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SUMMARY 

This study has been realized in the scope of AQUO, a collaborative research project 

supported by the 7th Framework Programme through Grand Agreement N°314227, whose 

final goal of AQUO project is to provide to policy makers practical guidelines to mitigate 

underwater noise footprint due to shipping, in order to prevent adverse consequences to 

marine life.  

The present document is the deliverable D2.3 “Predictive theoretical models for propeller 

URN. It summarises the work developed within task 2.2 of the AQUO project, regarding the 

predictive theoretical models developed and used for the simulation of the propeller 

behaviour and performances, with particular reference to the cavitating and non cavitating 

contributions to the pressure field radiated by the propeller itself. 

The structure of this report includes in the introduction (§ 1) an analysis of the mandate for 

the task (§ 1.1), a summary of the theoretical approaches used to carry on the work (§ 1.2) 

and a description of the test cases (§ 1.3) that were studied, in view of comparing predictions 

with experimental surveys carried out in model and full scale (within other tasks of the 

project). 

The central chapters (§ 2 to 5) report the activity carried out and the results obtained by the 

various partners, while in § 6 a comparison is presented of the experimental and theoretical 

results obtained on the various aspects covered by the predictions. 

The last chapter, in particular, allows to get an updated picture of the capabilities of 

theoretical models of capturing the main features of the phenomena governing the 

performances of propellers behind hull. They provide, too, information on the uncertainties 

connected in full scale with the prediction of both the working conditions of the propeller and 

the acoustical performances in given operating conditions.   
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1 INTRODUCTION 

1.1 Generalities on Task 2.2 objectives 

In task 2.2 the characterisation of the propeller as a source for underwater radiated noise is 

considered from a theoretical viewpoint. In particular this report deals from a theoretical point 

of view with the pressure field generated by the propeller, including in the analysis a proper 

consideration of the interaction with the hull, as regards the inflow field to the propeller disk. 

Predictive models have been developed and validated by means of experimental data from 

Task 2.3 (model scale tests) and WP3 (full scale surveys). These methods are described in 

more details in §1.2 below. Two test cases have been addressed, the first one represented 

by the R/V Nawigator XXI, the second one corresponding to the Coastal Tanker Olympus. 

The test cases are described below in §1.3. In both cases, different procedures available 

within the consortium for propeller verification have been applied in order to benchmark the 

prediction of the propeller performances, taking into account also off-design conditions. The 

predictions cover different aspects related to the prediction of the flow field to the propeller, 

its interaction with the hull, the development of unsteady pressure fields, unsteady induced 

pressures, cavitation development, noise generation and propagation. 

In chapters 2 to 5 the detailed activities carried out by the various partners are described in 

details, while in § 6 a comparison between the results of the various approaches is 

presented. 

1.2 Summary of the models adopted in the various steps 

In the following, the models adopted for the simulations are briefly recalled, with reference to 

the various subtasks   

1.2.1 Prediction of the velocity field to the prope ller (Subtask 2.2.1) 

The velocity field impinging the propeller disk is at the basis of all hydrodynamic, cavitation 

and noise performances of the propeller. To evaluate these aspects, a proper model of flow 

is needed. 

o UNIGE considered the available RANS and unsteady potential flow methods and a 

coupling between the two for the prediction of the nominal/effective wake on the 
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propeller plane. An approach based on the decomposition of the unsteady flow speed 

into a potential component (irrotational) and a dissipative component has been followed. 

The potential flow component is solved by an unsteady panel method. The RANS solves 

the hull flow accounting for the unsteady hydrodynamic effect of the propeller by means 

of body forces. The two solvers are coupled through the effective flow in the wake of the 

ship (in front of the propeller). 

o SSPA adopted the SHIPLOW RANS code for the prediction of the nominal wake field. 

o SU employed a new technique to solve Navier–Stokes equations by use of a 

supercomputer. This new approach is based on combining classic k-e RANS turbulence 

model with multiple reference frames (MRF) and later on sliding mesh to get results with 

accuracy in shorter time than classic CFD analysis. 

o CEHIPAR/UPM employed a finite volume RANS solver to simulate the towing tank test 

for the  RV “Nawigator XXI”, in collaboration, as a subcontractor, with the Polytechnic 

University of Madrid (UPM) and more specifically the research group of the Naval 

Engineering School’s Model Basin. 

The results in the different procedures applied by the various partners were finally compared 

to each other and with the experimental validation coming from specific measurements in 

model scale. 

1.2.2 Prediction of the behaviour of the non cavita ting propeller 

(Subtask 2.2.2) 

A first and indispensable step towards the solution of the complex problem of the cavitating 

propeller consists in the validation of codes and verification of the procedures for the non-

cavitating propellers. Further, it is necessary to quantify this type of non cavitating emission, 

in part for distinguishing the other components of noise from it, in part because in specific 

cases it may represent a problem in itself. 

o UNIGE applied the potential flow codes in unsteady conditions based on the non-linear 

boundary element method for the prediction of the pressure field on the blades of a 

conventional propeller. A Large Eddy Simulation (LES) approach has been also carried 

out by UNIGE in an OpenFOAM environment to study propellers in steady and unsteady 

conditions. This approach is considered as promising due to the capability of capturing 

accurately the vorticity produced by the blades and conveyed into the wake. The 

possibility of modelling a true anisotropic behaviour in the flow (instead of idealized 
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turbulence models), because of the direct solution of the turbulence scale that mainly 

affects cavitation instability, is also a key point. 

o SU modelled the URN of a non-cavitating propeller using a full-scale URANS model, with 

rotating mesh and sliding interface, coupled with the Ffowcs-Williams Hawkings 

propagation model. As a final step, SU predicted the far-field radiated noise using for the 

non-cavitating propellers the Ffowcs Williams-Hawkings (FWH) acoustic analogy 

method. The aims of the work carried out by SU towards Sub-Task 2.2.2 are to provide a 

basic level approach and results for the prediction of non-cavitating propeller behaviour 

and resulting underwater radiated noise (URN). These approaches aim to speed up the 

simulation time without compromising on the accuracy and detail of achieved results, or 

increasing the computation power demands. These results will then provide an 

interesting comparison to those achieved by the more refined approaches carried out by 

SSPA. 

o CEHIPAR/UPM modelled in the RANS code the self-propulsion condition imposing the 

available propeller rotation rate and the prescribed ship velocity. These simulations have 

been used to propagate in the far field the propeller noise (Ffowcs-Williams Hawkings 

approach).  

1.2.3 Prediction of the behaviour of the cavitating  propeller (Subtask 

2.2.3): 

The objective of this phase is to characterise the pressure field generated by a cavitating 

propeller. A first aspect consists in modelling cavitation phenomena on the propeller 

blades, aiming at predicting the characteristic parameters of each type of cavitation: 

extension, volume, pattern, etc. these results can be validated by model scale 

experiments (Task 2.3) and by full scale observation (WP3). The final goal consists in 

predicting the noise emissions. A ranking of the various types of cavitation with regards 

noise radiation is included in the analysis, as well as consideration of different typologies 

of propellers. 

o UNIGE worked on this task extending the previously mentioned hybrid potential 

flow/viscous approach to the analysis of cavitation on propeller blades in unsteady 

condition. An unsteady panel method has been coupled with the viscous flow 

prediction of the ship wake behind the hull, to predict the total cavitation volume 

change over time and the relative unsteady pressure field. This approach, surely 
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less expensive than the fully viscous two phase solution of the flow around the 

propeller blades, offers an interesting occasion to compare a more approximate 

method, surely compatible with usual propeller design time frames, with the 

alternative theoretically consistent method proposed by SSPA. 

o SSPA employed a multiphase homogeneous equilibrium mixture (HEM) flow solver 

combined with Zwart’s cavitation model to predict the URN from a propeller with 

unsteady sheet/cloud cavitation. The flow solver is a DES type. DES method is 

specifically designed to address the high Reynolds number wall bounded turbulent 

flows. Computational costs are lower than LES method, thus presenting an attractive 

alternative for industrial applications. Experience from SILENV project indicates that 

it is necessary to capture the vortex structures and time-accurate shear stresses in 

the hull-propeller wake in order to correctly account for the quadrupole contribution 

of this type of noise sources, this is where the RANS method reaches its limitations 

and DES becomes a more reasonable and natural choice Experience from VIRTUE 

project and other projects tells that it is critical to capture the small eddy structures 

and fluctuating shear stresses in order to predict the dynamics of cloud shedding, 

the collapse and rebound of cavities in a physically correct manner. This type of 

cavitation, often being erosive and containing high frequency spectrum, presents the 

greatest challenge for the state-of-the-art CFD methods. Though it is realised that 

the existing methods are still not able to predict the high frequency collapse-induced 

pressure pulses, it is anticipated that the proposed method will be able to predict the 

low-medium frequency collapse signals. Some modification may need to be 

introduced to the existing cavitation model (for example, the compressibility effect). 

1.3 Test Cases Description 

In this task, two test cases have been analysed: the R/V Navigator XXI vessel and the 

Coastal Tanker Olympus. In the following section the main data and the operational 

conditions of the two ships are reported.  

1.3.1 R/V Vessel Nawigator XXI  

Nawigator XXI is a vessel of Maritime Academy of Szczecin in Poland used for training and 

research purposes.  
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The main dimensions of the ship and of the geosim model are reported in Table 1.1 while a 

CAD representation is shown in Figure 1.1. 

The ship is equipped with the controllable pitch pr opeller CP469 (Figure 1.2 and Figure 1.1 CAD 

representation of the R/V Nawigator XXI. 

 

  



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

13 

 

Table 1.2). More information is given in Bugalski (2005), where an offset for the detailed 

description of blade sections can be found.  

Table 1.1 Main dimensions in full and model scale of the RV Nawigator XXI 

Data Symbol Full scale dimensions Model scale dimens. 

Scale λ [-] - 10 

Length overall LOA [m] 60.30 6.03 

Length on waterline LWL [m] 55.16 5.516 

Length between perpendiculars LBP [m] 54.13 5.413 

Breadth moulded B [m] 10.50 1.050 

Draught: fore - aft T [m] 3.15 - 3.20 0.315 - 0.320 

Depth D [m] 4.20 0.420 

Displacement volume ∆ [m3] 1126 1.126 

Wetted surface WS [m2] 672 6.72 

Block coefficient CB [-] 0.623 0.623 

Midsection coefficient CM [-] 0.915 0.915 

Prismatic coefficient CP [-] 0.680 0.680 

Waterline coefficient CW [-] 0.824 0.824 

 

Figure 1.1 CAD representation of the R/V Nawigator XXI. 
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Table 1.2 Main dimension in full and model scale of the CP469 propeller 

Data Symbol Full scale dimensions 
Model scale 

dimensions 

Scale λ [-] - 10 

Propeller Diameter  D [m] 2.26 0.226 

Hub Diameter DH [m] 0.71 0.071 

Number of blades Z [-] 4 4 

Skew SK [°] 22.5 22.5 

Pitch Ratio at 0.7r/R P/D [-] 1.1 1.1 

 

 

Figure 1.2  View of CP469 model propeller 

1.3.2 Coastal Tanker description 

The main dimensions of the Coastal Tanker and her geosim model are reported in  
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Table 1.3. The ship is equipped with the controllable pith propeller P1529A – P2772, whose 

main data are reported in Table 1.4. 
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Table 1.3 Main dimensions in full and model scale of the SSPA Coastal Tanker 

Data Symbol Full scale Model scale 
Scale λ [-] - 20 
Length overall LOA [m] 124.5 6,225 
Length on waterline LWL [m] 119.2 5.96 
Length between perpendiculars LBP [m] 116.9 5.845 
Breadth moulded B [m] 18 0.9 
Draught: fore - aft T [m] 8.12 - 8.12 0.406 – 0.406 
Depth D [m] 15.4 0.77 
Displacement volume ∆ [m3] 12925 1.6156 
Wetted surface WS [m2] 3381 8.4525 
Block coefficient CB [-] 0.758 0.758 
Waterline coefficient CW [-] 0.923 0.923 

 

 

Figure 1.3 CAD representation of the Olympus Coastal Tanker. 

 

Table 1.4 Main propeller dimension in full and model scale of the Coastal Tanker 

Data Symbol Full scale dimensions Model scale 
dimensions 

Scale λ [-] - 20 
Propeller Diameter  D [m] 4.8 0.24 
Hub Diameter DH [m] 1.344 0.0672 
Number of blades Z [-] 4 4 
Skew SK [°] 33.5 33.5 
Pitch Ratio at 0.7r/R P/D [-] 0.87 0.87 

 

 

 

  



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

17 

 

  



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

18 

 

2 ACTIVITIES BY UNIGE 

2.1 Simulations on R/V Vessel Nawigator XXI  

In this sections all the investigations carried out by UNIGE on the first test case are reported 

2.1.1 Pre-processing of geometrical data 

The knowledge of the hull shape via a CAD representation is mandatory for each numerical 

computation. For the R/V Nawigator XXI an IGES file has been exchanged among the 

project’s partners. A preliminary work on the geometry has been carried out to obtain a 

correct watertight geometry.  

In particular two main corrections have been carried out, in the bulb zone and in the stern 

zone in the upper part of the skeg. In Figure 2.1  the sketches of the surface improvements 

are presented in green. 

 

Figure 2.1 Shape correction of the original IGES fi le, on the left the original surfaces, 

on the right, in green, the corrected ones 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

19 

 

2.1.2 Numerical procedure adopted 

All the simulations carried out by UNIGE in this context have been carried out with the 

commercial code Star-CCM V7.04.006 by CD-Adapco (User-Guide Star-CCM+), both in 

model and in full scale for the R/V Nawigator vessel. The code is a general purpose flow 

solver based on a finite volume approach on an unstructured polyhedral mesh. It represents 

a state of the art of numerical procedure for the solution of flow fields in the marine context. 

Different features of the code have been exploited to accurately carry out the various types of 

simulations. A summary of the main features are presented in the following: 

• Transient and steady time approach. The transient simulation uses an implicit 

Eulerian approach to guarantee a stable and accurate solution (with a proper 

convective Courant number). On the other hand the steady computations take 

advantage of the pseudo time marching approach, which guarantees a more stable 

iterative process.  

• Single-phase and multi-phase fluids, the second one solved through the Volume of 

Fluid (VoF) approach. 

• Single domain and multi-domain meshes with the ability to match two or more 

regions by using sliding interfaces.  

• Several turbulent models for both RANS and LES methods. 

• Mass sources and body forces included into the flow domain through a source terms 

into continuum or momentum equations to compute the influence of lifting bodies on 

the whole RANS solution without the direct modelling of the body itself. 

2.1.3 Numerical characterization of hull flows 

Subtask 2.2.1 covers the hydrodynamic interaction of the propeller with the hull. The velocity 

field impinging the propeller disk is at the basis of all hydrodynamic, cavitation and noise 

performances of the propeller. The goal of this task is the evaluation of the characteristics of 

the flow fields around the ship, necessary for the numerical simulation of the self-propulsion 

condition and to achieve a correct prediction of the propeller working condition behind the 

hull. For this purpose, two main computation steps have been carried out in this context:  

• the prediction of the hull resistance (model and full scale) and  

• the prediction of the wake field behind the ship in way of the propeller disk.  
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2.1.3.1 Resistance computation 

The first element needed for the numerical prediction of the self-propulsion conditions is the 

evaluation of the ship drag in still water.  

Different operating conditions have been tested and simulated for the R/V Nawigator vessel. 

In Table 2.1 all the conditions investigated for the prediction of the calm water resistance 

have been summarized for both model and full scale simulations. 

Table 2.1 Resistance tests conditions 

Condition Scale Ship Speed Static Draft 
Fore [m] Aft [m] 

C1 Model 1.952 m/s (12 knot) 0.315 0.320 
C2 Model 0.976 m/s (6 knot) 0.315 0.320  
C3 Full 6.173 m/s (12 knot) 3.15 3.20  
C4 Full 3.087m/s (6 knot) 3.15  3.20  

 

The numerical setup is the same as already adopted in different numerical towing tank tests 

and widely validate with several experimental comparisons [Brizzolara & Villa 2010, 

Brizzolara & Villa 2009 and Gaggero et al. 2014] at the University of Genova. The domain 

dimensions (in a non-dimensional scale based on the ship length L) have been selected to 

avoid the influence between the far field boundaries and the ship.  

The selected domain dimensions are:  

• 1L in front and 3L behind of the hull for a total domain length (longitudinal) of 5L.  

• 1L under the hull and 0.2L above the still water plane.  

• 2L on the side to avoid side wave reflections. 

In Figure 2.2 the domain size for both model and the full scale is presented. 
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Figure 2.2 Non-dimensional domain size for numerical resistance tests 

The built-in “Trimmer” Cartesian mesher has been used to discretize the computational 

domain. The cell sizes are defined in percentage of a base dimension (for the drag resistance 

tests equal to L). All the following data are, therefore, reported in percentage of this value. 

The maximum cell dimension is 3% and near the hull surface the dimension are reduced at 

0.25% with the possibility to automatically refine in presence of high curved boundary up to 

0.02%. These parameters have been used both for the hull and the rudder surfaces. Different 

refinements have been used to better capture the flow field in particular domain zones as 

around the hull surface, where a volumetric control with a cell dimension of 0.5% has been 

defined. This refinement is extended also in the propeller wake region for 0.1L length. The 

code is also able to perform anisotropic refinement (different value along each Cartesian 

direction), therefore a Z (vertical direction) refinement over the free surface calm water plane 

has been selected with a cell size of 0.5% across the free surface for a thickness ±L/100 in 

the far region and ±L/50 in the near field. Moreover another anisotropic refinement, in X and 

Y directions on the horizontal plane is set up in the Kelvin region, where the ship waves are 

confined. In Figure 2.3 and Figure 2.4 sketches of the adopted mesh are presented. 
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Figure 2.3  Mesh detail of the free surface and the near field refinements in vertical direction. 

 

Figure 2.4  Mesh detail of the free surface and the far field refinements in horizontal directions, can be 

noted the Kelvin region. 

All the simulations have been performed with the same mesh parameters except for the wall 

boundary layer mesh (customized for each velocity under investigation) where a thin region 

of prismatic cells orthogonal to the walls has been adopted to better solve the flow gradients 

along the normal to the surfaces direction. The boundary layer thickness depends mainly on 

the local Reynolds number used, therefore by the inlet flow velocity. Consequently, a proper 

thickness and number of layer has been taken into account, in particular when the model and 

full scale computations are addressed. The used values are reported in Table 2.2. 

Table 2.2  Prism Layer dimensions in function of ship speed and scaled dimensions 

Scale Ship Velocity [knot] 
PL thickness [mm] 

Number of PL 
Hull Rudder 

Model 12 17.3 4.3 4 
Model 6 19.5 4.9 4 
Full 12-11.8 96 24 4 
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The selected boundary layer mesh parameters with the “two layer realizable k-ε” model give 

a good enough shear stress prediction, limiting the maximum Y+ value (non-dimensional 

distance of the first cell from the wall) to 100, within the theoretical limit for this turbulence 

model. The following simulations use the previously define domain and mesh set-up. All the 

simulations have been carried out with the “smooth wall” condition which could be considered 

an acceptable hypothesis for the model scale computations applied with a fully turbulent 

boundary layer. On the other hand, for the full scale simulations a roughness correction must 

be taken in to account. Therefore, following an empirical approach similar to the one adopted 

during towing tank experiments and extrapolations, the ITTC’90 roughness correction has 

been used. The aim of this correction is to take into account the increment of drag due to the 

hull roughness and, consequently, to correct the full scale computations carried out with a 

completely smooth surface.  

For the Nawigator XXI also the trim influence on the predicted drag resistance has been 

analysed. The simulation with zero trim has been used as the initialization for additional drag 

computations, setting the ship dynamic trim and sinkage as measured experimentally at the 

towing tank during resistance measurements. A summary of the results and of the trim setup 

is reported in Table 2.3. 

Table 2.3 Comparison of non-dimensional drag coefficients and skin friction with and without dynamic 

trim for Model scale simulations 

Measured trim Ship 
speed Predicted CT  103 Predicted CF  103 PredictedRT 

 Aft 
[mm] 

Fore 
[mm] [knot] [-] 

Variation 
(vs. 

static) 
[-] 

Variation 
(vs. 

static) 

[N] 

Static 320 315 12 5.335 - 3.086 - 68.14 
Dynamic 

(towing tank 
surveys) 

330 334.2 12 5.642 5.7 % 3.176 2.9 % 72.09 

Static 320 315 6 4.492 - 3.404 - 14.34 
Dynamic 

(towing tank 
surveys) 

321.8 319.1 6 4.525 0.74 % 3.422 0.53 % 14.45 

 

As expected for the higher ship speed, the effect of trim is not negligible neither on the total 

drag nor on the friction coefficients, while it is negligible at the lower speed. No dynamic trim 

has been measured during the sea trials, therefore an iterative procedure has been taken in 

to account to find the correct attitude for the full scale simulation. Such iterative procedure 

balances the hydrodynamic vertical forces and the longitudinal moments predicted in the 
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simulation with the ship displacement. A finite depth condition of 24 meters is taken into 

account (mean observed value during the sea trials of Nawigator XXI). Moreover, to better 

compare the full scale results with the towing tank test extrapolated in full scale, also an 

infinite depth condition has been considered but with both the static and towing tank trim 

data. In Table 2.4 results for the full scale simulations are reported. 

Table 2.4 Comparison of non-dimensional drag coefficients and skin friction with and without dynamic 

trim. Full scale simulations for the finite depth of 24 m with iterative trim. Infinite depth simulations with 

the towing tank measured trim. 

Trim Depth Ship 
speed 

CT 103(smooth 
surfaces) CF 103 RT(smooth 

surfaces) 
Trim Aft 

[m] 
Fore 
[m]  [m] [Knot] [-] Variation [-] Variation [kN] 

Measured 
(static sea 

trials) 
3.20 2.85 24 11.8 3.676 - 1.835 - 45.33 

Calculated 
(dynamic trim 
at equilibrium) 

3.28 3.057 24 11.8 3.967 7.9 % 1.891 3.0 % 48.92 

Calculated 
(static trim 
from sea 

trials) 

3.20 2.85 ∞ 11.8 3.641 - 1.829 - 44.90 

Calculated 
(dynamic trim 
from Towing 

Tank) 

3.3 3.342 ∞ 11.8 4.254 - 1.948 - 52.46 

 

The final numerical results have been compared in Table 2.5 with the experimental 

measurements by CEHIPAR. For the sake of comparison it has to be considered  that for the 

friction coefficients the experimental values are evaluated with the ITTC’57 procedure, while 

the RANS values are computed from the shear stress component in longitudinal direction. 

Therefore, only a qualitative comparison can be made on the basis of this value, and the 

accuracy of the simulations should be judged with respect only of the total drag values. In  

Table 2.6, instead, the full scale results (corrected both with the ITTC’78 and the ITTC’90 

roughness allowance) with the finite depth assumption and with the numerically predicted 

trim condition are reported. Both the full scale extrapolated data from CEHIPAR (infinite 

depth) and the sea trials measurements are compared with the numerical simulations. In 

order to not include more uncertainty between the experimental data and the numerical 

predications both the 11.8 and the 12 knots have been simulated. Only a small difference, as 

expected, can be found in the results for these two very similar speeds. 
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Table 2.5 Comparison of non-dimensional drag coefficients and skin friction for model scale 

simulations with experimental data 

 Trim (dynamic) Ship 
speed[knot] 

CT103 CF103 RT 
Aft [mm] Fore[mm] [-] % Error [-] % Error [N] 

Measurements 330 334.2 12 5.783 - 3.053 - 74.04 
Calculated 330 334.2 12 5.642 -2.39 3.176 2.74 72.09 

Measurements 321.8 319.1 6 4.686 - 3.460 - 15.00 
Calculated 321.8 319.1 6 4.525 -3.43 3.422 -1.09 14.45 

 

 

Figure 2.5 Wave pattern in non-dimensional form (h/L) for the 12 knot model scale computation 

 

Table 2.6 Comparison of non-dimensional drag coefficients and skin friction for Full-scale simulations 

with sea trials data and towing tank extrapolations 

 Dept
h Trim Ship 

speed 
Roughness corr. 
(ITTC’78/’90)103 

CT103(smooth 
surfaces) CF103 RT 

(ITTC’78/’90) 
[m] Aft[m] Fore [m] [Knot] [-] [-] [-] [kN] 

Calculated 
(iterative trim) 24 3.28 3.057 11.8 0.990/0.839 3.967 1.891 61.49 / 59.57 

Calculated 
(towing t. trim) ∞ 3.3 3.342 11.8 0.990/0.839 4.254 1.948 65.03 / 63.11 

Calculated 
(towing t. trim) ∞ 3.3 3.342 12 0.990/0.839 4.365 1.944 68.34 / 66.40 

Towing Tank 
Measurements  

(ITTC’78) 
- 3.3 3.342 12 0.826 4.315 1.800 68.05 

Sea Trials 24 - - 11.8 - - - 58.88 

 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

26 

 

 

Figure 2.6 Wave pattern in non-dimensional form (h/L) for the 11.8 knot full scale computation with the 

numerical dynamic trim. 

2.1.3.2 Wake computation 

To predict the wake field on the propeller plane, different steps have been performed in order 

to identify a reliable compromise between computational efficiency and accuracy of the 

solution. Different aspects have been investigated, from the convergence of the solution due 

to the mesh arrangements to the comparison of different turbulent models to better capture 

the flow structure of the ship wake in the propeller plane.  

Bilge vortex capture: After a complete mesh analysis a further refinement (with respect to 

those already adopted for the computations of the hull resistance) has been used in the 

region of the bilge vortex. As a matter of fact, as experimentally evidenced, the hull flow of 

this ship is characterized by a strong bilge vortex that falls in the propeller disk. Therefore, 

appropriate refinement volumes are studied to include improve the spatial accuracy of the 

solution where the vortex take its origin. In Figure 2.7 the volume refinement, used with a 

0.1% mesh size, is shown. 

This new refinement, however, increases dramatically the number of cells and makes the 

computation extremely demanding. 
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Figure 2.7 Detail of the wake refinement region to capture the bilge vortex 

Double model simplification: To reduce the computational costs, the double model 

simplification has been adopted. There are two advantages of this approach: 

• a reduction of the total number of cells, by avoiding the free surface refinements (in all 

the directions) and with a reduced domain size with (3.5x0.5x0.5)L without the upper part 

above the free surface.  

• the possibility to use a steady solver instead of the transient one (necessary for the VoF 

computations of the free surface) with a time saving of some order of magnitude.  

The approach is justified by the assumption that the wake shape is not significantly 

influenced by the presence of the free surface. To validate this assumption, a comparison of 

two simulations at 12 and 6 knots, with and without the free surface, has been carried out 

and is shown in Figure 2.8. 

As expected the free surface effects is negligible for both the considered velocity, with a 

discrepancy less than the 3% on the wake fraction and a slight, not significant, shift of the 

vortex core position. The analysis of the results and the comparison between the free surface 

and the double model assumption cases therefore showed that the influence of the free 

surface is negligible on the prediction of the hull wake on the propeller plane and, 

consequently, all the simulation have been carried out with the simplified model.  



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

28 

 

Time savings of about 100 times were achieved. 

 

Figure 2.8 Comparison of the wake with and without the free surface (left and right of each figure, 

respectively) for 12 knots (on the left) and 6 knots (on the right). 

 

The same simplified approach (double model), with appropriate corrections, was also 

adopted later to speed up the self-propulsion computations. 

Type of boundary condition: Another aspect that has been analysed is the influence of the 

boundary condition type on the lateral side of the domain. Two types of boundary condition 

have been considered: symmetry plane (as usual) or imposed velocity. While the former 

approach is trivial, the second one imposes, on the side boundary of the reduced domain 

adopted for the double model computation, the velocity field evaluated in the case of the free 

surface case. This approach, that is the most appropriate to limit the influence of boundaries 

proximity in the case of small domains computations, did not improve significantly nor the 

computational efficiency neither the accuracy. The simplest symmetry plane condition, as a 

consequence, has been selected. 

Influence of propeller and rudder: The influence of the propeller hub and of the rudder, not 

included in the original hull surface (Figure 2.9), on the prediction of the hull wake on the 

propeller plane has been further investigated. The presence of the hub turned out to 

influence only the flow on its vicinity, in particular for what regards the tangential and the 

radial components of the velocity. No significant effects could be evidenced at mid and high 

propeller radial positions. (Figure 2.10) 
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Figure 2.9 Hull geometry modification to include the hub. 

 

Figure 2.10 Comparison of the wake evaluation with and without the presence on the propeller hub 

 

On the contrary, the rudder effect is more relevant, as shown in Figure 2.11. The wake 

reduction factor in correspondence of the 0° positi on in the propeller reference frame (upper 

vertical position) is slightly more marked, in correspondence of both the ship speeds, when 

the presence of the rudder is taken into account in the numerical simulations. The total wake 

fraction is reduced, in case of the presence of the hub, of about 5%. 
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Figure 2.11 Comparison of the wake evaluation with (left of each figure) and without (right of each 

figure) the rudder for both the ship speeds (12, on the left, and 6, on the right, knots). 

Turbulence models: Additional analyses have been carried out to investigate the influence of 

the turbulence models on the prediction of the hull wake on the propeller plane. In addition to 

the two layer realizable k-ε model, the more complex Reynolds Stress Model (RSM) has 

been used. The scope of this investigation is to verify whether a more accurate model is able 

to better solve the local wake reduction factor due to the bilge vortex core, which is under-

predicted with respect to the experimental measurement. No significant improvements, at the 

cost of a non-negligible increased computational time, have been achieved by the application 

of this complex turbulent model, as shown in Figure 2.12. The realizable two layer k-ε model 

has been, consequently, preferred both for reasons of computational efficiency and 

calculation stability. 

 

Figure 2.12 Comparison of the predicted hull wake (ship speed of 12 knots) by the Reynolds Stress 

Model (left) and the realizable k-ε turbulent model (right). 
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A final comparison of the predicted wake in model scale with the experimental measurements 

by CTO and CEHIPAR is presented in Figure 2.13. The accuracy of the numerical 

calculations can be better appreciated by comparing the resulting wake fractions w: 0.46 in 

the case of the measurements by CTO, 0.502 in the case of the measurements by CEHIPAR 

and 0.452 in the case of the numerical calculations. 

 

 

Figure 2.13 Comparison (model scale) of the hull wake on the propeller disk, on the top right the CTO, 

on the top left the CEHIPAR, on the bottom the UNIGE numerical prediction. 

Similar analyses have been carried out in order to predict the hull wake on the propeller 

plane in full scale. The mesh setup already adopted (in terms of prism layers arrangements) 

for the full scale resistance prediction, together with bilge keel refinements, has been used. 

The predicted full scale wake is shown in Figure 2.14. 
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Figure 2.14 Numerical prediction of the full scale wake at 12 knots. 

2.1.4 Numerical prediction of the performances of t he non cavitating 

propeller 

Subtask 2.2.2 considers the validation of codes and the verification procedures for the non-

cavitating propellers as an indispensable step towards the solution of the complex problem of 

the cavitating propeller. Further, it is necessary to quantify this type of emission, in part for 

distinguishing the other components of noise from it, in part because, in specific cases, it may 

represent a problem in itself. Open water propeller performances are addressed at first, using 

both potential flow theories (Panel method), RANS solvers and LES. Coupled RANS/BEM 

approaches are developed and applied for the prediction of the ship self-propulsion 

conditions and, in turn, of the effective wake that is the input for any further analysis of the 

unsteady propeller performances from which obtain the flow fields quantities necessary for 

noise prediction and propagation. Fully RANS and LES computations are also presented, in 

order to validate the proposed coupled approach, have a better insight on the interaction 

between the propeller and the hull and provide more accurate data for the prediction of the 

radiated noise by the non cavitating propeller operating behind the hull in a spatial non 

uniform inflow. 

2.1.4.1 Propeller open water simulation 

The prediction of the R/V Nawigator propeller performances has been carried out adopting 

two different numerical flow solvers, on the light of the planned activities (prediction of 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

33 

 

propeller performances behind hull, prediction of the effective wake, prediction of the vortical 

structures due to the propeller itself). In particular the adopted approaches are: 

• A Boundary Element Method (BEM), developed at the University of Genoa (Bertetta 

et al. 2012) based on the potential flow assumption, also adopted for the prediction of 

propeller unsteady performances in behind conditions, sheet cavitation and pressure 

pulses, 

• A RANS solver, i.e. the commercial software StarCCM+, by CD-Adapco (Brizzolara et 

al. 2008 and Gaggero et al. 2010), also adopted for the prediction of propeller 

unsteady performances in behind conditions, 

The prediction of propeller open water performances (i.e. homogenous inflow conditions) has 

been initially preferred in order to check the reliability and the accuracy of the different 

numerical approaches. In particular, having in mind  the necessity to perform unsteady 

calculations at very off design conditions (low pitches), the analysis of the numerical 

predictions of the propeller performances at very low pitches in uniform inflow could be useful 

to underline the limitations of the proposed approaches. All the calculations and the 

comparison with the experiments have been carried out in model scale. 

