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Abstract 
This study investigates the effects of grid resolution on hydroacoustic performance of the 

benchmark INSEAN E779A propeller operated in uniform flow, open water and non-cavitating 

conditions. In the numerical calculations, an incompressible hydrodynamic solver together 

with the porous FW-H (Ffowcs-Williams Hawkings) equation is used to predict the propeller 

URN (Underwater Radiated Noise). The first aim within this study is to explore the sensitivity 

of the grid resolution on the prediction of propeller hydroacoustic performance. 

Furthermore, amongst the contribution of nonlinear noise sources on overall acoustic 

pressure, the role of the tip vortex is believed to be dominant under non-cavitating 

conditions. The inadequate extension of the tip vortex is one of the drawbacks in the RANS 

(Reynolds-averaged Navier-Stokes) solver for accurate prediction of propeller URN, especially 

at the receivers located in the propeller's slipstream. Thus, the second aim within this study 

is to examine the contribution of tip vortex on overall acoustic pressure. In order to visualise 

the numerical noise and determine the realistic extension of the vortex distributions in the 

propeller's slipstream, the time derivative of the pressure technique is proposed in this study. 

The results indicate that insufficient grid resolution in the numerical simulations causes 

unphysical numerical noise which is attributed to the sliding interfaces, and it leads to 

contamination of the overall acoustic pressures. Moreover, an increase in grid resolution 

reduces numerical diffusion in the RANS solver, allowing for an extended tip vortex 

distribution. However, an increase in tip vortex extension and intensity alongside the 

downstream of the propeller is not adequate itself to make a reliable prediction of propeller 

URN by using RANS. Consequently, a more realistic prediction of propeller URN requires the 

use of advanced models (i.e. LES (Large Eddy Simulation) and DES (Detached Eddy 

Simulation)) together with the porous FW-H equation, particularly if the receivers located in 

the downstream are of great interest. 
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1. Introduction 

URN has become a significant issue in the last few decades because of the substantial increase 

in shipping noise in the world oceans. The studies revealed that an increase in URN induced 

by the shipping activities in the frequency range from 10Hz to 1kHz is considered to be a 

potential threat to the marine ecosystem (Hildebrand, 2009; Urick, 1983). Due to this fact, 

great attention has moved to investigate the environmental effects of the noise induced by 

commercial vessels (Merchant et al., 2012). In this regard, international associations, 

classification societies, and conversation groups have urged the industry to address the 

harmful effects of noise pollution on marine fauna and take precautionary measures on this 

issue (Kellett et al., 2013).  

In recent years, noise mitigation techniques have gained considerable importance with the 

aims to reduce levels by 3dB in 10 years and 10dB in 30 years (IWC, 2009). Furthermore, the 

International Maritime Organization (IMO) has pointed out this issue as a high priority and 

published non-mandatory guidelines to reduce URN induced by commercial ships (IMO, 

2014). Despite the fact that several methods have become widespread in order to tackle this 

issue in the design stage of ships and mitigate the noise levels as much as possible, the 

hydrodynamic efficiency of a ship is usually considered a priority in comparison to the 

hydroacoustic performance. Therefore, this subject remains a primary deficiency of the 

shipbuilding industry, which might cause critical problems in the near future (Ianniello and De 

Bernardis, 2015). 

A ship represents a very complex noise source, which constitutes of machinery noise, 

hydrodynamic flow noise and propeller radiated noise (ITTC, 2014a). Amongst the different 

noise sources, the propeller is an important one both under non-cavitating and cavitating 

conditions. In the presence of cavitation, pressure amplitudes increase rapidly, which results 

in higher noise levels at low and high-frequency parts of the noise spectrum. Besides, the 

propulsion system acts as both, a direct and indirect noise sources, triggering the stern of the 

hull. Thus, the stern part of the hull scatters the pressure itself and radiates noise under non-

cavitating conditions (Ianniello et al., 2012). 

The propeller URN can be predicted by using numerical methods, empirical formulations, and 

experiments under non-cavitating and cavitating conditions. Amongst the different methods, 

numerical prediction of the propeller URN by using viscous or potential based solvers together 



with the acoustic analogy is a relatively new research field for hydroacoustic studies. In fact, 

two different techniques can be employed, namely direct approach (i.e. Direct Numerical 

Solution (DNS)) and a hybrid method (i.e. hydrodynamic solver with the acoustic analogy) for 

the prediction of the URN. In the DNS method, the governing equations of the flow field and 

all turbulent scales are directly solved to compute the sound; thus, it makes the solutions 

more computationally expensive. Moreover, any direct method needs a compressible flow 

solution to compute the sound field. The sound propagates in a medium with a finite speed 

under the isentropic flow hypothesis (𝑖. 𝑒. 𝑐0
2 = 𝑑𝑝/𝑑𝜌); hence, incompressibility 

assumption (𝑖. 𝑒.  𝑑𝜌 = 0) removes the propagation phenomena due to the infinite sound 

speed (𝑖. 𝑒.  𝑐0 = ∞). Therefore, the DNS method is not appropriate for hydroacoustic 

calculations (Ianniello et al., 2013a). 

On the other hand, an alternative and more commonly used approach in hydroacoustic field 

is a hybrid method, which consists of an incompressible hydrodynamic solver together with 

the acoustic analogy. In this way, source and propagation fields can be decoupled. The source 

field is first determined by using an incompressible flow solver, whereas the propagation of 

the sound is provided by the aid of acoustic analogies from near field to far-field as a transfer 

function. The widely used acoustic analogy is Ffowcs-Williams Hawkings (FW-H) equation 

both in the aeroacoustics and hydroacoustic fields (Ffowcs Williams and Hawkings, 1969). The 

FW-H acoustic analogy, which is coupled with different hydrodynamic solvers (e.g. potential 

or viscous based solvers), have been commonly used for the prediction of propeller URN 

under non-cavitating and cavitating conditions in the literature (e.g.  Bensow and Liefvendahl, 

2016; Ianniello et al., 2013a; Ianniello et al., 2013b; Ianniello et al., 2013c; Kellett et al., 2013; 

Lidtke et al., 2015; Lloyd et al., 2014; Lloyd et al., 2015a; Lloyd et al., 2015b; Seol et al., 2002; 

Seol et al., 2005; Sezen et al., 2020; Testa et al., 2008). 

The propeller URN studies were firstly conducted using potential based solvers together with 

the acoustic analogy under non-cavitating and cavitating conditions. In this way, the feasibility 

of the acoustic analogy, main numerical issues and pros & cons of the acoustic analogy have 

been examined via the potential based solvers in the literature. Seol et al. (2002) conducted 

a numerical study for the prediction of non-cavitating propeller URN by utilising the FW-H 

equation, which is coupled with BEM (Boundary Element Method) solver, for a wide range of 

operating conditions. One of the aims of the study was to investigate the effects of duct 



geometry on overall URN by taking sound reflection and scattering effects into account. The 

results showed that the influence of duct geometry on overall URN is small in the far-field 

since the same directivity pattern was observed w/o ducted propellers. Seol et al. (2005) 

extended their previous study and investigated the propeller URN in the presence of sheet 

cavitation. In their study, the high-frequency part of the noise was left out. It was considered 

that the modelling of real cavity collapses and shock is too complex and dominated by non-

linearities. As a result of the study, the noise characteristics of the propeller were presented 

for different conditions and the dominant noise source was determined. Testa et al., (2008) 

investigated the hydroacoustic performance of a marine propeller by using a different 

numerical approach. The applications of FW-H acoustic analogy and Bernoulli-based 

methodology were discussed for naval applications. The effects of wake modelling and 

incompressibility assumption on propeller hydroacoustic performance were also examined. 

