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A B S T R A C T   

This paper assesses the full-scale The Princess Royal vessel Underwater Radiated Noise (URN) characteristics 
using a CFD method. Also, the cavitation extensions and propeller hydrodynamic characteristics are explored 
over a wide range of operating conditions. The numerical calculations were carried out using a hybrid method 
combining the DES and permeable formulation of the FWH equation. In the numerical calculations, two different 
permeable noise surfaces encapsulating the complete hull and only the propeller and its slipstream were utilised. 
In order to accurately solve the tip vortex flow and model the tip vortex cavitation (TVC) in the propeller 
slipstream, the developed V-AMR technique was applied in the numerical calculations together with the Schnerr- 
Sauer mass transfer model to model the cavitation. The results were validated with the full-scale measurements 
in terms of propeller hydrodynamic characteristics, cavitation extension and URN. The results showed that the 
sheet cavitation extensions predicted in the numerical calculations agreed with the sea trial observations despite 
the differences in the violent cavitation dynamics. Similarly, TVC was somewhat observed in the numerical 
calculations using the V-AMR technique with a lack of dynamics and extension in the propeller slipstream 
compared to the full-scale observations. The comparison of noise spectra at two different operating conditions, 
where similar cavitations were observed between the numerical calculations and full-scale observations, showed 
an agreement with the full-scale measurements. The lack of TVC and possible bursting phenomena predicted in 
the numerical calculations caused the underprediction of propeller URN levels up to 20 dB at certain frequencies 
over the noise spectrum at the lowest blade loading conditions. When the two different permeable noise surfaces 
were compared, it can be concluded that the permeable noise surface, encapsulating the complete hull, captures 
more noise information in the noise spectrum than the permeable surface, encapsulating only the propeller and 
its slipstream. Also, a more distinct spectral hump triggered by the tip vortex was observed using the permeable 
noise surface around the complete hull compared to one around the propeller. The results showed that the 
interaction between the cavitation and nonlinear noise sources occurring around the hull might influence the 
amplitude of the characteristic hump, apart from the possible hull interference on the ship hull and appendages 
induced by the propeller.   

1. Introduction 

Anthropogenic noise levels have shown an increasing trend in the 
last two decades as industrial activities (e.g., oil, gas, renewable energy, 
transport industries and commercial vessel traffic) in the oceans have 
become more widespread. Industrial noise sources can be classified as 
incidental and deliberate. The commercial vessel traffic, oil and gas 
drilling activities, etc., can be considered incidentally radiated noise 

sources. On the other hand, the sonar systems, oil & gas seismic surveys, 
etc., can be deemed to be deliberate noise sources in the oceans (Chou 
et al., 2021; Brooker and Humphrey, 2016). The incidentally radiated 
noise sources negatively influence some marine animal species in the 
short term. The possible long and short term influences of deliberate 
noise sources (e.g., ship-related operational noises) on different marine 
species are unknown (Kellett et al., 2013) and hence the investigations 
have still been carried out. Due to this fact, Underwater Radiated Noise 

* Corresponding author. Lloyd’s Register (LR) EMEA, UK. 
E-mail address: savas.sezen@lr.org (S. Sezen).  

Contents lists available at ScienceDirect 

Ocean Engineering 

journal homepage: www.elsevier.com/locate/oceaneng 

https://doi.org/10.1016/j.oceaneng.2022.112712 
Received 28 May 2022; Received in revised form 29 August 2022; Accepted 23 September 2022   

mailto:savas.sezen@lr.org
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2022.112712
https://doi.org/10.1016/j.oceaneng.2022.112712
https://doi.org/10.1016/j.oceaneng.2022.112712
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2022.112712&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ocean Engineering 266 (2022) 112712

2

(URN) has been addressed by the European Marine Strategy Framework 
Directive (MSFD) to protect the ecosystem and reduce noise pollution. 

Over the last 10 years, the national and international regulatory 
bodies, classification societies and IMO (International Maritime Orga-
nisation) have also emphasised the potential threats of URN, particularly 
radiated by the shipping activities, on the marine ecosystem and pub-
lished notations and non-mandatory guidelines (e.g., the Det Norske 
Veritas Germanisher Loyd (DNV-GL) QUIET class, Registro Italiano 
Navale (RINA) DOLPHIN and IMO, MEPC.1/Circ.833). The reason is 
that the increased URN levels put marine life at risk and threaten their 
survival. In these guidelines and notations, the ship owners are urged to 
take precautions for the increased URN levels radiated by the com-
mercial vessels. This also helps to increase the passenger comfort on-
board, especially for passenger vessels. Amongst the different noise 
sources radiated by the ships, the characteristics of the ship URN are 
dependent on the CIS (Cavitation Inception Speed). When the propeller 
is operating below the threshold of CIS, the overall noise constitutes 
non-cavitating propeller, machinery and flow noise. However, when the 
cavitation kicks off, the cavitating propeller will be the dominant one 
and contribute considerably to the overall URN levels for both tonal and 
broadband parts of the noise spectrum (Kellett et al., 2013). Therefore, 
the understanding and accurate prediction/modelling of the propeller 
cavitation and associated URN are important to control the ship URN. 

The hydrodynamic and hydroacoustic performance of the cavitating 
marine propellers is generally predicted on the model scale with the 
experiments conducted in the cavitation tunnels and numerical methods 
(e.g., Aktas et al., 2016a; Tani et al., 2019). Then, the hydroacoustic 
results are extrapolated to full-scale using the extrapolation techniques 
proposed by ITTC, 2017a. However, scaling the results from the model 
to full scale brings some difficulties. For instance, viscous effects influ-
ence the flow characteristics and the cavitation pattern on and off the 
propeller blades. In particular, the tip vortex cavitation (TVC), the first 
type of cavitation on well-designed propellers, is delayed in model tests 
compared to the sea trials because the propellers are generally operating 
at a lower Reynolds number in the model test. In this case, the devel-
opment of TVC and associated noise prediction will be more critical and 
different extrapolation techniques might be required for the accurate 
prediction of propeller URN in full-scale (e.g., Park and Seong, 2017). 
Additionally, the additional issues related to cavitation inception and 
development, such as water quality between the model and full-scale 
propellers, are also explained and discussed in ITTC, 2002 and Tani 
et al. (2019). 

