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A B S T R A C T  
 

 

This research has been carried out to determine the marine propeller hydro-acoustic characteristics by 

Reynolds-Averaged Navier-Stokes (RANS) solver in both uniform and non-uniform wake flow at 

different operating conditions Wake flow can cause changes in pressure fluctuation and gas effect on 

propeller noise spectrum. Noise is generated by the induced trailing vortex wake and induced pressure 

pulses. The two-step Fflowcs Williams and Hawkings (FW-H) equations are used to calculate 

hydrodynamic pressure and its performance as well as sound pressure level (SPL) at various points 

around the propeller. The directivity patterns of this propeller and accurate explanation of component 

propeller noise are discussed. Comparison of the numerical results shows good agreement with the 

experimental data. Based on these results, effects of wake flow and operating conditions on the noise 

reduction are investigated. 

doi: 10.5829/idosi.ije.2016.29.04a.12 
 

 

NOMENCLATURE  

Cp Pressure coefficient 

D Diameter 

g Gravity acceleration 

J Advance velocity ratio 

k Wave number 

Kt Trust coefficient 

Kq Torque coefficient 

n RPM 

p Pressure 

r Radius 

t Time 

u Velocity 

 Efficiency 

 Density 

 Shear stress 
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1. INTRODUCTION 
 

Various factors, including environmental and structural 

factors play an important role in the generation of 

underwater noise. Ship’s propeller creates noise from its 
working behind the ship to make the thrust for 

overcoming the resistance at designed speed. Noise 

generated by the propellers in terms of intensity and 

spectral has been a strategic issue for warships and 

military designers over the years. The generated sound 

can be heard for hundreds of meters below the surface 

and may be detected by the sonar. In design process, 

specifically for marine propellers, it should be tried to 

reach lowest noise possible [1]. Generally, there are two 

main sources of noise; one due to mechanical elements 

like engine, and the second one by hydrodynamic 
source i.e. by the propeller [2]. Research is needed on 

the noise sources in order to reduce the noise and 

increase performance quality by making minimal 

changes in the vessels elements.  

Propeller noise usually includes a series of periodic 

parts or tones at blade rate and its multiples. These 

periodic unsteady forces impose discrete tonal noise at 

the blade passing frequency (BPF). Together with a 

broadband noise spectrum caused by turbulence 

interaction with blade and vortex shedding at the 

trailing edge and the tips. A small-scale part of turbulent 

eddies in the wake cause unsteady blade forces. 
Besides, the boundary layer separation and blades 

vortex shedding also causes fluctuating forces. 

Shedding vortex will happen at the area of trailing edge 

and tip of rotating blades. Induced pressure pulses by 

the propeller may be considered as one of the important 

sources in the SPL. Moreover, whereas the propeller 

operates in the heavy-load condition, the boundary layer 

around the blade may separate at the stagnation point in 

the suction side. The flow separation and vortex 

shedding are completely unsteady events which will 

impose oscillating pressure on the propeller. So, the 
underwater propeller will produce noise, even in 

uniform inflow [3]. 

Conventional procedures to study the propeller 

unsteady force are the lifting surface and the panel 

methods. Kerwin et al. [4] applied the unsteady vortex 

lattice technique to formulate the unsteady propeller. 

Hoshino et al. [5] employed the panel method to 

simulate unsteady flow on propeller. These methods do 

not for account viscous effects such as the boundary 

layer and separation flow, and usually repair results 

with empirical treatments. To conquest the deficiency of 

potential methods, RANS model have been successfully 
employed for marine propellers. Funeno et al. [6] 

studied unsteady flow around a high-skewed propeller 

in non-uniform inflow. Hu et al. [7] applied RANS 

model to simulate the test case, DTMB 4119 propeller 

worked on non-uniform inflow conditions. Li et al. [8] 

introduced numerical prediction of flow around a 

propeller. Numerical simulation of tonal and broadband 

hydrodynamic noises of none-cavitating underwater 

propeller has been carried out by Kheradmand et al. [9]. 

Jang et al. [10] analyzed BPF noise of a propeller 

comprising of the thickness and loading noises on non-

cavitating marine propeller. Wake flow effects on 
cavitation was investigated by Jafary et al. [11]. Bagery 

et al. [12] established acoustic Analogy on marine 

propeller on cavitating and non-cavitating conditions by 

both experimental and numerical calculations. Analytic 

source model of propeller non-cavitating noise 

described by longitudinal quadrupoles and dipoles, was 

done by Kim et al. [13]. Pan et al. [14] conducted a 

numerical study on the acoustic radiation of a propeller 

interacting with non-uniform inflow. Approach for 

identification of low-frequency noise generation 

mechanisms in the propeller flow [15] which is due to 
the cavitating flow  is discussed [11]. 