It was shown that FW-H acoustic analogy is more robust and attaining many advantages in 

comparison to Bernoulli-based method. Seol (2013) proposed a new time-domain prediction 

method together with the vortex lattice method for the prediction of propeller URN in the 

presence of sheet cavitation. The numerical results were compared with the experimental 

data and those of potential-based numerical prediction method. The results revealed that 

pressure fluctuation, which occurs due to the sheet cavitation, is not simply proportional to 

the second derivative of the cavitation volume variation and inversely proportional to receiver 

distance. Testa et al. (2018) presented a novel hydroacoustic formulation for the prediction 

of propeller tonal noise in the presence of unsteady sheet cavitation and nonhomogeneous 

onset flow. The results of the novel formulation were compared with those of alternative 

numerical approach in the literature. It was found that new formulation gave more accurate 

results than the alternative approach in terms of noise magnitude and directivity. 

In addition to the studies, which have been conducted using potential based solvers together 

with the acoustic analogy, the application of viscous based solvers became popular and widely 

used for the hydroacoustic problems in the maritime field utilising the development of 

computer technology. As a consequence, the hydrodynamic flow field is analysed through the 

RANS, DES or LES methods and then time-dependent variables are provided as an input to the 

acoustic analogy for the prediction of URN both in near and far-fields. Ianniello et al. (2012) 

explored the non-cavitating propeller hydroacoustic performance by using RANS with 



different resolution forms of the FW-H equation (i.e. impermeable and permeable), both in 

the isolated case and a complete ship model.  The contribution of linear and nonlinear noise 

terms on overall acoustic pressure was explained in detail. The numerical results showed that 

URN is considerably affected by the contribution of nonlinear noise sources and they must be 

included in the calculations for the reliable prediction of propeller URN. Later on, the authors 

conducted a comprehensive study for the prediction of INSEEAN E779A propeller 

hydroacoustic performance under non-cavitating conditions (Ianniello et al., 2013a).  Time-

based acoustic pressure signals were derived at different loading conditions and compared 

with the hydrodynamic pressures. The results showed that quadrupole noise terms could not 

be neglected regardless of the propeller rotational speed for the hydroacoustic calculations, 

unlike the aeroacoustics field. Ianniello and De Bernardis (2015) investigated the 

hydroacoustic performance of INSEAN E779A model propeller in uniform flow by using RANS 

and DES solvers together with FW-H equation. In the numerical calculations, the RANS solver 

exhibited three subsequent spirals of tip vortex in the propeller's wake before fading, whereas 

DES showed persistence tip vortex distribution in the propeller's slipstream. Thus, it was 

considered that RANS solvers became inadequate for hydroacoustic purposes, particularly for 

the receivers where the turbulent fluctuating component of the velocity field is relevant. 

Lloyd et al. (2014) compared two different numerical solvers (i.e. ReFRESCO with porous FW-

H and EXCALIBUR with Kirchhoff formulation) for the two-bladed model propeller (i.e. S6666) 

in open water condition.  The main aim of the study was to verify the FW-H analogy and 

investigate the behaviour of the porous surface at different receiver locations. The results 

showed that FW-H results are in good agreement with the measurement data, but 1st BPF 

value was underpredicted. In contrast, Kirchhoff formulation showed slightly better 

agreement with the measurements than the FW-H solution for a specific porous data surface. 

Lloyd et al. (2015a) investigated capabilities of the acoustic analogy together with the RANS 

solver in the near field for different grid resolutions. In the numerical calculations, both steady 

and unsteady approaches were used to compute the acoustic pressures for the receivers 

located at the propeller plane. The numerical results showed that both unsteady RANS and 

FW-H pressures deteriorate due to some numerical disturbances, which might be associated 

with the sliding interface or pressure correction methods. Lloyd et al. (2015b) also examined 

the propeller hydroacoustic performance using RANS together with porous FW-H formulation 

with two different CFD codes (i.e. ReFRESCO and OpenFOAM). In the author's study, the 



effects of permeable surface closure on the propeller hydroacoustic performance were 

evaluated at two receivers, which were located in the propeller's slipstream. The results 

revealed that the acoustic pressures at the receivers, which are close to the end-cap of the 

porous surface, were more sensitive to the inclusion of downstream side end-cap. 

Additionally, it remained unclear whether considerable contribution for the receivers in the 

propeller's slipstream is due to the nonlinear sources or not. Testa et al. (2018) compared DES 

and BEM solvers, which are coupled with a porous FW-H equation, for the INSEAN E779A 

propeller under uniform and non-cavitating conditions.  The main purpose of the study was 

to present the capabilities of the BEM solver for propeller URN in open water conditions. The 

results showed that important vorticity field in the propeller's slipstream characterises the 

overall sound pressure level in DES solver. Yet, BEM solver was found to be inadequate to 

reflect the effects of nonlinear noise sources as moving downstream of the propeller. Hence, 

BEM solver was found to be inappropriate for more in-depth hydroacoustic investigations. 

Cianferra et al. (2019) focused on the hydrodynamic noise radiated by a ship propeller in open 

water and non-cavitating conditions. In the numerical calculations, LES solver together with 

FW-H equation was utilised. In the authors` study, different noise generation mechanisms 

were examined separately. As a result of the study, it was found that the nonlinear 

quadrupole term dominates broadband noise spectrum and the contribution of shaft vortex 

on overall URN was found to be higher for far-field noise predictions.  Lidtke et al. (2019) 

focused on hydroacoustic performance prediction of INSEAN E779A model propeller under 

non-cavitating and cavitating conditions in the presence of wake field by using RANS together 

with the FW-H acoustic analogy. The authors` study might be the first study to test the 

capabilities of the acoustic analogy in a realistic test configuration in the hydrodynamic field. 

The main purpose of the study was to explore the crucial solution parameters (e.g. time step, 

grid resolution and sensitivity of porous data surface) on the prediction of propeller URN. The 

result revealed that larger porous data surface in the coarse grid region might risk information 

loss due to the discretisation errors and dissipation.  

In addition to the studies, which were conducted to predict propeller URN, the scattering 

problem, which occurs due to the periodic load induced on the hull and its appendages by the 

propeller, has been investigated in the literature. The acoustic waves directly generated by 

the marine propeller interferes with the scattered pressure from the hull and cause change 



in near and far-field noise predictions. Since the 1980s, different numerical methods and 

solution methodologies have been developed to compute the scattering of acoustic waves 

from different objects (Kehr and Kao, 2011). For this reason, Kehr and Kao (2011) developed 

a numerical method to predict the underwater acoustic field and pressure fluctuation on a 

ship hull in the presence of unsteady propeller sheet cavitation by using linear wave equation.  