Regarding the numerical modelling of cavitating and associated 
noise prediction, the viscous based CFD methods (e.g., RANS (Reynolds- 
averaged Navier Stokes), DES (Detached Eddy Simulation) and LES 
(Large Eddy Simulation)) are mainly adopted in model scale with the 
acoustic analogy as a hybrid method (i.e., hydrodynamic solver with the 
acoustic analogy). Amongst them, LES and DES are the methods to better 
resolve turbulent structures and cavitation dynamics, including TVC, 
and hence the propeller URN. As the LES method requires very fine 
meshes and timestep resolution, it becomes computationally expensive 
compared to the DES method, particularly for full-scale applications. 
Therefore, DES, which combines RANS and LES, offers a trade-off be-
tween computational cost and accuracy (ITTC, 2017b). The form of the 
acoustic analogy for the prediction of propeller URN is based on the 
solution of the Ffowcs Williams Hawkings (FWH) equation (Ffowcs 
Williams and Hawkings, 1969). In particular, permeable FWH formu-
lation is generally applied to include the contribution of nonlinear noise 
sources effectively, and the accuracy and applicability of this formula-
tion for hydroacoustic problems have been proven by several studies in 
the literature (e.g., Ianniello and De Bernardis, 2015; Sezen et al., 2020a; 
Sezen et al., 2021; Ku et al., 2021; Testa et al., 2021). Nevertheless, 
similar to model tests employed in the cavitation tunnels, these studies 
are still limited in model-scale, and the results are needed to be 
extrapolated to full-scale with the aid of extrapolation techniques 
despite the several issues stated before. Due to this fact, either the URN 

predictions should be conducted in full-scale to avoid scale effects using 
CFD methods, or URN measurements need to be undertaken for the 
full-scale ship in real sea state conditions. 

Inevitably, the sea trial URN measurements are the foundation for 
the accurate prediction of full-scale propeller noise levels, and they have 
been generally conducted for military and research purposes; hence the 
results are often restricted for validation purposes. However, in the 
scope of the EU-funded SONIC project (Suppression Of underwater 
Noise Induced by Cavitation) (SONIC, 2012), several dedicated mea-
surements were carried out at different operating conditions for the 
Newcastle University’s Research Vessel, The Princess Royal (Atlar et al., 
2013). As a result of the measurements, the open-access ship URN 
database was generated (http://vesselnoise.soton.ac.uk/view/vessel/). 
The full-scale sea trial data collected during the SONIC project gives the 
author an excellent opportunity to show the capabilities of the full-scale 
cavitation and propeller URN predictions using the state-of-art CFD 
method as there are a few studies in the literature for the prediction of 
full-scale propeller URN and validating the results with the sea trial data. 
Amongst these studies, Ianniello et al. (2014) explored the capabilities 
of the FWH formulation for the full-scale RO-PAX vessel under 
non-cavitating conditions for the first time in the literature. The results 
showed that nonlinear noise sources should not be neglected for the 
accurate prediction of propeller URN and FWH formulation was a reli-
able and effective tool. In the study by Fujiyama and Nakashima (2017), 
the CFD calculations were carried out to predict cavitation and propeller 
URN both in model and full-scale. The model scale predictions were in 
good agreement with the experimental data and semi-empirical for-
mulations. In contrast, the full-scale CFD calculations underpredicted 
the noise level in full-scale due to the lack of TVC dynamics observed in 
the numerical calculations compared to sea-trial data. Li et al. (2018) 
investigated a full-scale propeller’s hydrodynamic and hydroacoustic 
performance using the DES and permeable FWH formulation. The hy-
drodynamic results and hull pressure fluctuations were first validated 
with the model experiments, and then propeller URN predictions were 
compared with the sea trial data. In the numerical calculations, the sheet 
cavitation was predicted similar to the experiment and sea trial obser-
vations, whereas the strength and extension of TVC could not be 
observed in the numerical calculations as in the sea-trial. The hydro-
acoustic results were found to be in good agreement with the sea trial up 
to 5th BPF (Blade Passage Frequency), but the lack of TVC dynamics in 
the CFD calculations resulted in an underprediction of URN levels in the 
numerical calculations compared to sea trial. 

Within this framework, as the propeller URN predictions are still 
limited in model scale, and full-scale predictions are rare, this study aims 
to fill this research gap and show the capabilities of the hybrid method 
(i.e., DES with permeable FWH) for full-scale benchmark “The Princess 
Royal” catamaran research vessel at different operating conditions for 
the first time in the literature. Also, the advanced meshing technique (i. 
e., Vorticity-based Adaptive Mesh Refinement), which was recently 
developed and proposed by the authors (Sezen and Atlar, 2021), is 
coupled with a hybrid method for a better solution of tip vortex flow and 
modelling of TVC, which one of the significant noise sources, in the 
propeller slipstream and hence associated URN. 

In this study, the cavitating flow around the benchmark propeller 
was solved using a high-fidelity DES method together with the k-ω SST 
turbulence model in the facilities of Star CCM+ (Star CCM+ 14.06, 
2019). The sheet and tip vortex cavitation (TVC) was modelled using the 
Schnerr-Sauer mass transfer model. The Vorticity-based Adaptive Mesh 
Refinement procedure (V-AMR), which was developed and proposed by 
the authors (Sezen and Atlar, 2021), was utilised to better model TVC in 
the propeller slipstream. The hydrodynamic performance and cavitation 
patterns were first validated with the sea trial data. For the propeller 
URN predictions, two different permeable noise surfaces were used, and 
the results were validated with the sea-trail data in the far-field where 
the sea-trial data was collected during the measurements. The numerical 
results obtained by two different permeable surfaces were discussed, 
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and the current method’s capabilities were shown. 
In our Part 1 study, the hydrodynamic and hydroacoustic perfor-

mance of The Princess Royal model scale propeller was predicted for the 
uniform flow configurations, whereas the numerical investigations with 
the same benchmark model scale propeller were performed for the non- 
uniform flow configurations through the cavitation and URN predictions 
in our Part 2 study. In this study (i.e., Part 3), the numerical calculations 
were also carried out in full-scale in the presence of a hull. In this way, 
the presented approach’s reliability was shown at the far-field where the 
sea-trial data was collected during the sea trials of The Princess Royal. 

The paper is organised as follows. The theoretical background, 
including hydrodynamic and hydroacoustic models, is given in Section 
2. The full-scale trials are explained in Section 3. Section 4 presents the 
numerical modelling (e.g., computational domain, grid structure, solu-
tion strategy). The numerical results, including cavitation observations 
and URN predictions, are presented and discussed in Section 5. Conse-
quently, the concluding remarks are given in Section 6. 

