [73] 

6.2.1. 𝒌 − 𝝎 SST CC 
Since the flow problem contains a rotating propeller, it is obvious that a curvature/rotation around the flow direction 

is imposed on the streamlines going through the propeller plane. This phenomenon can clearly be seen downstream 

of the propeller, as shown in Figure 6-1 for the 𝑘 − 𝜔 SST 2003 turbulence model. Here, the streamlines are 

visualized through a line segment in y-direction which crosses the propeller center.  

 

Figure 6-1: Flow through a line segment in y-direction crossing the propeller center 

 

Because of this imposed curvature/rotation, it makes sense to choose the 𝑘 − 𝜔 SST curvature and rotation 

correction model. Furthermore, this model is suggested by ITTC [74], who state that this model shows good 

agreement with measurements. For the complete theory behind the 𝑘 − 𝜔 SST CC model, see [69]. The basis of the 

curvature/rotation correction is created by Spalart and Shur, who applied the correction for the one-equation 

Spalart-Allmaras model [75], from which Smirnov and Menter created some modifications to make the model 

applicable for the SST model. In this corrected model, an empirical function is used to control the production terms 

in the model. The main difference with the standard SST model is that the production terms in Equations { 6-1 } and 

{ 6-2 } are multiplied with a function 𝑓𝑟1, which is defined as: 

 𝑓𝑟1 = max[min(𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 , 1.25) , 0.0], { 6-7 } 
 

where 𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 is a formula developed by [75], and is defined as: 
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𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 =

4𝑟∗

1 + 𝑟∗
[1 − tan−1(2�̃�)] − 1, 

with: 

𝑟∗ =
𝑆

Ω
,       �̃� =

2Ω𝑖𝑘𝑆𝑗𝑘

Ω𝐷3
[
𝐷𝑆𝑖𝑗

𝐷𝑡
+ (𝜖𝑖𝑚𝑛𝑆𝑗𝑛 + 𝜖𝑗𝑚𝑛𝑆𝑖𝑛)Ω𝑚

𝑟𝑜𝑡]. 

{ 6-8 } 

 

The term 𝜖𝑖𝑗𝑘  in �̃� is known as the Levi-Civita (permutation) symbol, which is defined as: 

 

𝜖𝑖𝑗𝑘 = {

   1,   if (𝑖, 𝑗, 𝑘) = (1,2,3), (3,1,2), or (2,3,1),

−1,   if (𝑖, 𝑗, 𝑘) = (1,2,3), (3,1,2), or (2,3,1),
   0,   if 𝑖 = 𝑗, or 𝑗 = 𝑘, or 𝑘 = 𝑖.                        

 { 6-9 } 

 

The other terms in Equation { 6-9 } are defined as follows: 

 
𝑆𝑖𝑗 =

1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) ,                                   𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 ,  

Ω𝑖𝑗 =
1

2
[(

𝜕𝑢𝑖

𝜕𝑥𝑗

−
𝜕𝑢𝑗

𝜕𝑥𝑖

) + 2𝜖𝑚𝑗𝑖Ω𝑚
𝑟𝑜𝑡] ,       Ω = √2Ω𝑖𝑗Ω𝑖𝑗 , 

𝐷 = max(𝑆, 0.3𝜔). 

{ 6-10 } 

 

The Ω term is the vorticity tensor, and the Ω𝑟𝑜𝑡  term is the rotation rate at which the reference frame is rotating.  

6.2.2. Explicit Algebraic Reynolds Stress Model (EARSM) 
For most turbulence models the Boussinesq assumption is used, Equation { 3-29 }, where a linear dependency 

between the turbulent stress and main rate of strain exists. The main idea of EARSM’s is to alter this equation in 

such a way that additional nonlinear terms are included, which capture anisotropic behavior in the flow. Over the 

years, numerous variations of EARSM’s have been developed and ITTC suggests using this model for propeller/hull 

interacting simulations [74]. For this study, the EARSM from Hellsten is used, since this model is the first choice 

within ReFRESCO. For a complete elaboration of this model, see [70] and [71]. The basis of Hellsten’s EARSM is 

Wilcox’s standard 𝑘 − 𝜔 model [76], the 𝑘 and 𝜔 equations are defined as follows for the EARSM: 

 𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗

= 𝑃𝑘 − 𝛽∗𝜌𝑘𝜔 +
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘𝜇𝑡)
𝜕𝑘

𝜕𝑥𝑗

], { 6-11 } 

 

 𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗

= 𝛼
𝜔𝑃𝑘

𝑘
− 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔𝜇𝑡)
𝜕𝜔

𝜕𝑥𝑗

] +
𝜌𝜎𝑑

𝜔
max (

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

, 0), { 6-12 } 

 

The model coefficients are determined in a similar way as Equation { 6-6 }; however, Menter’s function 𝐹1 is replaced 

by 𝑓𝑚𝑖𝑥. This leads to 𝜙 = 𝑓𝑚𝑖𝑥𝜙1 + (1 − 𝑓𝑚𝑖𝑥)𝜙2, where 𝑓𝑚𝑖𝑥  is defined as: 

 𝑓𝑚𝑖𝑥 = tanh (1.5Γ4), 
with: 

Γ = min[𝑚𝑎𝑥(𝛤1 , 𝛤2) , 𝛤4]. 
{ 6-13 } 

 

The terms 𝛤1 and 𝛤2 are similar to the definition in Equation { 6-3 }, and 𝛤4 is defined as: 

 
Γ4 =

20𝑘

max [
𝑦2

𝜔
(

𝜕𝑘
𝜕𝑥𝑗

𝜕𝜔
𝜕𝑥𝑗

) , 200𝑘∞]
, 

{ 6-14 } 
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where 𝑘∞ is a user-defined far-field value for 𝑘. The coefficients of the different sets for the EARSM are set according 

to Table 6-2: 

Table 6-2: Constants for 𝒌 − 𝝎 EARSM model 

 𝛽∗ 𝜎𝑘  𝛼 𝛽 𝜎𝜔 𝜎𝑑  

𝝓𝟏 
0.09 

1.1 0.518 0.0747 0.53 1.0 

𝝓𝟐 1.1 0.44 0.0828 1.0 0.4 

 

In Equations { 6-11 } and { 6-12 }, the production term 𝑃𝑘  is defined similar to Equation { 6-5 }; however, the Reynolds 

stresses 𝜏𝑖𝑗  are now defined differently with respect to the Boussinesq hypothesis. 

 
𝜏𝑖𝑗 = −𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ = 𝜇𝑡2𝑆𝑖𝑗 −

2

3
𝜌𝛿𝑖𝑗𝑘 − 𝑎𝑖𝑗

𝑒𝑥𝜌𝑘, { 6-15 } 

 

and the turbulence eddy viscosity is given by: 

 
𝜇𝑡 =

𝐶𝜇

𝛽∗

𝑘

𝜔
= 𝐶𝜇𝑘𝜏, { 6-16 } 

 

where 𝜏 is also referred to as the turbulent time scale. The term 𝑎𝑖𝑗
𝑒𝑥𝜌𝑘 in Equation { 6-15 } comprises the non-linear 

extra anisotropic terms, for a full elaboration of this term and the term 𝐶𝜇 in Equation { 6-16 }, one is referred to 

[70]. 

6.2.3. Local Correlation-based Transition Model (LCTM) 

Taking into account the fact that this research deals with a model size ship, where the nominal Reynolds number for 

𝐿𝑤𝑙  is 3.39e6, it is likely that specific regions in the computational domain will encounter laminar-turbulence 

transition. Therefore, the LCTM developed by Langtry and Menter in 2006 is also considered for the turbulence 

model study. 

The transition of a flow is defined as the process of change from laminar- to turbulent flow, this happens in a series 

of events as can be seen from Figure 6-2 [77]. This figure shows the events of the transition process of a boundary 

layer flow past a smooth surface, where the events can be described as follows when moving downstream: 

1) Near the leading edge, the flow is stable and laminar 

2) Unstable 2D Tollmien-Schlichting waves start to develop 

3) Unstable 3D waves and hairpin eddies start to develop,  

4) In regions with high localized shear, vortices start to break down 

5) Cascading breakdown of vortices results in fully 3D fluctuations 

6) In regions with locally intense fluctuations, turbulent spots are formed 

7) The turbulent spots coalesce into a fully turbulent flow 

This process is for an ideal case, which is called natural transition, and has a stable inflow without turbulence 

characteristics and a smooth wall. When the inflow is disturbed by e.g. high level of turbulence or the walls are 

rough, a more abrupt transition process might be triggered, skipping a number of first events, this process is also 

called bypass transition. When separation bubbles of the laminar boundary layer occur, some or all of the 

aforementioned events may occur in the bubble, this is called separated-flow transition. 
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Figure 6-2: Transition process from laminar- to turbulent flow 

 

The LCTM is based on a framework of empirical correlations in combination with local variables, and is developed to 

be implemented into general a RANS environment. The model is calibrated for the 𝑘 − 𝜔 SST model and solves, 

besides the 𝑘 and 𝜔 equations, two extra equations; one for the intermittency 𝛾, and one for the transition onset 

momentum-thickness Reynolds number 𝑅𝑒𝜃𝑡, where the property obtained from the transport equation is referred 

to as �̃�𝑒𝜃𝑡. Because of these extra two equations, the LCTM is also referred to as the 𝛾 − 𝑅𝑒, 𝛾 − 𝑅𝑒𝜃, or 𝛾 − 𝑅𝜃𝑡 

model. In the following section, the model will be discussed briefly and not all terms are elaborated, for more 

elaborate information, see [72] or [73]. 

The local property that is used to link 𝑅𝑒𝜃𝑡 from empirical correlation to the local boundary layer conditions is the 

vorticity-, or strain-rate Reynolds number, which is defined as: 

 
𝑅𝑒𝑣 =

𝜌𝑦2

𝜇
𝑆, { 6-17 } 

 

where 𝑦 is the distance to the nearest wall. The relation with the momentum-thickness Reynolds number is chosen 

in such a way that after scaling a maximum value of one inside the boundary layer is obtained. For this maximum, 

Equation { 6-18 } holds. 

 
𝑅𝑒𝜃 =

max (𝑅𝑒𝑣)

2.193
. { 6-18 } 

 

With this observation, a basic framework is developed which serves as a local environment for the correlation-based 

transition model. As mentioned above, two extra transport equations are solve with the LCTM. The intermittency 𝛾 

is used to trigger the transition process locally and is coupled with the 𝑘-equation to impact 𝑃𝑘  downstream of the 

transition point. The intermittency can be seen as a measure for the percentage of time the flow is in a turbulent 

state. The second transport equation, for �̃�𝑒𝜃𝑡, is used to capture the non-local effects of the changes in turbulence 

intensity 𝑇𝑢 due to the decay of freestream 𝑘 and due to changes in the freestream velocity outside the boundary 

layer. Furthermore, it links correlations to the onset criteria in the 𝛾-equation. The 𝛾 transport equation is defined 

as follows:  
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 𝜕(𝜌𝛾)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝛾)

𝜕𝑥𝑗

= 𝑃𝛾 − 𝐸𝛾 +
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑓

)
𝜕𝛾

𝜕𝑥𝑗

], { 6-19 } 

 

 

where the source term 𝑃𝛾is defined as: 

 𝑃𝛾 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑎1𝜌𝑆(𝛾𝐹𝑜𝑛𝑠𝑒𝑡)0.5(1 − 𝑐𝑒1𝛾). { 6-20 } 

 

𝐹𝑙𝑒𝑛𝑔𝑡ℎ  controls the transition region length, and is determined through an empirical correlation; 𝐹𝑙𝑒𝑛𝑔𝑡ℎ = 𝑓(�̃�𝑒𝜃𝑡). 