The pressure field, which is radiated directly from the propeller and scattered from the ship 

hull with the free surface effects, were included to the calculations. The results were 

compared with those of Laplace equation and experimental data. The difference between the 

authors` method and experiment was stipulated to be because of the contribution of tip 

vortex cavitation, which was neglected in the authors` study. Ianniello et al. (2013b) 

implemented acoustic analogy to predict the URN for a complete scaled ship model. In the 

numerical calculations, the RANS method was used together with FW-H equation. The 

hydrodynamic and hydroacoustic solutions indicated that there is a discernible scattering 

effect due to the hull surface. The results showed that the large contribution of loading noise 

term from the hull scattered pressure on the overall acoustic pressure was observed due to 

the unsteady load on the hull induced by propellers. Wei et al. (2016) predicted the non-

cavitating propeller noise in the wake of a submarine by taking the scattering effects caused 

by submarine's hull into account using an effective iteration method based on the Helmholtz 

integral equation. The results showed that propeller noise levels increase due to the 

scattering effect from approximately 3dB to 20.2dB for 1st, 2nd, and 3rd BPF values. Testa and 

Greco (2018) examined the non-cavitating propeller tonal noise scattered by the submarine 

hull. The incident pressure field induced by a propeller on the scatterer hull surface was 

detected by the unsteady three-dimensional panel method together with the Bernoulli 

equation. It was stated that the proposed scattering formulation is suitable to compute the 

noise magnitude and directivity both on the hull and in the flow field. 

All studies given above investigated the propeller URN by using FW-H acoustic analogy 

together with both potential and viscous based solvers under non-cavitating and cavitating 

conditions. The contribution of non-linear noise sources (i.e. quadrupole noise term), key 

simulation parameters, noise directivities as well as scattering effects were investigated at 

different operating conditions. Unlike the aeroacoustics field, it has been shown that the 

contribution of nonlinear noise terms, which are mainly represented by vorticity and 



turbulence, cannot be neglected for reliable hydroacoustic predictions, particularly under 

non-cavitating conditions (Ianniello et al., 2013a). For this reason, a numerical solution of the 

flow field around the marine propeller is vital to provide the required data to the acoustic 

analogy.  The flow field around the propeller can be solved either by using RANS solver or 

scale resolving simulations (i.e. DES or LES). The capabilities and sensitivities of the acoustic 

analogy have been commonly investigated with the RANS solver, particularly in the 

preliminary design stage. Inevitably, DES and LES improve the reliability of the solution and 

take more details of the unsteady flow field into account. However, the application of the 

advanced models is more computationally expensive than the RANS solver. Hence, RANS 

solver becomes appealing and it is still being used in the literature for the investigation of 

crucial simulation parameters, which are mainly associated with timestep and grid resolution, 

and sensitivity of the acoustic analogy (e.g. Lidtke et al., 2019). Amongst the important 

solution parameters, the grid should be designed to improve the accuracy of the 

hydrodynamics inputs and mitigate the non-physical numerical noise, which might 

deteriorate the overall acoustic pressure. As stated in the study of Lloyd et al. (2015a), the 

FW-H equation is more sensitive to hydrodynamic inputs; hence, grid resolution. Besides, the 

required grid resolution for the hydroacoustic simulations was also discussed in the 27th ITTC 

Noise discussion Forum (ITTC, 2014b) and it was suggested to use high-quality grid structure 

for the reliable prediction of propeller URN. The necessity of more validation and verification 

studies was also emphasised for the application of acoustic analogy. 

In this framework, the need to gain a deeper knowledge for the numerical noise issue in the 

numerical solvers, which can be mainly associated with the grid resolution, and understand 

the sensitivity of the acoustic analogy is the initial motivation of this study. In this regard, 

different grid resolutions were adopted to RANS solver; thus, change in the hydro dynamic 

and hydroacoustic pressures with different grid resolutions was examined at several receiver 

locations. Although there are different ways available in Star+ CCM (2019) to model the 

propeller motion (i.e. MRF, RBM and Chimera technique), only RBM (sliding interface) 

approach was utilised in the scope of this study. In order to observe the numerical noise, 

which is usually attributed to the sliding interfaces, the time derivative of the acoustic 

pressure technique was prosed in this study. Additionally, the same approach was also 

suggested for the accurate visualisation of vortex structures in the propeller's slipstream for 

hydrodynamic and hydroacoustic studies. Furthermore, the application of inadequate grid 



resolution in the numerical solver increases the numerical diffusion, particularly for RANS 

solver. As stated in several papers in the literature (e.g. Ianniello and De Bernardis, 2015; 

Muscari et al., 2013), the vortex structures released at the propeller blade's tip and hub 

disappear rapidly in the propeller's slipstream in the RANS solver. For this reason, an 

inadequate extension of the tip vortex downstream of the propeller is one of the drawbacks 

of the RANS solver aside from the poor modelling of turbulence for the hydroacoustic 

calculations, especially for the receivers located in the propeller's slipstream. Therefore, the 

contribution of tip vortex on overall acoustic pressure was investigated with an increase in 

grid resolution at the receivers located in the downstream. 

The structure of this paper is organised as follows. Section 2 presents a summary of the 

hydroacoustic model. Description of the test case, computational domain & boundary 

conditions and grid structure is explained in Section 3. Section 4 and 5 present the 

hydrodynamic & hydroacoustic results and conclusion part, respectively.  

2. Theoretical Background 

The numerical background of this study is based on the Navier-Stokes equations. Here, only 

FW-H equation is introduced. The detailed information about the hydrodynamic model (i.e. 

RANS) can be found in the commercial solver guideline (Star CCM+, 2019). 

2.1. Hydroacoustic Model (FW-H Equation) 

Numerical CFD methods (i.e. potential or viscous based solvers) are used for the assessment 

of the flow field. Once the sound source is identified in the fluid domain, several acoustic 

analogies can be used for sound propagation from the near to far-field. Lighthill et al. (1952)  

pioneered the development of acoustic analogy by ignoring the presence of a solid surface in 

the flow field. Following this, a more general formulation was developed by Curle (1955) for 

the cases where a stationary solid surface is available in the flow field. Later on, the 

formulation was generalised by Ffowcs Williams Hawkings (FW-H) (Ffowcs Williams and 

Hawkings, 1969) for moving and permeable surfaces. In the numerical calculations, FW-H 

formulation has been generally applied as an integral method for the prediction of the noise 

in the far-field both in aeroacoustics and hydroacoustic fields (Lyrintzis, 2003; Najafi-Yazdi et 

al., 2010; Nitzkorski, 2015 )  

The FW-H equation is the rearrangement form of the continuity and momentum equations 

into wave equations (Ffowcs Williams and Hawkings, 1969). The integral solution of the FW-



H equation is based on the use of Green`s functions. In this equation, three different noise 

generation mechanisms are present. The generalised formulation of the FW-H equation is 

given as follows.  