2. Theoretical background 

2.1. Hydrodynamic model 

A commercial CFD solver (Star CCM+ 14.06, 2019) was used in the 
numerical calculations for the solution of the turbulent flow around the 
vessel and its propeller. The turbulence models can be mainly classified 
as:  

• Reynolds-averaged Navier-Stokes turbulence models  
• Scale-resolving simulations (e.g., DES and LES) 

The RANS models take an average of the flow field, and they can 
have several drawbacks for predicting cavitation and propeller URN. 
Thus, they can only be used in the preliminary design stage. In contrast 
to RANS models, scale-resolving simulations resolve large scales of 
turbulence, and small-scale motions are modelled in the flow field. In 
this way, the flow field can be investigated in more detail. Amongst 
them, the LES method can resolve the turbulent structures in space 
everywhere within the flow domain by taking the grid limit into ac-
count. In particular, the crucial turbulent structures near the wall are 
solved using the LES with higher computational cost as it requires very 
fine mesh resolution in the wall boundary both in the normal and 
streamwise direction. Thus, its applications are limited and not practical 
for full-scale marine applications because of the higher computational 
cost. Alternatively, the DDES (Delayed Detached Eddy Simulation) 
method, which is one of the DES variants, is a good compromise in terms 
of computational cost and solution accuracy, particularly for full-scale 
applications. DES is a hybrid modelling approach that utilises RANS 
and LES methods together. In this hybrid turbulence modelling method, 
the RANS method solves the flow field in near-wall and very far fields 
where the grid resolution is too coarse. On the other hand, the LES 
method is used in the detached flow regions providing the grid is suf-
ficient enough to make the meaningful LES solution, especially in the 
ship wake. For turbulence modelling, the k-ω SST turbulence model was 
used for the DES method in this study. The DES formulation of the k-ω 
SST turbulence model is derived by modifying the dissipation term in the 
transport equation for the turbulent kinetic energy (Spalart et al., 1997; 
Wilcox, 2006). The detailed formulations for the DES method can be 
found in the user guide of Star CCM+, 14.06, and they are not given here 
(Star CCM+ 14.06, 2019). 

With regard to cavitation modelling, seed-based mass transfer 
models are used in the CFD solver. Also, seeds are assumed to be 
spherical and uniformly distributed in liquid, and they have the same 
radius. In this study, amongst the two different cavitation models, the 
Schnerr-Sauer cavitation model, which is based on the reduced 
Rayleigh-Pleasset equation, was used to calculate the bubble growth 
rate. This model neglects the influence of bubble growth acceleration 

viscous and surface tension effects as it is the simplified model of the full 
Rayleigh-Plesset cavitation model (Schnerr and Sauer, 2001; Star CCM+

14.06, 2019). 

2.2. Hydroacoustic model 

In order to predict the noise, the Ffowcs Williams Hawkings (Ffowcs 
Williams and Hawkings, 1969) acoustic analogy was used. The required 
inputs for acoustic analogy are provided with the hydrodynamic solver 
(i.e., DES method) in the numerical calculations. When the propeller is 
operating under non-uniform flow conditions, the ship wake becomes 
very important for accurately predicting turbulence, cavitation dy-
namics and URN. The vortex and turbulence structures in the ship wake 
as nonlinear noise sources are crucial for the accurate URN prediction 
even though the cavitation related monopole (i.e., thickness) term will 
be dominant in the FWH equation. Thus, these nonlinear contributions 
need to be included in the calculations either by solving the volume 
integrals terms in the generalised FWH equation or by using the 
permeable formulation of the FWH equation. However, the direct so-
lution of the volume integrals is computationally expensive and requires 
high CPU demand. In order to reduce the computational cost of the 
solution, a relatively new formulation of FWH (i.e., permeable formu-
lation of FWH), which was first applied and proposed by Ffowcs Wil-
liams and Hawkings (1969) and suggested as a possible solution of the 
FWH equation by Di Francescantonio (1997) can be used. In this 
formulation, the volume integrals are turned into surface integrals, 
resulting in reduced computational cost. The linear terms (i.e., thickness 
and loading) lose their physical meaning and become pseudo-thickness 
and pseudo-loading in the permeable formulation of the FWH equation. 

Under the incompressibility, low Mach number and stationary 
porous surface assumption, the solution of the permeable FWH equation 
can be written as follows (Di Francescantonio, 1997); 

4πp(x, t) =

∫

S

ρ0U̇n

r
dS +

∫

S

L̇r

c0r
dS +

∫

S

Lr

r2 dS + pQ(x, t) (1) 

Here, r (m) is the distance between the noise source and the receiver, 
subscripts r and n define the dot product of a quantity with a unit vector 
in either radiation or normal directions, respectively. c0 is the speed of 
sound (m/s) and S is the surface of the noise source. U (m/s) and L (N) is 
the modified velocity and stress terms, respectively. The last term (pQ(x,

t)) still represents the nonlinear contribution of the noise sources outside 
of the permeable surface. In this equation, the first term is pseudo- 
thickness, whereas the second and third terms are the pseudo-loading 
noise terms. The last term represents the quadrupole noise sources 
outside of the integral surface. In general, the last term is ignored for 
hydroacoustic applications as it is believed that a permeable surface 
encompasses the all-relevant nonlinear noise sources (e.g., Ianniello and 
De Bernardis, 2015; Sezen et al., 2020b). However, the vortex structures 
passing through the boundaries of permeable surfaces can create 
spurious noise, contaminating the overall acoustic pressure. This is also 
known as the “end cap” or closure problem in the literature (Nitzkorski, 
2015). In order to reduce the spurious noise which occurs due to the 
truncation errors of the source terms at the permeable surface boundary, 
several approaches are used to correct the end cap problem in the near 
field using the corrected “volume terms” (e.g., Wang et al., 1996; Ikeda 
et al., 2017). These approaches may not be suitable to eliminate this 
issue completely, and they may not be practical. However, there are 
recent developments using multiple closing surfaces to eliminate this 
issue. (e.g., Ricciardi et al., 2022). The complete elimination of the 
spurious noise is possible by including the nonlinear noise sources (i.e., 
integral volume term) outside the permeable surface in the calculations 
(Testa et al., 2021). Inevitably, the solution of the volume integral will 
increase the computational cost of the solution, particularly for full-scale 
applications. Eventually, the end-cap problem was not investigated in 
the scope of this study. 
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The selection of the porous surface for the URN prediction is an 
important subject, and the studies still focus on open water propeller 
cases to understand the influence of the selection of noise surfaces on 
URN levels. When the complete case (i.e., ship hull, rudder, propeller, 
skeg, etc.) in full-scale together with the cavitation phenomena are 
concerned, as in the present case, the selection of permeable surface 
becomes more important to predict the propeller URN accurately. In this 
study, two different permeable surfaces, namely, PS1-FWH and PS2- 
FWH. PS1-FWH covers the propeller, and its slipstream, while the 
rudder is not included in the calculations. Whereas PS2-FWH encom-
passes the whole ship, including the rudder, hull, propeller and propeller 
slipstream, as shown in Fig. 1. 

3. Full-scale trials 

The SONIC project, which was funded under the European Union 
(EU) 7th Framework Programme (FP7), started in 2012 and lasted three 
years. In this collaborative project, there were thirteen organisations 
from five European countries, including universities, technical institutes 
and classification societies (SONIC, 2012). The project funding was 
provided to meet the requirement of MSFD (Marine Strategy Framework 
Directive) to satisfy the Good Environmental Status (GES) of EU water 
by 2020. Therefore, exploring the anthropogenic underwater noise, 
particularly shipping noise, was the key element to achieving the MFSD. 
In this regard, the SONIC project aimed to investigate the URN induced 
by ships and concentrate on propeller cavitation as it is the dominant 
noise source. 

