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ABSTRACT

The objective of the study was to carry out numerical simulation of the hydrodynamic noise generated by the flow 
around a non-cavitating underwater propeller. To achieve this goal, hydrodynamic simulation of flow around the 
propeller was initially done. The unsteady 3-D flow was modelled numerically along with the LES turbulence model. 
The hydrodynamic parameters calculated for different advance coefficients are visibly in line with the previous 
experimental works. The turbulent quantities of the hydrodynamic study and the  FWH model were used to find 
spectral distributions of flow noise for different advance coefficients. The results of the acoustic investigation were 
compared against other numerical results. An array of 100 hydrophones was used to find the directional distribution 
of the noise around the propeller. The obtained results indicate that, for different advance coefficients, the highest 
intensity of the noise recorded by different receivers around the propeller occurs in BPF. Furthermore, it has been 
found that the noise is directionally as well as intensively distributed around the propeller. Noise distributions of 
noise are presented and discussed for different regimes of propeller rotation. The analysis of the expanded spectrum 
(broadband analysis) of noise on the propellers has also been done and the contribution of all parts of the propeller 
to hydrodynamic noise generation are presented. 

INTRODUCTION

The noise generated by the propeller of a submarine is 
the most principal factor in its recognition by enemy’s sonar 
contacts. The noise also pollutes the subsea environment. 
Hence, it seems vital to measure the noise and lower its 
intensity. The noise produced by the propeller can be divided 
into that of cavitational and non-cavitational nature. Although 
most propellers experience cavitation and generate enormous 
noise due to the destruction of bubbles, in deep see conditions 
propellers are still noisy without cavitation. 

Fig. 1. Underwater propeller DTMB 4119

The hydrodynamic analysis of the flow around the propeller 
is the prerequisite of its acoustic analysis. Propellers rotate in  
a highly turbulent wake behind vessels, therefore the flow pattern 
around them is truly complicated and hard to resolve. It seems 
necessary to precisely simulate the turbulent quantities. In the 
present study, the flow around the propellers is analysed both 
numerically and experimentally. Many researchers measured 
experimentally propellers performance [1-4]. Unfortunately,  
these methods require complex laboratory equipment and are 
very expensive, especially when fluctuating quantities are to be 
measured. On the other hand, numerical simulations (making 
use of both inviscid [5-10] and viscous flow methods [11-15]) 
are also widely represented in the literature. 

Turbulence modelling is the most challenging problem of 
propeller hydrodynamic studies. Many researchers use RANS 
equations including 0, 1, 2 and multi-equation methods to 
resolve the closure problem [11-15]. In a pure hydrodynamic 
study oriented on determining certain integral quantities 
including Kt or KQ, the given methods lead to acceptable 
results. However, in the noise studies where temporal and space 
distributions of fluctuating quantities, such as pressure for 
instance, should be found, more accurate models are required. 
Here, DNS [16], DES [17] and LES [18] are the candidates to 
model the turbulence. LES is more commonly used to setup 
hydrodynamic parameters for acoustic investigations, because 
of its precision and moderate computational cost [19-22].
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The noise detected in the fluid can be generated by either 
a vibrating structure or fluid fluctuations. Although the 
structural noise is very important and is studied by many 
researchers [23-25], in the present work the vibration of the 
propeller structure is not considered and only the flow noise 
is studied. 

Sound propagation is related to the media in which the noise 
is propagated. Although the subject studied by most flow noise 
researches falls into the category of aero-acoustic noise (in gas 
media) [26], the hydrodynamic noise has also been the object 
of interest of some researches [27]. Regardless of the media, 
basically there are two kinds of methods to model the flow 
noise numerically, which are the direct methods [28] and those 
based on the acoustic analogy [29]. Beside the acoustic analogy, 
some methods, such as the Linearised Euler Equation [30-32], 
the Acoustic Perturbation Equation [33] and the Linearised 
Perturbed Compressible Equation make use of perturbation 
quantities [34]. 

In the present study, the flow-noise of a rotating submerged 
propeller is predicted by a 3D numerical simulation. For the 
near-field, the Navier-Stocks Equations are used for modelling 
the flow and the LES model to model the turbulence, while for 
the far-field acoustic, the FWH model is applied. Equations 
are presented in Section 2, and the obtained results including 
the hydrodynamic and tonal noise results are presented in 
Section 3. Broadband noise results are presented in Section 
4 and, finally, in Section 5 concluding remarks are depicted.