(
1

𝑐0
2

𝜕2

𝜕𝑡2
− 𝛻 2 ) 𝑝(𝑥, 𝑡) =

𝜕

𝜕𝑡
{[𝜌0𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛)]𝛿(𝑓)} − 

𝜕

𝜕𝑥𝑖
{[∆𝑃𝑖𝑗𝑛𝑗 + 𝜌𝑢𝑖(𝑢𝑛 − 𝑣𝑛)]𝛿(𝑓)} +

𝜕

𝜕𝑥𝑖𝜕𝑥𝑗
{𝑇𝑖𝑗𝐻(𝑓)}                                                            (1)  

Here, first-term indicates thickness term (i.e. monopole); the second one is loading (i.e. 

dipole) term, and the latter one is the nonlinear (i.e. quadrupole) term at the right-hand side 

of Equation 1. Additionally, in Equation 1, 𝑝 identifies the acoustic pressure disturbance, 𝛻 2 

is Laplace operator, 𝜌 is density, 𝑡 is observer time, 𝑥 is location,  𝑇𝑖𝑗 (𝑇𝑖𝑗 = 𝜌𝑢𝑖𝑢𝑗 + 𝑃𝑖𝑗 −

𝑐0
2�̃�𝛿𝑖𝑗)is Lighthill stress tensor, 𝑢𝑖  and 𝑣𝑖  are the fluid and surface velocity components, 

respectively. �̃� =  𝜌 − 𝜌0 is the density perturbation for the undisturbed medium, 𝑛 indicates 

the projection along the outward normal to the surface, 𝑐0 is the sound speed, 𝑃𝑖𝑗 represents 

the compressive stress tensor (𝛥𝑃𝑖𝑗 = 𝑃𝑖𝑗 − 𝑝0𝛿𝑖𝑗). 𝛿 is the Kronecker operator, 𝐻 is a 

Heaviside function.  

If the impermeable condition is imposed on the calculations (𝑖. 𝑒. 𝑢𝑛 = 𝑣𝑛), a generalised 

formulation of FW-H equation (i.e. Equation 1) simplifies and two linear terms can be written 

in the integral form.  This form of the FW-H equation is known as Farassat 1A  (Farassat, 2007) 

solution. The impermeable form of the FW-H equation is commonly used in the aeroacoustics 

field. In contrast, as stated in the study of Ianniello et al. (2013a), the underwater field is 

considerably affected by the contribution of quadrupole noise sources in hydroacoustic 

applications; thus the porous or permeable type of the FW-H equation can be used effectively 

to include the nonlinear contributions. The porous formulation, which was applied by Ffowcs 

Williams and Hawkings (1969) in their original study and also proposed as a possible 

numerical solution of the FW-H equation by Di Francescantonio  (1997), was used in this 

study. The main reasoning of this originates from the fact that directly computing the 

quadrupole noise terms are more computationally expensive and more sensitive to numerical 

errors. 

In the porous formulation of FW-H equation, an integral domain (i.e. porous or permeable 

surface) is defined around the body (i.e. around the propeller blades) to include all relevant 



nonlinear contributions as much as possible for the calculations. When porous formulation of 

FW-H is used, the nonlinear terms inside the integral domain are evaluated by solving the 

surface integrals instead of the volume integral. In this way, the thickness and loading terms 

lose their physical meanings in the impermeable approach and became pseudo thickness and 

pseudo loading noise terms. In this formulation, two new variables (𝑈𝑖 and 𝐿𝑖) as modified 

velocity and modified stress tensor are defined as follows.   

𝑈𝑖 = 𝑢𝑖 + (
𝜌

𝜌0
− 1)( 𝑢𝑖 − 𝑣𝑖)                                                                                                              (2) 

𝐿𝑖 = 𝑃𝑖𝑗�̂�𝑗 + 𝜌𝑢𝑖  (𝑢𝑛 − 𝑣𝑛)                                                                                                                 (3) 

The generalised FW-H equation can be rearranged by changing 𝑢𝑛 and 𝑃𝑖𝑗  with 𝑈𝑖 and 𝐿𝑖, 

respectively. The porous formulation of FW-H equation can be written in Equation 4 for 

stationary integral domain, incompressibility and 𝑀 = |𝑣| |𝑐0| ≪ 1⁄  (𝑖. 𝑒. 𝑀𝑎𝑐ℎ 𝑁𝑢𝑚𝑏𝑒𝑟) 

assumptions (Di Francescantonio, 1997).  

4𝜋𝑝(𝑥, 𝑡) = ∫
𝜌0�̇�𝑛

𝑟𝑆

𝑑𝑆 + ∫
�̇�𝑟

𝑐0𝑟𝑆

𝑑𝑆 + ∫
𝐿𝑟

𝑟2
𝑆

𝑑𝑆 + 𝑝𝑄(𝑥, 𝑡)                                                          (4) 

Here, r (m) is the distance between the noise source and the receiver, subscripts r and n define 

the dot product of a quantity with a unit vector in either radiation or normal directions, 

respectively.   The last term (𝑝𝑄(𝑥, 𝑡)) still represents the nonlinear contribution of the noise 

sources where outside of the integral surface in the fluid domain. Similar to other studies in 

the literature (e.g. Ianniello et al., 2013a; Lidtke, 2017; Lloyd et al., 2015a), the noise 

contribution from the outside of the integral domain was neglected in this study. The reason 

behind this, the extension of the integral surface was far enough and included nearly all 

relevant nonlinear noise sources (i.e. contains all meaningful non-linearities). 

3. Numerical Modelling and Test Case Description 

3.1. Propeller Geometry 

The numerical calculations were conducted by using a well-known model scale INSEAN E779A 

propeller, which is widely used both in hydrodynamic and hydroacoustic fields. The 

experimental hydrodynamic data is also available for the selected propeller (Salvatore et al., 

2006). 3D view of the propeller and its main parameters are indicated in Figure 1 and Table 

1, respectively. 



 
Figure 1. Back and side views of the INSEAN E779A model propeller. 

Table 1. Main particulars of the propeller.  

Number of Blades Z 4 

Diameter (m) D 0.227 

Pitch Ratio  P/D 1.1 

Expanded Area Ratio  AE/A0 0.69 

 
In the numerical calculations, the same operational condition (i.e. J=0.88 and n=25rps) was 

selected with those of other studies in the literature in order to compare the numerical results 

(e.g. Ianniello et al., 2013a; Lidtke, 2017; Testa et al., 2018). It should be pointed out that 

experimental URN data is not available for the selected propeller in the current literature. 

3.2 Computational Domain & Boundary Conditions 

The computational domain and boundary conditions are given in Figure 2. The computational 

domain was extended by 7D in the downstream of the propeller from the propeller blades 

centre, which enables wake evolution before reaching the outlet. Additionally, the 

computational domain was extended by 4D both in the upstream and radial directions from 

the propeller centre. The transition between the rotating and static regions was provided by 

a rotating interface (i.e. sliding interface).  



 

Figure 2. The computational domain used in the numerical calculations (Figure is not 

scaled). 

In the numerical calculations, an integral surface (i.e. porous surface) was used to compute 

the hydroacoustic pressures at different receiver locations. As seen in Figure 3, the integral 

surface consists of the main cylinder and two end-caps (i.e. upstream and downstream end-

caps). As expected, the downstream end-cap of the integral surface cuts the tip vortex and 

changes the overall acoustic pressure behaviour. Therefore, an open-ended integral surface, 

which was strongly proposed in the study of Ianniello and  De Bernardis (2015), was used in 

the present study.  