The measurements were carried out in September 2013 in the region 
of Northumberland, where approximately 28 km offshore east of Blyth, 
in the North East coast of England. During the trials, water depth was 
around 100m and soft mud sediment conditions were present. The target 
vessel used in the trials was the research vessel of Newcastle University, 
The Princess Royal (Atlar et al., 2013). The target vessel and its speci-
fications are given in Fig. 2, and Table 1, respectively. Additionally, her 
propellers’ main characteristics are also given in Table 2. 

The measurements were conducted using the deployed vertical hy-
drophone arrays from a moored support vessel to record the acoustic 
pressures and hence URN when the target vessel was passing through the 
hydrophone arrays. Reson TC4032 hydrophones with the cables were 
utilised in the measurements. During the measurements, the GPS data 

was used for post-processing purposes to define the CPA (Closest Point of 
Approach) distances between the target and support vessels. The mea-
surements were carried out according to the American National Stan-
dard Institute (ANSI) and International Organisation for Standardization 
(ISO). Also, the measurements were performed in compliance with the 
Grade-A measurement standard (Turkmen et al., 2017; Brooker and 
Humphrey, 2014, 2016). 

In order to perform onboard measurements, several transducers (e. 
g., XPM10 Miniature pressure sensors with 2 kHz frequency sampling) 
were installed on the target vessel to measure the hull pressure pulses, 
engine and hull vibration, propeller shaft speed, propeller torque and so 
on. Also, a baroscope and several cameras were used to capture detailed 
information about the cavitation at each run. Several partners were 
involved in the trial, and they used their own measurement capabilities 
with hydrophone arrays (Turkmen et al., 2017; Brooker and Humphrey, 
2016). Amongst them, the setup designed by the University of South-
ampton (SOTON) and CETENA is shown in Fig. 3, as the numerical 
calculations will be compared with the measurements obtained by 
SOTON and CETENA in the results section. During the full-scale mea-
surements, the CPA point was 100m. More detailed information about 
the data acquisition system and trials can be found in the study by 
Brooker and Humphrey, 2016. 

4. Test matrix and numerical modelling 

4.1. Test matrix 

The operating conditions in the numerical calculations were deter-
mined according to full-scale trials carried out in the scope of SONIC 
projects. These four conditions correspond to the engine speeds of 900, 
1200, 1500, and 2000 rpm. A brief summary of the selected conditions is 
given in Table 3. 

The ship Speed Through Water (STW) values was recorded during 
the trials at each run. The runs were also repeated several times, and it 
was found that current significantly affected the STW according to 
recorded values in the trial datasheet. This resulted in higher blade 
loading conditions compared to the given values in Table 3. Thus, the 
STW values were reduced by around 12% in the numerical calculations 
for each condition to match the operating conditions between the nu-
merical calculations and sea trials. This modification was also done 
during the model scale measurements with the 3D model hull to match 
the operating conditions and hence the cavitation extensions between 
full-scale and model-scale (e.g., Sampson et al., 2015). 

4.2. Numerical modelling 

4.2.1. Computational domain and boundary conditions 
Fig. 4 shows the computational domain and boundary conditions 

used in the numerical calculations. The inlet boundary condition was 
located at 3LOA from the forepeak of the vessel, whereas the outlet 
boundary was located at 5LOA from the aft peak of the target vessel. The 
sides and bottom parts of the domain were extended by 1.2LOA from the 
centreline. The inlet and outlet were defined as velocity inlet and 
pressure outlet, respectively. The symmetry boundary condition was 
defined for the side and bottom of the computational domain. In order to 
avoid the excessive number of grids for the accurate resolution of free 
surfaces, the free surface was neglected, and hence it was defined as a 
symmetry boundary condition. Although the target vessel (i.e., The 
Princess Royal) is a catamaran, one of the hulls (i.e., monohull) was 
modelled in the numerical calculations to decrease the computational 
cost. 

4.2.2. Grid generation 
The unstructured grid was adopted within the facilities of Star 

CCM+, 14.06 (Star CCM+ 14.06, 2019). Trimmer mesh together with 
hexahedral elements were used to discretise the computational domain. 

Fig. 1. Representation of two different permeable surfaces (top: PS1, bottom: 
PS2) (green regions show the permeable surfaces). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Additional mesh refinements were utilised around the hull and ship 
wake to decrease the numerical diffusion and hence solve the turbulence 
field and vortex structures accurately. This also enabled us to meet the 
grid resolution requirements for the regions where the LES method was 
applied. The grid was refined in the wall-normal direction to resolve the 
boundary layer itself (i.e., y+ < 1) rather than using a wall function 
approach for the propeller. 

Modelling the TVC in the propeller slipstream is not completely 
successful by applying the local mesh refinements (e.g., spiral and tube 
refinements) around the tip vortex region, especially for full-scale ap-
plications. Besides, they are computationally expensive. Due to this fact, 
advanced meshing techniques (e.g., Adaptive Mesh Refinement) are 
required to realise the TVC in the propeller slipstream better. In this 
regard, the authors have recently introduced the Vorticity-based Adap-
tive Mesh Refinement (V-AMR) technique for the solution of the tip 
vortex flow and hence TVC observation in the propeller slipstream for 
the model scale propeller (Sezen and Atlar, 2021). With the help of this 
technique, the grid refinements can be applied as local as possible in the 
vicinity of the tip vortex areas to reduce the computational cost of the 
numerical solution. According to our comprehensive investigation 
(Sezen and Atlar, 2021), it was found that the grid size inside the vortex 
should be between 0.2 mm and 0.25 mm for the model scale propellers 
for the better realisation of TVC in the propeller slipstream. When the 
full-scale propeller’s TVC characteristics are concerned, the tip vortex 

diameter will inevitably be larger than that of a model scale propeller. 
Thus, the grid size will not have to be in the same order as the model 
scale propellers to prevent a considerable increase in the computational 
cost. Nevertheless, the grid size in full-scale propellers for the TVC res-
olution should be in a similar order to that of the model scale propeller. 
Based on our recent findings for the model scale propeller of this 
benchmark propeller, the grid size in the vortex region was enlarged 
with the scale ratio for the full-scale propeller. 

This technique consists of two stages: the 1st stage V-AMR and the 
2nd stage V-AMR. The two stages V-AMR procedure enable a reduction 
of the computational cost of the solution considerably. In the 1st stage, 
the relatively coarse grid was implemented to reveal the tip vortex 
trajectory in the propeller slipstream. Following this, 2nd stage V-AMR 
was implemented using the fine grid resolution. As the trimmer mesh 
has 1:2 mesh-size transitions, the grid at the first stage, which was 1.36 
mm, was divided by 2 at the second stage, and 0.68 mm grid size was 
implemented for the observation of TVC. Detailed information about the 
application of this technique can be found in the study by Sezen and 
Atlar, 2021. 

