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List of Abbreviations 
Here the abbreviations used in the text and figures are listed alphabetically. 
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Marine Engineering) 
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KR Korean Register (company) 
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(b) DNV Silent R (Research) [17] 

Fig. 1: ICES 209 limit curve and adopted DNV class guidelines 
 
More in the past, research interest has been raised on underwater radiated noise in naval applications, 
where acoustic detection plays an important role since at least 1950 with the beginning of the cold war. 
While this is particularly important for subsurface vessels, likewise the acoustic signatures of surface 
vessels are exploited to identify objects before they reach a visible range, as sound travels much farther 
and attenuates less severe than in air due to the lower compressibility of the medium. While cavitation 
noise may be loud, it has an advantage as it is broadband by nature and therefore has the potential to 
mask information, about driving or driven machinery. On the other hand, periodic noise by liquid 
displacement due to fluid machinery or tonal noise by the structure directly features information about 
the propulsor, such as number of units, type of propulsion, number of blades, rotation rate, loading, etc. 
This can be exploited for reconnaissance or even offensive activities by an opposing party. As one of 
the main contributors to underwater noise, the propulsion system is therefore required to have the lowest 
possible acoustic signature, which is typically given as a limit curve obtained from the planned vessel 
operation profile. Thus, it is crucial to predict the signature of the propulsion machinery before the vessel 
is built and tested in order to compete for navy applications on the propulsion market. While the methods 
of the defense industry are mostly kept confidential, it can be assumed that due to technical limitations, 
the research in this area was historically mostly based on model and full -scale experimental evidence 
and experience rather than full physics-based simulations. According to anecdotal evidence, the methods 
implemented in military use are mostly concerned with acoustic radiation of noise, so the acoustic 
sources themselves may be required as an external input from suppliers. Contemporary methods utilize 
highly comprehensive simulation approaches including FEM and CFD. In any case, no holistic and 
monolithic approach that considers hydrodynamic flow, noise generation, and noise propagation is 
known publicly. 

Practical implementation and enforcement of the given limits, either from environmental concerns or 
from reconnaissance suppression, is not trivial, as there are numerous requirements and external factors 
influencing full -scale measurements to validate their adherence [18]. Model scale measurements on the 
other hand may either not be acceptable due to uncertainties in the scaling of the acoustic emission 
characteristics or unknown measurement quality criteria, such as untracked physical quantities of the 
medium or measurement geometries, affecting their reproducibility. Full-scale simulations are a possible 
imaginable remedy as reproducibility is ensured, however, capturing the underlying physical 
phenomena of turbulent propulsor-vessel flow, noise generation, and propagation are in their current 
stage not mature enough to be accepted unconditionally. This leads to the pressing necessity to develop 
and validate holistic simulation methods that are as close to full -scale experiments in both accuracy and 
meaningfulness as possible. 
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axisymmetrical solid boundaries behind the propeller plane. Any possible trajectorial refinements have 
to end at the downstream section parallel to the propeller plane, where the geometry loses axisymmetric 
properties. This is indicated by the red line around the rotating mesh region in Fig. 3. The restriction 
could be circumvented by an overset grid method, where the refined rotating tip vortex region intersects 
the solid geometry and cells inside the obstacle geometry are deactivated. However, this only works in 
straight inflow as is described above. In addition, the solid boundaries distort the vortices by stretching 
them along their leading edge, which in turn requires new refinements with dynamic location that are 
potentially necessary. 

With very sharp wakes upstream of the propeller, such as behind a NACA airfoil in Fig. 4 the tip vortex 
receives a periodic distortion that is not static with respect to a propeller-fixed coordinate system, as it 
appears at the inertially fixed intersection of the wake caused velocity deficit of the foil with the tip 
vortex trajectory. To resolve this issue similar measures as for problem 2. would have to be undertaken. 

 
Fig. 4: Restriction by wake fueled vortex distortion 

 
The second and third problem cannot be solved by a static overset grid, therefore the only feasible way 
to tackle all of the above mentioned limitations is the utilizing of an automatic run-time adaptive mesh 
refinement, with refinement criteria given by values of available transport variables. This in turn leads 
to higher calculation times, as the mesh is dynamically adjusted every timestep by splitting and merging 
cells. 