 

Figure 3. Representation of integral (i.e. porous) FW-H surface.  

The exact dimension and location of the integral surface has not been defined clearly in the 

present literature and it is still being investigated (Bensow and Liefvendahl, 2016; Li et al., 

2018; Lidtke et al., 2019). Nevertheless, the convergence study was conducted by varying the 

length and dimensions of the integral surfaces in this study. Table 2 summarises the 

geometrical properties of the integral surfaces. It should be noted that the dimensions of the 



base integral surface, which was used in this study, was set according to similar studies in the 

literature for the comparison of the numerical results (e.g. Ianniello et al., 2013a; Lidtke, 2017; 

Lloyd et al., 2015a). 

Table 2. Geometrical features of the integral surfaces  

ID 𝐿/𝐷 𝐷 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙  

1 2.5 1.23D 

Base (2) 3.0 1.25D 

3 3.5 1.28D 

4 4.0 1.32D 
 

3.3 Grid Structure 

Hydroacoustic simulations are deemed to be more sensitive to mesh quality and density than 

the traditional hydrodynamic simulations. Hence, a suitable grid structure should be adopted 

to increase the accuracy of the URN predictions.  The applied grid structure should meet two 

main principles (Star CCM+, 2019); 

• The grid should be adequate to resolve/model the sound generating turbulence 

scales, particularly in the propeller's slipstream where the contributions of nonlinear 

noise sources are dominant over blade dynamics.  

• The grid should be able to resolve propagation of the acoustic waves towards the 

locations of the receivers.  

In this study, the unstructured grid was used to discretise the computational domain within 

the facilities of Star CCM+ (2019). The region-based mesh technique was implemented with 

the cells, which have minimal skewness, by using the trimmer mesh algorithm. In this way, 

the higher numerical dissipation was prevented, and the accuracy of the solution was 

increased with a reasonable computational cost. The hexahedral elements were used for the 

discretisation of the computational domain as the application of the tetrahedral cells can 

deteriorate the accuracy of the solution (Jones and Clarke, 2010). Besides, during the mesh 

adaptation process, the cell sizes inside the integral surfaces were kept constant to prevent 

the additional non-physical noise, which can contaminate the overall acoustic pressures (Star 

CCM+, 2019). Cells inside the noise source region were aligned at the interfaces to facilitate 

the smooth transition between two regions. Besides, the grid quality at the interfaces was 

increased by identifying a layer of prismatic cells to reduce the numerical noise as much as 

possible. Moreover, almost uniform cell size, particularly in the X direction, was used to 



reduce the numerical diffusion. Different integral surfaces were placed inside the finer grid 

resolution to minimise the information loss.  

Table 3 presents the different grid resolutions, which are generated to investigate both the 

numerical noise and contribution of tip vortex on overall acoustic pressure. The general view 

of the finest grid resolution is given in Figure 4.  

Table 3. Total element counts of different grid resolutions (N; millions of cell) 

Grid N 

Coarse 2.8 

Medium 4.9 

Fine 10.3 

Finer 17 

Finest 31.6 

 

 
Figure 4. General view of the grid structure around the propeller blades (Finest Grid).  

3.4 Solution Strategy 

In the numerical calculations, RANS equations were discretised using the finite volume 

method. During the simulations, commercial CFD solver Star CCM+ was utilised (Star CCM+, 

2019). The near wall-boundary layer was solved by using wall function and the average wall 

y+ value was approximately 35 in the calculations for different grid resolutions. The 

convective and temporal terms in the momentum equations were discretised with 2nd order 

scheme. The equations were coupled by using a segregated SIMPLE type solution algorithm. 

The k-ω SST (Shear Stress Transport) turbulence model, which is commonly used for propeller 

hydrodynamic and hydroacoustic simulations, was used for turbulence modelling (e.g. Lloyd 

et al., 2015a; Zhu, 2014). During the simulations, the inner iteration was set to 8. The 

simulations were first initiated in a steady manner to accelerate the convergence. After that, 



the unsteady simulations were conducted with 1o of propeller rotational rate. After 20 

propeller revolutions, it reduced gradually to 5o of propeller rotational rate to eliminate the 

high-frequency noise. Consequently, the acoustic pressures were collected at 15 propeller 

revolutions.  

In this study, steady initialisation was conducted by MRF (Moving Reference Frame), whereas 

RBM (Rigid Body Motion, also known as Sliding Mesh) was used in unsteady simulations. In 

the RBM technique, unsteady governing equations are solved at every timestep. In contrast, 

unsteady components of the flow field are not considered in the MRF technique. Therefore, 

the RBM technique produces more accurate results. In addition to this, it has been widely 

used for hydrodynamic simulations when any unsteady flow features in the flow region are 

of great interest (Moussa, 2014). 

4.  Results and Discussion 

4.1. Hydrodynamic Results  

As a first validation of the numerical results with different grid resolutions, open water 

characteristics (i.e. thrust, torque and efficiency values) of the propeller were compared with 

the experimental data at J=0.88. The non-dimensional thrust (𝐾𝑇), torque (𝐾𝑄) and efficiency 

(𝜂0) values are calculated as follows.  

𝐾𝑇 =
𝑇

𝜌𝑛2𝐷4
                                                                                                                                           (5) 

𝐾𝑄 =
𝑄

𝜌𝑛2𝐷5
                                                                                                                                           (6) 

Here; 𝜌 is the water density (𝑘𝑔/𝑚3), 𝑛 is the propeller rotational speed (𝑟𝑝𝑠), and 𝐷 is the diameter 

of the propeller (𝑚), T is thrust (𝑁), and Q is the torque (𝑁. 𝑚).  

𝜂0 =
𝐽

2𝜋

𝐾𝑇

𝐾𝑄
                                                                                                                                              (7) 

Advance ratio ( 𝐽) is defined by: 

𝐽 =
𝑉𝐴

𝑛𝐷
                                                                                                                                                      (8) 

where 𝑉𝐴 is the average flow velocity at the propeller plane (m/s). The hydrodynamic results 

are given together with the experimental data at J=0.88 for different grid resolutions in Table 

4. The uncertainty study was conducted via GCI (Grid Convergence Index) method based on 

the Richardson extrapolation technique (Richardson, 1911) for thrust and torque values in 

Table 5. GCI method, which is recommended for CFD verification studies in the ITTC procedure 



(ITTC, 1999, 2008), was first proposed by Roache (1998) and applied in several studies in the 

literature. Here, full details of the methodology were not included. The details of the 

procedure implemented in this study can be found in Celik et al. (2008). The main steps of the 

method can be classified as below;   

• Refinement factor (r) was selected for different solutions.  

• Difference between results of solution scalars (휀) was calculated for thrust and torque.  

• Solution type was determined with the convergence condition (R), which is calculated 

as the ratio of solution scalars, in the GCI method. 

• Convergence condition (R) indicates the solution criteria, which can be classified into 

oscillatory, monotonic convergence or oscillatory and monotonic divergence. In our 

case, R was calculated in the range of monotonic convergence (0<R<1).  