Some parameters like wake flow and operating 

conditions may cause hydrodynamic and acoustic 

changes in propeller characteristics. To the best of our 

knowledge, there is no study on wake flow effects on 

propeller noise reduction.
 
 The objective of the current 

study is to conduct a numerical simulation of the 

acoustic pressure generated by a marine propeller in 

different wake flow and operating conditions. The far-

field radiation is predicted by integral formula FW-H 

equation, with the solution of the RANS solver. The 

hydro- acoustic performances of propeller are compared 
with experimental studies. Acoustic analogy and effect 

of inflow quality have been done in the last section.   

 

 

2. WIDE RANGE OF FREQUENCY OF THE 
PROPELLER NOISE 

 

A wide range of frequencies (low and high frequency) 

exist in propeller noise as described below. Propeller 

noise can be classified into three categories: harmonic, 
broadband, and narrow-band random noise. 

Harmonic noise is the periodic component, which 

can be represented by a pulse which repeats at a 

constant rate. Broadband noise is random in nature and 

contains components at all frequencies. Narrow-band 

random noise is almost periodic. However, examination 

of the harmonics reveals that the energy is not 

concentrated at isolated frequencies, but rather it is 

spread out. The mechanisms which lead to the 

generation of the spectral characteristics discussed 

above are described in four categories; Steady Sources, 
Unsteady Sources, Random Sources and Non Linear 

Effects [16]. 

Steady sources appear constant in time to an 

observer on the rotating blade and produce periodic 

noise because of their rotation. Steady sources include 

three categories: linear thickness, linear loading, and 

(nonlinear) quadrupole. 
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Thickness noise arises from the transverse periodic 

displacement of the water by the volume of a passing 

blade element. The amplitude of this noise component is 

proportional to the blade volume, with frequency 

characteristics dependent on the shape of the cross 

section of blade and rotational speed. Thickness noise 
can be represented by a monopole source distribution 

and becomes important at high speeds. Thin blade 

sections and plain form sweep are used to control this 

noise [1]. 

Loading noise is a combination of thrust and torque 

(or lift and drag) components which result from the 

pressure field that surrounds each blade as a 

consequence of its motion. This pressure disturbance 

moving in the medium propagates as noise. Loading 

source can be represented by a dipole source and 

becomes an important mechanism at low to moderate 
speeds. 

For moderate blade section speed, the thickness and 

loading sources are linear and act on the blade surfaces. 

For high speed propeller, nonlinear effects can become 

significant. In hydro acoustic theory, these sources can 

be modeled with quadrupole sources distributed in the 

volume surrounding the blades. In principle, the 

quadrupole could be used to account for all the viscous 

and propagation effects not covered by the thickness 

and loading sources. In the high speed blade sections, 

the quadrupole sources is much greater than thickness 

and loading sources and cause the increase ofthe noise 
level. 

Unsteady sources are time dependent in the rotating-

blade frame of reference. They include periodic and 

random variation of loading on the blades. For example, 

for a propeller behind an aft wake regardless of the 

number of blades on the propeller, the loading on the 

blade varies during a revolution. Unsteady loading is an 

important source in the counter-rotating propeller. 

Unsteady Random sources give rise to broadband 

noise. For propellers, there are two sources which may 

be important depending on the propeller design and 
operating conditions. The first broadband noise source 

is the interaction of inflow turbulence with the blade 

leading edges. Since the inflow is turbulent, the 

resulting noise is random. The importance of this noise 

source depends on the magnitude of the inflow 

turbulence, but it can be quite significant under 

conditions of high turbulence at low speeds. 

In the second broadband mechanism, noise is 

generated near the blade trailing edge. A typical 

propeller develops a turbulent boundary layer over the 

blade surfaces which can result in fluctuating blade 

loading at the trailing edge. The noise is characterized 
by the boundary layer properties. A related mechanism 

occurs at the blade tips, where turbulence in the core of 

the tip vortex interacts with the trailing edge. It has been 

determined for full-scale propellers that the broadband 

noise sources are relatively unimportant and do not 

contribute significantly to the total noise. 

 
 
3. ACOUSTIC METHOD BASED ON THE FW-H 
EQUATION  

 

The first and most accomplished research in 

aeroacoustic waves has been done by Lightill in 1952 

[17]. Two basic governing equations of the continuity 

and momentum are employed to obtain overall sound 

production relationship. By writing the continuity 

equation as follows:  
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where fi represents the body forces. From Equation (1) 

and (2), the Equation (3) is retrieved by following form: 
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Here, C0 is the sound speed and Tij is the Lighthill stress 

tensor. It is expressed as 

ijijjiij cpuuT   )( 2

0 . (4) 

First term of RHS of the Equation (4) is the turbulence 

velocity fluctuations (Reynolds stresses), the second 

term is due to changes in pressure and density and the 

third term is due to the shear stress tensor.  