𝐹𝑜𝑛𝑠𝑒𝑡  controls the location of the transition onset as follows: 

 𝐹𝑜𝑛𝑠𝑒𝑡 = max(𝐹𝑜𝑛𝑠𝑒𝑡2 − 𝐹𝑜𝑛𝑠𝑒𝑡3, 0), { 6-21 } 
 

with 

 
𝐹𝑜𝑛𝑠𝑒𝑡2 = min [𝑚𝑎𝑥 (

𝑅𝑒𝑣

2.193𝑅𝑒𝜃𝑐

, (
𝑅𝑒𝑣

2.193𝑅𝑒𝜃𝑐

)
4

) , 2.0] , 𝐹𝑜𝑛𝑠𝑒𝑡3 = max (1 − (
𝜌𝑘

2.5𝜇𝜔
)

3

, 0) . { 6-22 } 

 

𝑅𝑒𝜃𝑐 is the critical Reynolds number, for this value the intermittency first starts to increase in the boundary layer. 

𝑅𝑒𝜃𝑐 represents a location upstream of �̃�𝑒𝜃𝑡, which is obtained via an empirical correlation; 𝑅𝑒𝜃𝑐 = 𝑓(�̃�𝑒𝜃𝑡).  

The destruction/relaminarization source term 𝐸𝛾 in Equation { 6-19 } is given by: 

 𝐸𝛾 = 𝑐𝑎2𝜌Ω𝛾𝐹𝑡𝑢𝑟𝑏(𝑐𝑒2𝛾 − 1), { 6-23 } 

 

where Ω is the vorticity magnitude as defined in Equation { 6-10 } (without the rotational term), and 𝐹𝑡𝑢𝑟𝑏 is used to 

control 𝐸𝛾 outside of a laminar boundary layer or in the viscous sublayer, defined as: 

 
𝐹𝑡𝑢𝑟𝑏 = 𝑒

−(
𝜌𝑘

4𝜇𝜔
)

4

. { 6-24 } 

 

The transport equation for �̃�𝑒𝜃𝑡 looks as follows: 

 𝜕(𝜌�̃�𝑒𝜃𝑡)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗�̃�𝑒𝜃𝑡)

𝜕𝑥𝑗

= 𝑃𝜃𝑡 +
𝜕

𝜕𝑥𝑗

[𝜎𝜃𝑡(𝜇 + 𝜇𝑡)
𝜕�̃�𝑒𝜃𝑡

𝜕𝑥𝑗

], { 6-25 } 

 

where the source term 𝑃𝜃𝑡 is designed in such a way that it forces �̃�𝑒𝜃𝑡 to match the calculated 𝑅𝑒𝜃𝑡 from empirical 

correlation. This source term is defined as: 

 
𝑃𝜃𝑡 = 𝑐𝜃𝑡

𝜌

𝑡
(𝑅𝑒𝜃𝑡 − �̃�𝑒𝜃𝑡)(1.0 − 𝐹𝜃𝑡),       𝑡 =

500𝜇

𝜌𝑢2
. { 6-26 } 

 

The blending function 𝐹𝜃𝑡 is used to ensure  𝑃𝜃𝑡 = 0 in the boundary layer and allow for �̃�𝑒𝜃𝑡 to diffuse in the 

freestream. For the definition of this blending function, see [73]. 

The intermittency is adjusted to include the prediction of separation-induced transition in the following way: 
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 𝛾𝑒𝑓𝑓 = max(𝛾, 𝛾𝑠𝑒𝑝), { 6-27 } 

 

with 

 
𝛾𝑠𝑒𝑝 = min [𝑠1𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ 𝑚𝑎𝑥 (0, (

𝑅𝑒𝑣

3.235𝑅𝑒𝜃𝑐

) − 1) , 2] 𝐹𝜃𝑡 ,       𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ = 𝑒
−(

𝜌𝑘
20𝜇𝜔

)
4

. { 6-28 } 

 

The coefficients that have been used in Equations { 6-19 } - { 6-28 } are calibrated for the LCTM to the following 

values: 

Table 6-3: Constants for LCTM 

𝜎𝑓 𝑐𝑎1 𝑐𝑒1 𝑐𝑎2 𝑐𝑒2 𝜎𝜃𝑡 𝑐𝜃𝑡 𝑠1 

1.0 2.0 1.0 0.06 50 2.0 0.03 2.0 

 

The interaction of the transition model with the SST model is through modification of the source terms in the 𝑘-

equation as follows:  

 �̃�𝑘 = 𝛾𝑒𝑓𝑓𝑃𝑘,𝑆𝑆𝑇 ,      �̃�𝑘 = min[max(𝛾𝑒𝑓𝑓 , 0.1) , 1.0] 𝐷𝑘,𝑆𝑆𝑇 .  { 6-29 } 

 

Furthermore, the blending function is adjusted according to: 

 
𝐹1 = max (𝐹1,𝑆𝑆𝑇 , 𝑒

−(
𝑅𝑦

120
)

8

),       𝑅𝑦 =
𝜌𝑦√𝑘

𝜇
 { 6-30 } 

6.3. Results 
In this section, the results of the different turbulence model computations are discussed. First, the results for the 

integral quantities of interest are discussed, secondly the extra quantities determined with the thrust- and torque 

identity method are discussed, and lastly a visual comparison of some results is shown. 

6.3.1. Integral quantities 𝑹𝒕, 𝑻 and 𝑸 

A similar approach as discussed in Chapter 5.1 is applied for the computations of the turbulence models. The 

numerical results for the computations for grid 3 and 5 are given in Table 6-4. Charts for the forces, decomposed in 

the pressure- and friction component are shown in Figure 6-3, the chart for 𝑄 is shown in Figure 6-4. The values for 

grid 5 are indicated with a red color, and the values for grid 3 with a blue color.  

Table 6-4: Turbulence model numerical results for 𝑹𝒕, 𝑻, and 𝑸 

Grid 
Turbulence 

model 

𝑹𝒑 

[N] 

𝑹𝒇 

[N] 

𝑹𝒕 
[N] 

𝑻𝒑 

[N] 

𝑻𝒇 

[N] 

𝑻 
[N] 

𝑸 
[Nm] 

5 

𝑘 − 𝜔 SST 2003 -0.663 -1.623 -2.286 2.590 -0.140 2.449 -0.08059 

𝑘 − 𝜔 SST CC -0.664 -1.626 -2.291 2.592 -0.139 2.453 -0.08070 

LCTM -0.675 -1.615 -2.291 2.604 -0.120 2.484 -0.08059 

EARSM -0.681 -1.686 -2.368 2.580 -0.140 2.440 -0.08066 

3 

𝑘 − 𝜔 SST 2003 -0.602 -1.683 -2.285 2.600 -0.116 2.484 -0.07892 

𝑘 − 𝜔 SST CC -0.603 -1.690 -2.293 2.604 -0.116 2.488 -0.07907 

LCTM -0.637 -1.643 -2.280 2.596 -0.099 2.496 -0.07815 

EARSM -0.608 -1.711 -2.320 2.568 -0.117 2.450 -0.07798 
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Figure 6-3: Turbulence model decomposed pressure- and friction for 𝑹𝒕 and 𝑻. Red color represents grid 5, blue color 
represents grid 3 

 

 

Figure 6-4: Turbulence model results for 𝑸. Red color represents grid 5, blue color represents grid 3 
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From the figures, the following observations can be made: 

- Similar trends can be seen as for the GRS; a coarser grid overpredicts 𝑅𝑝 and 𝑇𝑓, and underpredicts 𝑅𝑓 for 

every turbulence model. The differences between grid 5 and 3 for 𝑇𝑝 is for all turbulence models smaller 

than 0.5%. Since this conclusion is only based on two different grids, it should be handled with care. It is 

therefore suggested to perform a GRS for every single turbulence model, only then it is possible to draw 

reliable conclusions. 

- For all the decomposed forces for grid 3, the differences between 𝑘 − 𝜔 SST 2003 and 𝑘 − 𝜔 SST CC are 

small (< 0.5%), implying that the curvature of the streamlines induced by the rotating propeller for the 

imposed scenario in this study is negligible. 

- Compared to the 𝑘 − 𝜔 SST 2003 model, for grid 3 the LCTM predicts a 5.8% higher value for 𝑅𝑝, a 2.4% 

lower value for 𝑅𝑓, a comparable value for 𝑇𝑝, and a 15% lower value for 𝑇𝑓. These higher value for 𝑅𝑝 is 

potentially due to the fact that the LCTM uses a different approach in solving the boundary layer; it does 

not use non-local operations, but uses local properties instead. It is likely that the LCTM predicts lower 

values for the friction components 𝑅𝑓 and 𝑇𝑓  since this model computes a partially laminar boundary layer, 

and thus having lower friction than a fully turbulent boundary layer. The results of the decomposed forces 

of the hull resistance and thrust leads to minor changes (<0.5%) in the prediction for 𝑅𝑡 and 𝑇. 

- Compared to the 𝑘 − 𝜔 SST 2003 model, for grid 3 the EARSM predicts a 1.0% higher value for 𝑅𝑝, a 1.7% 

higher value for 𝑅𝑓, a 1.2% lower value for 𝑇𝑝, and a 0.8% higher value for 𝑇𝑓. Except for 𝑇𝑝, these differences 

are lower than for the LCTM, and might be caused by effects from anisotropic behavior captured by the 

EARSM where the other models do not capture this behavior. The results of the decomposed forces of the 

hull resistance and thrust leads to a 1.3% higher prediction for 𝑅𝑡, and a 1.5% lower prediction for 𝑇.  

- Both the LCTM and the EARSM predict for grid 3 predict ± 1% lower values for 𝑄 than the the 𝑘 − 𝜔 SST 

2003 model. 

6.3.2. Thrust/torque identity 

To obtain the extra properties of interest, the results for the integral properties 𝑅𝑡 , 𝑇 and 𝑄 are used to determine 

𝐽𝑎 and the other propulsive coefficients. This is done in a similar fashion as described in Chapter 5.4, i.e. the thrust- 

and torque identity method are used. The numerical results are given for 𝐽𝑎 , 𝜂𝐷 and 𝑃𝐷 in Table 6-5, and the chart 

figures are shown in Figure 6-5, where the values for grid 5 are indicated in red and the values for grid 3 in blue. 