In addition to the TVC application and local mesh refinement around 
the hull and propeller, the uniform grid was used to avoid possible nu-
merical noise issues created by the abrupt mesh changes by taking 
crucial findings of our recent study (Sezen et al., 2021), which was solely 
focused on the influence of grid resolution on propeller hydrodynamic 
and hydroacoustic performance, into account. Also, the permeable 
surfaces around the hull and propeller were placed in a region where the 
fine grid resolution is present. In this way, it was aimed to decrease the 
information loss due to the numerical diffusion created by the grid 
resolution for the accurate prediction of propeller URN. During the mesh 
adaptation process, the fine grid resolution is adopted for the regions 
where the permeable surfaces are located, as shown in Fig. 5. As the 
permeable surface for the PS1 configuration is smaller than PS2, the 
relatively very fine grid resolution is adopted for the PS1 configuration. 
However, the same grid resolution could not be implemented for the PS2 
configuration as the permeable surface covers the whole hull. The 
implementation of the same grid resolution in PS2 as in the PS1 would 
result in an excessive amount of element counts. Eventually, the total 
number of cells was calculated at around 45M (for PS1) and 50M (for 
PS2). Because of the excessive number of cells inside the computational 
domain, the implementation of the grid uncertainty study is not prac-
tical for full-scale applications, and hence it was not carried out in the 
scope of this study. Fig. 5 shows the grid resolutions for different nu-
merical setups with two different permeable surfaces (i.e., PS1 and PS2). 

4.2.3. Analysis properties 
Fig. 6 shows the regions, which can be visualised using the DES 

correction factor (FDES) in the solver, where the RANS and LES methods 
are used. The correction factor calculation is based on the modification 

Fig. 2. Target vessel: The Princess Royal (Atlar et al., 2013).  

Table 1 
Specifications of the target vessel (Atlar et al., 2013; Turkmen et al., 2017).  

Classification MCA Cat 2 

Overall length, (LOA) (m) 18.9 
Beam (Full), (B) (m) 7.3 
Design draft, (T) (m) at AP: 1.96 and FP: 1.76 
Displacement (Loaded arrival) (ton) 42 (approximately) 
Payload (ton) 5 
Max speed (knot) 20 
Cruising speed (knot) 15 
Engines (BHP) 2 x 602 
Gearbox reduction ratio 1.75  

Table 2 
Propeller particulars of target vessel (Atlar et al., 2013).  

Propeller diameter (m) 0.75 

P/D at 0.7R 0.8475 
Expanded blade area ratio (EAR) 1.057 
Number of propellers 2 (fixed pitch) 
Number of blades, Z 5 
Skew angle (back) (o) 19 
Rake angle (o) 0 
Rotating direction outwards  
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of the dissipation term in the transport equation, and it is an indicator 
for LES resolved regions inside the domain when the FDES > 1. Also, it is 
an indicator for the modelled regions via unsteady RANS when the 
FDES = 1. As shown in Fig. 6, there is a thin URANS region around the 
ship hull, and hence boundary layer solution is provided by the RANS 
method as expected in the DES method. On the other hand, the LES 
method is utilised in the ship wake. 

The permeable surfaces, shown with black lines in Fig. 6, are placed 
around the propeller and the whole ship to account for the contribution 
of nonlinear noise sources embedded in the propeller slipstream. Thus, 
the regions inside the computational domain, where the LES method is 
used for the flow field solution, enable the suitable placement of the 
permeable surfaces around the ship and propeller. Thus, the permeable 
surfaces were placed based on our understanding of the flow field in full- 
scale, which is supported by Fig. 6 and our experience obtained using the 
applications for the model scale propeller operating under uniform and 
non-uniform flow conditions. Also, there is no consensus and practical 
guideline for suitable permeable surface location and size for 

Fig. 3. The measurements setup (Humphrey and Brooker, 2019).  

Table 3 
Chosen full-scale operating conditions for the target vessel (The Princess Royal) 
(Aktas et al., 2016b).  

Data/particulars Values 

Condition name C1 C2 C3 C4 
Dynamic draught TA/ TF , m 1.95/ 

1.57 
1.95/ 
1.57 

1.95/ 
1.57 

1.95/ 
1.57 

Ship speed through water (STW) 
(VS), knot 

7.100 9.350 10.530 15.108 

Engine speed, (n), rpm Set on the 
wheelhouse by the skipper) 

900 1200 1500 2000 

Propeller speed, (n), rpm (Port-side 
in full scale) 

514.2 682.1 856.2 1141.5 

Cavitation number (σn) 0.53 0.30 0.19 0.11 
Torque coefficient (10KQ) 0.336 0.318 0.323 0.318  

Fig. 4. Representation of computational domain used in the numerical calculations.  
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hydroacoustic applications. 
In the numerical calculations, different numerical schemes were 

used, and they are summarised as follows:  

• A segregated flow solver and a SIMPLE algorithm were used to 
compute the velocity and pressure.  

• For the segregated solver, the Hybrid Bounded Central Differencing 
Scheme (Hybrid-BCD) was used to discretise convection terms in the 
momentum equations. 

• The second-order discretisation scheme was utilised for the convec-
tion of turbulence terms.  

• The second-order implicit numerical scheme was used for the time 
discretisation.  

• For the convection term of the VOF approach, High-Resolution 
Interface Capturing (HRIC) was used to track the sharp interfaces 
between phases.  

• The time step was set to 0.5o of propeller rotational rate for each sea- 
trial condition.  

• Inner iteration was set to 15 for each time step.  
• Moving Reference Frame (MRF) and Rigid Body Motion (RBM) were 

used to model the propeller rotational motion. 

The DES method was initialised with a steady-state RANS approach 
using the k-ω SST turbulence model. At this initialisation stage with the 
steady RANS method, the Moving Reference Frame (MRF) technique 
was used to model the propeller rotational motion. In this way, the DES 
method’s robustness was increased, which provided a consistent initial 
guess that ensures that the problem is mathematically well-posed. After 
initialising with the RANS method, the solver was switched to the DES 
method by activating the cavitation. When the solver was switched to 
the DES method, the propeller rotational motion technique was changed 
with the Rigid Body Motion (RBM). During the first propeller rotation, 
the timestep was set to 1o of propeller rotational rate, and then it was 
reduced to 0.5o of propeller rotational rate. In this way, any possible 
stability issues related to cavitation phenomena were avoided. 

The Schnerr- Sauer mass transfer model based on the reduced 

Fig. 5. Representation of grid distribution in the computational domain for two different numerical setups.  

Fig. 6. Visualisation of RANS and LES regions in the DES method (RANS is FDES = 1 and LES is FDES > 1).  
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Rayleigh-Plesset equation was used to model the cavitation. In this 
model, the customisable cavitation parameters (i.e., nuclei density and 
diameter) were taken based on our investigation of the formation of 
sheet and tip vortex cavitation for the full-scale propellers. Thus, the 
nuclei density and diameter were set to 1010 (1/m3) and 10−6 (m), 
respectively. The acoustic analogy was activated when the flow field 
converged (i.e., velocity & pressure fields, thrust and torque) to collect 
the acoustic pressures at the specified points using the receivers. The 
acoustic data were collected during the eight propeller revolutions. 