EQUATIONS AND NUMERICAL SOLUTION 

In the hydrodynamic analysis of the flow, the flow field 
can be predicted by solving the continuity and momentum 
equations (Equations 1 & 2) [18]. 

where ui are velocity components of water, ρ is density, P 
is pressure, and τ is the shear stress tensor.

For the acoustic analysis of the propeller the integral 
equation FWH (Equation 3) is solved to find the far-field sound 
of the propeller [35].

(1)

(2)

(3)

In Equation 3 p’ is the pressure fluctuation and Tij is the 
Lighthill stress tensor. The following equation is referred to 
as the Lighthill’s equation in which the first right-side term 
stands for the generation source of the monopole noise, the 
second term represents the dipole noise, and the third term 
accounts for the quadrupole noise[35].

(4)

In this study, the noise caused by the rotating propeller forms 
the monopole thickness noise. The noise of the pressure level and 
propeller suction shapes the dipole loading noise. As the Mach 
number of the propeller rotation is small, the volume noise is ignored. 
Using the Lighthill analogy, Proudmam proposed the following 
formula to compute the acoustic power of the turbulent flow, 
regardless of the average flow [36].  

(5)

In the above equation, u and l are the turbulence velocity 
and the length scale, respectively, while a0 and α are the sound 
speed and a coefficient. 

For the simulation of the broadband noise, the acoustic 
power on the propeller surface (LP) is derived from Equation 6.

(6)

In the above equation, Pref is the reference acoustic power 
and equals 10-12W/m3.

The studied propeller is a real size DTMB 4119 propeller. 
All flow simulations are done using the OpenFOAM software 
and acoustic post processing of the data are performed with  
a homemade code for noise calculations. Figure 2 (on the right) 
shows the cylinder-shaped computational domain around 
the propeller. As shown in the figure, a small cylinder with 
the length of 0.385 D and diagonal of 1.1 D is placed around 
the propeller. The cylinder is used to revolve the propeller 
in the rotating reference frame. Figure 5(right) clarifies 
the dimensions of the solution (see the table for boundary 
conditions of the issue). The open water condition is applied 
to the inlet. To employ the LES model of turbulence for the 
acoustic analysis, the study employed an extensively fine 
grid (total number of 2 750 000 cells) upon and around the 
propeller, in particular where the flow vortex is generated 
(figure 2 left). The sliding mesh technique is used to model 
the rotation of the propeller. The small cylinder in figure 2 
around the propeller rotates at the propeller speed.

Fig. 2. Computational domain (right) and sliding portion of the  
 domain with unstructured grid (left)



HYDRODYNAMIC FINDINGS 

Figure 3 shows the graphs comparing the hydrodynamic 
coefficients as a function of  the advance coefficients obtained 
in the present study and recorded as the laboratory findings 
[37]. The results are visibly in line with each other. As the graph 
indicates, for all advance coefficients the thrust and moment 
coefficients are close to each other and their difference is less 
than 9 %. The value of the advance coefficients was derived 
from  Equation 7.

(7)

where J is the advance coefficient, Vs is the advance velocity, 
Np and Dp are the angular velocity and the diameter of the 
propeller.
Figures 4 & 5 show the pressure coefficients of the propeller 
blade as functions of dle for two different value of dr (0.5 and 
0.7) for J = 0.83. Here dr is defined as dr = r/R in which r is the 
radial distance from the propeller axis and R is the propeller 
radius. The dle represents the spatial distance from the propeller 
blade leading edge, non-dimensionalised by the propeller blade 
chord. The pressure coefficient value at this section was derived 
from Equation 8.

(8)

In the above equation, Cp is the pressure coefficient; p0 is 
the reference pressure and Vs  is the advance velocity of the 
propeller. The numerical results of the present study were 
compared with those obtained by Pan et al. using the panel 
method, where the fluid was supposed to be inviscid [37]. The 
existing difference between these two cases is due to the fact 
that the boundary layer was not modelled in the panel method.

Fig. 3. Hydrodynamic performance of propeller in open water conditions

Fig. 4. Pressure coefficients for dr= 0.5

Fig. 5. Pressure coefficients for dr= 0.7

Figure 6 shows two views of axial distribution of water 
velocity, where the propeller is rotating with a constant angular 
velocity of 120 rpm. The figure shows the flow pattern in which 
every blade tip generates a 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 provoke  
a vertical flow around the blade tip. As the numerical value 
of the axial velocity indicates, the rotating direction of the 
eddy is clockwise.