Table 6-5: Turbulence model numerical results for 𝑱𝒂, 𝜼𝑫 and 𝑷𝑫 

Grid 
Turbulence 

model 
𝑱𝒂,𝑻 

[-] 

𝑱𝒂,𝑸 

[-] 

𝜼𝑫,𝑻 

[-] 

𝜼𝑫,𝑸 

[-] 

𝑷𝑫,𝑻 

[W] 

𝑷𝑫,𝑸 

[W] 

5 

𝑘 − 𝜔 SST 2003 1.0583 1.0336 0.4695 0.4387 5.0525 5.4138 

𝑘 − 𝜔 SST CC 1.0576 1.0326 0.4685 0.4375 5.0633 5.4293 

LCTM 1.0512 1.0338 0.4598 0.4391 5.1560 5.4106 

EARSM 1.0605 1.0325 0.4724 0.4373 5.0211 5.4295 

3 

𝑘 − 𝜔 SST 2003 1.0512 1.0493 0.4598 0.4590 5.1557 5.1824 

𝑘 − 𝜔 SST CC 1.0502 1.0481 0.4585 0.4573 5.1697 5.2012 

LCTM 1.0486 1.0567 0.4564 0.4690 5.1928 5.0760 

EARSM 1.0585 1.0573 0.4694 0.4695 5.0504 5.0671 
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Figure 6-5: Turbulence model chart, results for 𝑱𝒂, 𝜼𝑫 and 𝑷𝑫 

 

From the thrust-/torque identity method, the following observations can be made: 

- Similar to the observations made in Chapter 5.4, for all models 𝐽𝑎 and 𝜂𝐷 are overpredicted and 𝑃𝐷 

underpredicted with a coarser grid using the thrust identity method. This suggests that for these turbulence 

models, the torque identity method would be a safer choice, i.e. more conservative, to predict power with 

coarser grids. However, the torque identity method for grid 5 in general predicts 6% higher values for 𝑃𝐷 

than the thrust identity method, so it should be handled with care not to predict too conservative values.  

- For the EARSM, the thrust- and torque identity method for grid 3 predict fairly similar values. The largest 

difference is 0.3% for 𝑃𝐷. The LCTM has the largest difference between the thrust- and torque identity, 

where the difference for 𝑃𝐷 is 2.3%. 

- The thrust identity method for the 𝑘 − 𝜔 SST 2003, CC and LCTM results in fairly similar predictions for 𝑃𝐷, 

where the LCTM predicts a 0.7% higher value than the 𝑘 − 𝜔 SST 2003 model. The EARSM predicts a 2.0% 

lower value for 𝑃𝐷 than the 𝑘 − 𝜔 SST 2003 model. 

6.3.3. Visual analysis 

To analyze the properties throughout the computational domain and perhaps create more reasoning behind the 

results from section 6.3.1 and 0, a visual analysis is done in the same regions as discussed in Chapter 5.6.  
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The 𝐿2-residuals for all turbulence models show similar behavior as the 𝑘 − 𝜔 SST 2003 as shown in Fout! 

Verwijzingsbron niet gevonden.. The 𝐿2-residuals of the intermittency 𝑦 for LCTM reach levels of up to 5e-4. The 

spatial distribution of the residuals is similar to the 𝑘 − 𝜔 SST 2003 as discussed in Chapter 5.5, and will therefore 

not be shown here.  

The velocity profile 
𝑣𝑥

𝑣𝑠
, in the wake upstream of the propeller and downstream of the struts is shown in Figure 6-6 

and the pressure distribution in this wake is shown in Figure 6-7.  From the velocity profile it can be seen that the 

differences between the 𝑘 − 𝜔 SST 2003, 𝑘 − 𝜔 SST CC, and LCTM models are very small. The EARSM captures the 

influence of the bilge keel, far upstream of the propeller, more than the other models. Furthermore, it is observed 

that the EARSM predicts a lower velocity in the boundary layer than the other models and a higher velocity 

downstream of the drive shaft.  

Similar to the velocity profile in x-direction, from the pressure distribution in Figure 6-7 the differences between the 

𝑘 − 𝜔 SST 2003, 𝑘 − 𝜔 SST CC, and LCTM models are small. The only notably different model is the EARSM, which 

predicts lower values in the flow direction of the blades and higher values in the flow direction of the struts.  

The pressure coefficient and the shear stresses on the propeller pressure side are shown in Figure 6-8, these 

quantities on the suction side are shown in Figure 6-9. For the rudder outer- and inner side, the pressure coefficient 

and the shear stress are shown in Figure 6-10 and Figure 6-11 respectively. The pressure coefficient 𝐶𝑝 comparison 

between the difference turbulence models shows minor differences. The only notable difference is that the EARSM 

predicts slightly lower values on the pressure side of the propeller and slightly higher values on the suction side. This 

might also explain the lower pressure component of the thrust 𝑇𝑃 in Figure 6-3. When looking at the shear stress, it 

is observed that in general the LCTM predicts lower values compared to the other models. Furthermore, on the 

suction side of the propeller in the region of the trailing edges, it can be seen that both the LCTM and EARSM predict 

sharper interfaces and more details than the other two models. The LCTM also predicts an interesting feature in the 

tip region of the trailing edge. This phenomenon is due to a geometrical imperfection on the trailing edge in that 

region, potentially initiating a more violent trailing edge vortex locally. The other models seem to predict this 

behavior as well, but the LCTM predicts this phenomenon most explicitly.  

The Q-criterion in the volumetric region around the port-side propeller and rudder is visualized as an isosurface for 

Q=500 at the top of Figure 6-12. The more detailed region around the trailing edge for the LCTM and EARSM is also 

noticed when analyzing the Q-criterion, where the trailing edge vortex envelopes are more detailed for the EARSM 

and LCTM with respect to the other two models. Apart from this phenomenon, the Q-criterion for the different 

turbulent models shows little differences.  

The turbulence kinetic energy 𝑘 is visualized at the bottom of Figure 6-12 in an xz-slice through the rudder center. It 

can be noticed that differences between all grids are present. Though the difference is not big, it is visually the only 

noticeable difference between the 𝑘 − 𝜔 SST 2003 and CC model. Interestingly, the EARSM predicts the highest 

values for 𝑘, and the LCTM the lowest. 
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Figure 6-6: Velocity profile in wake region for turbulence models, upstream of propeller, downstream of struts 
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Figure 6-7: Pressure in wake region for turbulence models, upstream of propeller, downstream of struts 
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Figure 6-8: 𝑪𝒑- and shear stress distribution on propeller pressure side for four turbulence models 

Rotation 
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Figure 6-9: 𝑪𝒑- and shear stress distribution on propeller suction side for four turbulence models 

Rotation 



COMMERCIAL IN CONFIDENCE 

   77 

 

 

Figure 6-10: 𝑪𝒑- and shear stress distribution on rudder outer side for four turbulence models 



COMMERCIAL IN CONFIDENCE 

   78 

 

 

Figure 6-11: 𝑪𝒑- and shear stress distribution on rudder inner side for four turbulence models 
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Figure 6-12: Top: Q-criterion downstream of prop. Bottom: 𝒌 in xz-slice through rudder center 

Rotation 



COMMERCIAL IN CONFIDENCE 

   80 

6.4. Interim summary 
In general throughout this study, the 𝑘 − 𝜔 SST 2003 model has been used. In this chapter, for grid 5 and 3 from the 

GRS the results are compared with results from the 𝑘 − 𝜔 SST CC model, the LCTM and the EARSM. Similar trends 

can be seen as for the GRS; a coarser grid overpredicts 𝑅𝑝 and 𝑇𝑓, and underpredicts 𝑅𝑓 for every turbulence model. 

The differences between grid 5 and 3 for 𝑇𝑝 is for all turbulence models smaller than 0.5%. The minor differences 

between the 𝑘 − 𝜔 SST 2003 and CC models (<0.5%) suggest that the influence of the curvature of the streamlines 

induced by the rotating propeller for the imposed scenario in this study can be deemed negligible. Even though the 

differences for grid 3 between the 𝑘 − 𝜔 SST 2003 model and the LCTM are very small (<0.5%), the individual 

pressure- and friction components of the forces show significant differences of up to 15%. The differences for grid 3 

between the 𝑘 − 𝜔 SST 2003 model and the EARSM are smaller than 2% for both 𝑅𝑡 and 𝑇, as well as their 

decomposed pressure- and friction components. Both the LCTM and the EARSM predict for grid 3 a value for 𝑄 which 

is ±1% lower than the 𝑘 − 𝜔 SST 2003 model. 

Similar to the observations made for the GRS, for all turbulence models the torque identity method seems to be a 

safer choice for power prediction. However, torque identity may lead to too conservative estimates for 𝑃𝐷 of up to 

6%, with respect to the thrust identity method. The EARSM has the highest similarity between the thrust- and torque 

identity method (differences are smaller than 0.3%) for grid 3 and LCTM the lowest (differences of up to 2.3%).  

Visual analysis also shows that the differences between the 𝑘 − 𝜔 SST 2003 and CC models is negligible. Furthermore 

it is concluded that the 𝐶𝑝 distribution on all faces of the propeller and rudder are fairly similar for all turbulence 

models. In the wake region upstream of the propeller and downstream of the struts, the EARSM is the only model 

which predicts a different velocity profile and pressure distribution. The LCTM predicts lower values for the shear 

stress on all faces of the propeller and rudder. The trailing edge vortex envelopes are captured more clearly by the 

LCTM and EARSM with respect to the other models. The turbulence kinetic energy 𝑘 shows differences for all 

turbulence models, where EARSM predicts the highest values and LCTM the lowest.  
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7. Speed prediction method 

The main goal of this study is to predict the self-propelled speed and determine the uncertainty of this prediction, 
mainly focusing on the propeller/hull interaction. Hence the last of the three sub-problems as described in Chapter 
1.2 is defined as follows: 

 
How will the self-propulsion be determined? 

The self-propulsion point is the point where the thrust of the propeller equals the resistance of the hull, and is thus 
defined as: 

 
 𝑇𝑠𝑝 = 𝑅𝑡,𝑠𝑝  { 7-1 } 

 
In this chapter, the aim is to choose a procedure to determine the self-propulsion point and from there the ship 
speed prediction based on two types of engine. Hereto, the chosen procedure as well as the computations needed 
for this procedure will be explained in section 7.1. The results from the open water computations are discussed in 
section 7.2, the free surface analysis can be found in section 7.3 and the self-propulsion determined from a loading 
test is explained in section 7.4. The accuracy of the results for the self-propulsion is elaborated in section 7.5, after 
which the speed prediction based on two types of engines is explained in section 7.6. An interim summary of this 
chapter can be found in section 7.7. 