5. Results 

5.1. Hydrodynamic performance prediction 

The numerical calculations are first compared with the sea trial data 
in terms of the torque coefficient measured during the noise measure-
ments for all operating conditions explored in this study. Table 4 shows 
the differences in the torque coefficient between the CFD and sea trials. 
The maximum difference for the torque coefficient between CFD and 
sea-trial was 12%. This might be due to the slightly different operating 
conditions between the CFD and sea trials. A similar discrepancy be-
tween the CFD and sea trials in terms of thrust and torque values was 
also seen in other studies conducted using full-scale vessels (e.g., 
Ponkratov and Zegos, 2015). 

To show the resolution of turbulence vortex structures in the ship 
wake, the vortex structures are visualised using the iso-surface of Q 
criterion in Fig. 7 for C2. The Q criterion is defined as follows. 

Q = 1
/

2
[(

|Ω| 2 − |S| 2
)]

(2) 

Here, S donates the strain rate tensor, and Ω is the angular rotation 
rate tensor (or vorticity tensor). According to the magnitude of Q, the 
dominant parameter in the flow field can be determined. When its value 
is positive, the flow field is dominated by the vorticity, whereas strain 
rate dominates the flow field when its value is negative (Star CCM+

14.06, 2019). The vortex structures are visualised with the threshold 
value of Q criterion 2500 1/s2. As can be seen in Fig. 7, the helical vortex 
structures in the near field of the propeller slipstream are well resolved 
for both configurations. However, these structures disappear further 
downstream because of the insufficient grid resolution applied further 
downstream. The small eddies also appear at the bottom of the skeg. As 
expected, the hub vortex is present for the PS1 configuration, whereas 
the hub vortex disappears for the PS2 configuration. The rudder leads to 
the partial break-up of the vortices, which is one of the main nonlinear 
noise sources further downstream. The coherent vortex structures are 
more dominant in the PS1 configuration than those in the PS2 config-
uration. This is because the grid size is smaller in the former configu-
ration than in the latter, as explained in Section 4. Therefore, relatively 
coarse grid resolution applied for the PS2 configuration causes to fade 
away of the vortex structures in a short distance downstream of the 
rudder compared to those of PS1. 

5.2. Cavitation observations 

Fig. 8 compares cavitation extensions observed during the sea trials 
and numerical calculations at different operating conditions.  

❖ As shown in Fig. 8, the cavitation observed at C1 during the sea trials 
is characterised by the leading-edge vortex cavitation and its 
extended downstream of the propeller. Also, the strong cavitation 
dynamics seem to be present with some bursting phenomena at this 
operating condition. The leading-edge cavitation is also present in 
the numerical calculations, but its extension in the propeller slip-
stream could not be observed. This is because the vortex diameter is 
rather small and the adopted grid size for the vortex core using the V- 
AMR technique is probably not enough to capture the TVC in the 
propeller slipstream.  

❖ The rather thicker vortex cavitation and strong sheet cavitation with 
some bubbles are observed in the sea trials at C2 compared to C1, as 
shown in Fig. 8. The roll-up mechanism terminates the sheet cavi-
tation, which emanates from the entire blade leading edge at the tip, 
and hence the cloudy trailing tip vortex cavitation formation occurs. 
In the numerical calculations, the sheet cavitation rather correlates 
with the sea trial observation without bubbles and strong cavitation 
dynamics at C2. The sheet cavitation extends towards the inner radii, 
similar to sea trial observations. However, the trailing tip vortex 
cavitation is not present in the numerical calculations at C2 due to 
the similar reasons explained above for C1.  

❖ During the sea-trial observations, the sheet cavitation volume and its 
intensity increased at C3 compared to C2. Like C2, the sheet cavi-
tation terminates the blade tip by rolling up, forming rather strong 
and unsteady trailing tip vortex cavitation. This TVC breaks up 
periodically, so cloud cavitation is observed. Similar sheet cavitation 
is observed in the numerical calculations with less violent cavity 
dynamics. The sheet cavitation forms trailing tip vortex cavitation by 
rolling up at the tip. Although the TVC is observed in the propeller 
slipstream in the numerical calculations, its extension and unsteady 
behaviour are not the same compared to the full-scale observations.  

❖ The strongest sheet and TVC dynamics are observed at the highest 
loading condition (i.e., C4). Also, the interaction between two cavi-
tation types is rather complex. The suction side sheet cavitation 
covers almost 25–30% of the blade area, and unsteadiness is domi-
nant. The sheet cavitation is seen with a cloudy appearance. The 
sheet cavitation extension is observed less than the sea trial obser-
vations in the numerical calculations. However, the strong sheet 
cavitation dynamics, especially cloudy appearance, are not present 
in the numerical calculations compared to sea trial observations. The 
sheet cavity breaks at the tip in the numerical calculations and forms 
an unstructured vortex. Moreover, the second vortex appears at the 
sheet cavitation trailing edge. The TVC is observed in the propeller 
slipstream with less extension than sea trial observations. 

In addition to comparing cavitation observations between CFD and 
sea trials, the cavitation patterns are also compared between the PS1 and 
PS2 configurations to show the influence of the rudder on cavitation 
extensions, as shown in Fig. 9. As expected, the sheet and tip vortex 
cavitation formations are not affected in the presence of the rudder. 
Thus, similar sheet and tip vortex cavitation formations are present in 
both configurations. The thicker and continuous hub vortex cavitation is 
observed during the sea trials at C3 and C4. In contrast, very little hub 
vortex cavitation at the tip of the hub is observed in the numerical 
calculation at C4 for PS2 configuration. As shown in Fig. 9, the only 
difference between the two configurations is the extension of hub vortex 
cavitation. The rudder prevents the formation of hub vortex cavitation 
in the propeller slipstream. 

It is important to note that the TVC in the propeller slipstream can be 
further extended with the aid of overset type grid using a relatively 
smaller grid size for the vortex core despite its high computational cost. 
In the present case, the local mesh refinements are applied in the limited 
area inside the rotating region because of its dimension. The internal 
interfaces act as a wall and prevent the extension of TVC extension 
further downstream as the outer region is not rotating for the present 
setup. 

Table 4 
Comparison of torque coefficient between CFD and sea-trial at different oper-
ating conditions.  

Operating Condition (Engine 
Speed, n) 

Sea-trial 
(10KQ) 

CFD 
(10KQ) 

Absolute Difference 
(%) 

C1 (900 rpm) 0.336 0.330 1.681 
C2 (1200 rpm) 0.318 0.338 6.271 
C3 (1500 rpm) 0.323 0.364 12.752 
C4 (2000 rpm) 0.318 0.348 9.431  
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5.3. URN predictions 

5.3.1. Verification of the hydroacoustic results 
The numerical URN predictions are first verified in the near field. 

However, as the total element count is considerably high in the present 
case, it is not possible to conduct verification studies using the standard 
procedures for the hydrodynamic part. In any case, the verification 
study should be conducted for the hydroacoustic part of the solution. 
This can be achieved by comparing hydrodynamic and hydroacoustic 
pressures in the near field. Even though the incompressible assumption 
denies the sound propagation because of the infinite sound speed, the 
low Mach number for marine propellers makes the comparison still 
meaningful at near/mid fields and worthwhile to show the accuracy of 
hydrodynamic and hydroacoustic solutions (Ianniello et al., 2013; Sezen 
and Kinaci, 2019; Testa et al., 2021). 