A generalization of Lighthill’s theory is to include 

hydrodynamic surfaces in motion. It is suggested by 

FW-H that has prepared the basis for an important 

amount of analysis of the noise caused by rotating 
blades, including propeller and fans. FW-H theory 

contains surface source terms in addition to the 

quadruple source. The surface sources are generally 

indicated thickness (or monopole) sources and loading 

(or dipole) sources. This equation is presented as 

follows [18]. 

 

(5) 

The terms at RHS are named quadruple, dipole and 

monopole sources, respectively. p is the sound pressure 
at the far-field (p'=p-p0). C0 is the far-field sound speed 

and Tij is the Lighthill stress tensor defined at Equation 
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(4). Also H(f) and δ(f) are Heaviside and Dirac delta 

functions, respectively. By solving this equation, 

pressure variation and SPL (measured in dB) are 

calculated by Equation (6) as follows: 

.  (6) 

where prms is the root mean square sound pressure 

and pref is the reference sound pressure, both measured 
in Pa. 

 

 

4. NUMERICAL RESULTS AND DISCUSSIONS 
 

The propeller noise is calculated for comparison with 

the experimental results. The experimental data was 

obtained out by Atlar et al. [18]. Main dimensions of the 

propeller are presented in Table 1. Incompressible finite 

volume method in commercial ANSYS Fluent 14.5 

software is used [19]. 
An unstructured hybrid mesh was applied for grid 

generation. Triangular cells are used for Blades and hub 

surfaces. A fine grid was used for near wall to capture 

the flow in this region. The grid aspect ratio is gradually 

increasing to decrease solution costs. A moving 

reference frame (MRF) was used to generate rotational 

speed around propeller. The generated grid is shown in 

Figure 1. 

Computational domain is defined at 5D for 

upstream, 15D at downstream and 10D for side one (D 

is propeller diameter). About two million cells have 
been created for whole domain grid, as demonstrated in 

Figure 2. In order to study the propeller performance in 

uniform flow and applying open water condition, a 

rectangular control volume was considered around 

propeller with velocity inlet and pressure outlet 

boundary conditions. The domain distances were 

considered sufficiently large to keep away from 

blockage effects on the propeller hydrodynamic 

performance characteristics.  

The SIMPLE algorithm is used for pressure-velocity 

coupling equation and second order upstream 
discretization for momentum equations. Realizable k-ε 

model is used to model turbulence with time step equal 

to 1e-4. 

 

 
Figure 1. The generated unstructured grid on propeller 

 
Figure 2. The generated unstructured grid on propeller 

 

 

 
Figure 3. Coordinate system of the propeller 

 
 

TABLE 1. Main dimensions of the propeller 

Parameter Value 

Number of Blades 4 

Propeller Diameter (m) 2.100 

Pitch Ratio at 0.7R 0.8464 

Expanded Area Ratio (EAR) 0.55 

Hub Ratio 0.276 

Rake angle (deg.) 0 

Skew angle (deg.) 40 

 

 
To capture sound, the receivers are adjusted in four 

points above the propeller at z-axis (z/D=0.5, 1, 1.5, 2) 

and also at four points downstream locations (x/D=0.5, 

1, 1.5, 2) from center of the propeller as shown in the 

coordinate system of the propeller in Figure 3. Figure 4 

shows the wake distribution which displayed excellent 

wake uniformity due to the stern form.  

First of all, for better understanding, the pressure 

distributions on the propeller and other locations are 

shown. Pressure coefficient contour on the propeller 
blade surfaces (back and front) at normal and heavy 

load conditions are shown in Figures 5 and 6, 

respectively. At heavy loads (low advance ratios) the 

difference between pressures coefficients on both sides 

of the propeller increases significantly, while at normal 

load condition the pressure difference is relatively low. 