7.1. Procedure for power prediction 
The following table introduces the proposed procedure to determine the required power of a vessel at a fixed speed: 

Table 7-1: Steps to predict the power requirement of a vessel at a fixed speed  

Step 1 Compute the open water (OW) diagram with 15 frozen rotor (AFM) computations. 

Step 2 Assess the fully appended resistance of the vessel and her dynamic motions. These are determined by 
one unsteady free surface (FrSrf) computation. 

Step 3 Prepare a new domain using the fixed wave pattern surface obtained with the FrSrf computation and 
dynamically position the ship. Perform a nominal computation that will serve as a reference for a loading 
test. This is a steady double body (DoBo) computation.   

Step 4 Add the propeller and a sliding interface and perform a loading test. These are 3 DoBo SI, MVG 
computations with similar settings but 3 different propeller revolution rates. 

Step 5 Determine the self-propulsion point using the loading test. 

Step 6 Determine the propulsive coefficients from the self-propulsion point and predict the power.  
 

 

The grid that has been used for these computations is similar to grid 3 in the GRS, as discussed in Chapters 4.3.2 and 

5. The computations necessary to follow this procedure were described and explained in Chapter 4, therefore only 

the results of each steps are given in the paragraphs below. 

7.2. Open water diagram 
The first step is to determine the Open Water (OW) diagram, see Chapter 4.1 for the computational setup. This 

diagram serves as the reference for the performance of the propeller linked to its main characteristics, i.e. the shape 

of its blades. The diagram consists of curves for the thrust coefficient 𝐾𝑇, torque coefficient 𝐾𝑄, and OW propeller 

efficiency  𝜂𝑂 drawn as a function of the advance ratio 𝐽. 
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The propeller is not always known as it is often tailor made for the vessel. To perform this step when the geometry 

is not available, a stock propeller, e.g. Wageningen B-series, could be chosen based on its OW diagram experiments. 

The geometry of the propeller of the ONRT is available and the OW diagram is obtained by performing OW 

computations for 15 different inflow velocities.  These results are validated to the experimental results presented in 

Table 7-2.  

Table 7-2: OW experimental results 

𝑱𝒂 𝑲𝑻 𝑲𝑸 𝟏𝟎𝑲𝑸 𝜼𝑶 

 0.1 0.6015 0.1464 1.4644 0.0687 

0.2 0.5938 0.1450 1.4497 0.1332 

0.3 0.5510 0.1350 1.3497 0.1971 

0.4 0.5361 0.1322 1.3223 0.2614 

0.5 0.4938 0.1226 1.2264 0.3240 

0.6 0.4534 0.1140 1.1399 0.3845 

0.7 0.3963 0.1013 1.0127 0.4396 

0.8 0.3508 0.0909 0.9091 0.4963 

0.9 0.3246 0.0860 0.8598 0.5398 

1.0 0.2638 0.0734 0.7336 0.5769 

1.1 0.2169 0.0639 0.6386 0.5996 

1.2 0.1725 0.0546 0.5455 0.6079 

1.3 0.1233 0.0431 0.4312 0.5956 

1.4 0.0800 0.0329 0.3286 0.5462 

1.5 0.0258 0.0211 0.2114 0.2936 

 

Three different computations have been performed to check the influence of: 

- the conventional mesh vs SI computational mesh setup, see Chapter 4.1.1.  

- the drive shaft positioned upstream vs downstream of the propeller. This influence is analyzed since the 

experimental setup could not be traced down.   

These two influences are elaborated in section 7.2.1 and 7.2.2 respectively. The results are validated against the 

experimental results. 

7.2.1. Conventional vs SI setup 

The numerical results for the 𝐽𝑎 sweep for the conventional and the SI setup are given in Table 7-3 and Table 7-4 

respectively, where the differences are defined as: 

 
ΔΦ = 100 (1 −

Φ𝑒𝑥𝑝

Φ𝐶𝐹𝐷

), { 7-2 } 

 

with Φ𝑒𝑥𝑝 and Φ𝐶𝐹𝐷  the experimental- and computational result for quantity Φ respectively. The OW diagrams for 

the conventional- and SI setups are visualized in Figure 7-1 and Figure 7-2 respectively. In order to determine how 

‘well’ the results from the CFD computations represent the experimental values, the root mean square (RMS) value 

is calculated over the differences for every quantity over the sweep of 𝐽𝑎: 

 

RMSΦ = √
∑ (ΔΦ)𝑗

215
𝑗=1

15
. { 7-3 } 
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Table 7-3: OW CFD results, conventional setup, drive shaft upstream 

𝑱𝒂 𝑲𝑻 𝑲𝑸 𝟏𝟎𝑲𝑸 𝜼𝑶 𝚫𝑲𝑻 𝚫𝑲𝑸 𝚫𝜼𝑶 

 0.1 0.6015 0.1464 1.4644 0.0687 3.68% 4.72% -6.21% 

0.2 0.5938 0.1450 1.4497 0.1332 -0.77% 1.25% -4.26% 

0.3 0.5510 0.1350 1.3497 0.1971 2.76% 4.78% -3.24% 

0.4 0.5361 0.1322 1.3223 0.2614 -1.43% 0.55% -3.28% 

0.5 0.4938 0.1226 1.2264 0.3240 -0.73% 1.16% -3.05% 

0.6 0.4534 0.1140 1.1399 0.3845 -0.81% 0.73% -2.79% 

0.7 0.3963 0.1013 1.0127 0.4396 2.29% 3.38% -1.97% 

0.8 0.3508 0.0909 0.9091 0.4963 2.71% 4.09% -2.49% 

0.9 0.3246 0.0860 0.8598 0.5398 -3.13% -1.36% -1.57% 

1.0 0.2638 0.0734 0.7336 0.5769 1.98% 2.30% -1.14% 

1.1 0.2169 0.0639 0.6386 0.5996 2.49% 2.17% -0.50% 

1.2 0.1725 0.0546 0.5455 0.6079 1.77% 1.56% -0.46% 

1.3 0.1233 0.0431 0.4312 0.5956 3.61% 4.76% -1.91% 

1.4 0.0800 0.0329 0.3286 0.5462 -1.95% 4.85% -7.83% 

1.5 0.0258 0.0211 0.2114 0.2936 3.59% 8.44% -5.99% 

   RMS 2.45% 3.73% 3.74% 

 
Table 7-4: OW CFD results, SI setup, drive shaft upstream 

𝑱𝒂 𝑲𝑻 𝑲𝑸 𝟏𝟎𝑲𝑸 𝜼𝑶 𝚫𝑲𝑻 𝚫𝑲𝑸 𝚫𝜼𝑶 

 0.1 0.6261 0.1468 1.4684 0.0679 3.92% 0.27% -1.22% 

0.2 0.5973 0.1425 1.4251 0.1334 0.59% -1.73% 0.17% 

0.3 0.5651 0.1365 1.3651 0.1977 2.49% 1.12% 0.30% 

0.4 0.5296 0.1293 1.2931 0.2607 -1.23% -2.26% -0.24% 

0.5 0.4894 0.1210 1.2101 0.3218 -0.90% -1.35% -0.68% 

0.6 0.4492 0.1125 1.1252 0.3812 -0.94% -1.31% -0.85% 

0.7 0.4059 0.1033 1.0331 0.4377 2.35% 1.97% -0.43% 

0.8 0.3618 0.0941 0.9407 0.4897 3.05% 3.35% -1.35% 

0.9 0.3162 0.0845 0.8454 0.5357 -2.66% -1.71% -0.76% 

1.0 0.2699 0.0748 0.7485 0.5739 2.25% 1.99% -0.53% 

1.1 0.2227 0.0649 0.6489 0.6010 2.62% 1.59% 0.23% 

1.2 0.1762 0.0550 0.5499 0.6121 2.14% 0.80% 0.68% 

1.3 0.1293 0.0449 0.4490 0.5960 4.68% 3.95% 0.07% 

1.4 0.0805 0.0342 0.3422 0.5243 0.62% 4.00% -4.18% 

1.5 0.0293 0.0229 0.2288 0.3061 11.93% 7.58% 4.09% 

   RMS 2.39% 2.16% 1.26% 
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Figure 7-1: OW diagram CFD vs Experiments, conventional setup, drive shaft upstream 

 

 

Figure 7-2: OW diagram CFD vs Experiments, SI setup, drive shaft upstream 

 

From the results it can be observed that both the conventional- and the SI setup agree well with the experimental 

data. The MVG computation performed for 𝐽𝑎 = 1.1 resulted in negligible differences with AFM; therefore, it is 

chosen to perform the sweep with the AFM. To check the influence of the positioning of the drive shaft it is chosen 
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to continue with the SI setup, since the differences from the experimental values are slightly smaller than for the 

conventional setup, especially for low 𝐽𝑎 values.  

7.2.2. Drive shaft upstream vs downstream  

Using the conclusion from the previous section that the SI setup matches slightly better with the experimental results 

than the conventional setup, the extra computation to determine the influence of the drive shaft positioning is done 

whilst using the SI setup. For the computation with the drive shaft downstream of the propeller, the orientation of 

the propeller is kept the same, i.e. the leading edge is still facing the incoming flow. The numerical results of this 

computation are given in Table 7-5 and the OW diagram in Figure 7-3. 

Table 7-5: OW CFD results, SI setup, drive shaft downstream 

𝑱𝒂 𝑲𝑻 𝑲𝑸 𝟏𝟎𝑲𝑸 𝜼𝑶 𝚫𝑲𝑻 𝚫𝑲𝑸 𝚫𝜼𝑶 

 0.1 0.6653 0.1472 1.4716 0.0720 9.59% 0.49% 4.55% 

0.2 0.6360 0.1425 1.4253 0.1420 6.64% -1.71% 6.23% 

0.3 0.6028 0.1365 1.3650 0.2109 8.59% 1.12% 6.54% 

0.4 0.5654 0.1293 1.2928 0.2784 5.18% -2.28% 6.13% 

0.5 0.5229 0.1211 1.2107 0.3437 5.58% -1.30% 5.74% 

0.6 0.4788 0.1125 1.1248 0.4065 5.30% -1.34% 5.42% 

0.7 0.4318 0.1033 1.0329 0.4658 8.22% 1.95% 5.62% 

0.8 0.3837 0.0940 0.9401 0.5197 8.59% 3.29% 4.50% 

0.9 0.3342 0.0844 0.8443 0.5669 2.87% -1.84% 4.78% 

1.0 0.2842 0.0747 0.7473 0.6053 7.18% 1.82% 4.69% 

1.1 0.2339 0.0648 0.6480 0.6318 7.26% 1.46% 5.11% 

1.2 0.1847 0.0550 0.5499 0.6416 6.65% 0.80% 5.25% 

1.3 0.1355 0.0449 0.4495 0.6240 9.05% 4.06% 4.54% 

1.4 0.0849 0.0343 0.3429 0.5516 5.74% 4.19% 0.99% 

1.5 0.0327 0.0230 0.2304 0.3387 20.96% 8.25% 13.30% 

   RMS 8.75% 3.05% 6.06% 

 

 

Figure 7-3: OW diagram CFD vs Experiments, SI setup, drive shaft downstream 
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It can be observed for the computation with the drive shaft downstream of the propeller that the results for 𝐾𝑄 are 

fairly similar to the computation with the drive shaft upstream of the propeller. However, the predicted values for 

𝐾𝑇 differ from the experimental values quite drastically, leading to an RMS difference with the experimental results 

of almost 9% for 𝐾𝑇, and over 6% for 𝜂𝑂. Because of this the OW diagram used for this study is the OW diagram 

determined with the SI setup, with the drive shaft positioned upstream of the propeller.  