Fig. 10 shows the comparison of both pressures in the near field 
where the receiver NHP1 is placed at X = −0.0682m, Y = 0.0m, Z =
0.42625m from the propeller rotational axis for PS1 configuration. As 
shown in Fig. 10, there is a good agreement between the pressures 
directly obtained by the incompressible DES method and acoustic 
analogy (i.e., porous FWH) for all operating conditions. The pressures 
are mainly characterised by the BPF in the near field as the linear noise 
terms are still dominant. Also, with an increase in engine speed or blade 
loading, the pressures increase significantly from C1 to C4. 

The results can be verified anywhere in the near field, but it is not 
possible to compare both pressures in the far-field. This is because the 
incompressible hydrodynamic solver starts to experience numerical 
dissipation and compressibility effects become dominant. As the 

incompressible hydrodynamic solver does not satisfy the sound propa-
gation in the far-field, the acoustic analogy is required for the far-field 
noise estimation. 

5.3.2. URN predictions versus sea trial measurements 
The numerical predictions obtained by DES with porous FWH 

formulation are compared with the full-scale measurements at C1, C2 
and C3 conditions in Figs. 11–13. The full-scale measurements are pre-
sented in terms of narrowband mean square pressure spectral density 
levels (i.e., Pa2/Hz) and the average of three hydrophones (or receiver) 
deployed by SOTON and CETENA. It should be noted that the data 
digitiser software was utilised to obtain the full-scale measurement data 
in the report of the SONIC project (SONIC, 2012). 

As shown in Figs. 11–13, the agreement of the measurements ob-
tained by the SOTON and CETENA array is very good and similar noise 
levels were recorded during the measurements. Similar to full-scale 
measurements obtained by CETANA and SOTON, the predicted noise 
levels with two hydrophone arrays are similar in the numerical calcu-
lations. Therefore, the numerical predictions obtained by the average of 
SOTON arrays are presented and compared with the full-scale mea-
surements in the following Figures. Also, the missing starboard propeller 
was taken into account by adding 3 dB in the numerical calculations. 
This was because the monohull and only starboard propeller were 
modelled in the numerical calculations. 

Fig. 11 compares predictions and full-scale measurements at C1 (i.e., 
900 rpm engine speed). The noise levels are generally underpredicted up 
to 20 dB across the noise spectrum compared to full-scale measure-
ments, especially until 1 kHz. Between 1 kHz and 3 kHz, the discrepancy 

Fig. 7. The vortex structures in the ship wake for PS1 and PS2 configurations (Q = 2500 1/s2) at C2.  
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between the numerical prediction and full-scale measurement reduces. 
At this operating condition, the weak leading-edge vortex cavitation 
extending propeller slipstream and possible bursting phenomena 
observed during the sea trials could not be predicted in the numerical 
calculations. Hence, the lack of cavitation volume and its dynamics in 
the numerical calculations are considered to be the main reason for the 
discrepancy, especially until 1 kHz. Concerning numerical calculations, 
two different porous surfaces are utilised. The 1st and 2nd BPF values 
are well predicted in the numerical calculations using the PS1 configu-
ration. Similar to PS1, the 1st and 2nd BPF values are also predicted 
using the PS2 configuration with low amplitude and slightly shifted 
frequencies. As shown in Fig. 11, the noise spectrums obtained by PS1 
and PS2 configurations are slightly different after the 2nd BPF. The 
predicted cavitation using the CFD on and off the blades is rather weak 
at this operating condition. For this reason, the noise spectrum might be 
greatly dominated by the contribution of nonlinear noise sources. The 
PS2 configuration includes the contribution of vortices occurring 
throughout the hull and skeg compared to PS1. Even though the tip 
vortex emanating from the propeller’s blade tip is considered to be the 
main nonlinear noise source, the formation of additional vortices 
throughout the hull, partial break-up of the vortices due to the rudder 
and their interaction seem to be the main reason for the noise difference 
between the two configurations. 

Another comparison of URN levels between CFD and full-scale 
measurements is carried out at C2 (i.e., 1200 rpm engine speed) in 
Fig. 12. Unlike the previous operating condition (i.e., C1), the discrep-
ancy between the CFD predictions and full-scale measurements de-
creases by around 10 dB at certain frequencies at C2. Although the sheet 

cavitation on the blades correlates with the full-scale cavitation obser-
vations, except for bubbles and cloudy appearance, there is still a lack of 
TVC in the numerical calculations compared to the full-scale measure-
ments. Therefore, this lack of reproduction of cavity dynamics and TVC, 
which are expected to significantly contribute to the overall URN level, 
in the numerical calculations are still the main reason for noise differ-
ence for both low and high-frequency regions of the noise spectrum. 
Akin to the previous operating condition, the first two BPF values are 
well captured in the CFD using PS1 and PS2 configurations. Yet, the 
amplitude of the 2nd BPF is significantly higher in PS2 configuration 
than those of PS1. Remarkably, the predictions obtained by PS2 
configuration show a distinct spectral hump similar to full-scale mea-
surements between 100Hz and 300Hz. However, the URN levels at this 
characteristic hump are overpredicted up to 10 dB in the numerical 
calculations compared to full-scale measurements. This hump is also 
present to a certain extent for PS1 configuration. In general, TVC is 
deemed one of the main noise sources, especially if the bursting phe-
nomenon is present. Also, it characterises the noise spectrum with the 
sheet cavitation interaction and manifests itself as a characteristic hump 
depending on its dynamic behaviour. However, a similar TVC could not 
be observed using the V-AMR technique due to the small diameter of the 
vortex, as explained before. Although the TVC could not be observed at 
this operating condition, the accuracy of the tip vortex flow is increased 
with the application of the V-AMR technique. This is because the pres-
sure inside the vortex is reduced considerably using the V-AMR tech-
nique. The detailed investigation of the noise components at this 
operating condition (i.e., C2) showed that the pseudo loading term 
mainly generated this hump. Thus, apart from the possible hull 

Fig. 8. Comparison of cavitation extensions between CFD (αvapor = 0.1) and 
sea trials (Sampson et al., 2015). 

Fig. 9. Comparison of cavitation extensions between PS1 (right) and PS2 (left) 
configurations at four different operating conditions (αvapor = 0.1). 
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interference or scattering due to the hydrodynamic load induced on the 
ship hull by the propeller, the interaction between the sheet cavitation 
with resolved tip vortex and nonlinear noise sources around the hull 
might cause this characteristic hump for PS2 configuration. This is 
because it encapsulates the whole hull compared to PS1. 