Scientifically, the starting point for this research are single elements of simulation approaches that are 
fully functional and partly validated, but have never been combined in a holistic approach. These 
elements are for instance CFD simulations of propellers, or propeller-hull combinations with RANS, 
cavitation simulations of propellers with potential flow assumption such as with the vortex-lattice 
method or the panel methods, and acoustic calculations based on empirical data. On a technical side 
specifically, an existing FVM method with the VOF method and a Schnerr-Sauer based cavitation solver 
exist and are used with only minor modifications. The classic FWH-method is already implemented in 
the solver structure as well, however, the KFWH-method is not available as an algorithm in the code 
applied and only exists as the original concept derived analytically and adjusted for numerical simulation 
needs [46]. The single methods are not validated for the described purpose and have never been 
combined and validated in combination with respect to acoustic emissions.  

1.5 Structure of Thesis 
Due to the complexity and comprehensiveness of the research the results are kept concise and 
summarized and in most cases only a selection of the large number of simulations conducted as part of 
this research is shown. The structure of the presentation of the result follows the traditional approach to 
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exposit the motivation, the theory and the applied methods, followed by a presentation of results and 
their discussion. 

The external factors constituting the necessity for the pertinent approach of simulating marine propulsors 
with FVM in order to determine far-field noise radiation are explained in the first chapter of the thesis. 
An accurate approach for simulating acoustic emissions that considers the radiated noise from the base 
acoustic flow, including its generation and propagation is not trivial and requires three main theoretical 
aspects which are flow and multiphase physics, description of acoustic sources and a method for the 
transport of acoustic waves. While each topic itself is its own area of research, the second chapter aims 
to present a summary of the fundamental mechanisms commensurate to the selected methodology of 
solving the issue. A comprehensive analysis of the methods for each of the considered steps is then 
given in the third chapter. Due to the number of conducted investigations, a number of possible 
variations in the simulation setups are considered. Simulations that are targeting the investigation of the 
hydrodynamic flow field with a focus on the turbulence modelling and analyzing the two-phase flow 
phenomena directly in order to study the effects of different numerical settings to prepare for the 
subsequent acoustic simulations are presented in chapter 4. In chapter 5 the validation of the selected 
methods is presented, the details of the underlying physics are investigated and a deeper understanding 
of the mechanisms of flow noise generation is achieved. Each subsection is followed by a summary 
pertaining to best practices for the simulation of URN with CFD methods. For the URN investigations, 
the developed numerical methods from chapter 3 are put to the test with simple acoustic validation cases 
and subsequently use cases from the industry with increasing complexity in chapter 6. This proves the 
approach as meaningful and applicable within an industry environment for typical tasks that might arise 
in the field of marine vessel URN engineering. Summarizing the results and the knowledge gained from 
the validation cases as well as the complete work is chapter 7, which additionally describes the further 
steps identified for future research efforts.  
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expensive with this classic acoustic analogy approach. Acoustic analogies are initially designed as a 
line-of-sight methods, however, they can be modified to include reflections at modelled boundaries.  

2.5 Summary 
The main subject of investigation, when considering acoustic emissions of propulsion systems is the 
hydrodynamic noise. In this chapter it is addressed that turbulence is a fundamental property of fluid 
flow and creates the phenomena of boundary layers and trailing vortices in connection with propeller 
blades, which both create sound by themselves. Furthermore, it is established that cavitation is the most 
significant noise contributor as rapid collapse of cavities and bubbles causes pressure waves. Combined, 
the interaction of turbulence and cavitation drives the noise emission of a marine propulsion system with 
suction side sheet cavitation and tip and hub vortex cavitation as the most relevant occurrences. In 
addition, the interaction with obstacles in the slipstream contributes by deforming or bursting trailing 
vortices. On a macroscopic scale the acoustic emissions can be modelled with wave physics, meaning 
they are subject to typical properties of waves such as reflection, absorption, scattering, and refraction. 
Acoustic sources are separated by their emission characteristic into monopoles, dipoles or quadrupoles. 
In practice acoustic sources, described by the Lighthill stress tensor, and their emission to an observer 
by wave transmission can be calculated by utilizing acoustic analogies. With this short insight into the 
turbulence and cavitation phenomena and how they pertain to acoustic emissions, the question of which 
methods are implemented to capture these physics and obtain valid acoustic results is answered in the 
next chapter. 
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vaporization clearly occurs at the upstream chord coordinate, and the condensation region downstream 
beyond the trailing edge, substantiating the implementation. 

 
(a) Cavitating bullet Initial 
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(b) Cavitating bullet at later timestep 
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