7.3. Free surface analysis 
The second main step is to get the resistance of the fully appended vessel. This will be obtained by performing a 

FrSrf computation, which will also be used to get the wave pattern generated by the ship and the dynamic positioning 

of the ship. The initialization of this computation is done according to a target speed set to the predetermined speed 

as specified by the Tokyo 2015 CFD workshop [78].  

After the resistance value is obtained, body forces are added to model the propeller suction effect on the hull by 

placing an actuator disk where the propeller would be positioned in the self-propelled case.  

The trim and sinkage describe the positioning of the ship and are set to a user-specified value in the FrSrf 

computation. ReFRESCO then estimates an updated trim and sinkage value whilst keeping the positioning of the ship 

the same. Whenever these trim and sinkage values are set to their new values, the grid is deformed to the new 

position over a number of time-steps with a small change per time-step. The wave pattern generated by the ship is 

determined by solving an extra equation for the ratio of the volume of air to the total volume for each cell, which is 

equal to zero if the cell is located in water and equal to one if the cell is located in air. At the free surface interface, 

this air-volume fraction is discontinuous and, when the solution has converged, this interface represents the wave 

pattern generated by the ship. An example of the updated trim and sinkage for a computation is shown in Figure 

7-4, where the black lines are the trim and sinkage set by the user, and the blue lines are the values estimated by 

ReFRESCO.  

  

Figure 7-4: Trim and sinkage from FrSrf computation, black line is set value, blue line is estimated value 
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Two options are considered for the self-propulsion procedure as briefly explained in Chapter 4.2.3; the estimated 

approach and the fixed positioning. For the estimated approach the trim and sinkage are determined according to 

the estimator from ReFRESCO in a similar fashion as shown in Figure 7-4. The fixed approach uses the trim and 

sinkage values from the Tokyo 2015 CFD workshop [78]. 

7.3.1. Estimated vs fixed approach 

The Estimated approach that is applied to determine the wave pattern and positioning of the ship is performed for 

both the bare hull and the fully appended vessel. These computations are performed with addition of an actuator 

disk to capture the influence of the suction effect on the positioning of the ship and the wave pattern. The results of 

the trim and sinkage values obtained after convergence of the solutions are: 

Table 7-6: Estimated approach CFD results for trim and sinkage 

Computation Set Trim [deg] Set Sinkage [m] 

Bare hull 0.0522 -0.00204 

Fully appended 0.0943 -0.00440 

 

The self-propelled trim and sinkage are given by the Tokyo CFD workshop 2015 and are shown in Table 7-7.  

Table 7-7: Tokyo CFD workshop 2015 values for trim and sinkage, self-propelled case 

Trim [deg] Sinkage [m] 

-0.038557 0.002262 

 

With respect to the signs of these results, it was not possible to trace the experimental definition. Within ReFRESCO, 

a negative trim value describes a bow tilting upwards, and a negative sinkage describes a negative displacement in 

z-direction of the vessel. It is assumed that the bow is tilting downward- and the displacement is in negative z-

direction for a low Froude number, therefore the values given to ReFRESCO are 0.038557 and -0.002262 for the 

sinkage. Note that with these values, the trim for the bare hull is overestimated by 35%, whereas this overestimation 

for the fully appended case is 144%. The sinkage for the bare hull case is underestimated by 10%, for the fully 

appended vessel the sinkage is overestimated by 95%. These results imply that the estimator produces erroneous 

results when including the appendages of the ship. Tracing down the cause of this deviation is outside the scope of 

this study and therefore it is suggested for now to handle the estimator in combination with a fully appended vessel 

with care. The estimated approach is therefore pursued with the trim and sinkage results from the bare hull 

geometry.  

For the fixed approach, the trim and sinkage are set to the values as shown in Table 7-7 and the fully appended 

geometry is used. The pressure- and friction components of the hull resistance are monitored. This is done for both 

a nominal computation and a computation with addition of an actuator disk, the result from these computations are 

given in Table 7-8.  

Table 7-8: Fixed approach CFD results for decomposed 𝑹𝒕 

Computation 𝑹𝒑 [N] 𝑹𝒇 [N] 𝑹𝒕 [N] 

Nominal -0.451 -1.638 -2.089 

Actuator disk -0.508 -1.662 -2.170 
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The convergence of the wave pattern for both approaches is monitored by analyzing the free surface height visually, 

and by monitoring 2D cuts through the wave pattern in longitudinal direction. No visual differences between the 

two approaches were observed, suggesting that the bare hull is able to predict the wave pattern equally well as the 

fully appended vessel. The converged result of the wave pattern is visualized in Figure 7-5, where the displacement 

of the free surface is normalized with the length between the perpendiculars of the ship: ℎ =
𝑑𝑧

𝐿𝑃𝑃
.  

 

Figure 7-5: Wave pattern generated by ONRT, result from FrSrf computation 

  

The converged solution obtained with the fixed positioning approach, where the actuator disk is added to capture 

the influence on the wave pattern, is used for the loading test. 

7.4. Self-propulsion point from loading test 
Once the positioning and wave pattern have been determined by the FrSrf computation as discussed in section 7.3, 

the domain for the loading test is created as explained in Chapter 4.3.1.  

The loading test is a test with the propeller working actively behind the ship, where the incoming velocity is fixed 

and the propeller rotation rate 𝑛 is varied. For this study it is chosen to use three different points for the loading 

test. One way to determine the three values for 𝑛 is with the aid of the OW diagram, choosing the values close to 

where the propeller will be operating. Another way to determine these points is by using the empirical formulas 

from Holtrop-Mennen [11], [12]. For this study, the rotation rate given by the Tokyo 2015 CFD workshop [78] is taken 

as one point, and the other two points are set to a higher and lower value. These three points are set to the following 

values: 46.35, 56.36, 66.36 
rad

s
. Furthermore, the DoBo computations use grid 3 (Chapter 5), the 𝑘 − 𝜔 SST 2003 

model (Chapter 6), and an incoming water velocity of 𝑣𝑠 = 1.11
m

s
. 
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For every propeller rotation rate, the absolute additional resistance due to suction is determined as follows: 

 Δ𝑅𝑆𝐼
𝐷𝑜𝐵𝑜 = |𝑅𝑡,𝑆𝐼

𝐷𝑜𝐵𝑜 − 𝑅𝑡,𝑛𝑜𝑚
𝐷𝑜𝐵𝑜 |, { 7-4 } 

 

where 𝑅𝑡,𝑆𝐼
𝐷𝑜𝐵𝑜  is the resistance obtained via the loading test cases, and 𝑅𝑡,𝑛𝑜𝑚

𝐷𝑜𝐵𝑜  the resistance from the nominal DoBo 

computation (second term in Table 7-9).  

The resistance obtained via a DoBo computation is not correct due to errors in the domain creation method. The 

additional resistance due to suction is therefore added to the absolute resistance obtained from the nominal FrSrf 

computation (first term in Table 7-9). This is called the absolute corrected hull resistance and represents the real 

resistance to overcome in order to self-propel the vessel: 

 𝑅𝑡,𝑐 = |𝑅𝑡,𝑛𝑜𝑚
𝐹𝑟𝑆𝑟𝑓

| + Δ𝑅𝑆𝐼
𝐷𝑜𝐵𝑜 , { 7-5 } 

 

with 𝑅𝑡,𝑛𝑜𝑚
𝐹𝑟𝑆𝑟𝑓

 the hull resistance obtained from the nominal FrSrf computation. To obtain a consistent result, the 

positioning of the vessel for all computations were set to the experimental one. 

The main objective of the loading test is to determine the self-propulsion point, i.e. the point where Equation { 7-1 

} holds. Therefore, for every loading test case, the difference between the thrust value and the absolute corrected 

hull resistance is computed. These differences are given in the last column of Table 7-10 and plotted versus 𝑛 in 

Figure 7-6. 

Table 7-9: Nominal hull resistance 

Computation 𝑹𝒕  [N] 

Nominal FrSrf -2.089 

Nominal DoBo -2.147 
 

Table 7-10: Loading test results, with corrected resistances 

𝒏 [
𝐫𝐚𝐝

𝐬
] 𝑹𝒕,𝑺𝑰

𝑫𝒐𝑩𝒐 [N] 𝑹𝒕,𝒄  [N] 𝑻  [N] 𝑹𝒕,𝒄 − 𝑻 [N] 

46.36 -2.2217 2.1638 0.9119 1.2519 

56.36 -2.2860 2.2281 2.4494 -0.2213 

66.36 -2.3445 2.2866 4.5199 -2.2333 
 

 

 

Figure 7-6: Plot of loading test results vs propeller revolution rate 

 

A similar plot can also be made for the difference vs 𝑅𝑡 and vs 𝑇. The 𝑛𝑠𝑝- and 𝑇𝑠𝑝-values are predicted via 

interpolation of the fit through the three loading test cases, as shown for 𝑛 in Figure 7-6, and are given in Table 7-11. 
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Table 7-11: Self-propulsion values after interpolation loading test results 

𝒏𝒔𝒑  [
𝐫𝐚𝐝

𝐬
] |𝑹𝒕,𝒔𝒑| = 𝑻𝒔𝒑  [N] 

55.150 2.220 

7.4.1. Propulsive coefficients and power prediction 
Once the self-propulsion point is known, 𝑇𝑠𝑝 is used in combination with 𝑛𝑠𝑝 to determine the delivered propeller 

power by using the OW diagram and the thrust identity method. This procedure is similar to the one explained in 

Chapter 5.4. The thrust coefficient at self-propulsion for one propeller is equal to: 

 
𝐾𝑇,𝑠𝑝 =

𝑇𝑠𝑝

𝜌 ∗ 𝑛𝑠𝑝
2 ∗ 𝐷𝑝

4
=

2.220

998.41 ∗ (
55.150

2𝜋
)

2

∗ 0.10664

= 0.22353. 
{ 7-6 } 

 

With this value, the following results are obtained for the (quasi-) propulsive coefficient and the delivered propeller 

power from the thrust identity method: 

Table 7-12: Thrust identity results from 𝑻𝒔𝒑 and 𝒏𝒔𝒑 

𝑱𝒔𝒑 [-] 𝜼𝑫 [-] 𝑷𝑫 [W] 

1.0989 0.5512 4.207 

 

In other words, according to the self-propelled prediction, the vessel will make 1.11 
𝑚

𝑠
 with a propeller rotational 

speed of 55.15 
𝑟𝑎𝑑

𝑠
 (526.64 RPM) and using a propeller power of 4.207 W, hence with two shafts the total propeller 

power becomes 8.414 W. Delivering this power to the propellers, 3.776 W of hydrodynamic power is lost to propel 

the ship at 1.11 
𝑚

𝑠
.    