• As the last step, the numerical uncertainty of the solution was calculated. 

Table 4. Computed performance coefficients for different grid resolutions 

Numerical Results Difference (%, EFD-CFD) 

Grid 𝑲𝑻 𝟏𝟎𝑲𝑸 𝜼𝟎 𝑲𝑻 𝟏𝟎𝑲𝑸 

Coarse 0.1532 0.3103 0.6915 1.46 1.74 

Medium 0.1531 0.3105 0.6906 1.39 1.80 

Fine 0.1527 0.3108 0.6881 1.12 1.90 

Finer 0.1525 0.3112 0.6863 0.99 2.03 

Finest 0.1524 0.3115 0.6852 0.93 2.13 

Experiment 0.151 0.305 0.718 

 
Table 5. Uncertainty values of the numerical solution. 

Results  (Finest-Finer-Fine)  (Finer-Fine-Medium)  (Fine-Medium-Coarse) 

% GCI (KT) 0.07 0.25 0.37 

% GCI (10KQ) 0.12 5.20 5.52 

 

It could be concluded that, from the point of the global quantities view (i.e. thrust and torque 

values), the difference between numerical and experiment results was found to be quite good 

even if the coarse grid resolution was adopted in the numerical solvers. However, prediction 

of vortex structures in the propeller's slipstream with different grid resolutions was entirely 

different.  

Figure 5 shows the vorticity distributions (i.e.𝜔𝑌) in the propeller's slipstream, which were 

obtained by experiment and numerical solver with different grid resolutions. As seen in Figure 

5, the tip vortex can be extended to the downstream of the propeller with an increase in grid 

resolution. In contrast, the extension of tip vortex disappears rapidly by using relatively coarse 



grid resolutions due to the numerical diffusion. Nevertheless, the accuracy of the flow details 

inside the vortex core might be still questionable for RANS solvers. 

 
Figure 5. Comparison of the vorticity Y component 𝜔𝑌 with the experiment (Salvatore et al., 

2006) on the plane (y=0) for different grid resolutions  



4.2. Hydroacoustic Results 

In this section, hydroacoustic results are presented to investigate the effects of grid resolution 

on propeller URN. The individual subsections are devoted to showing the numerical noise, 

which is associated with the sliding interfaces, and visualisation of the tip vortex in the 

propeller's slipstream. Furhermore, hydrodynamic and hydroacoustic pressures are 

compared at different receiver locations.  

4.2.1 Visualisation of numerical noise in hydroacoustic simulations  

The grid structure should be well designed in the numerical solver for the accurate calculation 

of hydrodynamic inputs; hence, propeller URN. Additionally, the numerical disturbances such 

as reflections from the domain boundaries, non-physical numerical noise generated by sliding 

(or rotating) interfaces, and inappropriate pressure correction methods can be considered 

key issues that require in-depth investigation. The artificial reflections created by the 

boundaries of the computational domain can be considerably reduced with the selection of 

suitable domain dimensions. It is to be noted that the present study only focuses on the 

investigation of the non-physical numerical noise induced by the sliding interface.  

In the propeller hydrodynamic and hydroacoustic simulations, sliding interface mesh 

technique (i.e. RBM) is widely used to model the propeller's rotational motion. From the 

hydroacoustic point of view, one of the main disadvantages in this technique can be 

considered to cause additional numerical noise. The interface is mainly used to transfer the 

data and solution quantities such as pressure, velocity, temperature, etc. between the 

neighbouring regions. Thus, the suitable grid resolution is more important to increase the 

accuracy of the input data for hydroacoustic predictions. In particular, this issue might be 

more critical in the far-field where pressure fluctuations are smaller; hence, it may lead to 

pollution of the overall acoustic pressures. It should be pointed out that the numerical noise 

issue can also be faced at the interface of the integral (or porous) surface. However, as the 

static (i.e. non-rotating) porous surface was used in this study, any additional numerical noise 

was not observed from the interface of the integral surface (see Figure 8). In addition, as 

stated in Section 3, smooth mesh transitions were provided between inside and outside of 

the integral surface to minimise the numerical noise.  

In this study, the numerical noise, which is associated with the sliding interfaces, was 

observed by using the time derivative of the pressure. For this purpose, a user-based field 



function and additional pressure monitor were introduced to the solver according to the 

following formulation.  

𝑑𝑃

𝑑𝑡
=

𝑃𝑛 − 𝑃𝑛−1

∆𝑡
                                                                                                                                    (5) 

Here, 𝑃 is acoustic or hydrodynamic pressures and ∆𝑡 is timestep. The pressure difference 

between consecutive time steps was computed by using the stored pressure value of every 

node point at the previous time step. Once the flow field converged, this function was 

activated to visualise the pressure variation with time in the flow field.  

Coloured rectangles (i.e. blue and red regions) show the additional sources of sound-induced 

by the rotating interfaces for different grid resolutions in Figure 6. Within the computational 

domain, there is no noise source that would cause rapid pressure variations on either side of 

the interface boundaries. Thus, acoustic pressure is expected to propagate towards the 

downstream of the propeller without any deterioration. However, the strong pressure 

fluctuations occurring at the interfaces can be proof of the non-physical numerical noise. As 

shown in Figure 6, even though an increase in grid resolution enables reduction in numerical 

noise at the sliding interfaces, it does not disappear entirely using the RBM method. Hence, 

it consequently might lead to a change in either amplitude or overall shape of the pressure 

signal.  



 

Figure 6. Numerical noise induced by rotating interfaces for different grid resolutions.  
 
4.2.2 Visualisation of tip vortex extension 

The coherent vortical structures in the propeller's slipstream are generally visualised in 

different numerical methods (e.g. RANS, DES and LES) by using either 𝑄 or 𝜆2 criteria, which 

are based on the velocity gradient tensor. In this way, the comparison of the hub and tip 

vortices with the experiment can be performed to show the capabilities of the numerical 

solution and detailed investigation of the vortical structures in the wake of the propeller.  In 

the numerical solver, 𝑄 criterion is defined by the following formulation; 

 
𝑄 = 1/2[(|𝛺| 2 − |𝑆| 2)] (6) 

Where 𝑆 donates the strain rate tensor and 𝛺 is the angular rotation rate tensor (or vorticity 

tensor). According to 𝑄criterion magnitude, the dominant parameter in the flow field can be 

determined. When its value is positive, the flow field is dominated by the vorticity, whereas 

strain rate dominates the flow field when its value is negative (Star CCM+, 2019). Similar to 

𝑄-criterion, 𝜆2 criterion, which is based on the mathematical formulation proposed in  Jeong 



and Hussain (1995), is another technique for detection of the vortex structures in the flow 

field. In this technique, the velocity gradient (J) is first calculated and then it is assessed for 

each point of in the domain. It is decomposed as symmetric (S) and anti-symmetric part (O) 

and defined as; 

 

𝑆 =
𝐽 + 𝐽𝑇

2
 

(7) 

 
 

𝑂 =
𝐽 − 𝐽𝑇

2
 

(8) 

Following the calculation of the symmetric and anti-symmetric part, a matrix is obtained with 

three eigenvalues. The value of the second eigenvalue shows the scalar quantity of 𝜆2. When 

the value of 𝜆2 is negative, the vortex structures can be detected in the flow region. Detailed 

information about the vortex identification methods can be found in the studies of Kolář 

(2007), Epps (2017) and Jeong and Hussain (1995). 