In order to perform the numerical calculations, a 3D CAD model has been derived from the 

design table of the propeller. An example of the CAD is given in Figure 2.15. 

 

Figure 2.15 CAD model of the CP469 propeller 
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From the CAD both the models for the BEM and the RANS/LES computations have been 

derived.  

A wide range of the propeller operating conditions has been analysed, varying both the 

advance coefficient and the pitch angle of the blade. The analysed conditions are shown in 

Table 2.7. 

Table 2.7 Propeller conditions 

Condition Scale Range of Advance coefficient  Pitch angle  
C1 Model 0.3 ÷ 0.9 1.1981 
C2 Model 0.3 ÷ 0.9 1.1011 
C3 Model 0.3 ÷ 0.9 0.9421 
C4 Model 0.3 ÷ 0.9 0.7779 
C5 Model 0.3 ÷ 0.9 0.464 

2.1.4.1.1 Numerical setup – BEM computations 

In the light of the previous experience with potential flow calculations, an appropriate surface 

mesh discretization of the propeller blade and hub has been adopted. An example of the 

surface mesh is reported in Figure 2.16. 

 

 

Figure 2.16 Surface mesh arrangement for BEM calculations 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

35 

 

Open water BEM calculations have been carried out, after a convergence analysis, on a 

mesh of 1250 hyperboloidal panels for one blade (25 radial sections and 50 panels in the 

chordwise directions using a cosine spacing). The key-blade approach has been used to 

exploit symmetry and reduce the computational effort of each calculation. The trailing wake 

for the steady calculations is modelled through a helicoidally surface composed, itself, of 

hyperboloidal panels. An equivalent spacing of 6° i s used. Wake alignment is accounted for 

only in a simplified way, even if a fully numerical wake alignment is possible. Unsteady 

calculations, as a matter of fact, require excessive computational resources and time, even in 

a potential approach, to account for the modification of the wake geometry and, in turn, to the 

re-computation of the influence coefficient matrixes at each time step. An empirical frozen 

wake model, based on a wake pitch as a weighted mean between the propeller pitch and the 

hydrodynamic pitch is, consequently, adopted. 

2.1.4.1.2 Numerical setup – RANS computations 

RANS calculations have been carried out on a volume mesh of polyhedral cells. The mesh 

arrangement, the boundary conditions and the optimal simulation parameters have been 

chosen on the basis of the experience gained in previous projects and activities (Brizzolara et 

al. 2008, Gaggero et al. 2010).The well-established Realizable k-ε turbulence model has 

been selected. Convective terms have been modelled with 2nd order accurate numerical 

schemes. Gradients are computed with a hybrid Gauss/Least Squares approach. 

Also for RANS calculations, but only in the case of open water / homogeneous inflow 

operative conditions, the propeller symmetry has been exploited to reduce the computational 

effort. The computational domain consists of an angular sector (2π/number of propeller 

blades) of radius equal to 3 propeller diameters, extending 2 propeller diameters in front of 

the propeller plane (velocity inlet B.C.) and 5 diameters behind the propeller plane (pressure 

outlet B.C.), as shown in Figure 2.17. A multiple/moving reference frame is adopted to 

perform steady calculations in the non-inertial rotating reference frame.  

The resulting computational unstructured mesh consists of 1.5 million polyhedral cells per 

blade, clustered around the blade by using zone refinements. With respect to a reference 

Base Size the main discretization parameters are summarized in Table 2.8. An example of 

the resulting mesh is shown in Figure 2.18 and Figure 2.19. 
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Table 2.8 Main mesh discretization parameters for CP469 

Base Size (BS)  Propeller Diameter (0.226m) 
Minimum Surface Mesh Size 0.02% Base Size 
Target Surface Mesh Size 1.25% B.S. 
Average Volume Mesh Size (near blade) 0.75% B.S. 
Average Volume Mesh Size (blade wake) 1.5% B.S. 
Number of Prism Layers 6 
Prism Layer Thickness (Model Scale) 0.8 mm 
Prism Layer Expansion Ratio 1.2 

 

Figure 2.17 Computational domain arrangement 

 

Figure 2.18 Volume Mesh for RANS calculations 
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Figure 2.19 Volume Mesh for RANS calculations. Details of the prism layers at the propeller leading 

edge (left) and at the propeller blade tip (right). 

2.1.4.1.3 Open water results and comparison with mo del scale 

measurements 

Computed open water propeller performances have been compared with the experimental 

measurements available from CTO (Bugalski 2005) and from CEHIPAR towing tank. 

CEHIPAR measurements are available only for the design pitch (P/D = 0.9421) and for the 

very reduced pitch considered for the evaluation of the self-propulsion point of the vessel at 

the reduced speed (P/D = 0.464). CTO provided measurements at the design pitch, at a 

reduced pitch (P/D = 0.7779) and at two higher pitches (P/D = 1.1011 and P/D = 1.1981). 

The different pitches have been obtained through a rigid rotation around the z-axis (spanwise 

blade axis) in order to match the proposed values of pitch. The comparison of the numerical 

calculations with the measurements is shown in Figure 2.20 to Figure 2.24. 

At the design pitch (P/D = 0.9421) both the numerical approaches predict accurately the 

propeller performances for a wide range of advance ratio J. Only in correspondence of very  

low value of advance, but as expected, the results of the panel method, especially in terms of 

torque, are slightly underestimated. Panel methods take into account viscosity only in a 

simplified way (in the present method via a drag correction based on local Reynolds number 

and standard frictional lines) but at lower advance ratios (higher angles of attack) the 

influence of viscosity is non-negligible and far from the simplified assumption valid close to 

the design point: the leading edge separation and the relative suction forces, as extensively 

demonstrated in literature, are responsible of the reduction of the slope of the performances 
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curves of the propeller approaching the bollard pull condition and, consequently, of the 

underestimation of forces. 

The reliability of computed performances is, however, completely satisfactory. Also in 

correspondence of slightly higher and slightly lower values of the propeller pitch, the 

agreement between computations and experiments is acceptable. The tendency of the Panel 

Method to underestimate both thrust and torque at lower advance ratios is confirmed, while 

RANS performs generally better, even if torque is overall slightly overestimated. In very off 

design conditions (P/D  = 0.464) the limitations of both the numerical methodologies are clear 

and have to be taken into account when the most demanding problem of the prediction of the 

self-propulsion point (and of all the related flow features, like the effective wake) is 

considered. As shown in Figure 2.24 the panel method is definitely inadequate for the 

prediction of the propeller performances in correspondence of very off design conditions. 

Further to the influence of viscosity, in this case also the simplified assumption regarding the 

trailing vortical wake could be non-adequate to model the physic of the problem. On the other 

hand, also RANS calculations, for which the correct wake shape is a result of the 

computations and viscosity is more accurately accounted, show non-negligible differences 

with the experimental measurements. Especially thrust is in the overall slightly over-predicted 

but the slope of the curves of both thrust and torque coefficient is correctly reproduced. 
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Figure 2.20 Propeller performances, P/D = 0.9421 

 

Figure 2.21 Propeller performances, P/D = 0.7779 
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Figure 2.22 Propeller performances, P/D = 1.1011 

 

Figure 2.23 Propeller performances, P/D = 1.1981 
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Figure 2.24 Propeller performances, P/D = 0.464 

2.1.4.2 Propeller behind hull 

The prediction of the unsteady performances of the propeller operating behind the hull is one 

of the most important aspects on the light of the prediction of the radiated noise and 

vibrations. The numerical evaluation of the self-propulsion point and of all the related 

hydrodynamic characteristics (the effective wake to the propeller, the thrust deduction, the 

correct rate of revolution and, in turn, the unsteady cavitation and the induced pressure 

pulses) is the key point of the analysis aimed to evaluate the propeller radiated noise. 

From an engineering point of view, RANSE solvers represent the state of the art among 

numerical approaches to solve all hydrodynamic aspects related to the self-propulsion 

problem. Unfortunately, this kind of approach is very onerous in terms of calculation time and 

computational resources, since both the space and the time scales of the propeller and of the 

hull flows are of different orders of magnitude and, so, the number of cells and the time step 

required to solve the whole problem accurately results normally prohibitive for design  

purposes. Hence the opportunity to study some more approximate and faster CFD solver that 

can remain anyhow adequate for obtaining valid results in the preliminary design phase. If 
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the propeller unsteady hydrodynamic performance are not specifically under investigation, its 

main fluid dynamic influence on the flow field around the hull and the nearby appendages can 

be approximated with an idealized actuator disk model, as  tested by several researchers .If, 

instead, the propeller unsteady hydrodynamic behaviour (unsteady pressure distributions, 

induced pressures) is searched for as a part of the solution to the problem, a coupled 

approach, based on the representation of the unsteady propeller blade forces (by a Potential 

Panel Method) through time-dependent equivalent body forces into the viscous RANS 

calculations of the hull, can be adopted. 

On the other hand, complete RANS calculations, with both the propeller and the hull solved 

together via sliding interfaces, could be beneficial to identify the limitations of the coupled 

approach and to verify if the interaction between the propeller and the hull is satisfactorily 

predicted by the simplified procedure. 

Finally a LES prediction of the unsteady and spatially non uniform flow due to the propeller 

operating behind the hull can definitively provide an accurate description of the vortical 

structures emanating by the propeller and mainly responsible of the radiated noise. 

The double model assumption has been chosen to perform all the computations in the self-

propulsion condition in order to speed up the numerical computations. The calculation of the 

free surface, as a matter of fact, is extremely expensive, in terms of required number of cells 

and, so, of the required computational time. On the other hand the influence of the free 

surface on the propeller performances and, vice-versa, of the propeller on the free surface 

should be negligible as already demonstrate in the previous paragraph. A common 

simplification of the self-propulsion prediction approach consists in performing all the 

calculations with the double model assumption: the hull is solved with a symmetry condition 

in correspondence of the still water surface and the force equilibrium is searched as the 

adequate propeller number of revolutions necessary for the propeller to provide a thrust that 

equals the hull resistance computed as the sum of the double model resistance (which 

includes the predicted thrust deduction due to the propeller operating in the effective wake 

behind the hull itself, i.e. the influence of the propeller on the hull resistance) plus the wave 

resistance, previously obtained in the case of the bare hull case as the difference between 

the total hull resistance (including the free surface) minus the double model resistance in the 

same operative conditions (no propeller). 
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2.1.4.2.1 Numerical setup: coupled RANS/BEM 

When the propeller operates behind a hull, the flow on the propeller plane is not simply the 

sum of the viscous wake calculated in the absence of the propeller (the so-called nominal 

wake) and the propeller self-induced velocities due to the propeller working in this nominal 

wake. A rather complicated interaction takes place, involving boundary layer modifications 

due to the suction effect caused by the propeller that, in turn, is not homogeneous and 

modifies the inflow to the propeller itself and eventually the propeller performances. The total 

velocity of the wake field, from a classical idealized approach, can be seen as the sum of the 

nominal wake plus the propeller/hull interaction velocities (these two contributions are called 

effective wake) plus the propeller induced velocities. From the propeller point of view, it is the 

effective wake (that is the input flow generally used in design and analysis codes) that is 

important in defining the right working condition of the propeller behind the hull: 

������ � �����	�
�� � ���.
���	�� (1) 

The effective wake and the body forces are the concepts on which the iterative coupled 

procedure, adopted in this study to compute the propeller/hull interaction, has been built. The 

RANSE solver estimates the total, viscous dependent, velocity, just ahead the propeller 

plane, taking into account the effect of the propeller by equivalent body forces, computed in 

turn by the unsteady panel method, and placed on appropriate cells into the RANSE domain. 

The propeller induced velocities, computed at each iteration by the unsteady panel method 

with RANSE wake field as input, let to define, according to Equation1, the effective wake and, 

as a consequence, the new resulting body forces at the current iteration to be included in the 

next RANSE computation. The iterative procedure (Figure 2.25) proposed to simulate self-

propulsion tests, in conclusion, requires: 

1. To compute, by the RANSE solver, the viscous flow around the ship hull and the hull 

total resistance without the propeller; 

2. To extract the spatial non uniform velocity field in the propeller plane from the RANSE 

computation and assign it, as the inflow for the unsteady computation, to the propeller 

panel method; 

3. With the input inflow, to define the self-propulsion point of the propeller adjusting the 

rate of revolution in a way such that the mean unsteady delivered propeller thrust 

equals the hull total resistance computed at step 1; 
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4. Once self-propulsion point is defined, to calculate the induced velocities (on a plane 

ahead the propeller) and the unsteady body forces; 

5. To include body forces of step 4 into the RANSE computation and recomputed hull 

viscous flow and ship total resistance;  

6. To extract total velocities on the plane ahead the propeller (the same of step 4) and 

calculate, through Eq. 9, the effective wake by subtracting the propeller induced 

velocities calculated at step 4 from the actual total velocities; 

7. To re-compute, as at step 3, the self-propulsion point with the new effective inflow 

wake; 

8. To iterate step 4-7 until convergence of the hull resistance and the mean effective 

wake is reached. 

The total and induced velocity field on a plane ahead the propeller, as required in steps 4 and 

6 of the iterative self-propulsion test, have obviously, an unsteady nature. The first is spatially 

non-homogeneous (due to the hull boundary layer), the latter changes with time because of 

the propeller operating in a spatial non uniform inflow: the interaction between hull and the 

rotating propeller produces, moreover, a further time dependent influence on the total velocity 

field. Panel methods based on the key blade approach can deal only with spatial non uniform 

inflow and require, consequently, a time averaging of the input velocity fields (Figure 2.26). At 

each time step, induced velocities are calculated by the panel method: the effective wake is a 

“steady” spatial non uniform velocity field obtained, in a plane in front of the propeller, as the 

difference between the total velocity, calculated from the RANSE at the current time step, 

and the time averaged induced velocity computed by the panel method with the given inflow. 
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Figure 2.25 BEM/RANS iterative approach 

 

Figure 2.26 Time averaging of total and propeller induced velocities. 

In order to include the propeller influence in the RANSE computation via body forces, an 

accurate geometrical representation of the propeller needs to be adopted. Different 

techniques can be applied: using a proper mesh arrangement as already presented in Villa et 

al. 2012 or subdividing the forces computed at each panel on a portion of the mesh as 
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presented by Bruzzone at al. 2014, Berger et al. 2011and Wockner et al. 2011. In particular, 

in order to avoid mesh distortion, the second method has been preferred, since it is 

considered more appropriate in complex geometries like the propeller ones. From a 

computational point of view this method requires to map all the forces computed on each 

panel in an unstructured mesh, therefore the computational cost to be spent at each time 

step may be not negligible: the computational effort has been reduced by applying a 

hierarchical representation of the mapping region. When the propeller is solved with the 

effective wake as inflow, unsteady forces are computed and transformed in forces distributed 

at each time step on the mean blade surface. Considering that the panel is a 2D entity and 

the fluid domain in the RANS code is made of 3D cells, the force of each panel is 

represented by the influence of a spherical volume with a radius equal to the panel main 

dimension (its mean diagonal) and then split, at each time step, on the proper RANS cells. 

 

Figure 2.27 Panel Method forces mapped on the mean blade surface. 

The numerical setup consists, finally, in a RANS simulation for the hull in double model 

configuration, necessary to compute the viscous forces and the influence of the propeller (via 

body forces) on the resistance (from which the thrust deduction is derived following the force 

decomposition highlighted above), carried out on the hex-dominant mesh already adopted for 

the calculation of the nominal wakes on the propeller plane. It is mandatory, actually, to 

provide the propeller (even if solved with the BEM) with an adequately accurate non-

homogeneous inflow, to predict the unsteady propeller performances. The mesh 
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arrangement of about 5 million cells, as shown in Figure 2.28, adopted for the hull wake 

calculations can be considered adequate, with the adopted zone refinements working also as 

refinements for the body force mapping into the RANS simulation. 

 

Figure 2.28 Mesh at the stern for RANS/BEM coupling 

 

Figure 2.29 Threshold of RANS cells, at a given time step, on which propeller forces by panel method 

are mapped. 
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2.1.4.2.2 Numerical setup: pressure pulse predictio n 

The prediction of the propeller induced pressure pulses is another important aspect for the 

characterization of the propeller radiated noise. For this purpose UNIGE is involved in the 

development of some routines to predict the induced pressure pulses due to the propeller 

operating in a non-uniform inflow under the hypotheses of idea, inviscid and irrotational flow, 

to be used together with the unsteady potential flow solver adopted for the prediction of 

unsteady cavitating and non cavitating propeller performances. 

The approach preferred for the prediction of the induced pressure pulses is based on the 

induced potentials and velocities. As a matter of fact, instead of solving a “complete” 

problem, in which both the propeller and the control surfaces (the ship hull) on which 

pressures have to be calculated are solved together for each computational time step (this 

approach will require the costly re-computation, at each time step, of the influence 

coefficients due to the different relative positions between the blades and the control 

surfaces), two different problems are solved. At first, the propeller is solved in the non-

uniform inflow without the presence of any surfaces. Further to the prediction of pressures 

and cavitation on the propeller blades, the BEM computes also the induced velocities (or 

potentials) on a set of points representing the control points of the panels that discretize the 

surfaces of interest. As a second step a dedicated approach solves the unsteady pressures 

on the control surfaces, using as input the previously computed velocities (or potentials). The 

interaction between the propeller and the surfaces, in changing the inflow to the propeller 

itself, is assumed to take place directly on the inflow wake predicted by the RANS through 

the iterative scheme adopted for the prediction of the self-propulsion functioning and thus it is 

not iteratively taken into account for the computation of the unsteady pressure pulses. 

An example of calculation is shown in Figure 2.30, in which the induced pressure coefficient 

on a flat plate above the propeller operating in uniform inflow are presented as a function of 

the angular position of the propeller. The predicted pressure pulses are compared by those 

calculated by RANS, using a rigid body motion approach (for the inner propeller domain) 

coupled with the outer domain through sliding interfaces. Three points on a longitudinal 

section (P1 on the propeller plane, P2 0.05 m in front of the propeller plane and P3 0.05 m aft 

the propeller plane) are considered for the comparison. Time histories of the pressure signal 

and the corresponding harmonic analysis are reported from Figure 2.32 to Figure 2.37. The 

comparison between the two approaches shows a rather good agreement between potential 
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flow and RANS computations. In particular, in correspondence of Point 1 (just above the 

propeller tip) and Point 2 (in the propeller wake) the predicted unsteady distributions are, 

qualitatively and quantitatively, very similar. The harmonic analysis confirms these results: 

only the first harmonic is important (as expected from the uniform inflow condition) and BEM 

results are slightly underestimated with respect to RANS calculations. In correspondence of 

Point 3, 0.05 m in front of the propeller, the influence of the propeller itself is significantly 

lower and the numerical computations, especially that carried out with RANS, are subjected 

to a non-negligible numerical noise, due to the smearing effect of a rather coarse mesh (not 

able to propagate adequately a rather small disturbance) and to the diffusion induced by the 

sliding interface. The clear second harmonic predicted by the RANS is completely neglected 

by the BEM and appropriate analyses should be carried out to have a better insight into these 

phenomenon. 

ff  

 

Figure 2.30 Pressure fluctuation on a flat plate above the propeller. Uniform inflow. 
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Figure 2.31 Domain arrangement for RANS calculations. 

 

Figure 2.32 Unsteady pressure. Point 1. 
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Figure 2.33 Unsteady pressure. Point 2. 

 

 

Figure 2.34 Unsteady pressure. Point 3. 
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Figure 2.35 Pressure pulses. Point 1. 

 

Figure 2.36 Pressure pulses. Point 2. 
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Figure 2.37 Pressure pulses. Point 3. 

2.1.4.2.3 Numerical setup: full RANS calculations 

A set of calculations of the self-propulsion conditions has been carried out using only the 

RANS solver, i.e. for both the propeller and the hull coupled by sliding interfaces, as shown in 

Figure 2.38. The complete RANS calculations have been performed mainly to confirm the 

results and highlight the possible drawbacks of the simplified RANS/BEM coupled approach. 

Again, the double model and the hull resistance decomposition assumptions have been 

exploited to reduce the computational time and the required number of cells. Detailed views 

of the computational domain are shown in Figure 2.39 and Figure 2.40. An hybrid mesh 

arrangement has been selected. The hull is discretized with the hex-dominant mesh adopted 

for the nominal wake computations, which parameters and zone refinements are reported in 

previous sections. A total of about 5 million cells discretize the hull while the propeller is 

defined by a polyhedral set of about 1.6 million cells. The main discretization parameters for 

the propeller are reported in Table 2.9. As for open water computations, 2nd order in space 

accurate numerical schemes have been adopted to solve the convective terms. A first order 

scheme solves for the unsteadiness, with a simulation time step of 4*10-4 s necessary to 

achieve a sufficiently low Courant number. 
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Figure 2.38 Sliding interface (in blue) between the propeller inner domain and the hull outer domain 

for complete RANS calculations 

 

Table 2.9 Main mesh discretization parameters for propeller  CP469 

Base Size (B.S.)  5 m 

Minimum Surface Mesh Size 0.01% B.S. 

Target Surface Mesh Size 0.15% B.S. 

Average Volume Mesh Size (near blade) 0.1% B.S. 

Number of Prism Layers 3 

Prism Layer Thickness (Model Scale) 1 mm 

Prism Layer Expansion Ratio 1.2 
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Figure 2.39 Detail of the mesh for the complete RANS calculations 

 

Figure 2.40 Detail of the mesh for the complete RANS calculations 
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Figure 2.41 Example of calculations of propeller-hull interaction with the RANS compete approach. 

Design pitch configuration 

2.1.4.2.4 Numerical setup: LES calculations 

One of the objectives of the analysis of the non-cavitating propeller performances (both open 

water and unsteady) is the investigation of the improvements of the predicted flow field that 

can be achieved by the application of more advanced (with respect to RANS) solvers on the 

light of the numerical characterization of the propeller as an acoustic source of noise. The 

University of Genova is involved in the application of LES (large eddy simulation) 

computations for the characterization of the flow field around the propeller, in order to verify 

that a more realistic and anisotropic representation (due to the direct solution of the turbulent 

scales) of the vortical structures conveyed in the wake could improve the prediction of the 

propeller performances, especially on the light of the quantities involved in the unsteady 

radiated noise predictions. 

The propeller under investigation for the prediction of the unsteady vortical structures shed in 

the wake by using LES simulations is the R/V Nawigator XXI propeller, that has been 

simulated, by using the Star-CCM+ solver in unsteady conditions, i.e. when it operates 
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behind the hull subjected to the hull wake itself. The WALE sub-grid scale model has been 

adopted to filter the turbulent component smaller than the mesh size scale. 

The setup of the non-homogenous flow field to the propeller is preliminary to the simulation of 

unsteady propeller performances. Different approaches are possible. The simplest one uses 

a non-uniform velocity inlet condition and will allow to simulate the propeller only (even if 

rotating by using sliding meshes, for instance) without the additional effort to model the ship 

hull. This method, although very intuitive, is not straightforward. The non-uniform inflow at the 

inlet (from inlet to the propeller plane) does not always evolve as expected, due to non-

equilibrium conditions and mixing between layers at different velocities. An iterative 

approach, changing the inlet boundary condition until the desired flow at the propeller plane 

is achieved, is required.  

A way to avoid this “try and error” procedure is the direct inclusion, in the propeller 

computational domain, of the hull geometry at the cost, however, of an increased number of 

cells and computational time. A compromise between the two approaches is represented by 

the solution of the unsteady propeller in a reduced computational domain, as outlined in 

Figure 2.42. The solid black line identifies the reduced domain (with respect to the whole free 

surface or double model simulation domain) in which the LES calculations are carried out. 

The reduced domain size is (0.45x0.2x0.1) times the ship length. The rotating propeller, as in 

the case of the full RANS prediction of the self-propulsion point, is included into the stationary 

domain, in which part of the hull is also represented, by using sliding interfaces that allows for 

a continuous remapping of flow field quantities between both the steady and the rotating 

domains. 

 

 

Figure 2.42 Detail of the reduced domain used for the unsteady LES computations. 
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Particular attention must be taken to the selection of the boundary conditions, that should be 

able to avoid any proximity influence (reflections, mirror effects, for instance) and should 

have memory of the complete flow field solution (hull boundary layers, in particular) as 

calculated in the original whole domain where the complete hull geometry (and its influence 

on the flow) is considered. To avoid the unphysical influence of closer boundaries and to take 

into account all the ship boundary layers, the flow field is preliminary computed in the 

“unbounded” domain used for the prediction of the hull wake (double model assumption, 

main domain dimensions as in Figure 2.2 ) and then it is mapped to the reduced domain, 

both in terms of non-uniform boundary conditions and initial solution. 

To verify the reliability of this assumption a preliminary RANS analysis has been carried out. 

To simplify the simulations the actuator disk approach is used to include the influence of the 

propeller on the flow field and to account for the interaction with the hull. Both the complete, 

larger domain simulations, with usual undisturbed far field boundary conditions and the 

reduced domain simulations, with boundary conditions and initial flow features extracted from 

the previous larger domain simulations, have been carried out. The comparison, in terms of 

velocity distribution on the longitudinal plane and pressure on the hull is presented in Figure 

2.43 and Figure 2.44.  

 

 

Figure 2.43 Comparison of the velocity distribution on the longitudinal plane. Complete domain (top) 

versus reduced domain (bottom). 
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As it can be seen from the comparison shown in Figure 2.43, no significant disturbances in 

the predicted flow field are introduced in the simulation by the reduced domain approach if 

appropriate boundary conditions are selected. The flow is similarly predicted and also, the 

hull boundary layer, which is of primary importance for the propeller unsteady performances. 

Another important aspect that should be monitored for the evaluation of the propeller/hull 

interaction is the possibility to accurately predict also, with the reduced domain approach, the 

variation of the hull drag force due to the influence of the propeller. From the comparison of 

the pressure field on the hull including or not the propeller (simulated as an actuator disk), as 

presented in Figure 2.44, it can be highlighted that the propeller influences the pressure 

distribution on the hull also relatively far from the stern region. This aspect makes the 

reduced domain approach not appropriate to correctly predict the interaction between the hull 

and the propeller, in terms of drag force. This aspect, however, is not fundamental for the 

objectives of this task (the analysis of the propeller unsteady wake by using LES) and simple 

corrections, on the basis of complete domain calculations, could be applied to perform LES 

calculations with the thrust identity assumption (as calculated by the coupled BEM/RANS, the 

complete RANS or taken from towing tank experiments) allowing to take advantage of the 

reduced domain approach in terms of computational efficiency. 

 

 

Figure 2.44 Comparison of the pressure distribution on the hull with (colours) and without (lines) the 

influence of the propeller. 

Finally, an analysis on the influence of the domain discretization on the predicted propeller 

flow features has been carried out. Three mesh arrangements, based on hex-dominant cells, 

have been investigated: the coarse one, with 5.1 million cells, use the same mesh 

parameters of the full RANS simulations (Figure 2.45); the intermediate one, with 12.2 million 

cells, is derived by the coarse arrangement by adding a refinement level around the propeller 
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and its wake (Figure 2.46); the finer mesh, with 44.3 million cells, has been finally obtained 

reducing the base size of the intermediate mesh by a factor of 40%, therefore reducing the 

cells size everywhere in the domain (Figure 2.47). 

 

Figure 2.45 Coarse mesh arrangement for LES computations. 

 

Figure 2.46 Intermediate mesh arrangement for LES computations. 
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Figure 2.47 Fine mesh arrangement for LES computations. 

2.1.4.2.5 Results and comparison with model scale m easurements – RANS-

BEM calculations 

Results of the self-propulsion predictions obtained by the simplified coupled approach and 

the RANS complete calculations are summarized in Table 2.10 and in  

Table2.11 (design pitch, speed of 12kn) and in Table 2.12 and Table 2.13 (reduced pitch, 

speed of 6kn). 

At the design pitch the computed self-propulsion point is satisfactory in agreement with the 

experimental results, especially for what regards the prediction of the propeller rate of 

revolution. With the coupled approach, the predicted propeller rpm is underestimated of 

about 2.4% while with the complete RANS the error is only 1.3%. The inclusion of the sink 

and trim, once experimentally measured, for the calculation of the bare hull resistance, 

allowed for a significant reduction of the differences between the predicted values by the 

coupled approach and the measured quantities by CEHIPAR, as shown in the tables. 

Also the wake fraction is reasonably well predicted. With the BEM/RANS coupled approach 

the effective wake is a results of the calculations of the iterative approach. Figure 2.48 and 

Figure 2.49 show the intermediate wakes (from the nominal wake in front of the propeller 

plane without the influence of the propeller itself to the converged effective wake at the 4th 
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coupling iteration); the wake fraction is directly calculated as the average of the effective 

velocities on the extraction plane in front of the propeller. With the complete RANS it is not 

possible to extract/compute from the simulation the effective wake, being the propeller self-

induced velocities being not distinguishable with respect to the calculated total velocity field. 

The wake fraction is obtained simply by using the open water propeller curves, as routinely 

done experimentally. In this case also small discrepancies between the predicted and the 

measured propeller curves could lead to appreciable differences in the resulting wake 

fractions. 

Differences between computations and experiments are, however, non-negligible. The thrust 

deduction factor is over predicted by the coupled RANS/BEM of about 11%, being a sign of a 

weak interaction between the body forces representing the propeller and the hull. But the 

complete RANS calculations, in principle more accurate and specifically carried out to further 

verify the reliability of the coupled approach, showed exactly the same discrepancies with 

respect to the experiments (+12%). 

Reasons of these differences have to be found in a complex interaction of different 

phenomena. The nominal calculated wake (and, in turn, the effective wakes) is slightly 

different with respect to the measurements and the measurements themselves are slightly 

different one from the other (for instance the nominal wake fraction 1-w by CTO is equal to 

0.54 while CEHIPAR measurements show a value of 0.498). 

 

Figure 2.48 Nominal wake (0.15D fore the propeller plane, on the left) and step 1 effective wake (right) 

at the design pitch – 12 knots. 
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Figure 2.49 Step 2 (left) and step 3 (right) effective wake at the design pitch – 12 knots 

Table 2.10 Self-Propulsion convergence. Design pitch at 12 knot coupled RANS/BEM approach 

Step  T [N]  1-W N [rps]  1-t 

0 61.864 0.5218 9.951 1.000 

1 72.944 0.5419 10.657 0.848 

2 74.544 0.5511 10.792 0.830 

3 74.694 0.5532 10.812 0.828 

4 74.894 0.5535 10.823 0.826 

Experimental Measurements CEHIPAR  
 

0.5490 11.090 0.747 

     

RANS/BEM with No Sink/Trim  68.754 0.5440 10.451 0.821 

 

Table2.11 Self-Propulsion convergence. Design pitch at 12 kn. 

Complete RANS calculations versus Experiments and coupled RANS/BEM 

Step  T [N]  1-W N [rps]  1-t 

Complete RANS 73.79 0.5969 10.95 0.838 

Coupled RANS/BEM 74.89 0.5535 10.823 0.826 

Experimental Measurements  0.5490 11.090 0.747 
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Similar considerations hold in the case of the reduced pitch (ship speed of 6kn) 

computations, for which detailed results are reported in Table 2.12 and Table 2.13 and the 

effective wakes (together with the convergence history) in Figure 2.50 and Figure 2.51. 

RANS/BEM approach results are slightly worse than in the case of the design pitch 

configuration. The predicted propeller rate of revolution is significantly underestimated (-

10.4%) and the thrust deduction factor t again underestimated. Reasons of these 

discrepancies have to be found in the limitations of the panel method for the prediction of the 

propeller performances in extremely off-design conditions, as highlighted in open water 

computations of Figure 2.24. Complete RANS computations partially alleviate these 

differences, mainly via a better prediction of the propeller performances: the propeller rate of 

revolution is only slightly underestimated (-0.5%) but the thrust deduction factor is still 

decisively underestimated, confirming also in reduced pitch condition the poor interaction that 

takes place between the propeller and the hull, already evidenced in design conditions by 

both the coupled RANS/BEM and the complete RANS approaches. 