7.5. Accuracy of the results 
During the procedure of determining the self-propulsion point, different factors contribute to the accuracy of the 

procedure. These factors are the numerical uncertainty, the turbulence models and experimental- and modeling 

errors. They are elaborated in the subsequent sections. 

7.5.1. Numerical uncertainty 

To analyze the accuracy of the self-propulsion point prediction, the results from Chapter 5, being related to a DoBo 

MVG computation with SI, are recalled here. For grid 3, which is used for this procedure, the numerical uncertainty 

for 𝑅𝑡 is 4.26%, and for 𝑇 it is 1.69%. Taking these values into account, this means that the following values in the 

self-propulsion prediction change to: 

𝑅𝑡,𝑆𝐼
𝐷𝑜𝐵𝑜 → 𝑅𝑡,𝑆𝐼

𝐷𝑜𝐵𝑜 ± 0.0426𝑅𝑡,𝑆𝐼
𝐷𝑜𝐵𝑜 , 

𝑇 → 𝑇 ± 0.0169𝑇. 
 

For the prediction of the self-propulsion point the differences 𝑅𝑡,𝑐 − 𝑇 are used for the fit. The uncertainty for 𝑅𝑡 

and 𝑇 lead to a lower- and upper limit for the differences as described in Equations { 7-7 } and { 7-8 } respectively. 

 min(𝑅𝑡,𝑐 − 𝑇 ) = (|𝑅𝑡,𝑛𝑜𝑚
𝐹𝑟𝑆𝑟𝑓

| + |(𝑅𝑡,𝑆𝐼
𝐷𝑜𝐵𝑜 − 0.0426𝑅𝑡,𝑆𝐼

𝐷𝑜𝐵𝑜) − 𝑅𝑡,𝑛𝑜𝑚
𝐷𝑜𝐵𝑜 |) − (𝑇 + 0.0169𝑇) { 7-7 } 

   

 max(𝑅𝑡,𝑐 − 𝑇 ) = (|𝑅𝑡,𝑛𝑜𝑚
𝐹𝑟𝑆𝑟𝑓

| + |(𝑅𝑡,𝑆𝐼
𝐷𝑜𝐵𝑜 + 0.0426𝑅𝑡,𝑆𝐼

𝐷𝑜𝐵𝑜) − 𝑅𝑡,𝑛𝑜𝑚
𝐷𝑜𝐵𝑜 |) − (𝑇 − 0.0169𝑇) { 7-8 } 
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Obviously, the nominal FrSrf and DoBo computations also contain errors. However, this study focuses mainly on the 

propeller/hull interaction, and therefore the errors for the nominal computations fall outside the scope of this study.   

Equations { 7-7 } and { 7-8 } are applied to the prediction procedure of the self-propulsion point. This leads to a fit 

with upper- and lower limit for 𝑛 and 𝑇 vs 𝑅𝑡,𝑐 − 𝑇 as shown in Figure 7-7 and Figure 7-8 respectively. These upper 

and lower limits result in a prediction of the self-propulsion point with the values as given in Table 7-13. 

 

Figure 7-7: Plot of loading test results vs 𝒏 with error limits 

 

 

Figure 7-8: Plot of loading test results vs 𝒏 with error limits 

 
Table 7-13: Self-propulsion values after interpolation loading test results 

Self-propulsion 𝒏𝒔𝒑  [
𝐫𝐚𝐝

𝐬
] 𝑻𝒔𝒑  [N] 𝜼𝑫 [-] 𝑷𝑫,𝒔𝒑  [W] 

Predicted - uncertainty 54.239 (-1.7%) 2.118 (-4.6%) 0.6010 (+9.0%) 3.858 (-8.3%) 

Predicted 55.150 (0.0%) 2.220 (0.0%) 0.5512 [0.0%) 4.207 (0.0%) 

Predicted + uncertainty 55.890 (+1.3%) 2.322 (+4.6%) 0.5085 (-7.7%) 4.560 (+8.4%) 
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7.5.2. Turbulence models 

In Chapter 6, the influence of three other turbulence models with respect to the 𝑘 − 𝜔 SST 2003 model is 

investigated. The uncertainty for the different models is not determined, so only the general impact of the observed 

differences for the performed thrust identity method with grid 3 is given here. These observed differences for the 

(quasi-) propulsive efficiency and the predicted delivered propeller power between the turbulence models with 

respect to the 𝑘 − 𝜔 SST 2003 model are as given in Table 7-14. Here, 𝜂𝐷 and 𝑃𝐷 for the 𝑘 − 𝜔 SST 2003 model are 

taken as the predicted values from the self-propulsion point procedure. The values for 𝜂𝐷 and 𝑃𝐷 for the other 

turbulence models are determined by using the relative differences derived from the assumed self-propulsion point 

(𝑛 = 56.36 
𝑟𝑎𝑑

𝑠
).  

Table 7-14: Differences 𝜼𝑫 and 𝑷𝑫 for turbulence models 

Turbulence model 𝜼𝑫 [-] 𝑷𝑫 [W] 

𝑘 − 𝜔 SST 2003 0.5512 (0.0%) 4.207 (0.0%) 

𝑘 − 𝜔 SST CC 0.5497 (-0.3%) 4.220 (+0.3%) 

LCTM 0.5471 (-0.7%) 4.236 (+0.7%) 

EARSM 0.5627 (+2.0%) 4.123 (-2.0%) 

 

7.5.3. Experiments & Modeling 
Due to the fact that the ONRT is a research vessel, it is hard to obtain the experimental results. Nevertheless, the 

following results are available: 

Table 7-15: Available experimental data of ONRT 

Result Value Reference 

Fully appended nominal hull resistance from IIHR 4.66 N Cook [1] 

Fully appended nominal trim from IIHR -0.024 deg Cook [1] 

Fully appended nominal sinkage from IIHR -0.0024 m Cook [1] 

Self-propulsion trim -0.0386 deg Tokyo CFD workshop 2015 [78] 

Self-propulsion sinkage 0.00226 m Tokyo CFD workshop 2015 [78] 

Self-propulsion propeller rotation rate 8.97 RPS Tokyo CFD workshop 2015 [78] 

 

It can be noticed that the value 𝑅𝑡,𝑛𝑜𝑚 = 4.66 N (2.33 N for half a vessel) differs from the FrSrf nominal results for 

the fully appended geometry, which is equal to 2.089 N (Table 7-8). The reason for this difference of 10% is unclear. 

This study focuses on a low Froude number and with a rather large scale factor. Therefore, the results could be 

sensitive to differences in the computational setup with respect to the experimental setup, which could not be 

traced. These differences might be: 

- Scaling factor: The scaling factor used for this study is 
154

3.147
, but in some documents it is reported as 49. This 

small deviation could lead to a different wetted surface area of the ship, introducing errors that are raised 

by a power of two. 

- Shaft arrangement: It is unclear how the setup of the shaft is for the nominal case. If no cap was fixed to 

the end of the shaft lines, the abrupt end of the line might lead to more friction. Hence this setup influences 

the resistance of the hull.  

- Small features on hull: The computational ship model hull is very smooth, which potentially causes the skin-

friction to be lower than the model ship hull that is used for the experiments. Furthermore, changes have 

been made to the geometry of the hull in order to be able to use it with the available software, these 
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modeling changes also influence the results. Differences between what was towed in the towing tank and 

what is computed are called modelling errors.  

- Test conditions: The conditions in which the experiments are performed are important to know, especially 

the water properties, i.e. temperature and salinity of the water. Now it is assumed that the kinematic 

viscosity of the water is 1.027e-6 
𝑚2

𝑠
, and the density is 998.41 

𝑘𝑔

𝑚3. Furthermore the computations have 

been performed in a domain which is large enough to assume that it does not influence the results. The size 

of the water towing tank is smaller and it is unclear if these dimensions influenced the experimental results.    

Another observation that can be made is that 𝑛𝑠𝑝 is underpredicted by 2.1% compared to the value given by the 

Tokyo workshop 2015. This error is potentially caused by the uncertainty for the calculations as defined in Chapter 

5. Another probability is that this error is also linked to the used turbulence model, where it is not possible to 

conclude from this study which turbulence model performs best since an uncertainty analysis for all turbulence 

models was not done in this study. Furthermore, it is very important to trace down the experimental setup. As this 

was not possible, and since no data is available for 𝑅𝑡 and 𝑇, the self-propelled results cannot be validated properly. 

The reason for the observed differences for 𝑅𝑡,𝑛𝑜𝑚 and 𝑛𝑠𝑝 is something to be investigated further.  

7.6. Speed prediction  
The main question of this thesis is the speed prediction. To answer that question, the correlation between the 

delivered propeller power and the ship speed is needed. In theory, to obtain the power-speed correlation, the 

procedure performed for 1 speed should be performed for every speed. However, the main interest lies on the 

correlation local to our target speed; therefore, 2 neighbor speeds are chosen for which the nominal hull resistances 

are computed. With these nominal hull resistances and the set speeds, the effective power can be determined. Since 

the neighbor speeds are chosen close to the target speed, the (quasi-) propulsive efficiency is assumed to be equal 

to the predicted value for 𝑣𝑠 = 1.11
𝑚

𝑠
. With this assumption, three new delivered powers can be determined. In 

general, it is assumed that the delivered power is proportional to the ship speed cubed [79]. So from the speed-

power results a third order polynomial least squares fit is made for 𝑃𝐷 vs 𝑣𝑠 per case. Now, suppose two engines are 

available delivering 4W and 4.5W respectively. For the client it is interesting to know what the risk is for both engines 

on not making the predetermined speed. Therefore, the three derived fits are used to predict the speed (with 

uncertainty) corresponding to the two engines.  

7.6.1. Self-propulsion uncertainty 

The proposed approach leads to the speed-power results for the predicted self-propulsion point (with uncertainty 

upper and lower limit) as given in Table 7-16. 

Table 7-16: Speed-power results uncertainty 

Self-propulsion 𝒗𝒔 [
𝒎

𝒔
] 𝑹𝒕 [N] 𝑷𝑬 [W] 𝜼𝑫 [-] 𝑷𝑫 [W] 

Predicted - uncertainty 

1.10 2.022 2.225 0.6010 3.6871 

1.11 2.089 2.319 0.6010 3.8586 

1.12 2.270 2.543 0.6010 4.2496 

Predicted 

1.10 2.022 2.225 0.5511 4.021 

1.11 2.089 2.319 0.5511 4.207 

1.12 2.270 2.543 0.5511 4.634 

Predicted + uncertainty 

1.10 2.022 2.225 0.5085 4.3580 

1.11 2.089 2.319 0.5085 4.5607 

1.12 2.270 2.543 0.5085 5.0229 
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Generating the third order polynomial fit of 𝑃𝐷 vs 𝑣𝑠 and extrapolating the values for the two different types of 

engines gives the results as given in Table 7-17. 