Also, the pressure coefficient results for back and front 

http://en.wikipedia.org/wiki/Root_mean_square
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are shown in Figures 7 and 8 at four radial sections 

(r/R=0.3, 0.5, 0.7, 0.9) on the blade.  
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Figure 4. Non-uniform wake flow field [20] 

 
 

 
(a) 

 
(b) 

Figure 5. Pressure coefficient distribution on normal load 
condition (J=0.74) (a) pressure side (b) suction side 
 
 

 

 
(a) 

 
(b) 

Figure 6. Pressure coefficient distribution on heavy load 
condition (J=0.29) (a) pressure side (b)suction side  

 
 

 
Figure 7. Pressure coefficient distribution on blade section for 
normal load condition (J=0.74) 
 
 

 
Figure 8. Pressure coefficient distribution on blade section for 
heavy load condition (J=0.29) 

 
 

Hydrodynamic characteristics of the propeller at 

various operating conditions are shown in Figure 9 and 

compared with experimental data [19]. Efficiency is low 

for heavy load conditions and when the condition 

becomes normal, the efficiency increases up to η=0.7. 

Also, Table 2 gives more details at five operating 

conditions (propeller speed and advance velocity) and 

its hydrodynamic performance. Propeller rotating speed 

is constant (197 RPM) while advance speed is changed 

from 1.3~11 knots. Advance velocity ratio is chaged 

from 0.1 (Strong load) to 0.82 (Light load). Maximum 
efficiency is obtained about 66%. Pressure coefficient 

contour for normal and heavy load conditions is shown 
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around propeller in Figure 10. Figure 11 illustrates two 

views of distribution axial velocity, where propeller is 

rotating with a constant rotational velocity of 197 rpm.  

As seen in this figure, blade tip produces high speed 

backward flow (regions marked red). At the same time a 

forward flow with lower axial velocity is also generated. 
These two reverse flows stimulate a vertical flow 

around the blade tip. 

 

 

 Figure 9. Hydrodynamic characteristics of the propeller
 

 

 

 
(a) 

 
(b) 

Figure 10. Pressure coefficient distribution for normal (a) and 
heavy load (b) condition in propeller downstream 

  
(a) (b) 

  
(c) (d) 

Figure 11. Axial velocity distribution in blade section and downstream for normal load condition (a, b) and heavy load condition (c, 
d) 

 

 
TABLE 2. Hydrodynamic characteristics results at five operating conditions 

State Speed (Knot) n (RPM) J Kt 10Kq 

Strong load 1.3 197 0.1 0.34 0.46 

 Heavy load 4 197 0.29 0.258 0.32 

Moderate load 8.6 197 0.64 0.105 0.1638 

Normal load 10 197 0.74 0.05 0.1053 

Light load 11 197 0.82 0.0064 0.023 
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5. SPL AROUND PROPELLER 
 

In the following section, the flow field around rotating 

blades, is described in detail. The noise source strength 

was achieved and acoustic analogy approximation can 

be used to assess the numerical broadband noise.  

The density and sound speed in water are 1000 

kg/m3 and 1480 m/s. The reference pressure for SPL is 

1.0 μPa.  

Numerical calculations of the SPL and experimental 

data are shown in Figure 12 at z/D=1.5 for normal load 

condition. There is a good agreement between the 

numerical and experimental results. As seen from 

diagram, the peak noise level (143 dB) occurrs at 
frequency around 80(Hz). For frequencies between 

1,000~3000 the SPL is dropped to 100dB.  

Noise spectrum for other receivers at above the 

propeller (z/D = 0.5, 1, 1.5, 2) is shown in Figure 13 for 

normal load in non-uniform flow. As shown, the overall 

SPL decreases as the distance from the sound source 

increases. In the far field, where sound propagates as 

spherical waves and kr >> 1(k is the wave number and r 

is the distance to sound source), sound pressure follows 

the inverse square law with respect to the distance. This 

means that, in the far-field, the overall SPL is 
proportional to reverse square of the distance. For 

instance, if the distance doubles, the overall SPL 

reduces around 6 to 7 dB. As discussed, this comment 

uses to predict the proper magnitude just for the far-

field. As shown in this figure, SPL for z/D=0.5 and 

z/D= 1 is varied about 12 dB. For further distances, 

when the distance doubled, SPL varies about 7 dB.  

The noise spectrum is shown in Figure 14 at 

downstream positions (x/D = 0.5, 1, 1.5, 2). For high 

frequency, a different procedure is observed. Vortex 

shedding effect and downstream flow cause different 
path and sound pressure is reduced slowly. But, in low 

frequency reverse relation with distance is observed. 

 

 

 
Figure 12. SPL spectrum extract from experimental and 
numerical results in frequency domain at normal load 
condition and z/D=1.5 

5. 1. Operation Condition and Wake Effects on 
Noise Reduction      The SPL has been figured to be 
fairy complex due to complicated physics of viscous 

influence and vortex manner in the flow above propeller 

blades. The sound is produced by the Lighthill tensor, 

the oscillating force and torque, which are seriously 

influenced by turbulence and nonlinear interactions in 

vortex flow. 