 

Figure 2.50 Nominal wake (0.15D fore the propeller plane, on the left) and step 1 effective wake (right) 

at the reduced pitch – 6 knot. 
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Figure 2.51 Step 2 (left) and step 3 (right) effective wake at the reduced pitch – 6 knots 

Table 2.12 Self-Propulsion convergence. Reduced pitch at 6 knot with the coupled RANS/BEM 

approach 

Step  T [N]  1-W N [rps]  1-t 

0 10.919 0.482 6.896 1.000 

1 13.217 0.500 7.547 0.826 

2 13.447 0.500 7.625 0.812 

3 13.477 0.499 7.628 0.810 

Experimental Measurements  
 

0.505 8.510 0.751 

     
Coupled RANS/BEM with No Sink/Trim  13.051 0.498 7.525 0.806 

 

Table 2.13 Self-Propulsion convergence. Reduced pitch at 6 kn. Complete RANS calculations versus 

Experiments and coupled RANS/BEM 

Solver  T [N]  1-W N [rps]  1-t 

Complete RANS 13.790 0.602 8.470 0.792 

Coupled RANS/BEM 13.477 0.499 7.628 0.810 

Experimental Measurements  0.505 8.510 0.751 
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2.1.4.2.6 Results - LES calculations 

LES calculations have been carried out by using the reduced computational domain and 

modified boundary conditions, to have a more accurate description of the propeller wake to 

be compared with PIV measurements. Instead of calculating the self-propulsion point by 

searching for the appropriate propeller rate of revolution necessary to achieve equilibrium 

between propeller thrust and hull drag, simulations have been carried out in a kinematic 

identity, i.e. forcing the propeller working point measured during experiments. The functioning 

condition under investigation, in model scale, corresponds to a ship speed of 1.952 m/s (12 

kn in full scale) and the propeller operating at 11.1 rps.  The preliminary LES analysis, carried 

out to verify first the suitability of the discretization, shows, as obvious, that with the increase 

of the cell number the flow field becomes more detailed and a more complete vortex wake is 

predicted. Isosurfaces of the Q-factor value are shown in Figure 2.52, Figure 2.53 and Figure 

2.54 for the three mesh choices. In the coarse mesh case only the tip vortex structure and a 

“simple” hub vortexes can be accurately identified. For the finer mesh case, on the contrary, 

the complexity of the hub vortex is much higher and also the tip vortex is better predicted due 

the lower numerical diffusion granted by the finer mesh arrangement. 

 

Figure 2.52 LES prediction of the Q-Factor. Coarse mesh case. 
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Figure 2.53 LES prediction of the Q-Factor. Intermediate mesh case. 

 

Figure 2.54 LES prediction of the Q-Factor. Fine mesh case. 

In terms of predicted thrust and torque all the three used meshes give similar mean values 

with only small discrepancies, as showed in Table 2.14. The predicted value are in line with 

the expected ones, with only a slightly over-prediction of the trust with respects to the 

numerical self-propulsion tests conducted by UNIGE. 
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Table 2.14 Propeller performances in model scale – Propeller behind hull. 

Solver Mesh T  Q 

LES (fixed rpm) Coarse  78.93 2.424 

LES (fixed rpm) Intermediate 80.68 2.472 

LES (fixed rpm) Fine 79.82 2.447 

RANS+BEM (equilibrium)  74.9  

Complete RANS (equilibrium)  73.8  

 

More in detail, during a complete propeller revolution for the 3 mesh refinements the wake 

fraction has been extracted in three positions (the same used for experimental observations): 

one at X/D=0.15 (P1) in front of the propeller and two at X/D=0.15 (P2) and 0.372 (P4) inside 

the propeller wake. The analysed space region have the dimensions of a square with 0.4 m 

of side, centred in the propeller axes. The space density of the extraction points used to 

collect all the data from the simulations has been chosen to be in accordance one to one with 

the mesh; therefore depending on the mesh size the number of point change: from 50x50 for 

the coarse mesh, 100x100 for the intermediate one and finally 200x200 for the finer one. 

Obviously with the prescribed range some points fall out the fluid region or on the solid 

boundary (i.e. hull ship, hub or rudder surface), therefore the missing data have been 

replaced with a white hole. About the time step used to collect the data the same simulation 

time have been used. Due to the computational costs of the extraction, both in terms of 

computational time for the internal interpolations and memory space, only the last computed 

propeller revolution has been recorded. 

All the images from Figure 2.55 to Figure 2.73, show the instantaneous non-dimensional 

wake fraction at different planes (same as the experimental evaluation). The shown range 

has been set to  represent the instantaneous axial velocity according to the ship x-coordinate 

(positive from stern to bow). 

The analysed propeller has a 4 blades configuration therefore it should be expected a 

periodicity of a quarter of the revolution rate for all the flow field characteristics. In Figure 2.55 

the wake fraction has been shown in the P1 plane (in front of the propeller disk) for 0°, 90°, 

180° and 270° (position of the reference blade), fo r which, for a LES simulation, it is clear that 
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the periodicity assumption is not achieved. This consideration is correct on the light of the 

chaotic nature of the turbulent vortex, that for a LES simulation have been partially resolved 

(at least the larger ones than the mesh used), on the contrary of the classical RANS 

approach in which all the turbulent characteristics have been averaged, so no chaotic vortex 

structure should be born. The presented four snapshots are compared with the average wake 

value on a complete revolution; it can be noted that its shape and values tent to the one 

computed in the RANS simulation. For sake of completeness, the mean wake is still not 

symmetric, this result could be due to the fact that the mean is evaluated only in one 

revolution, not enough to avoid turbulent vortex influence.  

  

(A) Blade position 0° (B) Blade position 90° 

  

(C) Blade position 180° (D) Blade position 270° 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

70 

 

 

(E) Mean on a propeller revolution   

Figure 2.55 Wake fraction for 4 propeller position compared with the mean value on one revolution 

 

In Figure 2.56 to Figure 2.61 some snapshots, computed on the coarse mesh, of the wake 

fraction for a quarter of the propeller revolution and for the mean value of a complete 

revolution have been reported for the analysed plane (P1 – P2 – P4).  
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Figure 2.56 Numerical propeller inflow (P1) for the coarse mesh for the blade position from 0° to 90°  
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Figure 2.57 Mean value of propeller inflow in a revolution (P1) for the coarse mesh 
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Figure 2.58 Numerical propeller wake near the disk (P2) for the coarse mesh for the blade position 

from 0° to 90° 
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Figure 2.59  Mean value of propeller wake near the disk in a revolution (P2) for the coarse mesh 
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Figure 2.60 Numerical propeller wake far the disk (P4) for the coarse mesh for the blade position from 

0° to 90°  
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Figure 2.61  Mean value of propeller wake far the disk in a revolution (P4) for the coarse mesh 

In Figure 2.62 to Figure 2.67 some snapshots, computed on the intermediate mesh, of the 

wake fraction for a quarter of the propeller revolution and for the mean value of a complete 

revolution have been reported for the analysed plane (P1 – P2 – P4). 
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Figure 2.62 Numerical propeller inflow (P1) for the intermediate mesh for the blade position from 0° to 

90° 
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Figure 2.63 Mean value of propeller inflow in a revolution (P1) for the intermediate mesh 
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Figure 2.64 Numerical propeller wake near the disk (P2) for the intermediate mesh for the blade 

position from 0° to 90° 
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Figure 2.65  Mean value of propeller wake near the disc in a revolution (P2) for the intermediate mesh 
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Figure 2.66 Numerical propeller wake far the disk (P4) for the intermediate mesh for the blade position 

from 0° to 90°  
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Figure 2.67  Mean value of propeller wake far the disk in a revolution (P4) for the intermediate mesh 

 

In Figure 2.68 to Figure 2.73 some snapshots, computed with the fine mesh, of the wake 

fraction for a quarter of the propeller revolution and for the mean value of a complete 

revolution have been reported for the analysed plane (P1 – P2 – P4). 
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Figure 2.68 Numerical propeller inflow (P1) for the finer mesh for the blade position from 0° to 90°  
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Figure 2.69 Mean value of propeller inflow in a revolution (P1) for the finer mesh 
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Figure 2.70 Numerical propeller wake near the disk (P2) for the finer mesh for the blade position from 

0° to 90° 
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Figure 2.71  Mean value of propeller wake near the disck in a revolution (P2) for the finer mesh 
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Figure 2.72 Numerical propeller wake far the disk (P4) for the finer mesh for the blade position from 0° 

to 90° 
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Figure 2.73  Mean value of propeller wake far the disk in a revolution (P4) for the finer mesh 

 

With the increase of the mesh density used in LES computations, as expected, a complex 

velocity pattern can be noted and more vortex structure have been computed in line with the 

DDES results presented by SSPA for the other test case (coastal tanker). For this reason a 

comparison with the CEHIPAR experimental data have been conducted in AQUO D2.5. For 

the section in front of the propeller no complete comparison can be carried out due to the fact 

that the experimental PIV measurements do not show the entire section. On the other hand 

for the P2 section, inside of the propeller wake a reasonable good agreement can be noted 

both in the accelerating region inside the propeller disk, than in the external zone  

   

(A) Experimental PIV data in P1 (B) Mean value in P1 
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(C) Experimental PIV data in P2 (D) Mean value in P2 

Figure 2.74 Comparison between CEHIPAR experimental data (on the left) and the LES mean value 

for the finest mesh (on the right) for the P1 section (on the top) and P2 section (in the bottom). 

 

2.1.5 Numerical prediction of the performances of t he cavitating 

propeller 

2.1.5.1 Propeller behind hull 

For the prediction of the cavitating propeller performances in behind hull condition a similar 

approach (RANS/BEM) to that applied for the non cavitating propeller (model scale 

computation) has been adopted. Unsteady Body Forces were computed for the full scale 

propeller by the Boundary Element Method with the cavitation module tuned on and 

transferred into the full scale RANS simulations. The iterative procedure, as usual, drives the 

convergence to the appropriate propeller rate of revolutions, the effective full scale wake and 

the propulsive coefficients. As for the prediction of the full scale resistance, RANS 

calculations, carried out with the smooth wall assumption, have been corrected for roughness 

allowance following the standard ITTC ’78 and ITTC’90 prescriptions.  

Computations have been carried out in order to replicate the full scale measurements and 

observations of the Research Vessel Nawigator XXI. The selected point of functioning 

corresponds to a ship speed of 11.8 knots obtained with the propeller operating at a pitch 

over diameter ratio of 0.91 (.i.e. 79% of the digital indicator). 
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The results of the self-propulsion prediction are reported Table 2.15 while the convergence of 

the effective wakes is shown in Figure 2.75 and Figure 2.76. 

 

Table 2.15  Self-Propulsion at full scale 

 
T [kN]  1-W N [rpm at engine]  1-t 

     
RANS/BEM (ITTC’90 Roughness 

Allowance) 71.05 0.62 811 0.838 

RANS/BEM (ITTC’78 Roughness 
Allowance) 73.69 0.62 820 0.839 

Full scale measurements   860  

 

 

Figure 2.75 Nominal wake (0.15D fore the propeller plane, on the left) and step 1 effective wake 

(right)– full scale at 11.8 knot 
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Figure 2.76 Step 3 (left) and Step 4 (right) effective wake – full scale at 11.8 knot 

2.1.5.2 Prediction of propeller cavitation and pressure pulses 

Starting from the effective wake predicted by the RANS/BEM coupled approach, the propeller 

unsteady cavitation has been analysed. Four different points, in terms of delivered thrust and 

cavitation index (calculated on the basis of the propeller rate of revolution), have been 

considered, on the basis of the functioning conditions analysed at the cavitation tunnel. 

Moreover, for the sake of comparing the computations with the experiments, the same set of 

analyses has been carried out considering the LDV wake obtained by means of the wire 

wake screen at the cavitation tunnel. The resulting wake is that of Figure 2.77, that in turn is 

a tentative to replicate the full scale nominal wake predicted by means of RANS 

computations. 
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Figure 2.77 LDV wake at the cavitation tunnel 

Table 2.16 Working Points for Cavitation Analysis 

Condition KT Cavitation Index (sigmaN)  

WP1 0.219 2.78 

WP2 0.212 3.56 

WP3 0.247 2.26 

WP4 0.242 2.94 

 

 

Figure 2.78 Working Point 1 in the effective RANS/BEM wake, KT = 0.219, sigmaN = 2.78 at shaft. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

93 

 

 

 

Figure 2.79 Working Point 2 in the effective RANS/BEM wake, KT = 0.212, sigmaN = 3.56 at shaft. 

 

 

Figure 2.80 Working Point 3 in the effective RANS/BEM wake, KT = 0.247, sigmaN = 2.26 at shaft. 
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Figure 2.81 Working Point 4 in the effective RANS/BEM wake, KT = 0.242, sigmaN = 2.94 at shaft. 

 

 

Figure 2.82 Working Point 1 in the LDV wake, KT = 0.219, sigmaN = 2.78 at shaft. 

 

 

Figure 2.83 Working Point 2 in the LDV wake, KT = 0.212, sigmaN = 3.56 at shaft. 
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Figure 2.84 Working Point 3 in the LDV wake, KT = 0.247, sigmaN = 2.26 at shaft. 

 

Figure 2.85 Working Point 4 in the LDV wake, KT = 0.242, sigmaN = 2.94 at shaft. 

A similar set of calculations has been repeated considering the cavitation index sigmaN in 

correspondence of the propeller blade tip at 12 o’clock position. Results, in terms of predicted 

cavity extension, are reported in the following figures. 
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Figure 2.86 Working Point 1 in the effective RANS/BEM wake, KT = 0.219, sigmaN = 2.78 at tip. 

 

 

Figure 2.87 Working Point 2 in the effective RANS/BEM wake, KT = 0.212, sigmaN = 3.56 at tip. 

 

 

Figure 2.88 Working Point 3 in the effective RANS/BEM wake, KT = 0.247, sigmaN = 2.26 at tip. 
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Figure 2.89 Working Point 4 in the effective RANS/BEM wake, KT = 0.242, sigmaN = 2.94 at tip. 

 

 

Figure 2.90 Working Point 1 in the LDV wake, KT = 0.219, sigmaN = 2.78 at propeller tip. 

 

Figure 2.91 Working Point 2 in the LDV wake, KT = 0.212, sigmaN = 3.56 at propeller tip. 
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Figure 2.92 Working Point 3 in the LDV wake, KT = 0.247, sigmaN = 2.26 at propeller tip. 

 

 

Figure 2.93 Working Point 4 in the LDV wake, KT = 0.242, sigmaN = 2.94 at propeller tip. 

Resulting pressure pulses, in terms of amplitudes of harmonics, are shown in the following. In 

particular both non cavitating and cavitating conditions have been considered and compared 

with the experimental measurements carried out at the University of Genoa cavitation tunnel. 

Pressure amplitudes are presented in non-dimensional form as	2��, as adopted for the 

experimental measurements. Pressure pulses themselves have been calculated by using the 

Boundary Element Method in correspondence of the four working points under investigation, 

applying both the numerical effective inflow wake, predicted in full scale by using the coupled 

RANS/BEM approach and the LDV wake measured during experiments in the University of 

Genoa facilities. Reference point for the extraction of the pressure is, as explained in the 

description of the experimental setup, a point above the propeller on the propeller plane itself. 
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Calculations are compared with the measurements carried out at the University of Genoa in 

correspondence of the propeller operating into the LDV wake. Numerical calculations have 

been repeated in order to satisfy the cavitation index identity using as reference the propeller 

shaft and the propeller tip at 12 o’clock position. The reference at the propeller tip, as 

currently done during experimental measurements, corresponds, as evidenced in the 

comparison of predicted cavity extensions, to a reduction of the predicted cavitating 

phenomena (i.e. higher reference pressure) that result more in agreement with the 

observations. At the same time, a smaller cavitation bubble corresponds to lower pressure 

fluctuations, as it will be evidenced in the following analysis. Thrust identity has been 

assumed for all the numerical calculations. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

100 

 

 

Figure 2.94 Pressure pulses at WP1. Non cavitating and cavitating condition in effective RANS/BEM 

full scale wake. 
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Figure 2.95 Pressure pulses at WP2. Non cavitating and cavitating condition in effective 

RANS/BEM full scale wake. 
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Figure 2.96 Pressure pulses at WP3. Non cavitating and cavitating condition in effective RANS/BEM 

full scale wake. 
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Figure 2.97 Pressure pulses at WP4. Non cavitating and cavitating condition in effective RANS/BEM 

full scale wake. 
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Figure 2.98 Pressure pulses at WP1. Non cavitating and cavitating condition in the LDV wake. 
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Figure 2.99 Pressure pulses at WP2. Non cavitating and cavitating condition in the LDV wake. 
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Figure 2.100 Pressure pulses at WP3. Non cavitating and cavitating condition in the LDV wake. 
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Figure 2.101 Pressure pulses at WP4. Non cavitating and cavitating condition in the LDV wake. 
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A similar analysis has been carried out to compare the numerical calculations with the 

measurements carried out at the cavitation tunnel of CEHIPAR. The assumed working 

conditions corresponds to a thrust coefficient KT of 0.26 and a cavitation index sigmaN of 

3.23. Measurements have been performed on a flat plate above the propellers where nine 

pressure transducers have been placed. Measurements (and calculations) were performed 

with the propeller operating in two different inflow: the nominal wake and a full scale nominal 

wake predicted using RANS. 

 

Figure 2.102 Nominal (measured, on the left) and full scale (predicted with RANS, on the right) wake 

for pressure pulses measurements (CEHIPAR) and calculations. 

 

 

Figure 2.103 Predicted cavitation at CEHIPAR working condition in Nominal wake. 
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Figure 2.104 Predicted cavitation at CEHIPAR working condition in full scale RANS wake. 

 

Figure 2.105 Pressure pulses at CEHIPAR working conditions. 1st harmonic in Nominal Wake – Non 

Cavitating 
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Figure 2.106 Pressure pulses at CEHIPAR working conditions. 2nd harmonic in Nominal Wake – Non 

Cavitating 

 

Figure 2.107 Pressure pulses at CEHIPAR working conditions. 3rd harmonic in Nominal Wake – Non 

Cavitating 
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Figure 2.108 Pressure pulses at CEHIPAR working conditions. 1st harmonic in Nominal Wake – 

Cavitating, reference at tip. 

 

Figure 2.109 Pressure pulses at CEHIPAR working conditions. 2nd harmonic in Nominal Wake – 

Cavitating, reference at tip. 
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Figure 2.110 Pressure pulses at CEHIPAR working conditions. 3rd harmonic in Nominal Wake  – 

Cavitating, reference at tip. 

 

Figure 2.111 Pressure pulses at CEHIPAR working conditions. 1st harmonic in full scale RANS Wake 

– Non Cavitating (no experimental measurements available) 
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Figure 2.112 Pressure pulses at CEHIPAR working conditions. 2nd harmonic in full scale RANS Wake 

– Non Cavitating (no experimental measurements available) 

 

Figure 2.113 Pressure pulses at CEHIPAR working conditions. 3rd harmonic in full scale RANS Wake 

– Non Cavitating (no experimental measurements available) 
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Figure 2.114 Pressure pulses at CEHIPAR working conditions. 1st harmonic in full scale RANS Wake 

– Cavitating, reference at tip. 

 

Figure 2.115 Pressure pulses at CEHIPAR working conditions. 2nd harmonic in full scale RANS Wake 

– Cavitating, reference at tip. 

 

0,00000

0,01000

0,02000

0,03000

0,04000

0,05000

0,06000

0,07000

0,08000

0,09000

1 2 3 4 5 6 7 8 9

2
K

p

Measurement Point

Cavitation reference at tip - 1st harm.

Exp. CEHIPAR

UNIGE BEM

0,00000

0,00500

0,01000

0,01500

0,02000

0,02500

0,03000

1 2 3 4 5 6 7 8 9

2
K

p

Measurement Point

Cavitation reference at tip - 2nd harm.

Exp. CEHIPAR

UNIGE BEM



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

115 

 

 

Figure 2.116 Pressure pulses at CEHIPAR working conditions. 3rd harmonic in full scale RANS Wake  

– Cavitating, reference at tip. 

 

2.2 Simulations on the Coastal Tanker 

Different operating conditions have been tested and simulated for the R/V Nawigator vessel. 

In Table 2.17 all the conditions investigated for the prediction of the calm water resistance 

have been summarized for both model and full scale simulations. 

Table 2.17 Resistance tests conditions 

Condition Scale Ship Speed Static Draft 

   Fore [m] Aft [m] 

C1 Model 1.610 m/s (14 knot) 0.406 0.406 

C2 Model 1.265 m/s (11 knot) 0.406 0.406 

C3 Full 7.202 m/s (14 knot) 8.12 8.12 

C4 Full 5.658 m/s (11 knot) 8.12 8.12 
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Also a wide range of the propeller operating conditions has been analyzed, varying both the 

advance coefficient and the pitch angle of the blade. The analyzed conditions are shown in 

the Table 2.18. 

Table 2.18 Propeller conditions 

Condition Scale Range of Advance coefficient  Pitch angle  

C1 Model 0.3 ÷ 0.9 0.90 

C2 Model 0.3 ÷ 0.9 0.87 

C3 Model 0.3 ÷ 0.9 0.75 

C4 Model 0.3 ÷ 0.9 0.60 

 

2.2.1 Numerical characterization of hull flows 

2.2.1.1 Numerical procedures adopted 

All the simulations carried out by UNIGE in this context have been carried out with the 

commercial code Star-CCM V7.04.006 by CD-Adapco, both in model and in full scale for the 

Coastal Tanker Olympus. The code is a general purpose flow solver based on a finite volume 

approach on an unstructured polyhedral mesh. It represents a state of the art of numerical 

procedure for the solution of flow fields in the marine context. 

2.2.1.2 Resistance computation 

In the light of the results and the analysis carried for the R/V Nawigator XXI, the evaluation of 

the hull drag and of the ship wake have been performed with the same mesh, domain set-up 

and simulation parameters. Only the prim layers have been customized (due to different 

operative Reynolds numbers) in order to carry out simulations with similar values of the y+ 

parameter, in the overall lower than 100 on most of the wetted hull surface. The thickness 

and number of layers finally adopted are reported in Table 2.19. 
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Table 2.19 Prism Layer dimensions in function of ship speed 

Scale Ship Velocity [knot] 
PL thickness [mm] 

Number of PL 
Hull Rudder 

Model 14 19.0 4.7 4 

Model 11 19.9 5.0 4 

Full 14 178 44 4 

Full 11 180 46 4 

Similarly to what already done for the R/V Nawigator, the resistance has been computed also 

in the case of the Coastal Tanker Olympus including the influence of the dynamic trim, as 

measured during towing tank tests. Only at the highest speed (14 knots) the effective attitude 

of the ship has been taken into account, its influence at the reduced speed condition being 

practically negligible. Results are reported in AQUO D2.5. 

Table 2.20 Comparison of trim effect on non-dimensional drag coefficients and skin friction for Model 

scale simulations  

Trim 
Ship 

speed 
CT 103 CF 103 RT 

 
Aft 

[mm] 

Fore 

[mm] 
[knot] [-] 

Variation (vs. 

static) 
[-] 

Variation 

(vs. 

static) 

[N] 

Static 406 406 14 4.180 - 3.013 - 46.12 

Dynamic (from 

towing tank 

measurements) 

414 421 14 4.301 2.71 % 3.080 4.02 % 47.55 

Static 406 406 11 4.066 - 3.135 - 27.75 

 

The numerical results are compared and validated with the experimental measurements 

carried out at the SSPA towing tank (Table 2.21). The difference in the friction coefficients is 

due, again, to the different way they are computed during towing tank tests and numerical 

simulations. In the first case the frictional resistance is evaluated by the ITTC’57 procedure. 

RANS computations, instead, directly integrate the shear stress component along the 

longitudinal direction. Full scale calculations, as in the case of the Nawigator Vessel, have 
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been corrected with the ITTC’78 roughness allowance to account for the difference between 

the smooth surface approach (RANSE calculations) and the real roughness of the surfaces. 

 

Table 2.21 Comparison of non-dimensional drag coefficients and skin friction for Model scale 

simulations with experimental data 

 
Trim (dynamic) 

Ship 

speed 
CT103 CF103 RT 

 T Aft 

[mm] 

T Fore 

[mm] 
[knot] [-] % Error [-] % Error [N] 

Exp. 414 421 14 4.292 - 3.741 - 47.56 

Calculated 414 421 14 4.301 0.22 3.080 -17.67 47.55 

Exp. 411 414 11 4.086 - 3.906 - 27.95 

Calculated 406 406 11 4.066 -0.47 3.135 -19.74 27.75 

 

Figure 2.117 Wave pattern in non-dimensional form (h/L) for the 14 knot model scale computation. 

Table 2.22 Predicted full scale ship resistance (ITTC ’78 roughness allowance) 

Ship Speed 

[kn] 

RT [kN] RANS+ITTC ’78 

roughness allowance 

RT [kN] – ITTC extrapolation from 

model tests 

% 

11 166.8 155 +8% 

14 298.1 279.8 +7% 
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2.2.1.3 Wake computation 

In the case of the Coastal Tanker Olympus two analysis have been taken into account: the 

validation of the double model assumption for the reliable prediction of the hull wake and the 

influence of the rudder. The first analysis has been performed with a similar set-up to that 

adopted for the R/VNawigator XXI. Due to the nature of the flow field around the hull (no bilge 

vortex) no special refinements around the keel have been adopted and only close to the 

propeller plane and at the hull stern cells have been clustered, as shown inFigure 2.118.  

 

Figure 2.118 Mesh arrangement for the SSPA Coastal Tanker, detail of the wake refinement 

Only a negligible influence can be evidenced in the wake prediction adopting the double 

model assumption. Again the speed up achieved makes this type of simulation very 

interesting for all the following analyses.  
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Figure 2.119 Comparison of the computed wake with and without the free surface at 14 knots (left) 

and 11 knots (right) 

The second analysis has been carried out to account the rudder effects on the predicted 

wake shape. In Figure 2.120 the comparison of the computed hull wakes is presented at both 

the ship speeds. The presence of the rudder, as for the R/VNawigator XXI, generates a 

stronger wake reduction in the upper part of the propeller disk, with a 10% increment of the 

total wake fraction. 

 

Figure 2.120 Comparison of the computed wake with and without the rudder at 14 knots (left) and 11 

knots (right) 

Finally (Figure 2.121) shows the model scale comparison with the numerically predicted 

wake (with the final choice of mesh arrangement, turbulence models and simulation 
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parameters) with the experimental measurements by SSPA (Figure 2.121). In Figure 2.122, 

instead, the full scale predictions are shown. 

 

Figure 2.121 Comparison of the computed wake (right) and the experimental evaluations by SSPA 

(left) 

 

Figure 2.122 Numerical prediction of the full scale wake at 14 knots (left) and 11 knots (right) 
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2.2.2 Numerical prediction of the performances of t he non cavitating 

propeller 

2.2.2.1 Propeller open water simulation 

The propeller under investigation (P1529A – P2772) is the controllable pitch propeller of the 

Coastal Tanker Olympus. The prediction of the Olympus Coastal Tanker propeller 

performances has been carried out, also in this case on the light of the planned activities, 

adopting three different numerical flow solvers. In particular the adopted approaches are: 

• A Boundary Element Method (BEM), developed at the University of Genoa based on 

the potential flow assumption, also adopted for the prediction of propeller unsteady 

performances in behind conditions, sheet cavitation and pressure pulses, 

• A RANS solver, i.e. the commercial software StarCCM+, by CD-Adapco. 

• A LES solver, based on OpenFOAM libraries. 

The prediction of propeller open water performances (i.e. homogenous inflow conditions) has 

been initially preferred in order to check the reliability and the accuracy of the different 

numerical approaches. In particular, having in mind  the necessity to perform unsteady 

calculations at very off design conditions (low pitches), the analysis of the numerical 

predictions of the propeller performances at very low pitches in uniform inflow could be useful 

to underline the limitations and the proposed approaches. All the calculations and the 

comparison with the experiments have been carried out in model scale.   

In order to perform the numerical calculations, a 3D CAD model has been derived from the 

design table of the propeller. A comparison with the original CAD provided by the designer 

has been further carried out to verify the reliability of the in-house CAD process. An example 

is shown in Figure 2.123. 
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Figure 2.123 CAD model of the P1529A propeller 

From the CAD both the models for the BEM and the RANS/LES computations have been 

derived.  

2.2.2.1.1 Numerical setup – BEM computations 

On the light of the previous experience with potential flow calculations an appropriate surface 

mesh discretization of the propeller blade and hub has been adopted. An example of the 

surface mesh is reported in Figure 2.124. Open water BEM calculations have been 

performed, after a convergence analysis, on a mesh of 1250 hyperboloidal panels for the 

blade (25 radial sections and 50 panels in the chordwise directions, cosine spacing). The 

key-blade approach has been used to exploit symmetry and reduce the computational effort 

of each calculations. The trailing wake for the steady calculations is modelled through an 

helicoidally surface composed, itself, of hyperboloidal panels. An equivalent spacing of 6° is 

used. Wake alignment is accounted for only in a simplified way, even if a fully numerical 

wake alignment is possible. Unsteady calculations, as a matter of fact, requires excessive 

computational resources and time, even in a potential approach, to account for the 

modification of the wake geometry and, in turn, to the re-computation of the influence 

coefficient matrices at each time step. An empirical frozen wake model, based on a wake 

pitch as a weighted mean between the propeller pitch and the hydrodynamic pitch is, 

consequently, adopted. 
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Figure 2.124 Surface mesh arrangement for BEM calculations 

2.2.2.1.2 Numerical setup – RANS computations 

RANS calculations have been carried out on a volume mesh of polyhedral cells. The mesh 

arrangement, the choice of the boundary conditions and of the optimal simulation parameters 

has been chosen on the basis of the experience gained in previous projects and activities. 
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The well-established Realizable k-γ turbulence model has been selected. Convective terms 

have been modelled with 2nd order accurate numerical schemes. Gradients are computed 

with an hybrid Gauss/Least Squares approach.  

Also in the case of RANS calculations the propeller symmetry has been exploited to reduce 

the computational effort. The computational domain consist of an angular sector (2π/number 

of propeller blades) of radius equal to 3 propeller diameters, extending 2 propeller diameters 

in front of the propeller plane (velocity inlet B.C.) and 5 diameters behind the propeller plane 

(pressure outlet B.C.). A multiple/moving reference frame is adopted to perform steady 

calculations.  

The resulting computational unstructured mesh consist of 1.8 million of polyhedral cells per 

blade, clustered around the blade by using zone refinements. With respect to a reference 

Base Size the main discretization parameters are summarized in Table 2.23. An example of 

the resulting mesh is shown in Figure 2.125. 

Table 2.23 Main mesh discretization parameters for P1529A 

Base Size (B.S.)  Propeller Diameter (0.23m) 

Minimum Surface Mesh Size 0.02% B.S. 

Target Surface Mesh Size 1.25% B.S. 

Average Volume Mesh Size (near blade) 0.75% B.S. 

Average Volume Mesh Size (blade wake) 1.5% B.S. 

Number of Prism Layers 6 

Prism Layer Thickness (Model Scale) 0.8 mm 

Prism Layer Expansion Ratio 1.2 
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Figure 2.125 Volume Mesh for RANS calculations 

2.2.2.1.3 Numerical setup – OpenFOAM LES computatio ns 

One of the objectives of the project is the validation of the alternative (to RANS) numerical 

approaches for the prediction of the propeller open water characteristics, in particular on the 

light of the characterization of the propeller by the radiated noise point of view. The University 

of Genova, in this task, is required to perform some LES (Large Eddy Simulation) 

computations with an open-source code based on OpenFOAM libraries. The choice of the 

simulation parameters and the domain setup follows the well-established procedures already 

well validated in previous activities by the University of Genova concerning the RANS 

simulations and they are transferred to the LES simulations. In particular the inlet is placed 1 

diameter in front of the propeller (imposing a constant velocity inflow) and the outlet (with an 

undisturbed pressure condition) is placed 3 diameters downstream of the propeller plane. 

The cylindrical external boundary (with a symmetry boundary condition applied) is placed on 

a cylinder of 640 mm of diameter (the propeller model has a diameter of 240 mm). This setup 

has been assumed to replicate the condition of the cavitation tunnel of the University of 

Genova, in particular in order to perform simulations with the same sectional area (the actual 

squared section shape is not taken in to account to take advantage of the propeller axial 
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symmetry). Simulations replicate the experimental setup, with a undisturbed flow velocity of 

3,0324 m/s and 25 RPS of propeller revolution rate.  

The numerical schemes adopted for the simulations can be synthesized in: 

• Second order linear schemes for the spatial discretization except for the convective 

terms, where a linearUpwind method has been preferred to increase the stability of 

the solution. 

• A first order implicit scheme for the temporal discretization with an adjustable time 

step to achieve a maximum Courant Number always and everywhere lower than 0.5. 

• A smoothSolver for the linear system solution except for the pressure equation which 

is solved with a GAMG approach. 

• A PIMPLE approach to close the pressure-velocity loop. 