In the numerical solvers, the visualisation of the vortex distribution in the propeller's 

slipstream strongly depends on the threshold value of the criteria (𝑖. 𝑒. 𝑄 and 𝜆2), which 

results in a different prediction of tip and hub vortices extensions in the downstream of the 

propeller. However, an accurate prediction of the vortical structures extension in the wake of 

the propeller can be important for detailed investigation of the flow field. For this reason, the 

time derivative of the pressure technique, which was explained in Section 4.2.1, can also be 

used to determine the more realistic extension of the vortex distributions. As a spatial and 

temporal derivative of the pressure show the change in pressure with time and position in 

the flow field, different pressure fields are created around the vortex because of its physical 

dynamics (Hunt et al., 1988). Therefore, the tip and hub vortex regions can be first detected 

with the time derivative of the pressure technique on the longitudinal plane since the 

contribution of the tip vortex is dominant in the propeller's slipstream (Felli et al., 2006; Jang 

et al., 2001). 

Figure 7 shows the change in extension of tip vortex distributions in the propeller's slipstream 

through the different threshold value of the 𝑄 criteria and time derivative of the pressure 

technique. As can be seen in Figure 7, the location and extension of the pressure fluctuations 

do not change with the selection of different threshold values (e.g. 10000, 25000 and 50000) 

in the time derivative of pressure technique, while the pressures intensities in the vortex 



regions show a small variation. In contrast, the extension of the tip vortex changes 

significantly with the selection of various threshold values (e.g. 500, 1500, 3000) in 𝑄 

criterion. It consequently leads to misprediction of tip vortex extension in the numerical 

calculations. Therefore, time-derivative of the pressure technique can be reliably used to 

determine the exact location and extension of the tip vortex. This approach can also be used 

together with the 𝑄 criterion for determination of the threshold value in the 𝑄 criterion. In 

this way, the helical tip vortex can be observed.  

 

Figure 7. Change in tip vortex extension with the time derivative of the pressure technique 
and 𝑄 criterion (finer grid resolution). 

 
In this study, the proposed technique was used to visualise the tip vortex in the propeller's 

slipstream for several grid resolutions in Figure 8. As known, the RANS method suffers from 

both turbulence modelling and discretisation errors; thus, it produces a higher amount of 

numerical diffusion. Due to this fact, the vortical structures in the propeller's slipstream 

disappear rapidly (Feder and Abdel-Maksoud, 2016; Duraisamy and Baeder, 2006). The 

numerical dissipation of the vortices can be deemed to be directly related to grid resolution 

and mainly occurs due to the insufficient discretisation of the nonlinear convective term 

(Ramponi and Blocken, 2012). However, this can be reduced with an increase in grid 

resolution in the numerical solvers and tip vortex can be further extended downstream of the 

propeller (Duraisamy and Baeder, 2006). 



Figure 8 indicates the tip vortex extension with different grid resolutions. As shown in Figure 

8, a finer grid resolution results in a greater tip vortex extension in the propeller's slipstream. 

Furthermore, an increase in grid resolution changes the pressure field inside the tip vortex. 

The magnitude of the pressure is high in the vicinity of the propeller blade, whereas it reduces 

gradually as far away from the downstream, especially for coarse, medium, and fine grid 

resolutions. In contrast, the pressure inside the tip vortex reduces considerably for the finest 

grid resolution. Hence, an increase in grid resolution would also facilitate the observation of 

tip vortex cavitation in the propeller's slipstream since the main aim is to decrease the 

pressure below the saturation pressure inside vortex cores.  



 

Figure 8. Change in vortex distributions with different grid resolutions (Right figure is coloured by 

pressure, 𝑄𝑐=500)  



4.2.3 Hydroacoustic results 

Figure 9 and Table 6 show the receiver locations and coordinates in the near field, 

respectively. The origin of the coordinate system was set to the centre of the propeller blades. 

Receiver 1 (R1) was located in the upstream, whereas R3, R4 and R5 were located in the 

downstream of the propeller. R2 and R6 were also located on the propeller plane. Since there 

is no experimental noise data for the selected propeller, the numerical results at R2, R4 and 

R6 were compared with other numerical studies in the literature, which were conducted by 

Ianniello et al. (2013a) and Testa et al. (2018). It should mentioned that the numerical results 

in the reference studies were obtained by using data digitiser software. 

 
Figure 9. Receiver locations (𝑄𝑐=500, the figure is coloured by pressure and not scaled).  

 
Table 5. Receiver coordinates. 

Receiver X (m) Y (m) Z (m) 

1 0.1403  
 

0 

0.1703 

2 0 0.1703 

3 -0.0800 0.1703 

4 -0.2270 0.1703 

5 -0.4569 0.1703 

6 0 0.2648 



As the receivers were positioned in the vicinity of the propeller where the incompressibility 

assumption is still not visible, the hydrodynamic and hydroacoustic pressures can be 

compared with each other to show the consistency of the numerical solution. However, with 

an increase in distance between the noise source and receiver, hydrodynamic pressures tend 

to deteriorate due to the numerical diffusion. For this reason, the acoustic analogy is required 

for the prediction of far-field noise since the linear terms of FWH is only dependent on blade 

shape and hydrodynamic load (Ianniello et al., 2013a; Sezen and Kinaci, 2019). 

Figure 10A-C shows the comparison of hydrodynamic and hydroacoustic pressures at R1 with 

different grid resolutions. At this receiver location, the contribution of linear noise terms (i.e. 

thickness and loading) to the overall acoustic pressure is dominant, whereas the contribution 

of nonlinear noise term is almost negligible. The hydrodynamic pressures, which were 

obtained with different grid resolutions, are compared with each other in Figure 10A. The 

results show that the amplitude of the hydrodynamic pressure slightly changes with different 

grid resolutions in Figure 10A. The overall hydroacoustic pressure is purely characterised by 

BPF (Blade Passage Frequency) at R1 in Figure 10B due to the dominant contribution of linear 

noise terms. As seen in Figure 10B, the inadequate grid resolution triggers the numerical 

noise, which is probably induced by sliding interfaces (see Figure 6), and causes deterioration 

of the overall shape of the acoustic signal. Additionally, a good agreement is found between 

hydrodynamic and hydroacoustic pressures in Figure 10C. Therefore, the hydrodynamic 

pressure may be used instead of hydroacoustic pressure at this receiver location to evaluate 

the propeller URN.  

  



 

Figure 10. RANS pressures (A), FW-H pressures (B) and RANS versus FW-H pressures (C) at 

Receiver 1. 

Figure 11 shows the comparison between hydrodynamic and hydroacoustic pressures at R2. 