 

 
Figure 13. SPL spectrum extract from numerical results in 
frequency domain for receiver in 4 positions z/D=0.5, 1, 1.5, 2 
for normal load condition  
 

 

 
Figure 14. SPL spectrum extract from numerical results in 
frequency domain for receiver in 4 positions x/D=0.5, 1, 1.5, 2 
for normal load condition 
 

 

 
Figure 15. SPL spectrum extract from numerical results in 
frequency domain for receiver in z/D=1 for Heavy and normal 
load conditions 
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SPL diagram are displayed in Figures 15 at heavy 

and normal load conditions for z/D=1. In order to have 

equal rotational speed, as stated above the operation 

conditions, thickness noise is equal in both but the 

differences in SPL arise from harmonic noise, loading 

noise and broadband trailing edge noise that are 
monopole, dipole and quadrupole, respectively. As will 

be discussed later, for low speed propeller, nonlinear 

effects can become insignificant. As seen from this 

figure, noise level in normal load condition is stronger 

than heavy load condition in low frequency because of 

strong Harmonic noise. The tonal peaks at multiples of 

the BPF are clearly observed on the spectrum plat. On 

the other hand, the noise for heavy load condition is 

stronger than normal load condition in high frequency 

because of strong pressure field (Figures 3 and 4) and 

loading noise. 
SPL chart is illustrated in Figure 16 for x/D=2 in 

both conditions. Noise level for normal load condition is 

stronger than heavy load in this position for both low 

and high frequencies. Strong dipole loading noise can 

cause strong SPL. 

The comparison between Noise spectrum uniform 

and non-uniform flow is illustrated in Figures 17 and 18 

for x/D=1.5 and z/D=1.5. The Result show that SPL 

increase about 10 percent in wake flow (non-uniform 

flow) in both low and high frequency.  
 

 

 
Figure 16. SPL spectrum extract from numerical results in 
frequency domain for receiver in x/D=2 for Heavy and normal 
load conditions 

 
Figure 17. SPL spectrum extract from numerical results in 
frequency domain for receiver in x/D=1.5 for Uniform and 
Non-uniform flow 

 Figure 18. SPL spectrum extract from numerical results in 
frequency domain for receiver in z/D=1.5 for Uniform and 
Non-uniform flow 

 
 
6. CONCLUSION 

 

In order to estimate the wake effect and operation 

condition on propeller noise, various investigations have 
been done in this paper. Pressure distribution and 

hydrodynamic characteristics of the propeller are 

determined at various operating conditions. Results 

show good agreement with the experimental results. 

Varying quality of inlet flow has effect on pressure 

oscillation and hydrodynamic performance as well as 

SPL diagram. By inserting wake inflow, sound strength 

increases about 10 percent. The noise level in different 

operation conditions is discussed. Based on the results, 

loading and harmonic sources effect on sound level in 

different operational condition. 
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 ٌچكيذ
 

 

 در ایه مقالٍ خصًصيات وًیش َيذريدیىاميكی پزياوٍ َای دریایی بٍ ريش ریىًلذس متًسط وايیز استًکسپژيَص اوجام ضذٌ 

RANS  تًاوذ ريی یک جزیان می در ضزایط عملكزدی مختلف بزرسی ضذٌ است. ي جزیان یكىًاخت ي غيزیكىًاخت يدر

در  وًیشفطار اطزاف پزياوٍ تاثيز بگذارد. در مقالٍ َای مختلف تاثيز ایه پارامتز ريی وًیش کمتز بزرسی ضذٌ است.  وًساوات ميذان

بزای  FW-H يکيىگش ضًد. اس معادلات دي مزحلٍ ای يیليامش َاایه حالت اس القا يرتكس لبٍ فزار ي پالس َای فطاری ایجاد می

ميذان جزیان اطزاف پزياوٍ ي پارامتزَای مختلف مًثز در وًیش پزياوٍ بٍ . فادٌ ضذٌ استمحاسبٍ وًساوات فطاری ي سطح وًیش است

تفصيل در ایه مقالٍ بزرسی ضذٌ است. بزای اعتبار سىجی وتایج َيذريدیىاميكی ي َيذري اکًستيكی اس وتایج تجزبی استفادٌ ضذٌ کٍ 

، تاثيزات يیک يريدی ي تاثيزات وسبت سزعت پيطزيی بز ريی ضًد. بز اساس وتایج حاصل اس ایه مقالٍتطابق خًبی مطاَذٌ می

 .مذٌ استآسطح وًیش پزياوٍ َای دریایی بذست 

doi: 10.5829/idosi.ije.2016.29.04a.12 

 