Usual RANS computations for the prediction of propeller open water performances can be 

carried out with a steady approach in a proper reference frame. This method is the well-

known MRF (Multiple Reference Frame) approach: it is based on the rewriting of the Navier-

Stokes equations in a non-inertial rotating reference frame, and then on the solving of the 

modified equations in terms of inertial velocity fields as a steady problem. This approach, 

unfortunately, is not compatible with the transient approach always needed for LES 

computation. A completely unsteady simulation, based on the “pimpleDyMFoam” has been, 

therefore, adopted. However, to reduce the computational costs of unsteady LES 

calculations, simulation have been carried out for only one blade, exploiting the axial 

periodicity of the propeller and of the (uniform) inflow, modelled inside a computational 

domain consisting in an angular sector of amplitude 2π/Z, with Z number of blades, and 

periodic boundary conditions achieved through the AMI (Arbitrary Mesh Interface) approach. 

The AMI approach overcomes the restriction to have a conformal periodic boundary, 

therefore a wider choice of meshing codes can be used, for example the SnappyHexMesh 

utility which is able to self-impose the conformal boundary condition. 

On the light of this, two different meshing approaches have been preliminary analysed. The 

first mesh has been obtained through the StarCCM+ polyhedral mesher. The second is 

obtained, instead, by the OpenFOAM Cartesian mesher SnappyHexMesh. The tentative 

mesh (by both the code) consists of 1.5 million cells, and 4.5 million for the later one. An 

example is shown in Figure 2.126. 
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Figure 2.126 Comparison of the two mesh used, on the left the StarCCM+ one and on the right the 

OpenFOAM one 

The StarCCM+ mesher, even if generates high quality mesh in a global sense, produces very 

small and distorted cells near the blade. This dramatically limit the efficiency of the solver in 

particular when the unsteadiness is solved with a fixed Courant number (as the OpenFOAM 

libraries do), because a very small time step will be set as a consequence of few very small 

cells size. The second mesher, snappyHexMesh, starts instead form a regular cubic mesh 

that is “castellated” and “snapped” to the boundary surfaces. The process, being part of the 

OpenFOAM libraries, inherently take into account the more stringent quality parameters 

required by the flow solver and the resulting mesh is in general more robust and 

computationally efficient. Even if the better quality reached with the snappyHexMesh mesh 

strategy, the time step, automatically adopted by the solver for the finer mesh is of the order 

of 5E-7 seconds. Considering the transient time needed to guarantees a correct wake 

evolution to reach a stable solution, of the order of at least 10 revolution rates, the in-house 

computational power has been judged completely inadequate to solve the proposed problem. 

Moreover to face these huge computational problems previously described, some solutions 

have been found with a very coarse mesh. As the state of the art suggests the wall prism 

layer mesh for a LES computation should be made of cubic dominant cells, ad not stretched 

as the ones usable in classical RANS computation. This restriction has an enormous impact 

on the number of cells generated near the wall boundary making inapplicable the solution. To 

check this drawback a LES computation has been performed with a prism layer that follow 
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the state of art of RANS computations. The obtained results confirm the problem of a 

completely overestimate of the viscous force component.  

All the previously presented drawbacks make this type of simulation with the OpenSource 

code OpenFOAM still not mature to compete against the RANS simulation for the propeller 

problem. Moreover with the computational power, owned by UNIGE, no significant 

improvement can be reached in terms of acoustic considerations for the propeller in open 

water conditions. 

2.2.2.1.4 Open water results and comparison with mo del scale 

measurements 

Computed open water propeller performances have been compared with the experimental 

measurements available from SSPA towing tank. The design pitch (P/D = 0.87), a higher 

pitch (P/D = 0.9) and two reduced pitch (P/D = 0.75 and 0.60) have been considered. The 

comparison of the numerical calculations with the measurements is shown in Figure 2.127 to 

Figure 2.130. Contrary to what obtained for propeller CP469, results for P1529A are a bit 

disappointing, especially from the RANS point of view. At the design pitch an in 

correspondence of the higher pitch, the Potential Panel Method computations are 

reasonable, both in terms of thrust and torque. RANS results, instead, are systematically 

underestimated even if the curves slope is correctly predicted. At lower values of pitch (0.75 

and 0.60), as verified for propeller CP469, Panel Method tends to significantly underestimate 

the propeller performances. RANS and BEM results are closer one to each other and both 

are only qualitatively acceptable. 
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Figure 2.127 Propeller performances, P/D = 0.87 (design)  

Figure 2.128 Propeller performances, P/D = 0.90 
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Figure 2.129 Propeller performances, P/D = 0.75 

Figure 2.130 Propeller performances, P/D = 0.60 
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2.2.2.2 Propeller behind hull 

The prediction of the unsteady performances of the propeller operating behind the hull is one 

of the most important aspects on the light of the prediction of the radiated noise and 

vibrations. The numerical evaluation of the self-propulsion point and of all the related 

hydrodynamic characteristics (the effective wake to the propeller, the thrust deduction, the 

correct rate of revolution and, in turn, the unsteady cavitation and the induced pressure 

pulses) is the key point of the analysis aimed to evaluate the propeller radiated noise. 

From an engineering point of view RANSE solvers represent the state of the art among 

numerical approaches to solve all hydrodynamic aspects related to the self-propulsion 

problem. Unfortunately this kind of approach is very onerous in terms of calculation time and 

computational resources, since both the space and the time scales of the propeller and of the 

hull flows are of quite different order of magnitude and, so, the number of cells and the time 

step required to accurately solve the whole problem results normally prohibitive for design 

purposes. Hence the opportunity to study some more approximate and faster CFD solver that 

can remain anyhow adequate for obtaining valid results in the preliminary design phase. If 

the propeller unsteady hydrodynamic performance are not specifically under investigation, its 

main fluid dynamic influence on the flow field around the hull and the nearby appendages can 

be approximated with an idealized actuator disk model, as tested by several. If, instead, the 

propeller unsteady hydrodynamic behaviour (unsteady pressure distributions, induced 

pressures) is searched for as a part of the solution to the problem, a coupled approach, 

based on the representation of the unsteady propeller blade forces (by a Potential Panel 

Method) through time-dependent equivalent body forces into the viscous RANS calculations 

of the hull, can be adopted. 

The double model assumption has been chosen to perform all the computations in the self-

propulsion condition in order to speed up the numerical computations. The calculation of the 

free surface, as a matter of facts, is extremely expensive, in terms of required number of cells 

and, in turn, of the required computational time. On the other hand the influence of the free 

surface on the propeller performances and, vice-versa, of the propeller on the free surface 

should be negligible as already demonstrated in the previous paragraph. A common 

simplification of the self-propulsion prediction approach consists in performing all the 

calculations with the double model assumption: the hull is solved with a symmetry condition 

in correspondence of the still water surface and the force equilibrium is searched as the 
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adequate propeller number of revolutions necessary for the propeller to provide a thrust that 

equal the hull resistance computed as the sum of the double model resistance (which include 

the predicted thrust deduction due to the propeller operating in the effective wake behind the 

hull itself, i.e. the influence of the propeller on the hull resistance) plus the wave resistance, 

previously obtained in the case of the bare hull case as the difference between the total hull 

resistance (including the free surface) minus the double model resistance in the same 

operative conditions (no propeller). 

2.2.2.2.1 Numerical setup: coupled RANS/BEM 

The RANS/BEM coupled solver has also been adopted for the prediction of the self-

propulsion point of the Coastal Tanker Olympus operating at the design point (14kn, propeller 

design pitch). The computational approach is exactly the same as adopted for the R/V 

Nawigator XXI Research Vessel: the self-propulsion point and all the related flow 

characteristics (effective wake, thrust deduction factor) is achieved when the thrust delivered 

by the propeller and calculated by the Boundary Element Method equals the hull drag, 

conveniently corrected for the double model assumption, calculated by the RANS solver in 

which the propeller is represented by the set of unsteady forces computed by the panel 

method. The numerical setup consist in the same mesh (Figure 2.131) adopted for the 

computation of the hull nominal wake (about 2.6 million cells), the local refinements being 

also useful for the body forces mapping into the RANS simulation. 
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Figure 2.131 Mesh at the stern for RANS/BEM coupling 

2.2.2.2.2 Numerical setup: pressure pulse predictio n 

Similarly to what already done in the case of the R/V Nawigator XXI, a preliminary validation 

of the pressure pulses prediction program has been carried out in the case of the Coastal 

Tanker Olympus propeller. The test case under investigation consists, again, in the propeller 

operating in uniform inflow condition at a given load under a flat plate, on the surface of which 

pressure pulses are computed. Predicted pressure pulses computed by the developed panel 

method are compared with the reference values obtained by a RANS solver, used to simulate 

exactly the same propeller condition. The numerical setup adopted for the reference RANS 

calculations is shown in Figure 2.132. 
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Figure 2.132 Mesh arrangements for RANS calculations of pressure pulses on the flat plate. 

The comparison between BEM and RANS computed pressure pulses is shown in Figure 

2.132 in correspondence of the five measurements points under investigation. 
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Figure 2.133 Mesh arrangements for RANS calculations of pressure pulses on the flat plate. First and 

second harmonics comparison. 

The agreement, as already evidenced in the case of the Nawigator Research Vessel, is 

satisfactory, especially for what regards the amplitude of the first harmonic, with overall 

differences below 15%. 
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2.2.2.2.3 Results and comparison with model scale r esults 

Results of the coupling algorithm for the prediction of the self-propulsion point are shown in 

Table 2.24 and in Figure 2.134 and Figure 2.135. 

 

Figure 2.134 Nominal wake (0.15D fore the propeller plane, on the left) and step 1 effective wake 

(right) at the design pitch – 14 knot 

 

Figure 2.135 Step 3 (left) and step 4 (right) effective wake at the design pitch – 14 knot 

As in the case of the Nawigator vessel, at the design pitch, in correspondence of which both 

the prediction of the hull resistance (via the RANS) and of the propeller open water curves 

(via the Panel Method) are sufficiently accurate, the self-propulsion point of the Coastal 

Tanker is predicted reasonably well. The propeller rate of revolution is underestimated by 
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less than 2% and also the wake fraction is sufficiently close to the values experimentally 

measured (-2.7%). As already evidenced in the case of the research vessel, the limitation of 

the coupled approach consists in a poor interaction between the propeller and the hull in 

terms of forces, which results in a thrust deduction factor obviously underestimated. 

Table 2.24 Self-Propulsion convergence. Design pitch at 14 knot with the coupled RANS/BEM 

approach 

Step  T [N]  1-W N [rps]  1-t 

0 35.562 0.6674 7.694 1.000 

1 42.342 0.6648 8.083 0.840 

2 43.292 0.6660 8.144 0.821 

3 43.412 0.6662 8.152 0.819 

4 43.442 0.6662 8.154 0.819 

Experimental Measurements   0.6846 8.306 0.773 

     

RANS/BEM with No Sink/Trim  41.979 0.6630 8.054 0.815 

2.2.3 Numerical prediction of the performances of t he cavitating 

propeller 

2.2.3.1 Propeller behind hull 

For the prediction of the cavitating propeller performances in behind hull condition a similar 

approach (RANS/BEM) to that applied for the non cavitating propeller (model scale 

computation) has been adopted. Unsteady Body Forces were computed for the full scale 

propeller by the Boundary Element Method with the cavitation module tuned on and 

transferred into the full scale RANS simulations. The iterative procedure, as usual, drives the 

convergence to the appropriate propeller rate of revolutions, the effective full scale wake and 

the propulsive coefficients. As for the prediction of the full scale resistance, RANS 

calculations, carried out with the smooth wall assumption, have been corrected for roughness 

allowance following the standard ITTC ’78 prescriptions.  

Computations have been carried out also in order to analyse the influence, in terms of 

pressure pulses, of the speed reduction achieved by reducing the propeller rate of revolution 

or the propeller pitch. Two ship speed (11 and 14 kn) have been therefore considered. 
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The results of the self-propulsion prediction are reported in Table 2.25 and in Table 2.27. A 

fairly good agreement with full scale extrapolation using ITTC procedure can be observed. As 

in the case of model scale calculations there is a non-negligible difference in the prediction of 

the thrust deduction factor of the order of 6-7%.  

Table 2.25  Self-Propulsion at full scale – 11 kn design pitch 

 T [kN]  1-W N  1-t 

Step 0 166.8 0.7612 81.56 1.000 

Step 1 198.5 0.7326 83.34 0.841 

Step 2 202.0 0.7315 83.68 0.826 

Step 3 202.5 0.7313 83.73 0.824 

ITTC extrapolation 200.0 0.700 84.72 0.775 

Table 2.26  Self-Propulsion at full scale – 11 kn fixed rpm  

 
T [kN]  1-W N ∆ P/D  1-t 

Step 0 166.8 0.761 109.23 -6.16 1.000 

Step 1 199.4 0.698 109.23 -6.18 0.836 

Step 2 203.4 0.690 109.23 -6.19 0.819 

Step 3 203.9 0.689 109.23 -6.193 0.818 

ITTC extrapolation 206 0.698 118 -8.50 0.752 

Table 2.27  Self-Propulsion at full scale – 14 kn design pitch 

 
T [kN]  1-W N  1-t 

Step 0 
298.12 0.7597 106.29 1.000 

Step 1 
352.23 0.7288 108.61 0.841 

Step 2 
359.23 0.7279 109.16 0.826 

Step 3 
360.23 0.7277 109.23 0.824 

ITTC extrapolation 362.0 0.685 111.0 0.773 
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Figure 2.136 Nominal wake (0.15D fore the propeller plane, on the left) and step 3 effective wake 

(right) – full scale at 11 knots 

 

Figure 2.137 Nominal wake (0.15D fore the propeller plane, on the left) and step 3 effective wake 

(right) – full scale at 14 knots 

 

2.2.3.2 Prediction of propeller cavitation and pressure pulses 

Based on the predicted computed model scale effective wake, the nominal wake measured in 

model scale by SSPA and the LDV wake setup at the University of Genoa cavitation tunnel, a 

series of calculations in order to predict the Coastal Tanker Olympus propeller cavitating 

behaviour and the relative pressure pulses have been carried out. Further to the model scale 
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effective wake, the measured model scale nominal wake at SSPA and the LDV wake at 

UNIGE have been also considered to have a fair comparison with the experimental 

measurements. Also in this case thrust identity has been assumed.  

The conditions under investigation are reported in Table 2.28. SSPA measurements 

(LC1_SSPA to LC4_SSPA) were calculated both using the Nominal model scale wake, 

measured at the same facility and the predicted model scale effective wake. UNIGE 

measurements (LC1_UNIGE to LC4_UNIGE) were calculated only with the LDV wake 

measured at the University of Genoa Cavitation tunnel. Pressure pulses extraction points are 

those adopted for the experimental measurements. 

 

Table 2.28  Loading conditions for Coastal Tanker Propeller cavitation prediction. 

Load Condition KT sigmaN  Inflow wake 

LC1_SSPA 0.200 3.5  (at shaft) 
Nominal (SSPA model scale) and 

Effective (computed) 

LC2_SSPA 0.190 2.9 (at shaft) 
Nominal (SSPA model scale) and 

Effective (computed) 

LC3_SSPA 0.195 6.7 (at shaft) 
Nominal (SSPA model scale) and 

Effective (computed) 

LC4_SSPA 0.195 6.3 (at shaft) 
Nominal (SSPA model scale) and 

Effective (computed) 

LC1_UNIGE 0.195 5.4 (at tip) LDV measurements (UNIGE) 

LC2_UNIGE 0.180 4.6 (at tip) LDV measurements (UNIGE) 

LC3_UNIGE 0.205 2.9 (at tip) LDV measurements (UNIGE) 

LC4_UNIGE 0.190 2.3 (at tip) LDV measurements (UNIGE) 
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Figure 2.138 Effective Model scale wake (BEM/RANS coupled method, left) and Nominal Model scale 

wake (from SSPA measurements, right). 

 

Figure 2.139 LDV measured wake at the Cavitation Tunnel of the University of Genoa. 

Results, in terms of predicted cavity extension and pressure pulses analysis, are reported in 

following figures.  
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Figure 2.140 Predicted cavity extension. LC1_SSPA in Effective model scale wake. 

 

 

Figure 2.141 Predicted cavity extension. LC2_SSPA in Effective model scale wake. 

 

Figure 2.142 Predicted cavity extension. LC3_SSPA in Effective model scale wake. 
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Figure 2.143 Predicted cavity extension. LC4_SSPA in Effective model scale wake. 

 

 

Figure 2.144 Predicted cavity extension. LC1_SSPA in Nominal model scale wake. 

 

Figure 2.145 Predicted cavity extension. LC3_SSPA in Nominal model scale wake. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

145 

 

 

 

Figure 2.146 Predicted cavity extension. LC4_SSPA in Nominal model scale wake. 

 

 

Figure 2.147 Predicted cavity extension. LC1_UNIGE in LDV wake. 

 

Figure 2.148 Predicted cavity extension. LC2_UNIGE in LDV wake. 
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Figure 2.149 Predicted cavity extension. LC3_UNIGE in LDV wake. 

 

 

Figure 2.150 Predicted cavity extension. LC4_UNIGE in LDV wake. 
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Figure 2.151 Pressure pulses. LC1_SSPA in Effective model scale wake. Non-cavitating condition. 
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Figure 2.152 Pressure pulses. LC2_SSPA in Effective model scale wake. Non-cavitating condition. 
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Figure 2.153 Pressure pulses. LC3_SSPA in Effective model scale wake. Non-cavitating condition. 
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Figure 2.154 Pressure pulses. LC4_SSPA in Effective model scale wake. Non-cavitating condition. 
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Figure 2.155 Pressure pulses. LC1_SSPA in Effective model scale wake. Cavitating condition. 
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Figure 2.156 Pressure pulses. LC2_SSPA in Effective model scale wake. Cavitating condition. 
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Figure 2.157 Pressure pulses. LC3_SSPA in Effective model scale wake. Cavitating condition. 
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Figure 2.158 Pressure pulses. LC4_SSPA in Effective model scale wake. Cavitating condition. 
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Figure 2.159 Pressure pulses. LC1_SSPA in Nominal model scale wake. Non-cavitating condition. 
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Figure 2.160 Pressure pulses. LC2_SSPA in Nominal model scale wake. Non-cavitating condition. 
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Figure 2.161 Pressure pulses. LC3_SSPA in Nominal model scale wake. Non-cavitating condition. 
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Figure 2.162 Pressure pulses. LC4_SSPA in Nominal model scale wake. Non-cavitating condition. 
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Figure 2.163 Pressure pulses. LC1_SSPA in Nominal model scale wake. Cavitating condition. 
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Figure 2.164 Pressure pulses. LC2_SSPA in Nominal model scale wake. Cavitating condition. 
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Figure 2.165 Pressure pulses. LC3_SSPA in Nominal model scale wake. Cavitating condition. 
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Figure 2.166 Pressure pulses. LC4_SSPA in Nominal model scale wake. Cavitating condition. 
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Figure 2.167 Pressure pulses. LC1_UNIGE in LDV wake. Non-cavitating condition. 

 

Figure 2.168 Pressure pulses. LC2_UNIGE in LDV wake. Non-cavitating condition. 
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Figure 2.169 Pressure pulses. LC3_UNIGE in LDV wake. Non-cavitating condition. 

 

Figure 2.170 Pressure pulses. LC4_UNIGE in LDV wake. Non-cavitating condition. 
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Figure 2.171 Pressure pulses. LC1_UNIGE in LDV wake. Cavitating condition. 

 

Figure 2.172 Pressure pulses. LC2_UNIGE in LDV wake. Cavitating condition. 
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Figure 2.173 Pressure pulses. LC3_UNIGE in LDV wake. Cavitating condition. 

 

Figure 2.174 Pressure pulses. LC4_UNIGE in LDV wake. Cavitating condition. 
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comparison with the full scale extrapolations by SSPA measurements. Numerical calculations 

are those obtained by the numerical prediction of the self-propulsion point that are compared 

with LC1, LC3 and LC5 conditions measured at the cavitation tunnel. Of course, some 

discrepancies exist between the conditions, due to different predicted rate of revolutions, hull 

resistance, thrust and wake factors. However, the comparison can stress one more time the 

limitations of the Boundary Element Method for the prediction of the pressure pulses in the 

case of this particular propeller/wake arrangement. An additional calculation point (assuming 

the experimental reduced pitch, not the one obtained at equilibrium in the self-propulsion 

prediction) in cinematic analogy with the experiments has been also considered. 

Conditions under investigation are those summarized in Table 2.29. 

Table 2.29 Full scale pressure pulse conditions 

 V P/D rpm sigmaN  

Condition A 11 kn Design (0.87) 83.73 6.73 Comparison with LC3 

Condition B 11 kn Reduced (-6.19°) 109.23 3.95 Comp arison with LC5 

Condition C 14 kn Design (0.87) 109.23 3.95 Comparison with LC1 

      

LC5 11 kn Reduced (-8.5°) 123.9 3.07 Comparison wit h LC5 
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Figure 2.175 Condition A. Cavitating  
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Figure 2.176 Condition B – LC5. Cavitating  
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Figure 2.177 Condition C. Cavitating  
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3 ACTIVITIES BY SU 

3.1 Simulations on R/V Vessel Nawigator XXI  

The R/V Nawigator vessel was tested at a single condition which was informed by the model 

scale experiments carried out at CEHIPAR. This condition was applied for the prediction of 

calm water resistance. Details of this condition are presented in Table 3.1 below: 

Table 3.1 Resistance tests conditions 

Condition Scale Ship Speed Static Draft 

   Fore [m] Aft [m] 

SU Full 6.173 m/s (12 knot) 3.15 3.20  

 

 The propeller operating condition corresponding to the above condition, with the controllable 

pitch propeller at the design pitch ratio was then investigated as shown in Table 3.2: 

Table 3.2 Propeller conditions 

Condition Scale Range of Advance coefficient  Pitch angle  

SU Full 0.3 ÷ 0.9 0.9421 

SU Model 0.3 ÷ 0.9 0.9421 

 

3.1.1 Numerical characterization of hull flows 

3.1.1.1 Numerical procedure adopted 

The majority of simulations carried out by University of Strathclyde (SU) were done at full 

scale, with only open water simulations carried out at model scale. Vessel parameters were 

compared to scaled model scale prediction data scaled to full scale, which were obtained 

using the ITTC'78 Extrapolation Method. Meshing of the geometry provided, simulations and 

post-processing were all carried out using the commercial CFD software StarCCM+ 

V9.02.007, developed by CD-Adapco. Simulations were also run on the University of 

Strathclyde High Power Computing facility.  
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In all cases of modelling carried out by SU, an Unsteady Reynolds-Averaged Navier-Stokes 

URANS) approach was applied, using a transient approach. A realizable two-layer k-ε 

turbulence model was applied in all cases. 

Multiphase fluids have been included in the simulation using the Volume of Fluid (VoF) 

approach.  

3.1.1.2 Resistance computation 

Details of the numerical set-up applied by SU for the prediction of the calm water resistance 

are outlined below, together with details of the domain and mesh parameters. The mesh 

parameters are based on the suggested values given by the software developers for this type 

of simulation. 

The non-dimensional domain dimensions are as described below, and presented in Figure 

3.1. 

 

Figure 3.1 Boundary Conditions for Research Vessel Resistance Simulation 

• 1L in front of the vessel and 2L behind, giving an overall longitudinal distance of 4L 

• 2L to either side of the vessel giving an overall transverse distance of 4L 

• 0.3L above the still water plane and 1.7L below giving an overall height of 2L 
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The built-in meshing capabilities of the software have been utilised. The hull and rudder 

surfaces were meshed using the "Surface Remesher" to triangulate the surface. The domain 

volume was meshed using the "Trimmer" mesh to create a structured predominantly 

hexahedral grid. The cell sizes for this grid are defined by a base size as discussed above, 

with other cell parameters then defined as a percentage of the base size.  

To better capture details of the flow field in key areas, additional areas of refinement have 

been included. The cell size has been reduced progressively in the area surrounding the hull 

and in the wake region, as shown in Figure 3.2. The free surface region was also 

progressively refined anisotropically in the vertical direction to 10% B.S. for a thickness of 

3m, to 30% B.S. for a thickness of 9m, throughout the domain. 

The "Prism Layer Mesher" has been used to apply layers of prismatic cells at the walls in 

order to better predict the flow gradients at the surfaces. The basic mesh details for this 

simulation are defined in Table 3.3: 

Table 3.3 Mesh Parameters for Resistance Simulation of Research Vessel 

Base Size (BS)  1 m 

Minimum Surface Mesh Size 1% B.S. 

Target Surface Mesh Size 75% B.S. 

Number of Prism Layers 5 

Prism Layer Thickness  0.05m 

Prism Layer Expansion Ratio 1.2 

 

Figure 3.2 below shows the mesh surrounding the hull and in particular the free surface 

refinement areas: 
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Figure 3.2 Free Surface Refinement for Resistance Prediction of Research Vessel 

Additional refinement was also included to capture more accurately the flow separation in the 

aft part of the vessel and in the wake of the propeller and rudder. This resulted in an overall 

mesh size of 10.3 million cells. 

The surfaces within the simulation were set to a "smooth-wall" condition and no additional 

surface roughness was applied, hence it is anticipated that the resistance will be under-

predicted by the simulation. The R/V Nawigator model was manually trimmed to the required 

draft conditions for the simulation. However no dynamic sinkage and trim prediction was 

carried out. A static free surface was initially applied for the prediction of the ship resistance, 

and then the fully developing Volume of Fluid (VoF) free surface was used to predict the 

wake.  The SST k-Omega turbulence model is applied for this simulation. A time-step size of 

0.5s is used throughout, with 1st order temporal discretisation, for a total run time of 300s. 

The convection terms are calculated using 2nd order accurate numerical schemes. 

The water density was set to 1000kg/m3 to match the tank conditions, as the full scale 

predictions come from these model test results. The Wall Y+ value was kept in the region of 

700. 

The resistance in these conditions was calculated to be 51.06 kN in comparison to the scaled 

model scale measurement value, with no roughness correction to match the smooth 

condition within the simulation, of 54.51 kN. This value is taken from the CEHIPAR 
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measurement data, and compares well with the UNIGE measurement value of 52.46 kN 

obtained in the same conditions.  

The resulting free surface for the vessel can be seen in Figure 3.3 below, and the free 

surface for the whole domain is shown in Figure 3.4. The zero point is located on the still 

water line, meaning that the elevations shown are with respect to that point. It can be seen 

that on the hull, there are a few areas where the free surface interface has not been captured 

as sharply, which may also have slightly impacted the results. 

 

Figure 3.3 Free Surface on Research Vessel 

 

Figure 3.4 Free Surface and Wake Distribution Across Domain for Research Vessel 

The corresponding wave elevation on the bow of the vessel in full scale can be seen in the 

figure below: 
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Figure 3.5  Wave Elevation on Research Vessel Bow 

3.1.1.3 Wake computation 

The wake fraction for the research vessel was calculated using a simulation which omitted 

the propeller and hub geometry but included the full hull geometry and the rudder. The 

geometry in the aft section of the vessel, which was included in the model, is shown in Figure 

3.6 below: 

 

Figure 3.6 Section Arrangement for Research Vessel Wake Prediction 
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The free surface was simulated throughout using the Volume of Fluid (VoF) approach, where 

an initially flat wave at the required draft height is applied. This wave, whilst remaining static 

at the inlet, interacts with the statically trimmed hull to develop a more realistic shape. No 

additional refinements were added to the mesh compared to the resistance simulations 

(discussed previously), and the same computational domain was also applied. Creating a 

mesh suitably fine to capture the additional flow details so that they would significantly 

influence the results would require a high number of additional cells, and hence significantly 

increase the computational demand. The mesh applied contained approximately 6.1 million 

cells. 

The SST k-Omega turbulence model was applied for this simulation, for comparison with the 

models applied by the other partners. More complex turbulence models would not be 

appropriate for this case, as the mesh has not been refined accordingly. Gradients are 

calculated using a hybrid Gauss -Least Squares Method. 

The simulation was run at 12 knots (6.1728 m/s) forward speed, using a time step size of 

0.01s, with an overall simulation time of 100s. The wake fraction was calculated for a circular 

plane which coincides with the rotating region inflow boundary. The predicted wake fraction 

at full scale can be seen in below. As was noted previously, no simulations were carried out 

at model scale. The results are compared to the full scale measurements.  

From the results presented below, it can be seen that the predicted values in the outer 

regions, and towards the bottom of the disc are lower than predicted using other approaches. 

It can however be seen that the shape of the wake agrees reasonably well with the results 

predicted in the full scale numerical prediction carried out by UNIGE, seen in Figure 3.7. 

There are however some discrepancies in some of the details, and this is likely to be due to 

the lack of additional mesh refinement in the more basic URANS simulation, which would 

then results in less accurate details of the flow field being predicted. The finer details of the 

flow cannot be suitably captured.  
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Figure 3.7 Wake Distribution at 12 knots for Research Vessel 

3.1.2 Numerical prediction of the performances of t he non cavitating 

propeller 

3.1.2.1 Propeller open water simulation 

Initially, a single simulation was carried out by SU to predict the open water performance of 

the Research Vessel propeller, at the design pitch ratio of 0.942 at 0.7R. The inflow velocity 

into the domain was set to the vessels design speed of 12 knots (6.1728 m/s) and the 

propeller rotation rate was set to 217.2 RPM. This rotation rate was established to provide 

the self-propulsion point in the model scale tests carried out by CEHIPAR and was then 

scaled to full scale. The simulation was also carried out in full scale.  

Following this, a full set of open water simulations were carried out at model scale (λ=10), for 

advance coefficients (J) between 0.3 and 0.9. The propeller at design pitch was simulated at 

constant rpm of 11.5 rps / 690 rpm. A full set of open water simulation was also carried out in 

full scale, for advance coefficients between 0.3 and 0.9 to provide an additional comparison 
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between the results at the two scales. For this case, the propeller was again set to 217.2 

RPM, for design pitch. 

The approach applied was a URANS based approach, again using the commercial CFD 

software StarCCM+. The predicted propeller characteristics for this condition were then 

compared to the scaled model scale test results provided by CEHIPAR.  

3.1.2.1.1 Numerical setup – RANS computations 

For the full scale simulations, a mesh of structured hexahedral cells was applied for this 

simulation. The full propeller was simulated in this case. The rectangular domain enclosed a 

large rotating region in the form of a cylinder, which housed the propeller. The domain 

extended 2.5x propeller diameter (D) in front of the rotating region cylinder, and 3D in front of 

the propeller itself. It extended 5.5D aft of the propeller and 4.5D aft of the end of the rotating 

region cylinder. The diameter of the rotating region cylinder was 2.6m compared to the 

propeller diameter of 2.26m, and the width of the domain was 6D. Figure 3.8 below shows 

the domain and applied boundary conditions. 

 

Figure 3.8 Domain and Boundary Conditions for Open Water Simulation 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

180 

 

The mesh comprised of a total of 2.98 million cells. The mesh parameters for the rotating and 

stationary regions are provided in Table 3.4 and Table 3.5 below: 

Table 3.4  Rotating Region Mesh Parameters for Full Scale 

Base Size (BS)  0.18m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 100% B.S. 

Number of Prism Layers 6 

Prism Layer Thickness  0.009 m 

Prism Layer Expansion Ratio 1.2 

 

Table 3.5  Stationary Region Mesh Parameters for Full Scale 

Base Size (BS)  1m 

Minimum Surface Mesh Size 0.5% B.S. 

Target Surface Mesh Size 25% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.2 m 

Prism Layer Expansion Ratio 1.3 

 

The surface mesh on the propeller is shown Figure 3.9 below: 
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Figure 3.9  Surface Mesh on Propeller for Research Vessel 

A section of the volume mesh, showing part of the propeller and the rotating region is shown 

in Figure 3.10: 

 

Figure 3.10  Volume Mesh for Open Water Simulation 
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The two separate regions were created to allow a rotating mesh approach to be applied to 

this simulation, where the full rotating region and associated mesh rotated at each time-step 

based on the specified rotation rate and axis. In-place sliding interfaces were applied at the 

cylinder surfaces to enable data transfer between the regions. An implicit unsteady 

calculation was carried out. 

The SST k-Omega turbulence model was selected for this simulation. Convection was 

modelled using schemes accurate to 2nd order, however temporal discretization was carried 

out using a 1st order scheme. A time-step size of 0.01s was applied, equating to 

approximately 0.05 revolutions per time-step. This is lower than the ITTC recommended 200 

time-steps per revolution however it is felt that the results achieved justify the choice of time-

step in this instance. Gradients are calculated using a hybrid Gauss -Least Squares Method. 

For the model scale simulations, the above described domain was scaled to model scale, 

keeping the ratios of the domain the same. The mesh parameters are defined below: 

 

Table 3.6  Rotating Region Mesh Parameters for Model Scale 

Base Size (BS)  0.018m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 100% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.0009 m 

Prism Layer Expansion Ratio 1.2 
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Table 3.7  Stationary Region Mesh Parameters for Model Scale 

Base Size (BS)  0.1 m 

Minimum Surface Mesh Size 0.5% B.S. 