Akin to the previous receiver location, the amplitude of the hydrodynamic pressure does not 

change considerably with the different grid resolutions in Figure 11A. Unlike the previous 

receiver location, the overall shape of the acoustic signal is not strongly affected by the 

numerical noise in Figure 11B. Potentially, the reason could be that R2 is closer to the 

propeller when compared to R1. Similar to R1, the overall shape of the signal is dominated by 

the blade harmonics. Furthermore, the amplitude of the acoustic pressure at R2 is found to 

be higher than R1 due to the decreased distance from the noise source. Figure 11C shows the 

comparison of hydrodynamic and hydroacoustic pressures and the agreement is found quite 

good. Additionally, the numerical results were compared with another numerical study in the 

literature, which was performed by DES together with porous FW-H equation, by Testa et al. 

(2018) in Figure 11D. As can be seen in Figure 11D, the present study (i.e. RANS) slightly 

overestimated the acoustic pressure in comparison to DES solver at the R2.  



 

 

Figure 11. RANS pressures (A), FW-H pressures (B) and RANS versus FW-H pressures (C) and 

comparison of the numerical results (D) at Receiver 2. 

The comparison of the pressures is presented in Figure 12 for the R3, which was located in 

the downstream of the propeller. Similar to R1 and R2, the effects of grid resolution on 

hydrodynamic pressure is found to be low at R3 (Figure 12A). However, the numerical noise, 

which is probably created by the sliding interfaces, starts to appear in the hydroacoustic 

pressures with a decrease in grid resolution in Figure 12B. Thus, the magnitude and shape of 

the overall acoustic pressure deteriorates, which results in unreliable prediction of propeller 

URN.  As the R3 is still close to the propeller, hydrodynamic and hydroacoustic pressures can 

be directly compared with each other. As can be seen in Figure 12C, the satisfactory 

agreement between RANS and porous FW-H pressures are found. 



  

 
Figure 12. RANS pressures (A), FW-H pressures (B) and RANS versus FW-H pressures (C) at 

Receiver 3. 

Increasing the distance from the propeller, hydrodynamic and hydroacoustic pressures start 

to become completely different at R4 and R5 in terms of magnitude and overall shape of the 

signal in Figure 13 and Figure 14. The total pressures show a rapid decrease (i.e. from 

approximately ∓30 to ∓1) at R4 in comparison to R3. The variation of hydrodynamic 

pressures with the different grid resolutions is given in Figure 13A. As shown in Figure 13A, 

an increase in grid resolution (i.e. more extension of tip vortex in the downstream) does not 

provide a significant change in the amplitude of hydrodynamic pressures. Hence, these results 

lead to RANS solver to be questioned even if the numerical diffusion was significantly reduced.  

The change of hydroacoustic pressures with different grid resolutions is also given in Figure 

13B. Similar to hydrodynamic pressures, the magnitude of the acoustic pressures are too 

small. In other words, a few diameters away from the propeller in the downstream, the total 

noise tends to disappear, which is not realistic. In the study of Testa et al. (2018), the propeller 



URN was predicted by using DES together with porous FW-H equation at R4. Although the low 

level of pressure fluctuations coming from the direct DES solution was considered to be a 

result of the reflection of numerical disturbances from the computational domain in their 

study, the hydrodynamic and hydroacoustic pressure fluctuations were detected between 

around ∓8 using the DES method. As depicted in Figure 13C, the RANS method 

underestimated the hydroacoustic pressures in comparison to DES solver during a propeller 

revolution. Due to the strong contribution of the nonlinear noise term to the overall acoustic 

pressure, the overall shape of the signal is no longer modified purely by BPF. 

  

Figure 13. RANS pressures (A), RANS versus FW-H pressures and comparison of the results 
(B) at Receiver 4 

Another comparison of the pressures with different grid resolutions is performed at R5 in 

Figure 14. Similar to R4, a decrease in numerical diffusion does not give a favourable impact 

on hydrodynamic and hydroacoustic pressures (Figure 14A and Figure 14B). Additionally, the 

amplitudes of the pressure signal at R5 are expected to be lower than R4. There could be 

numerous reasons why an incorrect prediction occurs at R5. This could be caused by the 

numerical noise induced by the sliding interfaces, mesh transitions, numerical errors, or 

strong vortex-vortex interactions in the propeller's slipstream. The same issue was also 

observed in the studies of Lloyd et al. (2015b) and Testa et al. (2018). 

 



 
Figure 14. RANS pressures (A), RANS versus FW-H pressures (B) at Receiver 5.  

 

In addition to the comprehensive investigation of the hydrodynamic and hydroacoustic 

pressures at different receiver locations, the convergence study was also conducted to check 

the consistency of the solution with different integral surfaces, which are given in Table 2, by 

using fine grid resolution. Figure 15A, 15B and 15C show the change of hydroacoustic 

pressures with different porous surfaces at R1, R2 and R3 receiver locations, respectively. As 

shown in the Figure 15A-C, all of them superimpose each other.  

 



 

Figure 15. Comparison of hydroacoustic pressures with different integral surfaces at 
Receiver 1, 2, and 3. 

 

5.  Conclusion 

In this study, the influence of grid resolution on hydroacoustic performance prediction of a 

marine propeller was investigated under non-cavitating conditions at J=0.88. The numerical 

results advised some crucial outcomes as follows.   

• The hydroacoustic analysis was found more dependent on grid resolution than the 

prediction of propeller performance characteristics due to the numerical noise 

induced by the sliding interfaces. Therefore, the grid resolution, which is specifically 

designed for hydrodynamic purposes, may not be suitable for accurate prediction of 

the propeller URN.  

• Even though the sliding mesh (i.e. RBM) has been widely used for hydrodynamic 

studies in the literature, this approach suffers from the numerical noise induced by 

the interfaces. Additionally, this numerical noise issue in the RBM originates from the 

grid resolution and it is independent of the selected numerical methodology (i.e. 

RANS, DES and LES). Therefore, overset type grids (also known as Chimera or the 

overlapping grids) might be more useful method to avoid the additional non-physical 

noise for hydroacoustic simulations. The reason being, there is a zone where cells 

overlap between overset and background regions, unlike the sliding interface 

approach. Nevertheless, it needs to be investigated in a study solely focussed on this 

subject. 



•  The time derivative of the pressure technique can be a useful way to show the 

numerical noise in the numerical solvers. Additionally, an increase in grid resolution 

enabled a reduction in the numerical noise, but the results showed that it is not 

possible to remove it completely.   

• The time derivative of the pressure approach can be a more efficient way to determine 

the accurate extension of the tip vortex in the propeller's slipstream. This approach 

can be additionally beneficial for further in-depth studies by using advanced models 

(i.e. DES and LES).  From the hydroacoustic point of view, this approach may provide 

a basis to determine the integral surface location that includes all relevant nonlinear 

noise contributions generated by vortices as much as possible, particularly for DES and 

LES methods. 

• A decrease in numerical diffusion in the RANS solver provided more extension of the 

tip vortex in the propeller's slipstream. However, aside from the poor modelling of 

turbulence, the RANS approach is still inadequate for the more realistic prediction of 

propeller URN, particularly for the receivers located in the downstream of the 

propeller. Eventually, the reliable hydroacoustic prediction requires an accurate 

solution of the flow field by using DES or LES methods.   
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