Table 7-17: Speed prediction with uncertainty for two engine types 

Self-propulsion Engine 4W [
𝒎

𝒔
] Engine 4.5W [

𝒎

𝒔
] 

Predicted - uncertainty 1.0814 (-1.4%) 1.1040 (-1.5%) 

Predicted 1.0966 (0.0%) 1.1205 (0.0%) 

Predicted + uncertainty 1.1140 (+1.6%) 1.1394 (+1.7%) 

 

From these results it can be seen that if the ONRT would be equipped with the 4W engine, the predicted speed 

would be 1.0966 [- 0.0152 , +0.0174] 
𝑚

𝑠
. If the ONRT is equipped with the 4.5W engine, the predicted speed is 1.1255 

[-0.0166, +0.0189] 
𝑚

𝑠
. From this it can be concluded that the 4.5W engine is a significantly safer choice if the 

predetermined speed of 1.11 
𝑚

𝑠
 needs to be made.  

7.6.2. Turbulence models 
For the turbulence models, a similar approach has been used as for the self-propulsion point with its uncertainty 

limits. The computations for varying velocities then lead to the results as given in Table 7-18. 

Table 7-18: Speed-power results turbulence models 

Turbulence model 𝒗𝒔 [
𝒎

𝒔
] 𝑹𝒕 [N] 𝑷𝑬 [W] 𝜼𝑫 [-] 𝑷𝑫 [W] 

𝑘 − 𝜔 SST 2003 

1.10 2.022 2.225 0.5512 4.021 

1.11 2.089 2.319 0.5512 4.207 

1.12 2.270 2.543 0.5512 4.634 

𝑘 − 𝜔 SST CC 

1.10 2.022 2.225 0.5495 4.033 

1.11 2.089 2.319 0.5495 4.220 

1.12 2.270 2.543 0.5495 4.648 

LCTM 

1.10 2.022 2.225 0.5474 4.048 

1.11 2.089 2.319 0.5474 4.236 

1.12 2.270 2.543 0.5474 4.666 

EARSM 

1.10 2.022 2.225 0.5624 3.940 

1.11 2.089 2.319 0.5624 4.123 

1.12 2.270 2.543 0.5624 4.542 
 

Determining the speed-power fit for every turbulence model leads to the following results for the speed prediction 

of the two engine types: 

Table 7-19: Speed prediction for turbulence models for two engine types 

Self-propulsion Engine 4W [
𝒎

𝒔
] Engine 4.5W [

𝒎

𝒔
] 

𝑘 − 𝜔 SST 2003 1.0966 (0.0%) 1.1205 (0.0%) 

𝑘 − 𝜔 SST CC 1.0960 (-0.1%) 1.1198 (-0.1%) 

LCTM 1.0953 (-0.1%) 1.1191 (-0.1%) 

EARSM 1.1006 (+0.4%) 1.1248 (+0.4%) 

 

It can be noticed that the differences between the predicted speeds for the turbulence models are small. If a ship 

speed of 1.11 
𝑚

𝑠
 needs to be guaranteed, the engine of 4.5W is the safer option for all turbulence models.  
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7.7. Interim summary 
In order to answer the main question, a procedure has been proposed to determine the (quasi-) propulsive efficiency 

and delivered power at self-propelled condition. Hereto, a sweep of open water computations are necessary, one 

free-surface computation and four double body computations (1 nominal and 3 loading test cases).  

The self-propelled delivered power is predicted for the 𝑘 − 𝜔 SST 2003 model with an upper and lower limit 

according to the uncertainty for the main integral parameters. This resulted in a prediction for the (quasi-) propulsive 

efficiency of 0.5512 [-0.0427, +0.0498] and for the delivered power 4.207 [-0.349, +0.353] W. Compared to the 

predicted values from the 𝑘 − 𝜔 SST 2003 model, the 𝑘 − 𝜔 SST CC model predicted a value for the efficiency which 

was 0.3% lower and for the power 0.3% higher. The LCTM predicted an efficiency 0.7% lower and a power 0.7% 

higher, and the EARSM predicted an efficiency which was 2.0% lower and a power 2.0% higher. 

Two extra nominal free-surface computations are performed with a ship speed slightly higher and lower than the 

predetermined ship speed. These computations are then used, in combination with the assumption that the (quasi-

) propulsive efficiency remains constant for this small range of speeds, to determine the speed-power correlation 

per case where the power is determined. For every case, the correlation is used to determine the speed prediction 

based on two different types of engines producing a power of 4W and 4.5W. This resulted in a speed prediction for 

the 𝑘 − 𝜔 SST 2003 model of 1.0966 [- 0.0152 , +0.0174] 
𝑚

𝑠
 if the ONRT would be equipped with a 4W engine, and 

1.1255 [-0.0166, +0.0189] 
𝑚

𝑠
 if the ONRT would be equipped with a 4.5W engine. The other turbulence models 

predicted speeds within 0.5% of the predicted value from the 𝑘 − 𝜔 SST 2003 model. For the 𝑘 − 𝜔 SST CC, the 

LCTM and the EARSM, these speeds are respectively 1.0960, 1.0953 and 1.1006 
𝑚

𝑠
 for the 4W engine. For the 4.5W 

engine, these speeds would be respectively 1.1198, 1.1191 and 1.1248 
𝑚

𝑠
. From this it can be concluded that the 

4.5W engine is a significantly safer choice for all cases. Furthermore, the differences in speed prediction between 

the different turbulence models is small.  
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8. Conclusion 

This study has focused on the CFD analysis of the propeller/hull interaction for a model-scale research vessel, based 

on a modern surface combatant. The main research question for this study is: 

Within what certainty range can the speed of a self-propelled ship be predicted using CFD, focusing on the 

propeller/hull interaction? 

Hereto, a procedure has been developed to predict the self-propulsion point for a predetermined speed. From this 

procedure, the delivered propeller power at self-propulsion can be predicted within a certainty range. This power 

with its certainty range is then used to predict the certainty range for the speed, answering the main question.  

To determine the numerical uncertainty, its discretization- and iterative component have been investigated by 

means of a grid refinement study with 5 different grids. From this investigation, it has been concluded that the 

medium-sized grid was the best balance between accuracy and lead time costs. Therefore, this grid has been chosen 

for the self-propulsion prediction procedure. Computations with the medium-sized grid in combination with the 𝑘 −

𝜔 Shear Stress Transport 2003 turbulence model predicted values with an uncertainty of 4.26% for the hull 

resistance and 1.69% for the propeller thrust. For the self-propulsion point prediction a loading test is performed, 

where three computations are done with fixed ship speed and varying propeller revolution rate. From the loading 

test, the hull resistance and thrust are used to determine the self-propelled thrust and propeller revolution rate. 

These two self-propelled properties are then used to perform a thrust identity method, i.e. the computed thrust has 

been used in combination with the OW diagram to determine the propulsive coefficients. This procedure resulted 

in a predicted value for the delivered propeller power of 4.207 W per propeller to propel the vessel at a speed of 

1.11 m/s. The numerical uncertainty for the hull resistance and thrust resulted in a lower limit for the predicted 

power of 3.858 W (-8.3%), and an upper limit of 4.560 W (+8.4%). For the speed prediction, two different engines 

have been considered, one producing a power of 4W and the other 4.5W. Choosing the 4W engine results in a speed 

prediction for the 𝑘 − 𝜔 SST 2003 model of 1.0966 [- 0.0152 , +0.0174] 
𝑚

𝑠
, if the 4.5W engine is chosen, this prediction 

would be 1.1255 [-0.0166, +0.0189] 
𝑚

𝑠
. 

Besides the 𝑘 − 𝜔 SST 2003 model, three other models have been considered: the 𝑘 − 𝜔 SST Curvature and rotation 

correction model, the Local Correlation-Based Transition Model and the Explicit Algebraic Reynolds Stress Model. 

Since no grid refinement studies have been done for these models, the uncertainty has not been determined. In 

general, compared to the predicted values with the 𝑘 − 𝜔 SST 2003 model, the 𝑘 − 𝜔 SST CC model predicted a 

power of 4.220 W (+0.3%), the LCTM predicted 4.236 W (+0.7%) and the EARSM predicted 4.123 W (-2.0%). 

Compared to the 𝑘 − 𝜔 SST 2003 model, the other models predict a 0.5% difference in speed for both engines. If 

the ONRT is equipped with the 4W engine, the 𝑘 − 𝜔 SST CC, LCTM and EARSM predict respectively a speed of 

1.0960, 1.0953 and 1.1006 
𝑚

𝑠
. When choosing the 4.5W engine these predicted speeds are respectively 1.1198, 

1.1191 and 1.1248 m/s. From this it can be concluded that the 4.5W engine is a significantly safer choice for all cases. 

Furthermore, the differences in speed prediction between the different turbulence models is small. 

Besides the conclusions with respect to the main question, the following conclusions have been made with respect 

to the grid refinement study and the turbulence models: 

- Analysis on the discretization- and iterative error contribution to the numerical uncertainty showed that 

the iterative error is non-negligible for the main integral quantities and should therefore be included in the 

numerical uncertainty estimation. 
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- The hull resistance is mainly dominated by its friction component (≈ 3: 1), whereas the thrust is almost 

entirely dominated by its pressure component (≈  20: 1).  

- In general, a coarser grid overpredicts the pressure component of the hull resistance and the friction 

component of the thrust, and underpredicts the friction component of the hull resistance. The differences 

for the pressure component of the thrust between the grids is small (<0.6%).  

- The thrust- and torque identity method for different grids have been compared. From this, it can be 

concluded that for a coarser grid the torque identity method overpredicts the delivered propeller power 

and the thrust identity method underpredicts this power. This suggests that the torque identity method is 

a more conservative way to predict the delivered propeller power. Furthermore, trends suggest that for 

finer grids the thrust- and torque identity method converge towards the same value.  

- For coarser grids, properties fade out more rapidly in travelling direction due to grid diffusion.  

- Vortex envelopes are predicted more clearly for the finer grids, regions downstream of the propeller trailing 

edge and rudder leading edge can be observed for the finer grids which are not present in the coarser grids. 

- The convergence for the hull resistance per time-step is erratic. In this study, the cause for this could not 

be found, hence this problem should be investigated further the future.  

- The minor differences between the 𝑘 − 𝜔 SST 2003 and CC turbulence models (<0.5%) suggest that the 

streamline curvature induced by the propeller for the ONRT can be deemed negligible. 

- The LCTM predicted values for the total hull resistance and thrust with minor differences to the 𝑘 − 𝜔 SST 

2003 model (<0.5%). Nevertheless, the decomposed pressure- and friction components showed significant 

differences of up to 15%. 