Target Surface Mesh Size 25% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.02m 

Prism Layer Expansion Ratio 1.3 

 

The resulting mesh comprised of a total of 2.44 million cells In the case of the model scale 

simulations, a time-step size of 0.001s was applied. 

For both sets of simulations, the free surface was simulated for the propeller at the height it 

would normally be at design draft. The free surface was simulated using a VoF approach with 

a flat wave simulated.  

 

3.1.2.1.2 Open water results and comparison with mo del scale 

measurements 

The thrust and torque results predicted for the design pitch and speed case were compared 

with the experimental model test results provided by CEHIPAR and carried out at their towing 

tank facility. These results were scaled to full scale using the ITTC 1978 extrapolation 

method, in order to allow comparison. These measurements were available for the design 

pitch condition (P/D = 0.9421), at a rotation speed of 217.2 RPM and an inflow speed of 12 

knots, which equates to an advance coefficient of 0.75451. The simulation was run with a 

time-step size of 0.01s, for a total run time of 20 seconds. 

Figure 3.11 shows the comparison between the experimentally measured and URANS 

predicted full scale open water KT and 10KQ values for the design case. 
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Figure 3.11 Comparison of Propeller Performance Predictions for Research Vessel, Open Water 

Condition 

It can be seen that there is a good agreement between the predicted and measured thrust, 

however the torque is underestimated and this leads to an over-prediction of the open water 

efficiency. 

The model scale open water results, for J = 0.3 to 0.9, were compared directly to the model 

scale measurement results provided by CEHIPAR. This time, a time-step size of 0.001s was 

used, and the simulations were run for 1000 time-steps in total. A comparison of the 

measured and predicted results can be seen in Figure 3.12 below: 
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Figure 3.12 Comparison of Propeller Performance Predictions in Model Scale for Research Vessel 

It can be seen from the results that in general there is a reasonable agreement between the 

predicted and measured results, except at very high J. 

Looking now at the same simulations in full scale as shown in Figure 3.13, the results here 

are compared to the model scale results, which have been scaled to full scale using the ITTC 

1978 extrapolation method: 

It can be seen that in general, at full scale the torque value is under-predicted more than it is 

at model scale, whilst there is a similar level of agreement for thrust. This results in an over-

prediction rather than an under-prediction of the open water efficiency. 
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Figure 3.13  Comparison of Propeller Performance Predictions in Full Scale for Research Vessel 

 

3.1.2.2 Propeller behind hull 

A basic URANS approach has been applied to the simulation of the behaviour of the 

Research Vessel propeller behind the hull. This approach has been selected as it may serve 

as a comparison of the achievable results compared to the more complex approaches 

applied by the other partners. In addition, the availability of the High Power Computing facility 

at University of Strathclyde meant that results could be obtained within a reasonable time-

frame. 

The simulations have been carried out at full scale to predict the propeller performance, hull 

resistance, wake and hull / propeller interaction. The self-propulsion point itself has not been 

predicted. Instead the self-propulsion point values from the model scale experiments have 

been used as inputs for the simulation. This meant that there was not necessarily equilibrium 

between thrust and resistance found. The simulations have again been carried out at the 

design speed of 12 knots and at the design pitch of P/D = 0.9421, with the propeller RPM 

dictated by the RPM found for self-propulsion. The prediction results can then be compared 
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with the model scale measurement self-propulsion results provided by CEHIPAR, in non-

cavitating condition, which have been scaled to full scale using the ITTC 1978 extrapolation 

method. 

For comparison purposes, the free surface has been included in the simulations in this case. 

The hull and propeller interactions have been investigated through the use of a rotating mesh 

approach, with sliding interfaces present between the rotating and stationary regions. The 

solution is carried out in its entirety using the commercial CFD software StarCCM+.  

3.1.2.2.1 Numerical setup: full RANS calculations 

The research vessel has been simulated with the propeller in following condition behind the 

full hull and rudder at full scale, in non-cavitating condition. The simulation was carried out 

using a URANS approach in the CFD commercial software package StarCCM+. The outer 

domain was sized as previously discussed with regards to the resistance simulations. The 

propeller was housed within a small cylindrical rotating region of diameter 2.6m.  

A structured hexahedral-dominant mesh has been applied throughout the domain. The mesh 

has a total of 6.5 million cells, with 0.8 million in the rotating region and on the propeller, and 

6 million in the stationary region and on the hull and rudder. The main parameters for the 

mesh are presented for both the stationary and rotating regions, presented in Table 3.8 and 

Table 3.9 respectively: 

Table 3.8  Stationary Region Mesh Parameters 

Base Size (BS)  1 m 

Minimum Surface Mesh Size 1% B.S. 

Target Surface Mesh Size 75% B.S. 

Number of Prism Layers 5 

Prism Layer Thickness  0.05 m 

Prism Layer Expansion Ratio 1.2 
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Table 3.9  Stationary Region Mesh Parameters 

Base Size (BS)  0.3 m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 25% B.S. 

Number of Prism Layers 6 

Prism Layer Thickness  0.015 m 

Prism Layer Expansion Ratio 1.2 

Figure 3.14 shows the aft section of the vessel with the rudder, with the propeller and rotating 

region enclosed in a cylindrical section.  

 

Figure 3.14 Aft Section and Rotating Region for Research Vessel 
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Figure 3.15 below then shows the volume mesh for the area surrounding the propeller. 

Following initial simulations, it was found that additional refinement was require in the rudder 

and propeller wake region, to better capture flow separation and velocity gradient details. 

 

Figure 3.15  Volume Mesh the Surrounding Propeller for Research Vessel 

The simulation initially applied a moving frame of reference to the rotating region. The moving 

frame of reference (MRF) approach assigns a frame of reference to a static mesh region 

incorporating accurate propeller geometry, and the frame of reference itself moves in a purely 

rotational motion with respect to the global co-ordinate system. The simulation calculated the 

variations in flow and pressure distributions at each time-step according to the relative 

location of the rotating frame of reference. A source term is added to the momentum 

equation, to include the added Coriolis forces which occur due to the rotation. This allowed 

the flow field to settle to an initial estimate within a reasonable time frame. The simulation 

was then switched to a rotating mesh (RM) approach with sliding interfaces. The interfaces 

were located at the three rotating region cylinder faces. In the rotating mesh approach, a 

purely rotational motion is applied to the entire rotating region, meaning that the propeller 
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geometry and associated mesh physically rotates. This results in a transient calculation, 

which provides time-accurate results. However the simulation with the RM takes longer to 

calculate at each time-step. 

The simulation was run using an initial time-step size of 0.01s, and later of 0.005s, with an 

overall run time of 250s. 2nd order schemes were applied to calculate the convection terms, 

with 1st order temporal discretisation. 

A fully developing VoF free surface was applied in this case. The free surface, which was 

assumed to be flat initially, was approximated using a flat wave at the required draft height. 

Simulation velocity, pressure and volume fractions of air and water through the domain and 

at boundaries were then dictated by the wave properties, which varied over time. Substantial 

areas of mesh refinement were also added at the free surface, on both the vessel and 

generally within the domain, to ensure that the free surface would remain flat except for 

waves resulting from interaction with the hull. Numerical damping of the free surface was 

applied the outlet and side boundaries to ensure that artificial waves or pressure would not 

be created or reflected back into the domain. 

The simulation of the fully rotating propeller and the ship hull within the same programme 

meant that details of the hull-propeller interaction could also be investigated. The figures 

below show the propeller-hull interaction that has been observed in this case: 

 

Figure 3.16  Propeller and Hull Interaction 

In comparison with the results presented by UNIGE it can be seen that the areas of higher 

pressure on the rudder and propeller blades are reasonably well predicted, except for the 

higher pressure on the lower rather than the upper blade. The pressure on the hull aft section 

itself is also not well predicted which is likely to be due to a lack of mesh refinement in this 

region. 
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The figure below shows the velocity magnitude in the stern region of the vessel: 

 

Figure 3.17  Velocity Field in Stern Region for Research Vessel 

3.1.2.2.2 Results and comparison with model scale m easurements 

Table 3.10 shows the comparison of the measured and predicted wake fraction and it can be 

seen that the advance speed is over-predicted, leading to a significantly lower wake fraction 

than was measured. The measured values quoted in the table are taken from the model 

scale self-propulsion experiment for the design condition carried out by CEHIPAR, scaled to 

full scale using the ITTC 1978 extrapolation method. The wake fraction, J, thrust, torque and 

resistance and RPM were provided for this case. The predicted wake fraction has then been 

calculated based on the simulation results for the advanced speed into the propeller plane. It 

can be seen that as the advance speed in the simulation is notably higher than in the 

experiments, this has a significant impact on other values. 

Table 3.10  Comparison of Wake Fractions for Research Vessel 

 
Ship Speed (V S) 

m/s 

Advance Speed (V A) 

m/s 
Wake Fraction (w) 

Measured (217.2 

RPM) 
6.1728 3.63 0.412 

Predicted (217.2 

RPM) 
6.1728 5.00 0.190 
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The predicted propeller characteristics are shown in Table 3.11 below. The measured values 

quoted are again taken from the model scale self-propulsion prediction, where the results 

were scaled to full scale. These results, along with the propeller diameter of 2.26m were then 

used to calculate the thrust coefficient (kT), torque coefficient (kQ) and the open water 

efficiency (η0). The predicted values have then been calculated using the simulation results 

for thrust, torque and advance speed.  

Table 3.11 Comparison of Propeller Characteristics for Research Vessel 

 
Thrust Coefficient 

(kT) 

Torque Coefficient 

(kQ) 

Open Water 

Efficiency ( η0) 

Measured (217.2 

RPM) 
0.266 0.0395 0.4766 

Predicted (217.2 

RPM) 
0.244 0.0359 0.6609 

 

It can be seen from the table above that thrust and torque characteristics for the propeller 

itself are slightly under-predicted. Given the over-prediction of the advance speed, this then 

leads to a large over-prediction of the open water efficiency. 

Using the resistance predicted above, and the thrust calculation presented here, Table 3.12 

shows the measured and predicted thrust deduction factor and coefficient: 

Table 3.12 Comparison of Thrust Deduction for Research Vessel 

 Thrust (kN) Resistance (kN) 

Thrust 

Deduction 

Factor  

Thrust 

Deduction 

Coefficient 

Measured 

(217.2 RPM) 
91.10 68.04 23.06 0.253 

Predicted 

(217.2 RPM) 
83.53 69.123 14.407 0.172 

It can be seen that due to the under-prediction of thrust, the thrust deduction estimations are 

also not particularly accurate when using the simpler URANS approach. 
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3.1.2.3 Radiated noise 

The radiated noise prediction carried out by SU were done using the full scale hull, propeller 

and rudder, with the propeller operating in a non-cavitating condition, that is to say no 

account has been taken of the cavitation performance and corresponding radiated noise for 

the propeller. The fully developing free surface has been included in this simulation, and the 

propeller fully rotating with sliding interfaces between the stationary and rotating regions. The 

unsteady RANS simulation allows for time-accurate acoustic results. 

Acoustic spectra prediction by SU was conducted by applying the built-in Ffowcs-Williams 

Hawkings (F-WH) solver within the software. This is derived from the approach first proposed 

by Ffowcs-Williams and Hawkings in [1]. The solver applied Farrassat Formulation 1A for 

thickness and loading noise sources. The derivation of these equations, along with details of 

the approach can be found in [2] and [3]. The thickness noise sources are those associated 

with the movement of the propeller and hull geometry through the water, while the loading 

noise is from the loading and pressure on these noise emitting surfaces. Quadrupole noise 

sources, which are associated with in-flow noise sources such as turbulence are neglected in 

the approach used by the CFD software, and have not been approximated independently. 

The solvers calculates the acoustic pressure time histories emitted from the noise surfaces, 

in this case specified as the hull, rudder and propeller, at specified receiver locations. At each 

receiver location, at each time-step the acoustic pressure reaching the receiver is calculated, 

which gives an acoustic pressure time history for each receiver location. For this case, these 

were located as presented in Table 3.13. These receivers correspond to the receiver 

locations from Run 1 and 2 in the Full Scale Trials, detailed by CTO. 

Table 3.13 Receivers Locations for Research Vessel Acoustic Predictions 

Receiver X direction (Longit.) Y Direction (Transv.)  Z Direction (Vertical)  

Port 1 30m (at midships) 130.5m (from centreline) -5m (from water level) 

Port 2 30m 130.5m -10m 

Port 3 30m 130.5m -15m 

Starboard 1 30m -113.5m -5m 

Starboard 2 30m -113.5m -10m 

Starboard 3 30m -113.5m -15m 
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The simulation is run as discussed previously to establish a stable flow field and propeller 

operation, and then the acoustic post-processing module is activated, to gather data for 

several seconds.  

An averaged far field speed of sound is applied, and a value of 1485.05 m/s was used, with a 

corresponding far field density of 1025 kg/m3. This sound speed is an average value taken 

during the full scale measurements, for the range of depths at which the receivers are 

present. 

The time-step size used for the acoustic predictions was dictated by the frequency range of 

interest for the prediction. In this case, the range 0-5000Hz was selected as a suitable range, 

given that for typical commercial vessels, the majority of the sound power in located in this 

range. For this reason, a time-step of 0.0001s was required. Once the acoustic pressure time 

histories have been generated at each receiver, the sound pressure level (SPL) spectra at 

each receiver can be calculated using a Fast Fourier Transform (FFT). In this case, a 

Hanning window was applied to the transform, with 4 analysis blocks and an overlap of 0.5. 

Runs 1 and 2 from the URN full scale measurements were not conducted exactly at 12 knots 

forward speed: Run 1 was at 12.1 knots and Run 2 at 11.8 knots. The engine rotation speed 

was recorded as being 860 RPM for both runs, and taking into account the gear reduction 

rate of 3.75, this gives a propeller RPM of 229.33. For this reason, additional simulations, 

using the same approach as for the self-propulsion simulation were run to correspond with 

these measurement conditions. It should be noted that whilst the indicator in the engine 

control room stated that these runs were carried out at design pitch, this could not be verified 

during the measurements. This means that acoustic prediction results have been generated 

for three different conditions - the self-propulsion condition from the model scale experiments 

(12 knots, 217.2 RPM), and conditions corresponding to the full scale acoustic trials Run 1 

(12.1 knots, 229.33 RPM) and Run 2 (11.8 knots, 229.33 RPM).  

It should be noted that as these acoustic predictions are carried out in non-cavitating 

conditions, some discrepancy between then predicted and sea trial measurement results is 

expected, due to the influence of some cavitation noise being included in the sea trial data. In 

addition, the results do not include any approximation of the machinery noise contribution, 

however as this would only tend to add narrow band tonal peaks in the lower frequency 

ranges, these would not have a significant impact on the predicted broadband noise levels. 
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Firstly, the spectra below shows the predicted spectra for the vessel operating at the self-

propulsion condition, with the sound pressure level at the receivers rather than corrected 

source level presented for the frequency range 0-5000Hz: 

 

Figure 3.18 Predicted Receiver Level spectra for Research Vessel in self-propulsion condition 

The predicted spectra for the range 0-5000Hz are now shown for operating conditions 

corresponding to Run 2 of the CTO sea trials, compared with the actual measured results at 

the receiver for Hydrophones 1, 2 and 3 for a starboard-side run.  
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Figure 3.19 Comparison of measured and predicted spectra from CTO for Research Vessel in Run 2 

sea trial conditions 

When comparing the predicted and measured results, it can be seen that there is some 

discrepancy in the Sound Pressure Levels. This may be due to the fact that the sea trials 

were carried out in shallow water conditions, whilst the simulations were carried out in deep 

water with no corrections made for the absorption characteristics of the sea bed. This could 

mean that in the sea trials, high frequency noise was partially absorbed, hence the lower 

measured levels compared to the predictions. 

As the differences between the self-propulsion and sea trial conditions are not vast, there is 

little variation between the predicted results in these different conditions, as can be seen from 

the presented spectra. 

3.2 Simulations on Coastal Tanker 

The Coastal Tanker Olympus vessel was tested at a single condition which was informed by 

the model scale experiments carried out at SSPA. This condition was applied for the 
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prediction of calm water resistance. Details of this condition are presented in Table 3.14 

below: 

Table 3.14  Resistance tests conditions 

Condition Scale Ship Speed Static Draft 

   Fore [m] Aft [m] 

SU Full 5.658 m/s (11 knots) 8.12 8.12  

 

 The propeller operating condition corresponding to the above condition, with the controllable 

pitch propeller at the design pitch ratio was then investigated as shown in Table 3.15: 

Table 3.15 Propeller conditions 

Condition Scale Range of Advance coefficient  Pitch angle  

SU Full 0.3 ÷ 0.9 0.87 

SU Model 0.3 ÷ 0.9 0.87 

 

3.2.1 Numerical characterization of hull flows 

3.2.1.1 Numerical procedures adopted 

The majority of simulations by SU on the Coastal Tanker have been carried out at full scale, 

using the commercial CFD software StarCCM+ V9.02.007 which has been developed by CD-

Adapco. Only open water simulations have been carried out in model scale. A structured 

mesh approach has been applied throughout. 

3.2.1.2 Resistance computation 

Details of the numerical set-up applied by SU for the prediction of the calm water resistance 

are outlined below, together with details of the domain and mesh parameters are presented 

below. The mesh parameters are based on the suggested values given by the software 

developers for this type of simulation. 

The non-dimensional domain dimensions are as described below, and presented in Figure 

3.20. 
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Figure 3.20 Boundary Conditions for Resistance Simulation for Coastal Tanker 

• 1L in front of the vessel and 2L behind, giving an overall longitudinal distance of 4L 

• 2L to either side of the vessel giving an overall transverse distance of 4L 

• 0.3L above the still water plane and 0.7L below giving an overall height of 1L 

The built-in meshing capabilities of the software have been were utilised. The hull and rudder 

surfaces were meshed using the "Surface Remesher" to triangulate the surface. The domain 

volume was meshed using the "Trimmer" mesh to create a structured predominantly 

hexahedral grid. The cell sizes for this grid are defined by a base size as discussed by 

above, with other cell parameters then define as a percentage of the base size.  

To better capture details of the flow field in key areas, additional areas of refinement have 

been included. The cell size has been reduced progressively in the area surrounding the hull 

and in the wake region, as shown in Figure 3.21. The free surface region was also 

progressively refined anisotropically in the vertical direction from 10% B.S. for a thickness of 

1m, to 30% B.S for a thickness of 5m, throughout the domain. 

The "Prism Layer Mesher" has been used to apply layers of prismatic cells at the walls in 

order to better predict the flow gradients at the surfaces. 

The basic mesh details for this simulation are defined in   
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Table 3.16: 
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Table 3.16 Free Surface Refinement for Resistance Prediction of Coastal Tanker 

Base Size (BS)  1.5 m 

Minimum Surface Mesh Size 1% B.S. 

Target Surface Mesh Size 75% B.S. 

Number of Prism Layers 5 

Prism Layer Thickness  0.075m 

Prism Layer Expansion Ratio 1.2 

 

Figure 3.21 below shows the mesh surrounding the hull and in particular the free surface 

refinement areas for capturing details of the resulting wake: 

 

Figure 3.21 Free Surface Refinement for Resistance Prediction of Coastal Tanker 

The surfaces within the simulation were set to a "smooth-wall" condition and no additional 

surface roughness was applied, hence it is anticipated that the resistance will be under-

predicted by the simulation. The coastal tanker model was left at even keel to match the 

model test set-up and no dynamic sinkage and trim prediction was carried out. A static free 

surface was initially applied for the prediction of the ship resistance, and then a fully 
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developing Volume of Fluid (VoF) free surface was used to predict the wake.  The SST k-

Omega turbulence model is applied for this simulation. A time-step size of 0.5s is used 

throughout, with 1st order temporal discretisation, for a total run time of 300s. The convection 

terms are calculated using 2nd order accurate numerical schemes. 

The water density was set to 1000kg/m3 to match the tank conditions, as the full scale 

measurement results come from these model test results, scaled to full scale for comparison 

purposes. The Wall Y+ on the hull was in the region of 900. 

The full scale resistance at 11 knots in this case was calculated to be 151.53kN, in 

comparison to the measured full scale value of 155 kN, giving a very accurate prediction. The 

measured full scale value was calculated using the model scale resistance from the 

resistance test and scaling it up to full scale using the ITTC approach. 

The resultant free surface in the form of volume fraction of water on the hull can be seen in 

Figure 3.22 below, along with  

Figure 3.23, showing the resultant free surface throughout the domain as a whole. It should 

be noted that in this case the zero point is not located on the waterline but on the vessel 

baseline, hence the higher elevation values. 

 

Figure 3.22 Free Surface on Tanker 
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Figure 3.23 Free Surface Distribution Across Domain for Tanker 

3.2.1.3 Wake computation 

The approach applied for the Coastal Tanker was very similar to the one used for the 

Research Vessel. The wake fraction for the coastal tanker was calculated using a simulation 

which omitted the propeller and hub geometry but included the full hull geometry and the 

rudder. The geometry in the aft section of the vessel, which was included in the model, is 

shown in Figure 3.24 below: 
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Figure 3.24 Aft Section Arrangement for Coastal Tanker Wake Prediction 

The free surface was simulated throughout using the Volume of Fluid (VoF) approach as 

before. No additional refinements were added to the mesh compared to the resistance 

simulations (discussed previously), and the same computational domain was also applied.  

The SST k-Omega turbulence model was applied for this simulation, for comparison with the 

models applied by the other partners. More complex turbulence models would not be 

appropriate for this case, as the mesh has not been refined accordingly. Gradients are 

calculated using a hybrid Gauss -Least Squares Method. 

The simulation was run at 11 knots (5.658 m/s) forward speed, using a time step size of 

0.01s, with an overall simulation time of 100s. The wake fraction was calculated for a circular 

plane which coincides with the rotating region inflow boundary.  As was noted previously, no 

simulations were carried out at model scale. The results are compared to the full scale 

measurements.  

The mesh used for the wake calculated was approximately 5.6 million cells. This is a lower 

density mesh than the one applied to the Research Vessel, as it was found that suitable 
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results could be achieved with this lower level of refinement. . The wake distribution was 

calculated at a location corresponding with the forward face of the rotating region. Figure 

3.25 below then shows the predicted full scale wake fraction for the vessel at 11 knots: 

 

Figure 3.25  Wake Distribution at 11 knots for Tanker 

3.2.1.4 Propeller open water simulation 

Initially, a single simulation was carried out by SU to predict the open water performance of 

the Coastal Tanker propeller, at the design pitch ratio of 0.87 at 0.7R. The inflow velocity into 

the domain was set to the vessels design speed of 11 knots (5.658 m/s) and the propeller 

rotation rate was set to 84.72 RPM. This rotation rate was found to provide the self-

propulsion point in the model scale tests carried out by SSPA and was then scaled to full 

scale. The simulation was also carried out in full scale.  

The intention of this activity was to test the suitability of the applied CFD approach to the 

prediction of the propeller characteristics at this condition. Off-design conditions were again 

not considered for this approach, as the intention was also to only test design conditions for 

the propeller in following condition. 
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The approach applied was a fully URANS based approach, again using the commercial CFD 

software StarCCM+. The predicted propeller characteristics for this condition were then 

compared to the scaled model scale test results provided by SSPA, for the propeller at 

design pitch of 0.87 at 0.7R and at 11 knots. The full propeller has been simulated in this 

case, as was done for the research vessel. 

Following this, a full set of open water simulations were carried out at model scale, as was 

done for the Research Vessel, with the same domain being scaled to model scale (λ=20). 

The simulations in this case were for the range of advance coefficients (J) from 0.3 to 0.9. 

The simulations used the same approach as was observed in the model scale experiments 

carried out by SSPA, with an RPM of 900, at the design pitch.  

In both the full and model scale cases, the free surface was simulated at the height at which 

it would be if the propeller were in following condition behind the hull, and the vessel was at 

design draft. The VoF flat wave approach was again applied, with damping at the sides and 

on the outlet to prevent waves or pressure from being reflected back into the domain. 

3.2.1.4.1 Numerical setup –RANS computations 

A mesh of structured hexahedral cells was applied for these simulations. For the full scale 

simulation, similar to the approach used for the research vessel, a rectangular domain 

enclosed a large rotating region in the form of a cylinder, which housed the propeller, was 

used. The domain extended 1.5x propeller diameter (D) in front of the rotating region 

cylinder, and 2D in front of the propeller itself. It extended 5.5D aft of the propeller and 3D aft 

of the end of the rotating region cylinder. The diameter of the rotating region cylinder was 6m 

compared to the propeller diameter of 4.8m, and the width of the domain was 4D.  Figure 

3.26 below shows the domain and applied boundary conditions. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

206 

 

 

Figure 3.26 Domain and Boundary Conditions for Open Water Simulation 

The mesh comprised of a total of 3.5 million cells. The mesh parameters for the rotating and 

stationary regions are provided in Table 3.17 and Table 3.18 below: 

Table 3.17 Rotating Region Mesh Parameters for Full Scale 

Base Size (BS)  0.2m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.06m 

Prism Layer Expansion Ratio 1.3 
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Table 3.18 Stationary Region Mesh Parameters for Full Scale 

Base Size (BS)  1m 

Minimum Surface Mesh Size 0.5% B.S. 

Target Surface Mesh Size 25% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.2m 

Prism Layer Expansion Ratio 1.3 

 

The surface mesh on the propeller is shown Figure 3.27 below: 

 

Figure 3.27 Surface Mesh on Propeller for Coastal Tanker 

A section of the volume mesh, showing the part of the propeller and the rotating region, and 

areas of prism mesh, is shown in Figure 3.28: 
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Figure 3.28 Volume Mesh for Open Water Simulation 

The two separate regions were created to allow a rotating mesh approach to be applied to 

this simulation, where the full rotating region and associated mesh rotated at each time-step 

based on the specified rotation rate and axis. In-place sliding interfaces were applied at the 

cylinder surfaces to enable data transfer between the regions. An implicit unsteady 

calculation was carried out. 

The SST k-Omega turbulence model was selected for this simulation. Convection was 

modelled using schemes accurate to 2nd order. However temporal discretization was carried 

out using a 1st order scheme. A time-step size of 0.01s was applied, equating to 

approximately 0.015 revolutions per time-step. This is lower than the ITTC recommended 

200 time-steps per revolution. However it is felt that the results achieved justify the choice of 

time-step in this instance. Gradients are calculated using a hybrid Gauss -Least Squares 

Method. 

For the model scale simulations, the same approach and domain as above were applied 

however all the domain and mesh dimensions were scaled as required. The mesh 

parameters were as shown below, and resulted in a total of 1.4 million cells: 
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Table 3.19 Rotating Region Mesh Parameters for Model Scale 

Base Size (BS)  0.02m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.006m 

Prism Layer Expansion Ratio 1.3 

 

Table 3.20 Stationary Region Mesh Parameters for Model Scale 

Base Size (BS)  0.1m 

Minimum Surface Mesh Size 0.5% B.S. 

Target Surface Mesh Size 25% B.S. 

Volume Mesh Maximum Cell Size 50% B.S. 

Number of Prism Layers 10 

Prism Layer Thickness  0.02m 

Prism Layer Expansion Ratio 1.3 

 

3.2.1.4.2 Open water results and comparison with mo del scale 

measurements 

The full scale open water simulation for the Tanker was carried out using a similar approach 

to the one used for the Research Vessel. The rotation speed was set to 84.72 RPM to match 

the model tests. The inlet speed was 11 knots (5.658 m/s), with the propeller at the design 

pitch condition of 0.87 at 0.7R. Using the self-propulsion rotation rate of 84.72 RPM, this 

gave a J value of 0.83487. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

210 

 

The open water simulation used a total mesh of 3.5 million cells. The propeller was housed in 

a cylindrical rotating region, which was within a rectangular domain. A time-step size of 

0.005s was used, with a full run time of 20s, which allowed the flow field to settle and provide 

consistent results. 

Figure 3.29 shows the comparison between the measured and predicted full scale open 

water KT and 10KQ values, with the measured results provided by SSPA: 

 

Figure 3.29 Comparison of KT and KQ Predictions for Tanker in Full Scale, Open Water Condition 

It can be seen that very close agreement was achieved in this simulation. As was observed 

for the research vessel, the thrust coefficient is well predicted however the torque coefficient 

is slightly under-predicted.  

In the model scale case, the simulations were run with a time-step size of 0.001s, for 1000 

time-steps, again using a similar approach to the one applied for the Research Vessel, The 

figure below shows a comparison of the predicted results with the experimental results 

achieved by SSPA: 
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Figure 3.30 Comparison of KT and KQ Predictions for Tanker in Model Scale, Open Water Condition 

It can be seen that for the Coastal Tanker, the under-prediction of both thrust and torque at 

model scale is more significant than was observed for the Research Vessel, and this also 

leads to a large discrepancy in the prediction of the open water efficiency. 

3.2.1.5 Propeller behind hull 

A basic URANS approach has again been applied to the simulation of the behaviour of the 

Coastal Tanker propeller behind the hull. As for the research vessel, this approach has been 

selected, as despite its lack of refinement, it may serve as a comparison of the achievable 

results compared to the more complex approaches applied by the other partners. While still 

remaining fairly high in terms of computational demand, these are not as onerous as the full 

RANS and particularly the LES approaches. In addition, the availability of the High Power 

Computing facility at University of Strathclyde meant that results could be obtained within a 

reasonable time-frame. 

The simulations have been carried out at full scale to predict the propeller performance, hull 

resistance, wake and hull / propeller interaction. The self-propulsion point itself has not been 

predicted. Instead, as for the research vessel, the self-propulsion conditions from the model 
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scale experiments have been applied. The model scale thrust, torque, wake fraction, thrust 

deduction and hull efficiency can then be used for comparison with the simulation results.  

The simulations have again been carried out at the 11 knots and at the design pitch of P/D = 

0.87. The prediction results can then be compared with the model scale measurement results 

provided by SSPA, which have been scaled to full scale using the ITTC 1978 method. 

For comparison purposes with results from other partners, the free surface has been included 

in the simulations in this case. The hull and propeller interactions have been investigated 

through the use of a rotating mesh approach, with sliding interfaces present between the 

rotating and stationary regions. The solution is carried out in its entirety using the commercial 

CFD software StarCCM+.  

3.2.1.5.1 Numerical setup: Full RANS calculations 

The coastal tanker has been simulated with the propeller in following condition behind the full 

hull and rudder at full scale, in non-cavitating condition. The simulation was carried out using 

a URANS approach in the CFD commercial software package StarCCM+. The outer domain 

was sized as previously discussed with regards to the resistance simulations. The propeller 

was housed within a small cylindrical rotating region of diameter 5.6m.  

A structured hexahedral-dominant mesh has been applied throughout the domain. The mesh 

has a total of 8.8 million cells, with 2.4 million in the rotating region and on the propeller, and 

6.4 million in the stationary region and on the hull and rudder. The main parameters for the 

mesh are presented for both the stationary and rotating regions, presented in Table 3.21 and 

Table 3.22 respectively: 

Table 3.21 Stationary Region Mesh Parameters 

Base Size (BS)  1.5 m 

Minimum Surface Mesh Size 1% B.S. 

Target Surface Mesh Size 75% B.S. 

Number of Prism Layers 5 

Prism Layer Thickness  0.06 m 

Prism Layer Expansion Ratio 1.2 

 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

213 

 

Table 3.22 Rotating Region Mesh Parameters 

Base Size (BS)  0.2 m 

Blade Surface Minimum Mesh Size 3% B.S. 

Blade Surface Target Mesh Size 6% B.S. 

Blade Tip Minimum / Target Mesh Size 1.5% B.S. 

Volume Mesh Maximum Cell Size 25% B.S. 

Number of Prism Layers 6 

Prism Layer Thickness (Model Scale) 0.01 m 

Prism Layer Expansion Ratio 1.2 

 

Figure 3.31 shows the aft section of the vessel with the rudder, with the propeller and rotating 

region enclosed in a cylindrical section.  

 

Figure 3.31 Aft Section and Rotating Region for Coastal Tanker Vessel 
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Figure below then shows the volume mesh for the area surrounding the propeller: 

 

Figure 3.32 Volume Mesh the Surrounding Propeller for Coastal Tanker Vessel 

As for the research vessel, the simulation initially applied a moving frame of reference to the 

rotating region. The simulation is then switched to a rotating mesh (RM) approach with sliding 

interfaces. 

The simulation was run using an initial time-step size of 0.01s, and later of 0.005s, with an 

overall run time of 250s. 2nd order schemes were applied to calculate the convection terms, 

with 1st order temporal discretisation. 