Fig. 13 compares CFD predictions and full-scale measurements at 
higher loading conditions (i.e., C3, 1500 rpm engine speed). As the 
vessel speed increase, the URN levels increase, corresponding to the 

increased cavitation extension and intensity. At this higher operating 
condition, several narrowband peaks are present in the full-scale mea-
surements, and they are related to BPF, engine firing rate and higher 
harmonics of these sources. At frequencies between approximately 
100Hz and 500Hz, the spectrum is mainly represented by tonal noise 
sources of different noise sources. The highest URN level across the 
entire noise spectrum occurs in this frequency range because of the 
strong sheet and TVC dynamics. As expected, the tonal peaks due to the 

Fig. 10. Comparison of hydrodynamic and hydroacoustic pressures in the near field at four different operating conditions.  

Fig. 11. Comparison of CFD predictions and full-scale measurements at C1.  Fig. 12. Comparison of CFD predictions and full-scale measurements at C2.  
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additional noise sources (i.e., main engine, etc.) are not present in the 
CFD predictions. Akin to the previous operating conditions (i.e., C1 and 
C2), the noise levels are generally underpredicted up to 10 dB in the CFD 
calculations compared to full-scale measurements. The lack of cavitation 
dynamics, the possible bursting phenomena and the insufficient reso-
lution of the nonlinear noise sources can be considered the main driven 
sources of the noise discrepancy between the prediction and measure-
ments. Similar to C2, the noise spectrum is characterised by the hump 
between 100Hz and 400Hz for PS2 configuration. This is probably 
because the TVC is observed in the propeller slipstream in the numerical 
calculations with less violent dynamics. The appearance of TVC seems to 
manifest itself as a characteristic hump in numerical calculations similar 
to full-scale measurements. Yet, the URN levels are slightly higher at the 
frequency region where the hump appears. Surprisingly, the same 
characteristic hump due to the TVC dynamics could not be observed for 
the numerical calculations conducted using the PS1 configuration, 
which includes only the propeller in the absence of the rudder. Thus, 
akin to the C1, the interaction of cavity dynamics and nonlinear noise 
sources around the hull, included inside for the PS2 configuration, might 
make distinct this characteristic hump compared to PS1, even though 
the hull interference due to the pseudo-loading term might contribute to 
the amplitude of this hump. Nevertheless, more in-depth and further 
investigations are required to draw a general conclusion. 

6. Conclusion 

In this study, the numerical calculations were conducted in full scale 
using the DES and permeable formulation of the FWH equation. The V- 
AMR technique, proposed and developed by the authors, was also uti-
lised for the accurate solution of the flow field inside the vortex and 
hence better realisation of TVC in the propeller slipstream. Two different 
permeable noise surfaces were located around the propeller and ship to 
explore possible differences in terms of propeller URN. The numerical 
results were validated with the sea trial data through the torque coef-
ficient, cavitation extensions and propeller URN. Based on the numerical 
investigations, the finding can be summarised as follows:  

• The comparisons of results showed a good agreement between the 
CFD and sea trial data in terms of torque coefficient, particularly at 
C1 and C2. However, the maximum difference between the CFD and 
sea trial data was around 12% at the highest loading condition. This 
can be a slightly different operating condition used in the CFD cal-
culations compared to sea trial data due to the possible differences in 
the service condition.  

• The comparison of cavitation extensions between the CFD and sea 
trial observations showed that the sheet cavitation extension was 

rather similar at C1, C2 and C3. However, it was underpredicted in 
the CFD compared to sea-trial at C4. The foamy and strong bubbles 
could not be predicted in the CFD compared to the sea trial.  

• Application of the V-AMR technique enabled TVC observation in the 
propeller slipstream at full-scale. However, as expected, the same tip 
vortex dynamics could not be observed in the CFD compared to sea 
trial observations. Also, as the sliding mesh was used in this study, 
the TVC could not be extended towards the rudder. Nevertheless, the 
deformation and extension of TVC were successfully predicted using 
the V-AMR technique. The less extension of TVC in the propeller 
slipstream will inevitably influence the accurate prediction of pro-
peller URN. 

• The verification study was performed with the comparison of hy-
drodynamic and hydroacoustic pressures in the near field. The re-
sults showed that the hydrodynamic and hydroacoustic pressures 
were in good agreement, and the accuracy of the solution was shown.  

• The propeller URN predictions showed that the maximum deviation 
up to 20 dB at certain frequencies was observed at C1, where the 
incipient TVC, including the bursting phenomenon, was present. 
However, a similar leading edge tip vortex cavitation was not present 
in the CFD. Thus, this resulted in an underprediction of the propeller 
URN levels in the CFD compared to sea trial data. Nevertheless, the 
first two BPF values were well captured at this operating condition, 
particularly using the PS1 configuration. 

• The differences in the propeller URN levels were reduced at C2 be-
tween the CFD predictions and the sea trial. Although the TVC could 
not be observed in the CFD, the PS2 configuration showed a spectral 
hump with higher amplitudes, mainly associated with the TVC dy-
namics, as in the sea trial data. Yet, this spectral hump was not 
present for the CFD predictions obtained by PS1. The V-AMR tech-
nique was used for better modelling of TVC and accurate solution of 
the tip vortex flow. Thus, the cavitation dynamics and the nonlinear 
noise sources occurring inside the PS2 might cause the hump 
compared to PS1, even though the hull interference might contribute 
considerably to the amplitude of this hump. Nevertheless, it requires 
further investigation.  

• The URN predictions were satisfactorily good agreement with the sea 
trial data at C3. The 1st BPF value was well captured in the CFD 
predictions. As the TVC was observed with less violent dynamics in 
the CFD, the spectral hump with high amplitudes due to the TVC 
dynamics was observed for the CFD predictions obtained by PS2, as 
in the sea trial. Similar to C2, this hump was not present for the 
predictions carried out by PS1. Thus, this might be related to the 
possible interaction of cavity dynamics and nonlinear noise sources 
around the hull for the PS2 configuration, apart from the possible 
hull interference effects. 

• Apart from the lack of cavitation dynamics predicted in the numer-
ical calculations compared to sea trial data, the free surface, which 
was ignored to reduce the computational cost, can also influence the 
results between CFD and sea trial data due to the scattering effects. 

• It should be emphasised that the qualitative comparison of the nu-
merical results with the sea trial data is rather difficult. Many factors 
can influence the noise measurements at sea, which are not present 
in the CFD simulations. Moreover, the recorded acoustic signals 
certainly include several contributions during the measurements. 
Also, the cavitation dynamics are certainly different in the CFD 
predictions compared to sea trial data due to the assumptions in the 
numerical calculations. Therefore, it is not possible to expect com-
plete agreement between the predictions and full-scale measure-
ments. However, the general trend of the noise spectrum predicted in 
the CFD calculations encouraged authors to use the proposed CFD 
method for full-scale applications. 
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