- For the EARSM, the total hull resistance is overpredicted by 1.3% with respect to the 𝑘 − 𝜔 SST 2003 model 

and the total thrust is underpredicted by 1.5%. The differences of the decomposed pressure- and friction 

components are all smaller than 1.5%. 

- The torque was predicted for all turbulence models within a range of ±1%.  

- The EARSM predicts a different velocity profile and pressure distribution in the wake region, the other 

models showed minor differences.  

- The LCTM predicts lower values for the shear stress on all faces of the propeller and rudder. 

- The EARSM and LCTM capture the propeller trailing edge vortex envelopes more clearly than the 𝑘 − 𝜔 SST 

2003 and CC models. 

Future work: 

During this project, several problems were detected which could not be further investigated, primarily due to time 

restriction. It is therefore suggested to look further into the following points into the future: 

- Since the experimental setup could not be traced, modeling errors could have arisen. These modeling errors 

cannot be quantified, but can be eliminated if the experimental setup is known.  Therefore, it is important 

to trace down the exact experimental setup, and whether any minutiae were present during the 

experiments. This way, the results can also be validated.  

- The convergence problem for the hull resistance per time-step is something to investigate further, the main 

focus here is whether this problem is caused by a numerical issue or by a physical phenomenon. 

- In this study, the grid refinement study is only done for the spatial discretization. The time influence is thus 

not captured. To improve the grid refinement study, the time-step influence should also be studied and 

added to the spatial discretization.  

- To better assess the influence of the different turbulence models, a grid refinement study should be 

performed for every turbulence model. By doing so, the numerical uncertainty for every model can be 

determined.  
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Appendix A. Meshing in Hexpress 

For the meshing procedure in this study, use is made of Numeca’s Hexpress. Hexpress is a program that generates 

hexahedral unstructured meshes, which are body-fitted and non-conformal. It involves five different steps to 

perform the meshing process, which are the following (visualized for a spherical shape in Figure A-1) [80]: 

1. Initial Mesh: The system is initialized with a specified number of cells in x-, y- and z-direction. An initial 

hexahedral mesh is generated automatically within the bounding box of the computational domain. 

2. Adapt to Geometry: The mesh is adapted successively by anisotropic cell subdivision until the cell sizes match 

some specific geometry criteria. The adaptation criteria are either fully automated or depend on user 

specification:  

 Surface criteria are set which automatically compute cell sizes to fill narrow gaps between surfaces 

with a sufficient amount of cells and refine cells locally close to high geometry curvature regions. It is 

also possible to set specific cell size requirements. 

 Volume box refinements can be defined to refine cells in some volumes specified by the user. 

 All cells located outside the computational domain or intersecting the geometry can be removed 

optionally. 

3. Snap to Geometry: The mesh is projected on the geometry and recovers lower dimensional geometry 

features by some specific corner and curve capturing.  

4. Optimize: The mesh is optimized to ensure that all cells are convex10 and of high quality. 

5. Viscous Layers: Additional layers are inserted of high aspect ratio cells in the mesh by further anisotropic cell 

subdivisions in order to generate a mesh suitable for resolving highly sheared flows. 

In order to ensure a sufficiently smooth transition from coarse to fine regions, not only the cells flagged for 

refinement are be refined, but also a certain number of neighboring cells. This number of neighboring cells which 

need to be refined is defined by an integer called ‘diffusion’. The 2D refinement process for a diffusion of 3 is shown 

in Figure A-2, where the red cell is flagged for refinement (in this case the refinement is set to 1) and the grey cells 

refined due to diffusion. 

 

                                                                 
10 Every point on every line segment between two points inside or on the boundary of the cell is positioned inside 
or on the boundary of the cell. 
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Figure A-1: Hexpress mesh generation process for a sphere 

 

 

Figure A-2: 2D refinement process for a diffusion of 3 
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Appendix B. Fully appended adjustments 

To be able to mesh the fully appended vessel in HEXPRESS, some adjustments to the appendages need to be made 

to the original geometry. These changes are visualized below: 

 

 

 

Figure B-1: Connection between driveshaft bossing and hull 

 

 

 

 

Figure B-2: Connection between driveshaft and struts and LE/TE of struts 

 

A similar approach of the fillet created on the LE/TE of the struts in Figure B-2 is used on the LE/TE of the rudder, 

and the TE of the skeg.  
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Appendix C. GRS Grid cells 

In Figure 4-14, the grid cells for the refinement are visualized for a yz-slice through the propeller center. In the 

appendix, some other perspectives are visualized in the following figures. 

   

  

 

Figure C-1: Refinement grid cells, yz-slice through prop center, hub zoom. Going from top left to bottom right: coarse to fine grid 

 

   

  

 

Figure C-2: Refinement grid cells, yz-slice through prop center, tip zoom. Going from top left to bottom right: coarse to fine grid 
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Figure C-3: Refinement grid cells, xz-slice through prop center. Going from top left to bottom right: coarse to fine grid 
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Appendix D. Convergence 𝑅𝑡 

To analyze the convergence problem per time-step of the hull resistance 𝑅𝑡, the following settings have been altered 

and their influence has been plotted. Due to computational costs, this analysis is not investigated further; this 

problem is still something to look into in the future. 

- Time-step Rotational length, where the original DoBo computation uses 2 
𝑑𝑒𝑔𝑟𝑒𝑒

𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝
. This setting was changed 

to 1 
𝑑𝑒𝑔𝑟𝑒𝑒

𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝
, and its result is plotted in Figure D-1, where the top figure shows the transition from 2 deg/dt 

to 1 deg/dt. The blue region indicates the zoom region, which is plotted in the bottom figure. It is noticed 

that the erratic convergence is not solved, and that the amplitude of the oscillation changes; however, the 

moving average is similar to the computation with 2 deg/dt. 

 

 

Figure D-1: Convergence 𝑹𝒕 for 1 deg/dt instead of 2 deg/dt, zoom at bottom  
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- Explicit relaxation factor for the momentum equation, where the original DoBo computation uses a value 

of 0.3. This setting was changed to 0.2 and 0.1, and these results are plotted in Figure D-2, where the top 

figure shows the transition from 0.3 (counter < 37500) to 0.2 (counter 37500 – 42800) to 0.1 (counter > 

42800). The blue region indicates the zoom region, which is plotted in the bottom figure. It is noticed again 

that the erratic convergence is not solved, and that the amplitude of the oscillation changes; however, the 

moving average is similar to the computation with 2 deg/dt. 

 

 

Figure D-2: Convergence 𝑹𝒕 for momentum relaxation factor of 0.2 and 0.1, zoom at bottom 
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- Implicit relaxation factor for the momentum equation. Since ReFRESCO uses an implicit-explicit 

underrelaxation procedure, changes to both the linear equation and the updated primary variables value. 

This procedure uses a starting value (minimum) for the implicit relaxation factor, a maximum value and a 

number of time-steps over which the implicit relaxation factor is changed. The original computation used a 

minimum value of 0.5, a maximum of 0.9 and a number of time-steps of 25. These settings have been 

changed to the preferred value as stated by ReFRESCO; a minimum value of 0.25, a maximum of 0.975 and 

a number of time-steps of 100. The results are plotted in Figure D-3, where the top figure shows the 

transition. The blue region indicates the zoom region, which is plotted in the bottom figure. It is noticed 

again that the erratic convergence is not solved, and that the amplitude of the oscillation changes; however, 

the moving average is similar to the computation with 2 deg/dt. 

 

 

Figure D-3: Convergence 𝑹𝒕 for momentum relaxation factor of 0.2 and 0.1, zoom at bottom 
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- Number of iterations per time-step. The original computation used a value of 50 iterations per time-step 

with a maximum number of time-steps of 1020. For time-steps 1021-1026 this number of outer-iterations 

is changed from 50 to 500, and for time-steps 1027-1040 it is changed to 1000. The results are shown in 

Figure D-4, for clarity, the time-steps are indicated by the blue vertical lines. It can be noticed that the 

convergence behavior per time-step remains erratic, even when it reaches the convergence tolerance for 

the residual norm and stops the outer loop (this tolerance is set to 1e-6) as seen for a couple of time-steps. 

However, it seems that the moving average still remains similar to the results obtained with the original 

settings.  

 

Figure D-4: Convergence 𝑹𝒕 for a number of outer iterations of 500 and 1000 
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Appendix E. Grid decision matrix 

In this appendix a decision will be made for the grid usage of the speed prediction procedure, based on the numerical 

uncertainty and the computational lead time of the grids. The decisions that are made have been done in 

collaboration with people from Damen. The uncertainties per grid and computational lead time are shown in Table 

E-1 and E-2 respectively. It is decided that for the uncertainty, the parameters have the same weighing factors, 

making the average of the uncertainties per grid: 

𝑈 =
𝑈𝑅𝑡

+ 𝑈𝑇 + 𝑈𝑄

3
, for grid 5: 𝑈 =

𝑈𝑇 + 𝑈𝑄

2
 

The results for both �̅� and t are normalized for grid 𝑖 as follows, where lower values represent better results for the 

considered parameter: 

𝑈𝑛𝑜𝑟𝑚,𝑖 =
𝑈𝑖

∑ 𝑈𝑗
5
𝑗=1

 

Table E-1: Numerical uncertainty for the main integral quantities 

Grid 𝑼𝑹𝒕
 [%] 𝑼𝑻 [%] 𝑼𝑸 [%] �̅� [%] �̅�𝒏𝒐𝒓𝒎 [-] 

5 - 6.11 3.95 5.03 0.384 

4 6.29 3.16 2.22 3.22 0.246 

3 4.26 1.6 1.51 2.28 0.174 

2 3.65 1.19 1.16 1.69 0.129 

1 2.73 0.78 0.96 0.87 0.066 
 

Table E-2: Computational lead time per grid 

Grid 𝐭 [hrs] 𝐭𝒏𝒐𝒓𝒎 [-] 

5 9.4 0.022 

4 28.5 0.067 

3 70.7 0.166 

2 116.5 0.273 

1 201.4 0.472 
 

 

It has been decided to give the numerical uncertainty a weighing factor twice as high as the computational time, 

since the computational time has its limits for Damen, but the uncertainty is more important for this study. This 

decision leads to the following normalized definition of the grid decision factor 𝑓𝑖, where again a lower value 

represents better results: 

𝑓𝑖 =
2 ∗ 𝑈𝑛𝑜𝑟𝑚,𝑖 + t𝑛𝑜𝑟𝑚,𝑖

3
 

Applying this formula, the normalized results are obtained for the grids as shown in Table E-3. It can be noticed that 

with these choices, grid 3 is the grid which would be preferred with respect to uncertainty and computational lead 

time. 

Table E-3: Computational lead time per grid 

Grid 𝒇 [-] 

5 0.263 

4 0.186 

3 0.171 

2 0.177 

1 0.202 

 