A fully developing VoF free surface was again applied in this case. The simulation of the fully 

rotating propeller and the ship hull within the same programme meant that details of the hull-
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propeller interaction could also be investigated. As before, damping was applied to the outlet 

and side boundaries to ensure that waves and pressure would not be reflected back into the 

domain. The figures below show the propeller-hull interaction that has been observed in this 

case: 

 

Figure 3.33 Propeller and Hull Interaction for Coastal Tanker 

As was observed for the research vessel, the pressure on the hull is not well predicted, 

possibly due to the lack of additional refinement in this region. 

3.2.1.5.2 Results and comparison with model scale r esults 

The initial RPM of 84.72, which was the value found for the self-propulsion point from the 

model scale experiments, was applied in this case. A fully developing VoF free surface was 

again applied. Table 3.23 compares the wake fraction coefficients for the results at different 

rotation speeds. As it was done for the research vessel, the measured results presented in 

the table are taken from the self-propulsion point in the experiments carried out by SSPA. 

Table 3.23 Comparison of Wake Fractions for Tanker 

 
Ship Speed (V S) 

m/s 

Advance Speed (V A) 

m/s 
Wake Fraction (w) 

Measured (84.72 

RPM) 
5.6584 4.006 0.292 

Predicted (84.72 

RPM) 
5.6584 4.873 0.139 
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The predicted full scale propeller characteristics then shown in Table 3.24. As was done for 

the research vessel case, the measured results quoted in the table below are again 

calculated from the self-propulsion thrust and torque values provided from the experiments, 

along with the propeller geometry and J value. 

Table 3.24 Comparison of Propeller Characteristics for Tanker 

 
Thrust Coefficient 

(kT) 

Torque Coefficient 

(kQ) 

Open Water 

Efficiency ( η0) 

Measured (84.72 

RPM) 
0.189 0.0291 0.610 

Predicted (84.72 

RPM) 
0.143 0.0218 0.768 

 

It can be seen that in this case, the thrust is not well predicted, and hence the prediction of 

the open water efficiency is also compromised. 

Using the resistance predicted above, and the thrust calculation presented here, Table 3.25 

below shows the measured and predicted thrust deduction factor and coefficient: 

Table 3.25 Comparison of Thrust Deduction for Tanker 

 Thrust (kN) Resistance (kN) 

Thrust 

Deduction 

Factor  

Thrust 

Deduction 

Coefficient 

Measured 

(84.72 RPM) 
200.00 155.00 45 0.225 

Predicted 

(84.72 RPM) 
233.26 151.53 81.73 0.350 

In this case, the thrust and torque are significantly under-predicted, whilst the resistance is 

over-predicted in comparison to the model scale test results. The over-predicted advance 

speed may be in part due to the use of a smooth hull surface rather than any hull roughness 

approximation. 
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3.2.1.6 Radiated noise 

The radiated noise prediction carried out by SU was again done using the full scale hull, 

propeller and rudder, with the propeller operating in a non-cavitating condition, in a similar 

approach to the one used for the research vessel. The fully developing free surface has been 

included in this simulation, and the propeller fully rotating with sliding interfaces between the 

stationary and rotating regions. The unsteady RANS simulation allows for time-accurate 

acoustic results.  

Acoustic spectra prediction by SU was conducted by applying the built-in Ffowcs-Williams 

Hawkings (F-WH) solver within the software. The solver applied Farrassat Formulation 1A for 

thickness and loading noise sources as was used for the research vessel, and as has been 

discussed previously. At each receiver location, at each time-step the acoustic pressure 

reaching the receiver is calculated, which gives an acoustic pressure time history for each 

receiver location. For this case, these were located as presented in Table 3.26 below, as 

agreed with SSPA: 

Table 3.26 Receivers Locations for Coastal Tanker Acoustic Predictions 

Receiver X direction 

(Longitudinal) m 

Y Direction 

(Transverse) m 

Z Direction 

(Vertical) m 

Distance to 

Prop. 

Acoustic 

Centre (AC) 

Acoustic Centre 

(AC), midpoint 

machinery-

propeller 

10 0 0  

P-45 -140 150 -29.6 214.2 

P-30 -77 150 -29.6 175.9 

P-15 -30 150 -29.6 158 

P-0 10 150 -29.6 152.9 

P+15 50 150 -29.6 158 

P+30 97 150 -29.6 175.9 
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Receiver X direction 

(Longitudinal) m 

Y Direction 

(Transverse) m 

Z Direction 

(Vertical) m 

Distance to 

Prop. 

Acoustic 

Centre (AC) 

P+45 160 150 -29.6 214.2 

S-45 -140 -150 -29.6 214.2 

S-30 -77 -150 -29.6 175.9 

S-15 -30 -150 -29.6 158 

S-0 10 -150 -29.6 152.9 

S+15 50 -150 -29.6 158 

S+30 97 -150 -29.6 175.9 

S+45 160 -150 -29.6 214.2 

An averaged far field speed of sound is applied, and a value of 1475 m/s was used, with a 

corresponding far field density of 1025 kg/m3. During full scale trials, the vessel was run in 

slightly different conditions from those previously observed during the model scale self-

propulsions tests. To correspond with URN run 2 from the SSPA full scale trials, the 

simulation was changed to operate at propeller rotation rate of 120 RPM and 10.2 knots 

forward speed, retaining the propeller design pitch and vessel design draft. This means that 

acoustic prediction results are available for both this condition and the original self-propulsion 

condition of 84.72 RPM and 11 knots forward speed. 

The time-step size used for the acoustic predictions was dictated by the frequency range of 

interest for the prediction. In this case, the range 0-5000Hz was selected as a suitable range, 

given that for typical commercial vessels, the majority of the sound power in located in this 

range. For this reason, a time-step of 0.0001s was required. Once the acoustic pressure time 

histories have been generated at each receiver, the sound pressure level (SPL) spectra at 

each receiver can be calculated using a Fast Fourier Transform (FFT). In this case, a 

Hanning window was applied to the transform, with 4 analysis blocks and an overlap of 0.5. 
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As for the research vessel, the lack of prediction of the cavitation of the propeller or inclusion 

of the machinery noise contribution means that some discrepancy between the predicted and 

measured results is expected. 

Firstly the predicted results for the Coastal Tanker at self-propulsion condition are presented, 

showing the receiver level data. Due to a large number of receivers used, the results are 

presented separately for the port and starboard sides: 

 

Figure 3.34 Predicted Spectra for Coastal Tanker at Self-Propulsion Condition, Port Side 
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Figure 3.35 Predicted Spectra for the Coastal Tanker in Self-Propulsion Condition, Starboard Side 

The prediction results for the Coastal Tanker in sea trial conditions corresponding to Run 1 

and 2, as outlined by SSPA in D3.2 are presented below: 
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Figure 3.36 Predicted Spectra for the Coastal Tanker in Sea Trial Run 1 Condition, Port Side 
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Figure 3.37 Predicted Spectra for Coastal Tanker at Sea Trial Run 2 Condition, Starboard Side 

The figure provided below now presents the estimated source level results for Power 

Spectral Density (PSD) from the receivers at P+45, P-0 and P-45, corrected assuming a 

simple mathematical law for transmission loss of 20log(R) where R is the CPA distance, in 

this case 150m. These predicted spectra can then be compared against the measured 

narrow band results presented by SSPA for these three receivers at source level. Both sets 

of results correspond to the Run 1 conditions, showing the Port side results: 
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Figure 3.38  Comparison of Measured  and Predicted Spectra for Coastal Tanker at Sea Trial Run 1, 

Port Side 

Whilst the simulation results cannot capture the peak seen in the sea trial results at 100Hz, 

which is likely to be attributable to cavitation and hence not included in the simulation, the 

general predicted level is reasonably well predicted by the simulation, especially above 

around 250Hz. Also, it should be noted that the simulation prediction doesn’t take into 

account surface waves or the proximity of the sea bed. It is not clear what has caused the 

peak in the simulation results at 1000Hz for the P-0 and P+45 receivers. 

Comparison between the self-propulsion and sea trial condition results presented above 

shows an increase in the predicted acoustic sound pressure level in the sea trial condition. 

This is expected, as the sea trial conditions are at faster propeller rpm than the self-

propulsion conditions, with only a slight decrease in speed. 
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4 ACTIVITIES BY CEHIPAR/UPM 

4.1 Simulations on R/V Vessel Nawigator XXI  

Following the DoW of the project a subcontractor has been granted to CEHIPAR for 

numerical tasks related to the hydrodynamic and acoustic prediction for the propeller of the 

RV “Nawigator XXI”. The subcontractor is the Polytechnic University of Madrid (UPM) and 

more specifically the research group of the Naval Engineering School’s Model Basin. 

4.1.1 Numerical characterization of hull flow  

4.1.1.1 Numerical procedure adopted 

For the prediction of the hydrodynamic and acoustic behaviour of the propeller, a finite 

volume last generation CFD software STARCCM+ (CD-Adapco) has been used. STAR-

CCM+ is a complete engineering software package able to solve the Reynolds equations for 

laminar and turbulent flows and also able to move and deform meshes during the simulation. 

A semi- implicit method, known as SIMPLE algorithm, is used to handle the coupling of the 

Navier-Stokes equations and calculate the pressure and velocity at each time step. The 

assumed turbulence model is k- ω.  

Considering that the position of the hydrophones is not too far from the propeller, a direct 

pressure reading at the points where the hydrophones are placed is performed and no 

acoustic analogy has been considered. The presence of the free surface was taken into 

account in the resistance and wave generation computations. The propeller was considered 

to be non-cavitating. This approach is part of the study, but additionally the experiments have 

shown that at the design point conditions only very small cavitation appears.  

First of all a validation of the code for the case of steady propeller performance in 

uniform flow has been done based on the well-known “Potsdam Propeller Test Case”, (SMP 

2011), being the result satisfactory for the thrust and axial moment of the propeller in a wide 

range of working conditions. Then the steady forces on the hull and the propeller separately 

have been calculated separately for the model case and compared with experimental data. 

Additionally, the nominal wake at the propeller disc plane was calculated for the model case. 

Calculations of the wave pattern generated by the ship model were also performed (not 

presented and available on request). 
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The geometry of the hull and the propeller provided by CTO and adapted in CEHIPAR 

for manufacturing of the model and for CFD calculations has been used for the meshing of 

the computational domain as shown in the corresponding paragraphs. 

CEHIPAR applied its ANSYS CFX license (ANSYS) to perform the calculations 

described below, in addition to AQUO’s initial DoW.     

4.1.1.2 Resistance computation 

The result of the computation of the bare hull and the hull with rudder is shown in Table 4.1 

together with the values obtained from model tests in CEHIPAR’s towing tank (see 

deliverable D2-4) 

 

Figure 4.1 Convergence for the case of resistance at model scale (program CFX) 

The numerical results together with the model experimental ones are given in the table below 

for the speed of 11 knots and for the two configurations: 
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Table 4.1 Resistance results for bare hull and hull with rudder 

Ship 

Speed 

Model 

speed 

Model 

Revol.   Resistance bare hull, [N] Resistance hull+rudder, [N] 

[kn] [m/s] rps UPM CEH Experiment UPM CEH Experiment 

11.0 1.789 10.25 57.5 53.7 55.7 58.5 54.9 58.1 

In the above table the propeller revolutions correspond to the self-propulsion point that is 

treated in deliverable D2.3. The deviations of the numerical results from the experimental 

data do not exceed 5%. 

As expected, the presence of the rudder affects a little the flow around the hull. The value of 

contribution of the latter to the total resistance of hull plus rudder (56.5 N) is 1.7% lower than 

the resistance of the bare hull. 

The difference of the predictions (CEHIPAR) from the towing test tank result can be partially 

attributed to the presence of trim and sink during the tests and not taken into account in the 

calculations. 

STAR CCM+ has been also used for the prediction of the wave generation calculated in 

regime of viscous (RANS) and inviscid flows. The perturbation of the free surface is shown in 

Figure 4.2 in the wave elevation in the bow in Figure 4.3, and a comparison of both 

approaches can be seen in Figure 4.4 for the wave height at a distance from the hull. 

 

Figure 4.2 Wave train heights around the ship model 
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Figure 4.3  Free-surface elevation at the bow of the ship model 

 

Figure 4.4 Wave height prediction at lateral distance 0.5665 from the centerplane using viscous and 

inviscid approaches. Non-dimensional to ship length. 

For full scale case, the total resistance calculation for 12kn gives 56.77 kN. 

4.1.1.3 Wake computation 

The setup of the hull with respect to the computational domain is the following: inlet boundary 

is set a distance L (ship length) ahead of the bow of the hull. The outlet condition is set 2L 

downstream of the hull stern. The upper boundary is set at 1.5L above the hull and the 
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bottom boundary is set 2L below the hull. One of lateral planes is the symmetry plane y = 0 

while the other is placed at y = 1.5L, see Figure 4.5 

 

(a) Full domain.                                                       (b) Zoomed view around the hull. 

 

(c) Top view of the waterline plane.                  (d) Zoomed view of the wake plane. 

Figure 4.5  Mesh details for the different zones of the Nawigator hull. 

 

The boundary conditions are set as follows: 

Table 4.2 Used boundary conditions 

Inlet Velocity inlet 
Outlet Pressure outlet 
Outer boundaries Slip 
Symmetry plane Symmetry 
Hull No slip 

 

The hydrodynamic simulation of the hull uses a trimmer mesh of hexahedral elements and 

takes advantage of the symmetry of the ship with respect to the center-plane, in our case the 

XZ plane, running only half-body of the ship in order to reduce the computational time. In 

order to improve the accuracy in the most critical zones, 4 volume meshes of different size 

have been created. Two of these regions are the waterline and the propeller planes. 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

229 

 

In the case of ANSYS CFX the mesh used for the calculations was an unstructured mesh 

based on tetrahedral elements. The total number of elements used in all calculations was 

about 10M. A mesh refinement around the hull was made in order to have a reliable definition 

of the boundary layer (The Y+ value distribution around the hull was checked after each 

calculation). Also, a mesh refinement was applied on the free surface and on the aft body 

and the propeller location as can be seen in the image below (Figure 4.6). 

 

Figure 4.6  Mesh details for the different zones of the Nawigator hull. 

The mesh convergence has been studied based on validation for the resistance. 

An overall look to the calculated velocity field in the propeller plane is given in Figure 4.7 

below and a closer look in Figure 4.8-Figure 4.17. 

The conditions have been set at model speed of 1.789 m/s, corresponding to model 11 knots 

of the ship.  

The nominal wake field has been also calculated in two more planes for the model ship (See 

figures below) 

 



 

D 2.3 Predictive theoretical models for propeller URN Rev 1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

230 

 

 

Figure 4.7 Calculated velocity field in the propeller plane 

A closer look to the nominal wake at the propeller disk for the model case is shown in Figure 

2.1.1.2.4. The corresponding results using CFX are presented in Figure 4.7. 

Then the nominal velocity field for two more planes forward and aft of the propeller plane (0), 

using both programs, are presented in Figure 4.8 and Figure 4.9. 
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Figure 4.8 Calculated by (STAR CCM+) nominal velocity field in the propeller plane 

 

Figure 4.9 Calculated (ANSYS CFX) nominal velocity field in the propeller plane 
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Figure 4.10 Comparison of the axial nominal velocity field obtained by CCM+ with model experiment 

 

Figure 4.11 Comparison of the axial nominal velocity field obtained by CFX with model experiment 
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Figure 4.12 Numerical results for the nominal velocity field upstream of the propeller (Plane 0-0.15D) 

 

Figure 4.13 Numerical results for the nominal velocity field downstream of the propeller (Plane 

0+0.15D) 

The nominal wake for the full scale ship has been also calculated by CCM+ and presented in 

Figure 4.14 below. It is compared with the calculations for similar conditions done by UNIGE 

in the next figure.  
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Figure 4.14 Calculated nominal wake velocity at propeller plane for the full scale ship 

 

 

Figure 4.15 Comparison of calculated axial nominal wake at propeller plane for the full scale ship 
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The following two figures represent the total wake velocity field in planes forward and aft the 

propeller plane in the case of its functioning and in the presence of the rudder obtained by 

STAR CCM+ for the model scale: 

 

Figure 4.16  Total mean wake velocity field in a plane upstream of the propeller. 
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Figure 4.17  Total mean wake velocity field in a plane downstream of the propeller. 
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4.1.2 Numerical prediction of the performances of t he non cavitating 

propeller 

4.1.2.1 Open water results and comparison with model scale 

measurements 

4.1.2.1.1 Force at model scale 

The pressure distribution on the propeller blades are shown on Figure 4.18 below:  

 

Figure 4.18 Pressure coefficient distribution on pressure (left) and suction (right) side of the propeller 

blades for advance coefficient J=0.4 

And the comparison of the numerical results for the forces with model experimental data 

(EFD) is presented in table below and graphically, in Figure 4.19. 

 

Table 4.3 Propeller open water comparison, CFD Vs EFD 

 CFD EFD 

 UPM CEHIPAR CEHIPAR 

J KT 10KQ η0 KT 10KQ η0 KT 10KQ η0 

0.2 0.371 0.517 0.228 0.366 0.510 0.229 0.384 0.532 0.230 

0.4 0.267 0.400 0.425 0.268 0.403 0.425 0.281 0.424 0.423 

0.6 0.160 0.285 0.536 0.166 0.290 0.547 0.173 0.302 0.549 

0.8 0.048 0.159 0.384 0.055 0.159 0.445 0.061 0.167 0.462 
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Figure 4.19 Comparison of open water curves from numerical and experimental predictions 

The mesh density and distribution used for STAR CCM+ has been chosen from the 

convergence observed for the ITTC benchmark test case. The convergence for the present 

propeller is shown in in the Figure 4.20 below:    

 

Figure 4.20 Mesh convergence for the open water case 
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4.1.2.1.2 Open propeller noise at model scale 

For the prediction of the noise generated by the propeller or the full configuration (hull + 

propeller + rudder) the software STAR CCM+ uses the acoustic analogy approach. Starting 

from the transient hydrodynamic solution that calculates the pressure and velocity field that 

creates the noise sources that are propagated following the FW-H equation containing linear 

and non-linear terms. The FW-H equation is combined with a porous surface formulation 

shifted form the noise sources and permitting to estimate the noise at any point outside the 

surface. 

When the receiver points are close to the sources and are located inside the fine 

hydrodynamic mesh, directly the RANS pressure fluctuations are registered and presented. 

The time step used is small enough (0.000185 seconds) and the mesh - fine enough in order 

to permit results in the whole range of frequencies presented. 

The radiated noise for the isolated propeller was directly extracted from the computed 

pressure signal at the six virtual receivers (hydrophones) positions shown in the Table 4.4 

below, being the propeller plane at x=0.0 (see Figure 4.21). 

 

Table 4.4 Location of hydrophones. 

HYDROPHONES x/R r/R Distance d/D 

1 -1.0 2.0 -1.12 

2 0.0 2.0 1.00 

3 1.0 2.0 1.12 

4 1.0 1.3 0.82 

5 0.0 1.3 0.65 

6 -1.0 1.3 -0.82 

 

In this table the distance d is defined from the hydrophone to the center of the propeller 

plane. R and D are the propeller radius and diameter. 
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Figure 4.21 Positions of the hydrophones for the calculation of noise 

As can be seen, calculation points, corresponding to the detection of the pressure 

fluctuations 1 and 6 are located upstream the propeller and points 3 and 4 - behind the 

propeller plane, being all of them outside of the propeller slipstream. Once the simulation is 

started, the pressure signal is saved in all hydrophones. The corresponding signals are 

presented in the figures below: 
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(a) Hydrophone 6 (b) Hydrophone 5 
 

 

(c) Hydrophone 4 

Figure 4.22  Pressure signal of the hydrophones (4,5,6) situated at 1.3R. 
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(a) Hydrophone 3 (b) Hydrophone 2 

 

(c) Hydrophone 1 

Figure 4.23  Pressure signal of the hydrophones(1,2,3) situated at 2R 

 

Considering the recorded time, approximately 1/2 second, the propeller angular velocity 15 

rps, we can find out the presence of periodic peaks that confirm the blade passing 

frequencies. As expected, the amplitude of the pressure signal is larger when we compare 

the set of hydrophones placed closer to the propeller r = 1.3R with those at r = 2R.  

The pressure signal obtained at each hydrophone is transformed into the frequency domain 

by a Discrete Fourier Transform (DFT). The sound pressure levels (SPL) versus frequency 

are plotted in the figures below:  
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(a) Hydrophone 4 (b) Hydrophone 5 

 

(c) Hydrophone 6 

Figure 4.24  Comparison of hydrophones situated at 1.3R in range 0 − 200Hz 
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(a) Hydrophone 1 (b) Hydrophone 2 

 

(c) Hydrophone 3 

Figure 4.25  Comparison of hydrophones situated at 2R in range 0 − 200 Hz. 

 

A summary of the SPL amplitude values for the different positions of the hydrophones and 

the characteristic blade passing frequencies is shown in Table 4.5 below. 

Table 4.5 Calculated SPL 

f SPL 

 Hyd.  6 Hyd.  5 Hyd.  4 Hyd.  3 Hyd.  2 Hyd. 1 

60 109.43 156.56 137.31 120.18 134.57 128.32 

120 118.01 132.68 110.39 102.54 102.19 95.04 

180 110.96 130.04 113.88 87.59 96.78 101.58 

240 105.68 126.16 115.95 104.14 103.71 99.53 
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As expected, a visible peak is present at the blade passing frequency 15x4 = 60 Hz and also 

on its multiples. It is also worth noting that the hydrophones 2 and 5 that are the closer the 

propeller show the higher amplitude at each row. A qualitative comparison of the SPL 

pressure distribution of the hydrophones 1 and 3 that are symmetrically placed with respect 

to the propeller plane show clear shape similarity, that is not so evident in the case of 

hydrophones 4 and 6 where some phenomena (as the intrinsic unsteadiness of the 

turbulence field and the breaking phase of the tip vortex) potentially affect the upstream and 

downstream hydrophones in a different way. 

The frequency range represented in the above figures has been limited to 200 Hz where the 

propeller may represent the most important source of URN of the ship.  

If a larger frequency domain is considered, the following figures are obtained in frequency 

range up to 2500 Hz. 
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(a) Hydrophone 4 (b) Hydrophone 5 

 

(c) Hydrophone 6 

Figure 4.26  Pressure spectrum at hydrophones situated at 1.3R from 0−2.5KHz 

 



 

(a) Hydrophone 1 (b) Hydrophone 2 

 

(c) Hydrophone 3 

Figure 4.27  Pressure spectrum at hydrophones situated at 2R in range 0 − 2500 Hz 

 

 

Figure 4.28 SPL directivity for the isolated propeller 
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4.1.2.2 Propeller behind hull 

4.1.2.2.1 Numerical setup: full RANS calculations 

In this section the geometry of the Nawigator ship has been completed by the presence of 

the rudder and also the propeller, see different images of this particular geometry in Figure 

4.29 below. 

  

Figure 4.29 Hull, rudder, propeller configuration calculated using STAR CCM+ 

 

In contrast with the cases analyzed before and due to the geometrical complexity of the case 

a polyhedral mesh of 7.3 M of elements was used for this case. 

The presence of the propeller has been modeled in two approaches: 

1) Directly meshing the propeller blades and modeling the rotation at the corresponding 

self-propulsion condition and obtaining the forces.  
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2) Using virtual body force actuator disc with characteristics (thrust and torque) taken 

from the data of self-propulsion test and obtaining as a result the forces the hull.  

In both cases no iteration has been done to adjust the propeller to the hull flow.  

The action of the actuator disk on the flow field enters the momentum equations in the form 

of a source term that is distributed over the disk. The flow induced by the propeller depends 

on the flow around the ship hull and vice versa. The body force propeller method can be 

used to model the propeller propulsion of a ship as part of a DFBI (Dynamic Fluid Body 

Interaction) simulation. This method regarding mesh size and so reduced computational cost 

over performing a simulation employing the fully resolved geometry of the propeller is useful 

in estimating the forces and may be not sufficient to predict the flow field around. The body 

force propeller method uses the following approach: 

• Definition of a virtual disk regarding position and direction in which thrust is produced. 

• Specification of a propeller performance curve. 

• Specification of an operating point - rotational and advance speeds. 

• Specification of an inflow velocity plane that yields an average velocity and density for 

propeller inflow. 

The radially varying distribution of the axial and tangential forces of the modeled propeller 

acting on the flow is calculated. The integration of these forces over the disk gives the thrust 

and torque of the propeller, which are then available for coupling with a DFBI simulation. 

The input data for the propeller modeling through the actuator disc are the following: 

• Isolated proper curves, Kt, Kq and efficiency. 

• Propeller external and hub diameters. 

• Blade thickness 

Pressure and velocity fields corresponding to the specified case, calculated as body force 

can be appreciated in the figure below: 
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Figure 4.30 Top: pressure field, Center:  axial velocity, Bottom:  vector velocity distribution on the XZ 

plane at the proximities of the rudder area. The black line in the top and center figures indicates the 

propeller plane. 

 

The Table 4.6 below reflects the steady state results obtained  for the forces at  n = 10.25 rps 

V = 1.789 m/s , corresponding to a self-propulsion condition of the model and using  both 

approaches: 
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Table 4.6 Results comparison between Full propeller Geometry and Actuator disk  

Concept Full propeller geometry Actuator disk 

Hull + Rudder drag, N 

or Resistance (Exp) 
73.6 77.1 

Hull drag, N 

or Resistance (Exp) 
70.0 74.3 

Thrust, N 72.8 73.7 

Torque, N.m 2.57 2.70 

Suction coefficient 0.196 0.206 

 

The pressure field contours at the stern for the cases with and without propeller are shown in 

Figure 4.31 and Figure 4.32: 

 

 

Figure 4.31  Pressure field at the stern without propeller. 

 

  

Figure 4.32  Pressure field at the stern with propeller. 
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4.1.2.2.2 Noise generated by the hull-propeller-rud der 

For this case, 4 virtual receivers (hydrophones) are used, the positions (non-dimensional 

by the propeller radius) are shown in Table 4.7 and Figure 4.33.  

Table 4.7 Location of hydrophones. 

Hydrophone Nº X 

(mm) 

Y 

(mm) 

Z 

(mm) 
Distance to propeller origin Distance to hull 

1 -150 -142.4 -243.5 2.84 1.58 

2 -100.7 0 -149.2 1.60 1.28 

3 -150 0 -288 2.84 1.39 

4 850 0 -850 10.9 10.6 

 

Figure 4.33 Positions of the virtual receivers (propeller and rudder not presented)  Right - Side view, 

Left - frontal view. 

As can be observed in this case the positions of the hydrophones are not so close to the 

noise source, as they were when the isolated propeller was studied. The hydrodynamic 

conditions of the calculations correspond to a self propulsion point of the model obtained in 

Towing Tank (see AQUO:D2-4) are: n = 10.25 rps V = 1.789 m/s.  

The registered pressure spectrum is shown in Figure 4.34. The results obtained applying 

FW-H analogy with the quadrupole term included are shown in Figure 4.35. 

It can be observed that in contrast with the case where the propeller was isolated, the local 

maxima in the frequency spectrum do not exactly match the blade passing frequencies. 

Another important comment is that when the computation was performed without the 

quadrupole term, none of these characteristic frequencies close to the blade passing 

frequencies were observed. 
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Figure 4.34 Noise spectrum obtained by direct pressure monitoring for the configuration hull-propeller-

rudder. From top to bottom - hydrophones 1 to 4. 
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Figure 4.35 Noise spectrum obtained by FW-H analogy, including quadrupoles. From top to bottom - 

hydrophones 1 to 4.  
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5 ACTIVITIES BY SSPA 

5.1 Simulations on Coastal Tanker 

Model and full scale simulations are carried out at SSPA for two loading conditions LC2 and 

LC6, as marked by red colour in Table 5.1. They were chosen because they represent the 

two worst scenarios among the loading conditions investigated in the model test.  

Table 5.1  Loading conditions used in the model test  

  Unit LC1 LC2 LC3 LC4 LC5 LC6 

Propeller ID  2772 2772 2772 2772 2772 2772 

P/D - 0.87 0.87 0.87 0.87 0.521 0.521 

Draft - Design Ballast Design Ballast Design Ballast 

Condition  
NCR 

power 

NCR 

power 

11 kn, 

nominal 

pitch 

11 kn, 

nominal 

pitch 

11 kn, 

nominal 

rpm 

11 kn, 

nominal 

rpm 

Engine shaft power MW 3.672 3.672 1.336 1.118 1.938 1.747 

Transmission loss % 1 1 1 1 1 1 

PTO MW 0 0 0 0 0 0 

Seamargin % 15 15 15 15 15 15 

Prop immersion m 5.788 3.696 5.721 3.559 5.721 3.559 

VS kn 14.13 15.37 10.50 10.59 11.0 11.0 

wTS – 0.299 0.305 0.291 0.295 0.293 0.293 

KQ/J
3
 – 0.187 0.149 0.160 0.133   

J – 0.544 0.577 0.566 0.594 0.404 0.417 

n  1/min 117.13 119.12 84.56 80.90 123.89 120.00 

n 1/s 1.952 1.985 1.409 1.415 2.065 2.000 

σ – 11.86 8.84 20.92 17.88 19.16 16.44 

Fn – 0.212 0.229 0.158 0.158   
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5.1.1 Numerical characterization of hull flows 

5.1.1.1 At LC2 (Vs=14 kn) 

Nominal wake at propeller plane (without presence of propeller and rudder in place) is 

calculated at ballast and trim condition using SHIPFLOW ver 5.2. The calculation is 

performed with the double model, i.e. without free surface effect. The axial nominal wake 

fraction (ux/Uo) at model scale is compared with the measured wake in the towing tank test in 

Figure 5.1. Also displayed on the same plot are the transverse velocity vectors at propeller 

plane. The computation and experiment are both performed at 14kn ballast draught. There is 

some obvious difference between the predicted and the measured wake. The measured 

wake peak on the upper half of the propeller plane is stronger than the computed one. A pair 

of hook-shaped iso-contour is present in this region in the measured wake, indicating that 

there might be a pair of rather weak bilge vortices located quite close to the central plane. 

The vector plot seems to support this indication. The calculated wake shows a less 

pronounced hook-shaped iso-contour. Despite a rather fine grid (ca 17 million grid nodes 

including a local refinement at stern) and 12000 iterations, the wake does not seem to be in 

good agreement with the measured wake. On the other hand, the SHIPFLOW predicted 

wake is more similar to that STAR CCM+ predicted wake by UNIGE.   

The full scale predicted wake is also shown at the right most in Figure 5.1. Note that the full 

scale wake calculation is performed at 15.34kn. The change of wake from model scale to full 

scale is as anticipated: the boundary layer becomes thinner, and the wake peak region 

shrinks more to the central plane.  

5.1.1.2 At LC6 (Vs=11 kn) 

No wake survey was done in the model test at speed 11 kn, therefore only the computed 

model and full scale nominal wake (ux/Uo) near a ballast draught are compared with each 

other in Figure 5.1. The wakes are predicted using SHIPFLOW ver5.2. As seen in the figure, 

the full scale wake peak is smaller and shrunk to the central plane because of a thinner 

boundary layer.  
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Figure 5.1  Measured wake (left) vs. computed model wake (mid) and full scale wake (right most) 

                   

Figure 5.2  Computed model wake (left) versus full scale wake (right), LC6 

5.1.2 Numerical prediction of the performances of t he non cavitating 

propeller 

5.1.2.1 Propeller open water simulation 

POW characteristics are calculated with steady RANS method at model scale with design 

pitch. Only one blade passage is computed due to circumferential periodicity. Two different 

turbulence models are applied: One with SST k-ω full turbulence model and the other with 4 

equations transition SST model. A hexahedral mesh of 2 million grid cells is generated for 

this purpose. POW results are shown in Figure 5.3 in comparison with the measured POW 

data. As can be seen in the figure, the transition SST k-ω model results in an almost perfect 
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agreement with towing tank test data whereas the SST k-ω model under-predicts the KT and 

KQ by 8~10%. The POW in the model test was acquired at a Reynolds number approximately 

0.5x106 – a value just above the critical Reynolds number. It implies that there is likely some 

transition area on blade surface. Hence it is not surprising that the transition SST k-ω model 

yields a better agreement with measure data.  

 

Figure 5.3 POW characteristics for P2772 at design pitch. CFD vs. Experiment data  

5.1.2.2 Propeller behind hull 

5.1.2.2.1 Numerical setup: DDES 

All simulations conducted at SSPA in this task have been carried out with the commercial 

general purpose code ANSYS Fluent. The numerical approach consists of the following two 

steps.  

(1) Resolve the flow field around the ship hull with a Delayed Detached Eddy Simulation 

(DDES) method. DDES is essentially a hybrid solution technique that switches 

between a RANS (Reynolds-Average Navier-Stokes) method and an LES (Large 

Eddy Simulation) method depending on grid resolution provided. With this technique, 

the RANS method is used to solve the flow region inside the attached boundary layer 

and the LES is employed in the regions of separated flow or wake where the grid is 
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fine enough. In the region further away from the hull where the grid becomes coarse, 

the flow field is solved by the RANS method too. For turbulent viscosity modelling in 

the present DDES method, the two equation SST k-ω turbulence model is employed.   

(2) Predict the noise propagated from source to any arbitrary receiver location by solving 

an acoustic pressure wave equation. In the present work, the solution for acoustic 

pressure is obtained by numerical integration of Ffowcs Williams-Hawkings (FWH) 

equation over source surfaces. More details can be found in ANSYS Fluent v15.0 

User Manual (2013) (ANSYS).  

The governing equations employed by LES are obtained by filtering the time-dependent 

Navier-Stokes equations that filters out eddies whose scales are smaller than the filter width 

or grid spacing used in the computations. The filtered continuity equation reads 

             ( ) 0i
i

u
t x

ρ ρ∂ ∂+ =
∂ ∂

 (5.1-1) 

and momentum equations are 

            ( ) ( ) ( ) ij
i i j ij

j i i j

p
u uu

t x x x x

τ
ρ ρ σ

∂∂ ∂ ∂ ∂+ = − −
∂ ∂ ∂ ∂ ∂

  (5.1-2) 

Where iu  is the filtered velocity in the ith-direction and ijσ  is the stress tensor due to 

molecular viscosity defined by  

2

3
ji l

ij ij
j i l

uu u

x x x
σ µ µ σ

  ∂∂ ∂= + −   ∂ ∂ ∂   
 (5.1-3) 

and ijτ  is the sub-grid scale stress defined by 

ij i j i ju u u uτ ρ ρ= −  (5.1-4) 

Similar to the modelling of Reynolds stress tensor introduced in a RANS method, the sub-

grid scale stress tensor has to be modelled in an LES. An eddy viscosity model is used to 

substitute the sub-grid stress tensor. After introduction of an eddy viscosity model, both the 

RANS and LES momentum equations have exactly the same formulation. ANSYS Fluent 

computes the sub-grid scale stress from 

1
2

3ij kk ij t ijSτ τ δ µ− = −  (5.1-5)  
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where tµ  is the sub-grid scale turbulent viscosity and ijS  is the rate-of-strain tensor for the 

resolved scale defined by 

1

2
ji

ij
j i

uu
S

x x

 ∂∂= +  ∂ ∂ 
 (5.1-6) 

This model is based on Boussinesq hypothesis that relates the sub-grid stress tensor ijτ to 

the rate-of-strain tensor via the sub-grid scale turbulent viscosity tµ , therefore the unknown 

sub-grid scale stresses are reduced to only one unknown tµ . For LES methods, various sub-

grid scale models have been developed for modelling tµ . For DDES method in ANSYS 

Fluent tµ  is computed as a function of turbulence kinetic energy k, and turbulence 

dissipation rate ε, (or the specific dissipation rate ω). The k and ε (or ω) are solved with two 

additional transport equations, having the same formulations as the standard k- ε (or k- ω) 

models employed in RANS methods. The difference is that a special grid size based criterion 

is introduced in the dissipation term Yk of the turbulence kinetic energy equation to switch the 

solver between the RANS and LES mode as follows  

*
k DDESY k Fρβ ω=   

The switcher (or shielding function) FDDES is expressed as  

 
max

max (1 ),  1t
DDES SST

des

L
F F

C

 
= − ∆ 

 

The Cdes is a calibration constant used in the DES model and has a value of 0.61, ∆max is the 

maximum local grid cell spacing (∆x, ∆y, ∆z). The Lt is the turbulent length scale defined in a 

RANS model. For example, with the k- ω model it is defined by *t

k
L

β ω
= . The function FSST 

is designed in such a way as to give FSST =1 inside the boundary layer and ensures that 

LES mode will not be activated inside the boundary layer, and FSST =0 away from the wall 

to regain the original form of DES shielding function. Detail of the DDES model can be 

found in the original paper by Shur et al. (2008). In the present work DDES with SST k-ω 

turbulence model is adopted. As regard to the prediction of cavitation, a mixture flow 

multiphase DDES formulation is used. Cavitation is resolved by an additional volume of 
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fraction (VOF) equation with Zwart’s cavitation model to account for the mass transfer 

between liquid and vapour phases.  

 

A summary of main numerics is presented as follows:  

• Pressure-velocity coupling by coupled scheme 

• Velocity gradient by Least square cell based  

• Pressure at cell face by seconder order scheme 

• (bounded) Second order central difference scheme for convection and diffusion terms 

in momentum equations 

• QUICK scheme for convection terms in VOF, k and ω equations 

• (bounded) Second order implicit scheme for time-derivative 

• Time-step = 5.97x10-5 (s) 

 

5.1.2.3 Radiated noise 

The general form of FWH equation can be written as: 

}{ { }

[ ]{ }

2 2
2

2 2
0

0

1
( ) ( ) ( )

( ) ( )

i j ij j i n n
i j i

n n n

p
p T H f P n u u v f

a t x x x

v u v f
t

ρ δ

ρ ρ δ

′∂ ∂ ∂′  − ∇ = − + − ∂ ∂ ∂ ∂
∂+ + −
∂  (5.1-7)   

Where 

• ui is the fluid velocity component and vi is the surface velocity component in the xi 

direction.  

• The subscript n represents the velocity component normal to the surface f=0. 

• δ(f) and H(f) are the Dirac delta function and Heaviside function respectively. 

• p´ (p´=p-p0) is the sound pressure in the far field.  Surface f=0 denotes a 

mathematical surface introduced to “embed” the exterior flow problem (f >0) in an 

unbounded space and it corresponds to the source (emission) surface. Surface f=0 

can be made coincident with a solid body (impermeable) surface or a permeable 

surface within fluid medium. The free-stream quantities are denoted by the subscript 
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0. ni is the unit normal vector pointing toward the exterior region (f >0 ), a0 is the far-

field sound speed, and Tij is the Lighthill stress tensor, defined as 

	�
� � ��
�� � �
� � ��
� ρ � ��"#
� (5.1-8) 

Pij is the compressive stress tensor. For a Stokesian fluid, this is given by 

2

3
ji k

ij ij ij
j i k

uu u
P p

x x x
δ µ δ

 ∂∂ ∂= − + − ∂ ∂ ∂    
(5.1-9) 

The solution to Equation (3.1-3) is obtained using the free-space Green function. The 

complete solution consists of surface integrals and volume integrals. The surface integrals 

represent the contributions from monopole and dipole acoustic sources and partially from 

quadrupole sources, whereas the volume integrals represent quadrupole (volume) sources in 

the region outside the source surface. The contribution of the volume integrals becomes 

small when the flow is low subsonic and the source surface encloses the source region. In 

ANSYS FLUENT, the volume integrals are dropped. Solution of such can be expressed as  

'( , ) '( , ) '( , )T Lp x t p x t p x t= +r r r

 (5.1-10) 

In the above equation, '( , )Tp x t
r

 and '( , )Lp x t
r

 are referred to as thickness and loading terms 

and are determined by the following surface integrals:   
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(5.1-12) 

The various subscripted quantities appearing in above equations are the inner products of a 

vector and a unit vector implied by the subscript. For instance, r i iL L r L r= ⋅ = ⋅
r r

 and

n i iU U n U n= ⋅ = ⋅
r r

, where r
r

 and n
r  denote the unit vectors in the radiation and wall-normal 

directions, respectively. The dot over a variable denotes source-time differentiation of that 

variable.   

The variable Ui and Li are defined as 



 

D 2.3 Predictive theoretical models for propeller URN Rev.1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

263 

 

 

0

( )i i i iU v u v
ρ
ρ

= + −
 

(5.1-13) 

ˆ ( )i ij j i n nL P n u u vρ= + −  
(5.1-14) 

The kernels of the integrals (inside square brackets) are computed at the corresponding 

retarded times, , defined as follows, given the observer time, , and the distance to the 

observer, , 

0

r
t

a
τ = −

 
(5.1-15)

 
Note that when a permeable source surface (either interior or non-conformal sliding 

interface) is placed at a certain distance off the body surface, the integral solutions given by 

Equations (5.1-11) and (5.1-12) include the contributions from the quadrupole sources within 

the region enclosed by the source surface.  

 

5.1.3 Numerical prediction of the performances of t he cavitating 

propeller 

5.1.3.1 Propeller behind hull 

5.1.3.1.1 Model Scale 

Figure 5.4 shows the rectangular computational domain adopted for model scale simulations 

in loading condition LC2 and LC6. Its inlet boundary is located at 1Lpp distance from FP and 

the outlet boundary 1.5Lpp aft of AP. The two sides and the bottom of the rectangular domain 

are located 1Lpp away from the central line. A constant velocity, turbulence intensity and 

viscosity ratio are specified at the inlet whereas a constant pressure is specified at the outlet 

to ensure correct cavitation number. The free surface, side and bottom boundaries are 

treated as slip walls. Another rectangular surface that closely surrounds the model hull is 

visible in Figure 5.4, this surface serves as a permeable integral surface in FWH method. All 

meshes are of hexahedral type. The grids are refined not only in the wall normal direction to 

achieve a y+=1 for the non-dimensional wall distance of the first grid layer, but also in the 

streamwise and the girthwise direction to fulfil grid requirement for a DDES method. The total 

number of grid cells for LC2 is about 35 million. A mesh cut though the central plane and the 

surface meshes on propeller blades and rudder are shown in Figure 5.5. 
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The numerical set up used for cavitating case is the same as that described previously. The 

difference is that a multiphase mixture flow solver is used instead of the single phase flow 

solver. In addition, a transport equation including Zwart’s cavitation model has to be solved at 

each time-step for cases with cavitation.  

 

 

Figure 5.4 Computational domain and boundary conditions for M/S Olympus 
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Figure 5.5 Grid cut at the central plane (top) and surface grid on propeller blades (bottom) 

The grid for LC6 is similar to that described above for LC2 case. It differs mainly in the 

rotating cell zone, where a new grid is created due to a different propeller pitch. The grid for 

the model scale case consists of 35 million grid cells in total. 

5.1.3.1.2 Full Scale 

The grid topology and boundary conditions remain to be the same as the one used in the 

model scale case. When moving towards full scale calculation, the grid generation becomes 

a great challenge. The near-wall grid cells tend to have extremely high aspect ratio when 

trying to maintain a y+=1 also at full scale, this necessarily calls for a corresponding 

refinement in the axial and girthwise direction as well, partially to compromise the risk of 

extreme high aspect ratio cells and partly to fulfil the grid requirement in these two directions 

desired in the LES region. The grid for the full scale LC2 case consists of 47 million grid cells 

in total. Figure 5.6 give a view of surface grid distribution on the hull, propeller and rudder.  
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Figure 5.6 Grid distribution at central plane and on the propeller/rudder/hull surface, full scale  

The grid for full scale LC6 is Similar to that for LC2. It differs mainly in the rotating cell zone, 

where a new grid is created due to a different propeller pitch. The grid for the full scale case 

consists of 41 million grid cells in total.  

 

5.1.3.2 Prediction of propeller cavitation 

It should be noted that for cavitation prediction in LC6, Rebound’s correction on turbulent 

viscosity is implemented in the SST k-ω model for the URANS domain. The correction is 

active only in the mixture flow region, aiming to limit the otherwise too high turbulent viscosity 

in the region. The modified SST k-ω model was successfully applied to the Delft twist foil and 

NACA0012 foil to predict the dynamic shedding caused by re-entrant jets in SSPA’s previous 

work. 

5.1.3.2.1 Model scale cavitation 

The pressure distribution on the model hull and propeller blades, in terms of pressure 

coefficients Cp, is shown in Figure 5.7 and Figure 5.8. The pressure distribution on the hull 
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and the propeller give an overall picture of the flow behaviour around the hull and propeller 

blades. The turbulent vortex structures are shown in Figure 5.9 by means of the iso-surface 

of Q-criterion with Q=1000 (s-2). The Q-criterion is defined as Q=½(Ω2-S2), in which S is the 

strain rate scalar and Ω the vorticity rate scalar of flow field. As can be seen from the figure, 

the tip vortices and the wake structure behind the hull and rudder are well captured in the 

near downstream region, but they become dissipative farther downstream. Moreover, no 

severe bilge vortex is observable, and this seems to correlate with the wake character shown 

in the nominal wake measurement and SHIPFLOW simulations where no strong hook-shape 

in the wake contour is present.  

  

 

Figure 5.7 Pressure distribution on the hull, model scale 
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Figure 5.8 Pressure distribution on the propeller blades, model scale 
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Figure 5.9 Vortical structure in wake and propeller slipstream represented by iso-surface of Q-

criterion, in LC2 at model scale 

 

The predicted cavitation on model blades is compared with that observed in the cavitation 

tunnel test for a number of blade angular positions crossing over wake peak region in Figure 

5.10 and Figure 5.11 for the loading condition LC2. In the cavitation test, a narrow and 

slightly unstable sheet cavity is found on suction side, starting from blade angular position 

θ=0° at 0.9R radius and varies its extension with bl ade angle and finally diminishes at θ≈60°. 

As the blade exits the wake peak, the cavity rolls up into a cavitating tip vortex visible in 

θ=60°-70° (or at θ=330°-340° in Figure 5.10). The predicted sheet cav ity correlates quite well 

with the cavitation dynamics observed in the experiment. Yet there are differences, the 

predicted cavity starts earlier at a lower radius (at θ≈355°) at a lower radius r=0.8R. It seems 

to extend a bit more in the chordwise direction. It is however rather stable. Note also that 

there is a difference in the viewing angle in the simulation.  

The tip vortex in the experiment is a bit unstable and some bursting is clearly observed. In 

the simulation, the extension of tip vortex cavity is to some extent under-predicted, but the 

collapse and rebound of tip vortex cavity is observed in the simulation too. It is worth noting 

that the model in simulation is placed at exactly the trim angle at that loading (0.78°) whereas 

the model in the cavitation test was placed at even keel design draught. This discrepancy 

may have a consequence on the wake field in front of propeller, thereby resulting in some 

discrepancy in the cavitation pattern in the simulation. 
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Figure 5.10 Cavitation pattern at θ=340°, 350°, 0°, 10°. Exp. (top) vs. DDES (bottom),  model scale 

 

Figure 5.11 Cavitation pattern at θ=20°, 30°, 40°, 50°. Exp. (top) vs. DDES (bottom), model scale 



 

D 2.3 Predictive theoretical models for propeller URN Rev.1 

 

Dissemination level: PUBLIC 

© AQUO Project Consortium 2015 - all rights reserved 

271 

 

 

Photos of the cavitation on the propeller for loading condition LC6 are shown in Figure 5.12 

and Figure 5.13. What can be seen in Figure 5.12 is the trace of tip vortex cavity. The 

extension and strength of the tip vortex cavity are much less than those at loading condition 

LC2. No suction side sheet cavitation is found.  

Starting at r/R≈0.7, Leading edge vortex cavitation on the pressure side is clearly seen in 

Figure 5.13 in the cavitation test. Very similar patterns are observed in Figure 5.14 for the 

predicted cavitation. Rebound’s correction probably results in a bit more cavity volume and 

dynamics (shedding, collapse and rebound) than that observed in the experiment. In Figure 

5.15 it is seen that the attached LE cavity starts at r/R=0.6 and breaks off into small cavities 

at r/R≈0.8 due to re-entrant jet effects. Moreover, the shed cavity is actually raised up from 

blade surface before it reaches the tip region, as indicated by the blue arrows in Figure 5.16. 

The largest deviation is the missing tip vortex cavity in the simulation.   
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Figure 5.12 Suction side view of model scale cavitation pattern observed in the experiment, LC6 (11 

kn, reduced pitch)  
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Figure 5.13 Pressure side cavitation observed in the experiment, LC6 (11 kn, reduced pitch) 
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Figure 5.14 Pressure side cavitation predicted by DDES, LC6 (11 kn, reduced pitch), model scale 
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Figure 5.15 Predicted pressure side cavitation viewed from bottom, LC6 (11 kn, reduced pitch), mode 

scale 

 

Figure 5.16 The cavity that has shed from the attached LE cavity and raised up from blade 

surface, LC6 (11 kn, reduced pitch), mode scale. 
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5.1.3.2.2 Full scale cavitation 

Full scale cavitation predictions are performed at the same cavitation number and KT as 

those at model scale in the corresponding loading condition.  

Pressure distribution (in terms of pressure coefficient Cp) on the propeller blades and the 

rudder is displayed in Figure 5.17. The vortical wake structures downstream the stern and 

propeller are illustrated by the iso-surface of Q=1000 (s-2) in Figure 5.18 for loading condition 

LC2. The vortex structures appear to be dissipated quite rapidly farther downstream, giving 

an impression that the structures are not sufficiently resolved. However, if vortex structures 

are plotted with a lower iso-surface value, i.e. Q=200 (s-2) Figure 5.19, some more 

downstream vortex structures become visible. In particular, the tip vortices and the tiny 

vortex structures behind the trailing edge of rudder are clearly seen. This seems to tell that 

visualization of turbulence vortex structure at different scale may require a different threshold 

value of Q. 

 

Figure 5.17 Pressure distribution on the propeller and rudder, full scale LC2 
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Figure 5.18 Vortical structure in wake and propeller slipstream represented by iso-surface of Q=1000, 

full scale LC2 

 

Figure 5.19  Vortical structure in wake and propeller slipstream represented by iso-surface of Q=200, 

full scale LC2 
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The predicted full scale cavitation pattern in LC2 is presented in Figure 5.21. This is to be 

compared with the video images in Figure 5.20, obtained during the full scale cavitation 

observations. The simulation predicted a narrow sheet cavity along the leading edge on the 

suction side, marked by the blue ovals. As the blade exits the wake peak, it merges into the 

tip vortex cavity. The character is very similar to the calculated cavitation at model scale, 

Figure 5.10. It is difficult to see the extension of sheet cavity in the full scale observation, 

hence making it impossible to judge the agreement.  As to the tip vortex cavitation, it is 

however clear, as marked by red ovals in the figures that the tip vortex cavitation observed in 

the sea trial persist longer distance downstream the propeller while the simulation 

considerably under-predicted the extension of tip vortex cavity. It can be anticipated that the 

intensity of tip vortex in the simulation is weaker than the full scale reality.  

Comparing the predicted model scale sheet cavity with the predicted full scale one, they 

have very similar characteristics, except that the former has slightly wider chordwise 

extension than the latter.  
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Figure 5.20 Video image of cavitation pattern observed at full scale  
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Figure 5.21 Cavitation pattern predicted by DDES at full scale  

Video images of cavitation in LC6 from the full scale measurements are presented in Figure 

5.22. Compared with that in LC2, the tip vortex cavity has more foamy structure in LC6. The 

pressure side leading edge (LE) cavitation that occurs at model scale could not be confirmed 

in the full scale observation due to that the camera was mounted facing the suction side of 

blades. Nevertheless, the computational results presented in Figure 5.23-Figure 5.24 reveal 

clearly the presence of LE cavitation on the pressure side. In Figure 5.23 a narrow strip 

leading edge cavity is formed, starting at r/R=0.6. It develops into a vortex cavity and rises up 

(Figure 5.24) as the blade leaves the wake peak and disappears at r/R≈0.92. The LE cavity 
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is rather stable without noticeable shedding. The most significant deviation from the full scale 

observation is that no tip vortex cavity is captured in the full scale simulation.  

 

  

  

  

Figure 5.22 Full scale cavitation observation, LC6 (11 kn, reduced pitch) 
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Figure 5.23 Pressure side cavitation predicted by DES, LC6 (11 kn, reduced pitch), full scale 
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Figure 5.24 The LE vortex cavity raised up from blade surface, LC6 (11 kn, reduced pitch), full scale 

 

5.1.3.2.3 Pressure pulses at Model scale 

Model scale pressure pulses (PP) measured at eight transducer locations are compared with 

those predicted in Figure 5.25. The measured pressure pulses are presented in form of 5% 

highest level of the Kp coefficients whereas the computed Kp are based on peak-peak 

averaged values of pressure pulse signals. There is a tendency of slight under-prediction 

except at transducer A and C, the overall agreement with the data is fairly good. The 

correlation between the computed and the measured pressure pulses has a similar tendency 

to that for noise spectra. 
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Figure 5.25 Measured pressure pulses vs. computed ones at transducer location at model scale LC2 
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The model scale pressure pulses (PP) measured at the eight transducer locations in LC6 are 

compared with those calculated in Figure 5.26.  Note that the measured data presents 5% of 

the highest level while the computed one is the average over the entire collected signal. It is 

seen in the figure that there is an over-prediction of higher order harmonics for all 

transducers. This is probably caused by the somewhat over-predicted shedding dynamics of 

LE cavity as observed in Figure 5.14-Figure 5.15. The Kp at 1st harmonics is also over 

predicted at transducer C, D, E but become under-predicted for the rest of transducers.   
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Figure 5.26 Measured pressure pulses vs. computed ones at 8 transducer locations, in LC6 (11 kn, 

reduced pitch), model scale  

5.1.3.2.4 Pressure pulse at Full scale 

The full scale measured pressure pulse signal is only available at one transducer location, 

and it is compared with the computed PP in Figure 5.27 for LC2. The signal is presented as 

single amplitude [kPa] at blade rate harmonics up to the 12th harmonics.   As seen in the 

figure, the PP at the 1st harmonics agrees very well between the full scale measured and the 

computed. There is a slight over-prediction for PP at the 2nd-5th harmonics. At higher 

harmonics (6th -12th), where the high amplitudes seen in the measurement is attributed to the 

presence of the bursting tip vortices at full scale, we see that the predicted amplitudes are 

significantly lower than the measured ones. This part of under prediction is closely 

associated with the under-resolution of tip vortex cavity and vorticity strength in the 

simulation as discussed in §5.1.3.2.2 
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Figure 5.27 Measured pressure pulse vs. computed one at full scale LC2 

The full scale measured pressure pulse signal in LC6 is compared with the computed one in 

Figure 5.28, as single amplitude [kPa] at blade rate harmonics up to the 12th harmonics. As 

seen in the figure, only at the blade rate fundamental there is a fairly reasonable agreement 

for the amplitude between the measured and the predicted. The difference between the 

measured and predicted starts to grow with increasing harmonics.  The higher the harmonics 

number is, the larger the under-prediction. The under-prediction is suspected to be 

associated with the under-resolved turbulent vortex structures and the missing tip vortex 

cavity in the simulation as discussed in §5.1.3.2.2.  
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Figure 5.28 Measured pressure pulse vs. computed one at full scale LC6 

5.1.3.3 Radiated noise 

5.1.3.3.1 Model scale 

The measured noise spectrum at loading condition LC2 is compared with the predicted noise 

in frequency range up to 1.4 kHz in Figure 5.29 for the three hydrophones K66, K78 and K79 

used in the model test AQUO D2.5. The vertical grid lines in the diagrams are drawn at 

harmonics of BPF with the blade rate fundamental of 93 Hz. Comparing with measured noise 

signal, we see that the tonal noise, appearing exactly at the multiples of BPF, is under-

predicted at frequency below 186Hz and at frequency higher than 700Hz significantly. The 

tones in frequency band between 186Hz and 651Hz have a good correlation with the 

measured data. As to the broadband noise spectrum, the increased broadband noise levels 

in the measurement for the range around 800~1200 Hz are attributed to the tip vortex 

cavitation and its bursting as seen in Figure 5.10. As pointed out earlier, the DDES method 

has somewhat under-predicted the strength and extension of tip vortex cavitation. Since the 

tip vortex cavitation has a predominant contribution to noise signal in this frequency range, 

the under-prediction will likely result in a lower noise. This explains the relatively large 

discrepancy in the frequency range 800~1200 Hz. The measured tones below the 1st BPF 
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(93Hz) show also a relatively high level, but they are the background noise, predominantly 

caused by the impeller operation in the cavitation tunnel. Therefore, some discrepancy 

between the measured and the computed noise below the 1st BPF is not surprising.  

 

(a) Hydrophone K66                                                     (b) Hydrophone K78 

   

(c) Hydrophone K79 

Figure 5.29 Noise signature at three hydrophone locations, Exp. vs. simulation, model scale LC2 

 

Figure 5.30 shows a comparison between the measured and the computed narrow band 

radiated noise spectrum at source level, after normalization of the noise obtained at the 

hydrophone locations to a 1-meter distance source location. The largest difference between 

the predicted URN and the measured one is approximately 20 dB at frequency 930~1023 Hz.  
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Figure 5.30 Overall comparison at source level, measured vs. predicted, model scale LC2 

The measured noise spectrum at loading condition LC6 is compared with the predicted noise 

in frequency range up to 1.2 kHz in Figure 5.31 for the three hydrophones K66, K78 and K79 

used in the model test [1]. The vertical grid lines in the diagrams are drawn at the harmonics 

of BPF with the fundamental blade rate of 125.8 Hz. Compared with the measured noise 

signal, the predicted noise is in general over-predicted in the frequency range f <1.4 kHz. 

The largest difference between the computed and the measured noise level is approximately 

28 dB at the frequency ~675 Hz. Further, the predicted tones are not distinctive and do not 

appear exactly at the multiples of BPF either, showing a sign of insufficient accumulation of 

acoustic data. This is probably the case as the acoustic data has been collected so far for 

two revolutions. The over-predicted noise level for the frequency range around 400~1200 Hz 

is very likely caused by the over-predicted cavity volume and dynamics as discussed in 

§5.1.3.2.1.  

The measured tones below the 1st BPF show also a relatively high level, but they are the 

background noise, predominantly caused by the impeller operation in the cavitation tunnel. 

Therefore, the discrepancy between the measured and the computed noise below the 1st 

BPF is not surprising.  
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Figure 5.32 shows a comparison between the measured and the computed narrow band 

radiated noise spectra at source level. In these wider spectra, we see that the predicted URN 

spectra vary in a similar pattern as the measured one but have considerable deviations for 

frequency range higher than 2000 Hz. 

 

(a) Hydrophone K66 
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(b) Hydrophone K78 

 

(c) Hydrophone K79  

Figure 5.31 Noise spectra at receiver locations, Exp. vs. simulation, model scale LC6 
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Figure 5.32 Comparison of source level spectra, measured vs. predicted, model scale LC6 

5.1.3.3.2 Full scale  

The full scale simulation is performed at the same cavitation number and KT as those at 

model scale in LC2, but the propeller is rotating at 120 rpm. Hence the blade rate 

fundamental is 8 Hz and its harmonics read as 16Hz, 24Hz, 32Hz, 40Hz and so on. A total of 

14 artificial hydrophones were defined in the computational domain to track the noise signal 

taking into account the possible directivity effect of noise propagation. The locations of these 

hydrophones relative to the acoustic centre (AC) are identical to those used in the full scale 

measurement. Their names and coordinates are given in Table 5.2. The acoustic centre of 

ship is defined at 10m in front of bulkhead 0 and at centre line CL.  

The predicted and averaged source levels PSD at the starboard and port side are compared 

with the mean noise signature acquired during the full scale measurement in Figure 5.33. 

This figure gives an overview of the correlation between the computed and the measured 

URN at full scale in frequency range up to 1000 Hz. The same information in a frequency 

range up to 200 Hz is plotted in Figure 5.34. Figure 5.35 is the comparison for the PSD 

source level noise signature at 45° fore and 45°aft  of the acoustic centre (AC). The averaged 

noise at broadside of AC is compared in Figure 5.36. Note that the vertical grid lines in the 
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last three figures are drawn at the multiples of BPF. The full scale (FS) data were extracted 

from the report by Johansson et al. in [2].  

As seen in Figure 5.33-Figure 5.34, there is a fairly good agreement between the predicted 

and the measured tones from the 3rd to the 5th BPF, whereas the other tones are higher than 

the measured in the low frequency range and lower than the measured in the frequency 

range f> 56 Hz. In low frequency range f < 16 Hz, the processed tonal noise from the full 

scale measurement is influenced by a likely underestimated transmission loss correction, 

thereby the processed spectra shows a too low level at this low frequency. As to the 

broadband noise, there is a reasonably good agreement in frequency range f < 48 Hz and f > 

112 Hz. Between the two ranges 48 Hz < f < 112 Hz, there is however a significant under-

prediction of broadband and tonal noises. Since the high noise level in this range is 

associated with the persistent tip vortex cavitation observed in the sea trial, the under-

prediction by the DDES-FWH method is attributed to the under-resolution of tip vortex 

cavitation and vortex structures in the simulation. Moreover, it is noted that the full scale 

noise measurement was performed at a loading condition somewhere between LC1 and 

LC2. The ship speed (~15kn) and propeller rate (120rpm) at the sea trial are very close to 

LC2, while the ship was sailed at the design draught as in LC1. The difference in draught 

causes a discrepancy in cavitation number, which will probably result in a difference in 

cavitation extension on blades and hence the radiated noise too.  

Another observation is the closeness of the port and starboard side spectra, showing almost 

no directivity effect between port and starboard side. On the other hand, there seems to be 

some directivity effect in the streamwise direction, this could be seen from the discrepancy in 

spectra obtained from 45° fore and 45° aft AC in Fi gure 5.35 for both the sea trial and CFD 

data. Except the tonal noise in the low frequency range, the FWH predicted noise is about 16 

dB lower than the sea trial data. 

The correlation between the sea trial data and the predicted noise spectra is much better for 

the receivers located in the same transverse plane as the AC (i.e. at broadside), shown in 

Figure 5.36.  
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Table 5.2 Definition of acoustic receiver locations, full scale. 

 

 

 

Figure 5.33 The averaged URN spectra at source level, measured versus predicted, full scale 

 

Relative position Hydrophone names x y z distance to prop Acoustic Centre (

Port: 45° aft pt-45 -140 150 -29.6 214.187

Port: 30° aft pt-30 -77 150 -29.6 175.912

Port: 15° aft pt-15 -30 150 -29.6 158.038

Port: broadside (0°) pt-0 10 150 -29.6 152.893

Port: 15° fore pt+15 50 150 -29.6 158.038

Port: 30° fore pt+30 97 150 -29.6 175.912

Port: 45° fore pt+45 160 150 -29.6 214.187

Starboard: 45° aft sb-45 -140 -150 -29.6 214.187

Starboard: 30° aft sb-30 -77 -150 -29.6 175.912

Starboard: 15° aft sb-15 -30 -150 -29.6 158.038

Starboard: broadside (0°) sb-0 10 -150 -29.6 152.893

Starboard: 15° fore sb+15 50 -150 -29.6 158.038

Starboard: 30° fore sb+30 97 -150 -29.6 175.912

Starboard: 45° fore sb+45 160 -150 -29.6 214.187
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Figure 5.34 Narrow band averaged source level URN spectra, measured versus predicted, full scale 

LC2 

 

Figure 5.35 Averaged source level PSD at 45° fore and aft AC, m easured versus predicted, full scale 
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Figure 5.36 Averaged source level PSD at broadside (0°), measur ed versus predicted, full scale 

 

Figure 5.37 The averaged URN spectra of PSD at source level, measured versus predicted, at LC6 

full scale 
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Figure 5.38 Narrow band averaged URN spectra of PSD at source level, measured versus predicted, 

at LC6 full scale 

 

 

Figure 5.39 Averaged source level PSD at 45° fore and 45° aft A C, measured versus predicted, at 

LC6 full scale 
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Figure 5.40 Averaged source level PSD at broadside (0°), measur ed versus predicted, at LC6 full 

scale 

The full scale propeller rotates at 120 rpm in LC6, hence the blade rate fundamental (or BPF) 

is 8 Hz and its harmonics read as 16 Hz, 24 Hz, 32 Hz, 40 Hz and so on. The predicted and 

averaged source levels PSD at the starboard and port side are compared with the mean 

noise signature acquired during the full scale measurement. The narrow band noise 

signature in the frequency range up to 200 Hz is plotted in Figure 5.38.  Note that the vertical 

grid lines in the figure are drawn at the multiples of BPF. All the full scale data are denoted 

with “FS: xx” in the figures. These figures give an overview of the correlation between the 

computed and the measured URN in frequency range up to 1000 Hz. 

Compared with the measured noise in Figure 5.38, the predicted tonal noise at the 1st BPF is 

about 15 dB higher than the measured. In the very low frequency range e.g. f < 16 Hz, the 

processed tonal noise from the measured raw data in the sea trial is influenced by a likely 

underestimation of transmission loss correction, thereby the processed spectra shows a too 

low level in this range. This means that the real difference between the predicted and the 

true 1st BPF tonal will be less than 15 dB. The agreement for the tones at the 2nd and the 3rd 

BPF is good. Starting from 40 Hz, there is significantly large under-prediction of tonal and 

broadband noise by a level amounts to about 20 dB. 
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Figure 5.39 is the comparison for the source level signature at 45° fore and 45° aft the 

acoustic centre (AC), showing a similar trend of under-prediction as in Figure 5.38. The 

measured signature shows some directivity effect in the streamwise direction for f> 64 Hz 

whereas the computed noise reveals much less directivity effect. The averaged noise at 

broadside of AC is compared in Figure 5.40, showing again a similar trend of under-

prediction in the frequency range f > 48 Hz. The under-resolved turbulent vortex structures in 

the propeller and hull wake and the completely missed tip vortex cavitation are the primary 

reasons for the large discrepancy. 

5.1.4 CONCLUSIONS 

5.1.4.1 Loading condition LC2 

The predicted cavitation has a fairly good agreement with the observed ones at both model 

and full scale. The predicted tonal noise in low frequency range has a reasonable agreement 

with the measured data at model and full scale. But the simulation under-predicts the 

broadband noises caused by tip vortex cavitation at both scale, mainly due to under-resolved 

grid in the region downstream the blade tip and hence an under-resolved flow field in the 

LES domain.  

5.1.4.2 Loading condition LC6 

The simulation predicts the pressure side leading edge cavitation at both model and full 

scale. The LE cavity volume and shedding dynamics at model scale seem to be over-

predicted compared with the observed one. Even though there was no direct video filming on 

the pressure side in the full scale cavitation observation, the traces of the foamy tip vortex 

cavity strongly suggest the presence of pressure side LE cavitation in the sea trial. The 

largest deviation is the missing tip vortex cavity in the simulations at both scales. It is 

suspected that this is caused by the grid under-resolution in the region around the blade tip 

and an under-resolved flow field in the intended LES domain (enclosed by the permeable 

integration surfaces).  

The predicted noise level at model scale is higher than the measured one in the frequency 

range 400~1200 Hz. It is very likely caused by the over-predicted cavity volume and 

dynamics.  
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The predicted tonal noise in low frequency range has a reasonable agreement with the 

measured data at full scale for up to 3xBPF (only the first BPF for pressure pulse at full 

scale). The largest difference is a significant under-prediction of tonal and broadband noise 

starting from 40 Hz and upwards, which is believed to be caused by the under-resolved flow 

field in the LES domain.  
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6 COMPARISONS 

In this section a brief summary of the numerical data obtained by the partners on the various 

aspects investigated is presented. The focus is on the comparison of numerical results with 

each other and with experimental data obtained in model and/or full scale, in the same (or 

similar) situations.  

The chapter is organised in subchapters covering the various aspects of the prediction 

6.1 Hull resistance  

In this section, the numerical predictions of the hull motion resistance in model scale are 

compared to the experimental values surveyed at towing tank. Numerical predictions in full-

scale are compared with towing tank values corrected for scale effects and, when available, 

with full–scale surveys analysed to derive resistance values. 

Numerical predictions proved to provide reliable evaluations of the resistance values in 

model scale. Two conditions were investigated in the case of the Research Vessel (Table 

6.1) with discrepancies of the order of few percent (depending on the adopted solver and the 

adopted simulation setup).  

As regards the comparison in full-scale, a key point appears to be the treatment of the roughness 

correction. The numerical surfaces, as well as the model scale physical surfaces, do not feature the 

same roughness as the actual hull. To account for this, the ITTC’78 scaling procedure includes 

specifically a correction for the different roughness between model scale surveys and full-scale 

predictions. In numerical predictions this effect is not taken into account according to a standard 

procedure. In the computations carried out by UNIGE the contribution has been included using the 

same empirical correction suggested by the ITTC’78 procedure as regards the so-called ∆CF 

(increased roughness of the surface). The correction proved to improve significantly the comparison ( 

Table 6.2, Table 6.3). On the other hand the full-scale numerical predictions (without corrections) are 

well in line with each other. 
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6.1.1 Research Vessel Nawigator 

Table 6.1 Comparison of hull resistance predictions (with rudder) in model scale 

 Trim (dynamic) Ship speed RT 
 Aft [mm] Fore[mm]  [N] 

Measurements (CEHIPAR)  323 330.0 1.789 m/s (11 kn)  58.1 

CEHIPAR (CFX) Static - 1.789 m/s (11 kn) 54.9 

CEHIPAR - UPM (StarCCM+) Static - 1.789 m/s (11 kn) 58.5 

Measurements (CEHIPAR)  330 334.2 1.952 m/s (12 kn)  74.04 

UNIGE (StarCCM+) 330 334.2 1.952 m/s (12 kn) 72.09 

 

Table 6.2 Full-scale comparison of the hull resistance tests (with rudder) 

 Depth Trim Ship speed RT 
 [m] T Aft [m] T Fore [m] [knot] [kN] 

CEHIPAR Towing Tank 
Measurements 

(extrapolated, ITTC’78 
including roughness 

correction)  

- 3.3 3.342 12 68.05 

UNIGE (StarCCM+ with 
towing tank trim) - 3.3 3.342 12 55.66 

UNIGE (StarCCM+ with 
towing tank trim and ITTC 

’78 Roughness 
correction) 

- 3.3 3.342 12 68.34 

SU  
(StarCCM+) 100 3.2 2.28 12 51.06 

UPM-CEHIPAR 
(Star CCM+) - 3.3 3.3 12 56.77 

CTO Sea Trials  
Resistance derived 

from analysis of power 
surveys 

24 - - 11.8 58.88 

UNIGE (StarCCM+ with 
iterative trim and ITTC 

‘78 Roughness 
correction) 

24 3.28 3.057 11.8 61.49 
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6.1.2 Coastal Tanker Olympus 

Table 6.3 Full-scale comparison of the hull resistance tests (with rudder) 

 Ship Load 
Condition Trim Ship speed RT 

  T Aft [m] T Fore 
[m] [Knot] [kN] 

SSPA  
Towing Tank Measurements 

(extrapolated, ITTC’78)  
Design 8.28 8.42 14 279.8 

UNIGE  
(StarCCM+,  towing tank trim) Design 8.28 8.42 14 253.7 

UNIGE  
(StarCCM+,  towing tank trim 

& ITTC’78 Roughness 
Correct.) 

Design 8.28 8.42 14 298.1 

SSPA  
Towing Tank Measurements 

(extrapolated, ITTC’78)  
Design 8.22 8.28 11 155.0 

UNIGE  
(StarCCM+,  towing tank trim) Design 8.22 8.28 11 139.4 

UNIGE  
(StarCCM+,  towing tank trim 

& ITTC’78 Roughness 
Correct.) 

Design 8.22 8.28 11 166.8 

SU  
(StarCCM+) Design 8.12 8.12 11 151.53 

SSPA  
(ShipFlow) Ballast 5.5 5.5 15 171.8 
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6.2 Wake prediction 

In this section, the prediction of the velocity field as derived by numerical computations is 

compared with the available experimental results, both in terms of the overall wake fraction 

and of the axial velocity distribution on the propeller disk. 

As a general comment, the various experimental investigation on the wake field in model 

scale showed a good agreement with each other (this applies to PITOT measurements by 

CTO and CEHIPAR and PIV measurements by CEHIPAR: Figures 6.1, 6.2). The 

numerical/experimental comparisons show different degrees of agreement, depending on 

turbulence models and grid discretization, especially for what regards the prediction of 

position and strength of the bilge vortex (Figures 6.3 - 6.16).  

The overall wake fraction values are presented in Table 6.4 and Table 6.5 here below. As it 

can be seen, differences are present both among experimental and among numerical values, 

the larger ones being featured by full scale numerical predictions.  

6.2.1 Nawigator R/V 

Table 6.4 Comparison of model scale and full-scale nominal wake fractions. 

 Ship Speed Ship Scale Wake Fraction 
(w) 

Exp. (CEHIPAR - Pitot)  11 kn Model 0.502 
Exp. (CEHIPAR - PIV) 11 kn Model  0.531 
Exp. (CTO) 12 kn Model  0.460 
UNIGE (StarCCM+, k-e turbul. 
model) 12 kn Model 0.453 

CEHIPAR (CFX) 12 kn Model 0.516 
UPM-CEHIPAR (StarCCM+) 12 kn Model 0.528 
UNIGE (StarCCM+, k-e turbul. 
model) 12 kn Full 0.353 

SU (StarCCM+) 12 kn Full 0.506 
UPM-CEHIPAR (StarCCM+) 12 kn Full 0.454 
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Figure 6.1 CEHIPAR measured (Pitot vs. PIV) nominal wale at 11kn – Model Scale.  

 

Figure 6.2 Measured (CTO – Pitot) versus Measures (CEHIPAR – Pitot) nominal wake – Model Scale 
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Figure 6.3 Computed (CEHIPAR CFX) versus Measured (CEHIPAR – Pitot) nominal wake – Model 

Scale 

 

Figure 6.4 Computed (CEHIPAR CFX) versus Measured (CEHIPAR – PIV) nominal wake – Model 

Scale 
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Figure 6.5 Computed (CEHIPAR CFX) versus Measured (CTO – Pitot) nominal wake – Model Scale 

 

Figure 6.6 Computed (UNIGE StarCCM+) versus Measured (CEHIPAR – Pitot) nominal wake – 

Model Scale 
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Figure 6.7 Computed (UNIGE StarCCM+) versus Measured (CEHIPAR – PIV) nominal wake – Model 

Scale 

 

Figure 6.8 Computed (UNIGE StarCCM+) versus Measured (CTO – Pitot) nominal wake – Model 

Scale 
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Figure 6.9 Computed (UPM StarCCM+) versus Measured (CEHIPAR – Pitot) nominal wake – Model 

Scale 

 

Figure 6.10 Computed (UPM StarCCM+) versus Measured (CEHIPAR – PIV) nominal wake – Model 

Scale 
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Figure 6.11 Computed (UPM StarCCM+) versus Measured (CTO – Pitot) nominal wake – Model 

Scale 

 

Figure 6.12 Computed (SU StarCCM+) versus Computed (UNIGE StarCCM+) nominal wake – Full 

Scale 
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Figure 6.13 Computed (UNIGE StarCCM+) versus Computed (UPM StarCCM+) nominal wake – Full 

Scale at 12 kn. 

 

Figure 6.14 Computed (SU StarCCM+) versus Computed (UPM StarCCM+) nominal wake – Full 

Scale at 12 kn. 
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6.2.2 Coastal tanker 

Table 6.5 Comparison of model scale and full-scale nominal wake fractions. 

 Ship Speed Ship Scale Ship Load 

Condition 

Wake Fraction 

(w) 

Exp. (SSPA) 14 kn Model Design 0.382 

Exp. (SSPA) 14 kn Model Ballast 0.470 

UNIGE (StarCCM+, 

k-e turbulence 

model) 

14 kn Model Design 0.336 

SSPA (ShipFlow) 14 kn Model Ballast 0.377 

SSPA (ShipFlow) 11 kn Model Ballast 0.388 

UNIGE (StarCCM+, 

k-e turbulence 

model) 

14 kn Full Design 0.238 

SU (StarCCM+) 11 kn Full Design 0.237 

SSPA (ShipFlow) 15.34 kn Full Ballast 0.284 

SSPA (ShipFlow) 11 kn Full Ballast 0.290 
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Figure 6.15 Measured Model Scale (at 14kn) Nominal Wake on the propeller plane. SSPA 

measurements at Ballast Load (left) versus SSPA measurements at Design Load (right). 

 

Figure 6.16 Model Scale Nominal Wake on the propeller plane. UNIGE calculations (left) versus 

SSPA (right) measurements. 
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Figure 6.17 Model Scale Nominal Wake on the propeller plane. SSPA calculations at 14kn (left) 

versus SSPA (right) measurements at Ballast Load. 

 

Figure 6.18 Model Scale Nominal Wake on the propeller plane. SSPA calculations at 11kn (left) 

versus SSPA (right) measurements at Ballast Load. 
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Figure 6.19 Full Scale Nominal Wake on the propeller plane. SSPA calculations (left) versus UNIGE 

(right) calculations. 

 

Figure 6.20 Full Scale Nominal Wake on the propeller plane. SSPA calculations (left) versus UNIGE 

(right) calculations. 
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Figure 6.21 Full Scale Nominal Wake on the propeller plane. SSPA calculations (left) versus SU 

(right) calculations. 

 

Figure 6.22 Full Scale Nominal Wake on the propeller plane. SU calculations (left) versus UNIGE 

(right) calculations. 
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6.3 Open Water propeller characteristics 

In this section, the prediction of open water propeller performances is compared with the 

available measurements from CTO, CEHIPAR and SSPA in model scale. This type of 

computations shows an overall good agreement among the different predictions and with the 

experimental values as well. The agreement between experiments and numerically derived 

values in the case of the tanker is significantly improved by the introduction in the numerical 

approach of a laminar-turbulent transition model (as for Table 6.8, Figure 6.25 and Figure 

6.26). This could be due to a higher percentage of laminar flow on the blades because of a 

lower blade area ratio. 

6.3.1 R/V Nawigator XXI – Model scale propeller at design pitch 

Table 6.6 Model scale propeller performances at design pitch – Comparison with CTO measurements. 

Exp. CTO   UNIGE - BEM 

J KT 10KQ 

 

  J KT 10KQ 

0.200 0.380 0.505 

 

  0.200 - - - - 

0.300 0.327 0.447 

 

  0.300 0.325 -0.64% 0.438 -1.97% 

0.400 0.272 0.389 

 

  0.400 0.272 0.06% 0.387 -0.30% 

0.500 0.220 0.333 

 

  0.500 0.220 0.23% 0.335 0.50% 

0.600 0.167 0.271 

 

  0.600 0.168 0.79% 0.280 3.20% 

0.700 0.111 0.212 

 

  0.700 0.117 5.42% 0.222 4.85% 

0.800 0.051 0.143     0.800 0.065 26.70% 0.162 13.20% 

  UNIGE - StarCCM+   SU - StarCCM+ 

J KT 10KQ J KT 10KQ 

0.200 - - - - 0.200 - - - - 

0.300 0.330 0.90% 0.461 3.31% 0.300 0.307 -6.02% 0.454 1.65% 

0.400 0.274 0.49% 0.400 2.97% 0.400 0.261 -4.02% 0.412 6.02% 

0.500 0.221 0.39% 0.343 2.82% 0.500 0.197 -10.36% 0.331 -0.70% 

0.600 0.169 1.16% 0.284 4.84% 0.600 0.150 -10.16% 0.277 1.97% 

0.700 0.118 6.44% 0.223 5.28% 0.700 0.103 -6.56% 0.221 4.35% 

0.800 0.065 26.55% 0.158 10.38% 0.800 0.052 1.29% 0.160 11.94% 

  UPM-CEHIPAR - StarCCM+   CEHIPAR - CFX 

J KT 10KQ J KT 10KQ 

0.200 0.371 -2.32% 0.517 2.43% 0.200 0.384 1.11% 0.532 5.41% 

0.300 - - - - 0.300 - - - - 

0.400 0.267 -1.93% 0.400 2.93% 0.400 0.268 -1.56% 0.403 3.70% 

0.500 - - - - 0.500 - - - - 

0.600 0.160 -4.24% 0.285 5.07% 0.600 0.166 -0.65% 0.290 6.91% 

0.700 - - - - 0.700 - - - - 

0.800 0.048 -6.34% 0.159 11.20% 0.800 0.055 7.32% 0.159 11.20% 
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Table 6.7 Model scale propeller performances at design pitch – Comparison with CEHIPAR 

measurements. 

Exp. CEHIPAR   UNIGE - BEM 

J KT 10KQ 

 

  J KT 

 

10KQ   

0.200 0.384 0.530 

 

  0.200 - - - - 

0.300 0.333 0.477 

 

  0.300 0.325 -2.59% 0.438 -8.27% 

0.400 0.282 0.422 

 

  0.400 0.272 -3.23% 0.387 -8.08% 

0.500 0.228 0.363 

 

  0.500 0.220 -3.52% 0.335 -7.62% 

0.600 0.174 0.300 

 

  0.600 0.168 -3.05% 0.280 -6.69% 

0.700 0.118 0.234 

 

  0.700 0.117 -1.06% 0.222 -5.05% 

0.800 0.061 0.165 

 

  0.800 0.065 6.62% 0.162 -2.08% 

0.900 0.003 0.093     0.900 0.013 369.06% 0.098 5.51% 

  UNIGE - StarCCM+   SU - StarCCM+ 

J KT 

 

10KQ   J KT 

 

10KQ   

0.200 - - - - 0.200 - - - - 

0.300 0.330 -1.08% 0.461 -3.33% 0.300 0.307 -7.86% 0.454 -4.88% 

0.400 0.274 -2.81% 0.400 -5.07% 0.400 0.261 -7.18% 0.412 -2.25% 

0.500 0.221 -3.36% 0.343 -5.49% 0.500 0.197 -13.71% 0.331 -8.73% 

0.600 0.169 -2.70% 0.284 -5.21% 0.600 0.150 -13.59% 0.277 -7.80% 

0.700 0.118 -0.10% 0.223 -4.67% 0.700 0.103 -12.30% 0.221 -5.51% 

0.800 0.065 6.49% 0.158 -4.52% 0.800 0.052 -14.76% 0.160 -3.18% 

0.900 - - - - 0.900 - - - - 

  UPM - StarCCM+   CEHIPAR - CFX 

J KT 

 

10KQ   J KT 

 

10KQ   

0.200 0.371 -3.34% 0.517 -2.38% 0.200 0.384 0.05% 0.532 0.45% 

0.300 - - - - 0.300 - - - - 

0.400 0.267 -5.15% 0.4 -5.10% 0.400 0.268 -4.80% 0.403 -4.39% 

0.500 - - - - 0.500 - - - - 

0.600 0.16 -7.89% 0.285 -5.00% 0.600 0.166 -4.43% 0.29 -3.33% 

0.700 - - - - 0.700 - - - - 

0.800 0.048 -21.18% 0.159 -3.81% 0.800 0.055 -9.69% 0.159 -3.81% 

0.900 - - - - 0.900 - - - - 
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Figure 6.23  R/V Nawigator – Model Scale propeller at Design Pitch – Thrust. 
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Figure 6.24  R/V Nawigator – Model Scale propeller at Design Pitch – Torque. 
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6.3.2 Olympus Coastal Tanker – Model scale propelle r at design pitch 

Table 6.8 Model scale propeller performances at design pitch – Comparison with SSPA 

measurements. 

Exp.   UNIGE - BEM 

J KT 10KQ 

 

  J KT 10KQ 

0.100 0.380 0.467 

 

  0.100 - - - - 

0.200 0.343 0.434 

 

  0.200 - - - - 

0.300 0.303 0.398 

 

  0.300 - - - - 

0.400 0.262 0.360 

 

  0.400 0.261 -0.46% 0.363 0.89% 

0.500 0.222 0.322 

 

  0.500 0.219 -1.55% 0.323 0.09% 

0.600 0.180 0.280 

 

  0.600 0.175 -2.98% 0.276 -1.51% 

0.700 0.134 0.231 

 

  0.700 0.129 -3.95% 0.223 -3.55% 

0.800 0.081 0.170 

 

  0.800 0.081 -0.79% 0.162 -4.21% 

0.900 0.025 0.097     0.900 0.031 25.79% 0.095 -2.77% 

  UNIGE - StarCCM+   SU - StarCCM+ 

J KT 10KQ J KT 10KQ 

0.100 - - - - 0.100 - - - - 

0.200 - - - - 0.200 - - - - 

0.300 0.284 -6.28% 0.369 -7.37% 0.300 0.268 -11.69% 0.360 -9.67% 

0.400 0.241 -7.77% 0.332 -7.91% 0.400 0.229 -12.52% 0.325 -9.92% 

0.500 0.199 -10.63% 0.292 -9.39% 0.500 0.190 -14.51% 0.287 -10.81% 

0.600 0.155 -13.73% 0.248 -11.36% 0.600 0.149 -17.43% 0.245 -12.62% 

0.700 0.111 -16.82% 0.199 -13.75% 0.700 0.106 -20.82% 0.197 -14.86% 

0.800 0.066 -19.02% 0.143 -15.56% 0.800 0.060 -26.74% 0.140 -17.74% 

0.900 0.016 -33.43% 0.078 -19.55% 0.900 0.006 -73.99% 0.072 -26.00% 

  SSPA - Fluent K-O   SSPA - Fluent K-O with lam/turb trans. 

J KT 10KQ J KT 10KQ 

0.100 - - - - 0.100 - - - - 

0.200 0.333 -2.92% 0.408 -5.96% 0.200 0.359 4.55% 0.441 1.5% 

0.300 - - - - 0.300 - - - - 

0.400 0.241 -8.08% 0.331 -8.08% 0.400 0.268 2.38% 0.360 -0.16% 

0.500 0.201 -9.57% 0.294 -8.88% 0.500 - - - - 

0.600 0.157 -12.97% 0.249 -10.92% 0.600 0.180 -0.08% 0.271 -3.23% 

0.700 0.108 -19.28% 0.196 -14.88% 0.700 - - - - 

0.800 0.064 -21.44% 0.137 -19.29% 0.800 0.082 0.23% 0.160 -5.49% 

0.900 0.009 -64.29% 0.073 -25.13% 0.900 - - - - 
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Figure 6.25  Coastal Tanker – Model Scale propeller at Design Pitch – Thrust. 
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Figure 6.26  Coastal Tanker – Model Scale propeller at Design Pitch – Torque. 
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6.4 Self-Propulsion characteristics 

In this section, the conditions corresponding to the propeller working behind the hull are 

modelled and compared. In these self-propulsion conditions, the previously remarked 

uncertainties connected with the resistance prediction and with the open water propeller 

characteristics sum up creating larger discrepancies. In addition to that, different ways of 

reproducing the self-propulsion point in numerical simulations are present, too: comparisons 

at equal RPM (as from model scale measurements) or in thrust-resistance equilibrium have 

been carried out by the various partners, giving rise to a further dispersion in results. A third 

approach to the simulation of the propeller behind hull is represented by reproducing the 

propeller thrust measured in model tests. This approach has been followed by SSPA only for 

the measurements and the calculations of propeller induced pressures of the Coastal 

Tanker. These conditions are, therefore, not included in the tables presented in this section.  

The three approaches above mentioned can be defined respectively as numerical models 

reproducing the propeller kinematics, the propeller/hull dynamic equilibrium  and the 

propeller thrust conditions. 

As a general comment, the propeller/hull dynamic equilibrium criterion reproduces in a more 

realistic way the model scale experimental setup. In this condition, the wake fraction at the 

propeller disc and the propeller rate of revolution result to be fairly modelled but the thrust 

deduction factor (1-t) results to be overestimated.  

When, instead, the propeller kinematic equilibrium is followed (i.e. the propeller revolution 

rate is fixed at the experimental value) the thrust deduction appears to be better modelled. 

Similar comments can be done for the comparisons in full-scale. In this case, however, the 

only datum that can be directly measured in the surveys at sea is the rotational speed of the 

propeller. 
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Table 6.9 Self-propulsion prediction for the Research Vessel Nawigator – model scale. 

 Equilibrium P/D V RPS 1-w 1-t T 

[N] 

Exp. (CEHIPAR)  

w/o Frictional 

Corrections 

propeller/hull  
Design 

(0.942) 
12 kn 11.47 0.549 0.787 94.0 

Exp. (CEHIPAR)  

with Frictional 

Corrections 

propeller/hull  
Design 

(0.942) 
12 kn 11.09 0.549 0.747 85.5 

UNIGE 

(StarCCM+/BEM) 

with Frictional 

Correction 

propeller/hull 
Design 

(0.942) 
12 kn 10.82 0.553 0.826 74.7 

UNIGE (StarCCM+) 

with Frictional 

Correction 

propeller/hull 
Design 

(0.942) 
12 kn 10.95 0.597 0.838 73.8 

Exp. (CEHIPAR)  

w/o Frictional 

Corrections  

propeller/hull  
Design 

(0.942) 
11 kn  10.25 0.548 0.787 73.7 

CEHIPAR 

(StarCCM+ / 

Actuator Disk) w/o 

Frictional Correction 

RPM from 

exp. 

Design 

(0.942) 
11 kn 10.25 0.509 0.794 73.7 

CEHIPAR 

(StarCCM+) w/o 

Frictional Correction 

RPM from 

exp. 

Design 

(0.942) 
11 kn 10.25 0.517 0.804 72.8 
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Table 6.10 Self-propulsion prediction for the Research Vessel Nawigator – full-scale. 

 Type of 

equilibrium 

P/D V Engin

e 

RPM 

1-w 1-t T 

[kN] 

Delivere

d Power 

[kW] 

Sea Trials 
propeller/hul

l 

Desig

n 

(0.942) 

12 

k

n 

860 - - - 690 

ITTC’78 

Extrapolation 

from CEHIPAR 

model scale 

tests 

propeller/hul

l 

Desig

n 

(0.942) 

12 

k

n 

816.8 
0.58

8 
0.747 

91.1

2 
693 

UNIGE 

(StarCCM+/BEM

) 

propeller/hull 
Design 

(0.942) 

12 

kn 
820 0.62 0.839 - - 

SU (StarCCM+) 

RPM from 

exp. in model 

scale 

Design 

(0.942) 

12 

kn 
814.5 0.81 

0.827

5 

83.5

3 
- 

 

Table 6.11 Self-propulsion prediction for the Coastal Tanker – model scale. 

 Equilibrium Load 

Condition 

P/D V RPS 1-w 1-t T 

[N] 

Exp. (SSPA) 

with Frictional 

Correction 

propeller/hull  Design 
Design 

(0.87) 

14 

kn 
8.306 0.685 0.773 - 

UNIGE 

(StarCCM+/BEM) 

with Frictional 

Correction 

propeller/hull Design 
Design 

(0.521)  

14 

kn 
8.154 0.666 0.819 - 
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Table 6.12 Self-propulsion prediction for the Coastal Tanker – full- scale. 

 Equilibrium Load 

Condition 

P/D V RPM 1-w 1-t T 

[kN] 

ITTC’78 

Extrapolation 

from SSPA 

model scale 

tests 

propeller/hull  Design 
Design 

(0.87) 

14 

kn 
111 0.685 0.773 362 

UNIGE 

(StarCCM+/BEM) 
propeller/hull Design Design  

14 

kn 
109 0.727 0.824 360 

ITTC’78 

Extrapolation 

from SSPA 

model scale 

tests  

propeller/hull  Design  
Reduced 

(0.521) 

11 

kn  
118 0.698 0.752 206 

UNIGE 

(StarCCM+/BEM) 
propeller/hull Design 

Reduced 

(0.61)  

11 

kn 
109 0.689 0.818 204 

ITTC’78 

Extrapolation 

from SSPA 

model scale 

tests  

propeller/hull  Design  
Design 

(0.87) 

11 

kn  
84.72 0.708 0.775 200 

UNIGE 

(StarCCM+/BEM) 
propeller/hull Design Design 

11 

kn 
83.73 0.731 0.824 182 

SU (StarCCM+) 

RPM from 

exp. in model 

scale 

Design Design 
11 

kn 
84.72 0.861 0.650 233 
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6.5 Cavitation patterns 

In this section, a comparison is presented of the cavitation patters predicted in model scale 

and full scale by numerical methods. Predictions in model scale are compared to 

experimental observations at the cavitation tunnel, while prediction in real scale are 

compared to each other (as no clear images of full scale observations were available) 

The general trends of experimentally derived cavitation extensions are reproduced correctly 

in numerical simulations, which provide consistent results with each other.  

Due to the inherent limitations of the Boundary Element Method, the observed cavitating tip 

vortex is not predicted by the potential approach. Its presence, however, can be derived from 

the sheet cavity bubble at tip extended till the blade trailing edge. Further, BEM predictions, 

due also to the different working condition (RPM) achieved by the coupled BEM/RANS 

approach, show a rather evident overestimation of the sheet laminar bubble at leading edge 

both in model and in full scale. Also the pressure side leading edge cavitation, predicted in 

full scale by the BEM in correspondence of the LC6 condition, is slightly more pronounced 

that the DDES calculation in the same condition. 

The cavitating tip vortex, both in model and in full scale, is, on the contrary, reliably predicted 

by DDES calculations. Its extension in the propeller wake is only slightly under-predicted due 

to the usual numerical smearing that could be reduced with further finer computational 

meshes. Also the laminar sheet cavity bubble is accurately predicted, for what regards both 

extension and angular position in correspondence of which the phenomenon takes place. A 

negligible overestimation of the radial extension of the cavity bubble can be appreciated by 

the comparison of DDES calculations and observations at the cavitation tunnel.  
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Figure 6.27 Cavitation pattern at θ=340°, 350°, 0°, 10°. Exp. (top), DDES (middle), BE M (bottom). 

Coastal Tanker, LC2 condition in model scale. Suction side. 
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Figure 6.28 Cavitation pattern at θ=20°, 30°, 40°, 50°. Exp. (top), DDES (middle), BEM  (bottom). 

Coastal Tanker, LC2 condition in model scale. Suction side. 
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Figure 6.29 Cavitation pattern predicted by DDES. Coastal Tanker, LC2 condition in full scale. Suction 

side. 
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Figure 6.30 Cavitation pattern predicted by BEM. Coastal Tanker, LC2 condition in full scale. Suction 

side. 
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Figure 6.31 Pressure side cavitation predicted by DDES. Coastal Tanker,  LC6 (11 kn, reduced pitch) 

condition in full scale. 
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Figure 6.32 Pressure side cavitation predicted by BEM. Coastal Tanker,  LC6 (11 kn, reduced pitch) 

condition in full scale. 

 

6.6 Pressure Pulses and Cavitation 

In this section, numerical predictions of pressure pulses performed by the partners are 

compared to the available experimental surveys, both in model and full scale. As regards full 

scale comparisons, experimental results obtained on models and scaled to full dimensions 

are presented together with full scale data directly surveyed in real scale. Not surprisingly, 

comparison in model scale provide better results (in this case also experimental values are 

derived in a more controlled way). The trend of real scale results is however captured by 

numerical predictions, which sometimes perform even better than prediction based on model 

scale experiments. 
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Figure 6.33  Pressure Pulses in Model Scale – Coastal Tanker, LC2 loading condition, Cavitating. 
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Figure 6.34  Pressure Pulses in Full Scale – Coastal Tanker, LC2 loading condition, Cavitating. 

 

Figure 6.35  Pressure Pulses in Full Scale – Coastal Tanker, LC6 loading condition, Cavitating. 
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6.7 Radiated Noise 

Comparison between SU and CEHIPAR for the Nawigator   

Numerical predictions of the far field noise radiated from the propeller are compared to full-

scale experiments for the two investigated ships.  The comparison is carried out in real scale 

at a nominal distance of 1 m, by accounting for the dependence on distance with a spherical 

propagation law (20logR). 

A first comparison regards non cavitating propeller conditions of the Nawigator ship. SU 

numerical predictions and full scale measured results correspond to Run 2 of Sea Trials, with 

a speed of 11.8 knots / 229.3 rpm whilst the CEHIPAR / UPM results (obtained before sea 

trials) are derived at 12 knots / 217.2 rpm in a different location (later corrected with the 

above transmission loss)). The agreement is not very good (Figure 6.36). 

 

Figure 6.36  Comparison of predicted and measured non-cavitating condition noise, full scale, 

Nawigator. 
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A similar comparison is presented for the coastal tanker in non cavitating conditions. In this 

case, three spectra measured at sea in different positions in respect to the propeller are 

compared with two predictions carried out for a similar speed (15 knots), but different drafts 

(design draft for SU and ballast draft for SSPA). 

In this case the agreement between numerical and experimental values is much better 

(Figure 6.37) 

 

Figure 6.37  Comparison of predicted and measured noise, full scale, Coastal Tanker. 
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7 CONCLUSIONS 

The report above presented summarises the work developed within task 2.2 of the AQUO 

project, regarding the predictive theoretical models developed and used for the simulation of 

the propeller behaviour and performances, with particular reference to the cavitating and non 

cavitating contributions to the pressure field radiated by the propeller itself. 

The structure of this report includes in the introduction (§ 1) an analysis of the mandate for 

the task (§ 1.1), a summary of the theoretical approaches used to carry on the work (§ 1.2) 

and a description of the test cases (§ 1.3) that were studied, in view of comparing predictions 

with experimental surveys carried out in model and full scale (within other tasks of the 

project). 

The central chapters (§ 2 to 5) report the activity carried out and the results obtained by the 

various partners, while in  § 6 a comparison is presented of the experimental and theoretical 

results obtained on the various aspects covered by the predictions. 

The last chapter, in particular, allows to get an updated picture of the capabilities of 

theoretical models of capturing the main features of the phenomena governing the 

performances of propellers behind hull. They provide, too, information on the uncertainties 

connected in full scale with the prediction of both the working conditions of the propeller and 

the acoustical performances in given operating conditions.  
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