Fig. 6. Axial velocity distribution around propeller in horizontal plane  
 (left) and propeller plane (right)



Figure 7 shows the planes of the same velocity around 
the propeller, demonstrating the creation of the radial and 
tangential flow and the velocity increase from the pure input 
axial velocity of 1.6 m/s to 1.65 m/s.

Fig. 7. Velocity isosurfaces, magnitude  1.6 m/s

Figure 8 shows vorticity contours in two perpendicular 
planes. As indicated in the figure, blades tips play the main role 
in vorticity generation. On the other hand it is evident from 
Figure 8 (left) that the propeller nose is also a source of vorticity. 
In this case, i.e. for  the  angular velocity of propeller equal 
to 120 rpm, the magnitude of the tip vorticity is higher than 
that generated by the propeller nose. The regions of vorticity 
generation are expected to be an active source of flow noise.

Fig. 8. Vorticity distribution around propeller in horizontal plane (left)  
 and propeller plane (right)

ACOUSTIC FINDINGS

In this section, the level of the noise generated by the 
propeller DTMB4119 is presented [38]. The water density and 
the speed of the sound were assumed as equal to 1026 kg/m3 

and 1500 m/s, respectively. The level of sound was computed 
using Equation 9. 

(9)

In Equation 9, SPL stands for the decibel based Sound 
Pressure Level. The level of the reference pressure equals  
1 x 10-6 pa and Pacoustic is the acoustic pressure.

Figures 9 & 10 show noise frequency spectra of two 
different receivers, one situated upon the hub axis in front of 
the propeller, at a distance of 10 times of the propeller radius  
(receiver A Figure 2), and the other located on the propeller 
rotation plane, above the propeller, also  at a  distance of 
10 times of the propeller radius (receiver B Figure 2). The  
advance velocity was equal to 1/6 m/s and the rotational 
speed  was equal to 120 rpm. Figures 9 & 10 evidently reveals 
substantial compatibility of the findings of the present study 
with the numerical findings of the study by Seol et al [38]. 
However, in receiver B, from 100 Hz on, the difference of 
25 % can be observed in the results. This difference may 
be due to different methods used in two studies, i.e., the 
present study made use of the CFD method, while Seol et 
al., used the panel method.

Fig. 9. Noise spectrum in receiver A

Fig. 9. Noise spectrum in receiver B



Time histories of the f low noise for different advance 
coefficients were studied as well. Figure 11 shows the time 
dependent values of the acoustic pressure, for two advance 
coefficients of 0.6 & 1, in the receiver B. The graph evidently 
indicates that the values of the acoustic pressure have reached 
the quasi-periodic state, thus approving the convergence of 
the solutions in the unsteady flow. The graph also reveals that 
increasing the advance coefficient (decreasing the rotational 
speed of the propeller), leads to the decrease of the pressure 
amplitude. The pressure amplitude for the case with J = 0.6 is 
3.5 times larger than that for J = 1.0.

Figure 12 shows the noise spectra for different advance 
coefficients in hydrophone B (Figure 2). For more clear 
presentation, the noise spectra for the optimal J and lower 
speeds are depicted in the left figure, while the high speed 
cases are presented on the right. What is prominent in this 
figure is that the level of noise intensity per advance coefficients 
reaches  maximum for a given frequency. This frequency is 
referred to as BPF (Blade Passing Frequency) and is derived 
from the following equation:

(10)

In the above equation N is the number of propeller blades 
and is the angular velocity of the propeller, in radians per 
second. An anti-aliasing filter was used in these calculations.

Fig.11. Time history of acoustic pressure wave for two advance coefficients

Fig. 12. Noise spectrum for different advance coefficients

DIRECTIONAL DISTRIBUTION 

In the previous Section all investigations were dedicated to 
two locations: A and B (Figure 2). In this section, the reported 
results refer to all directions around the propeller in order to 
understand better the directional behaviour of the flow noise. 
For this purpose an array of 100 microphones was arranged 
on a sphere. The propeller was located in the centre of the 
sphere with the microphones and the sphere radius was 10R.

Figure 13 shows the 3D graph of the intensity level of the 
noise recorded by 100 receivers for the frequency equal to 2 
Hz and the rotational speed equal to 120 rpm. It is clear from 
Figure 13 that the maximum of the acoustic pressure is detected 
in the horizontal plane and the minimum of SPL is around 
two poles of the sphere. Although the reported results have 
been obtained for one special case of 120 rpm and 2 Hz, they 
clarify the directional distribution of the propeller flow noise.

Figure 14 shows the directional distribution of noise 
intensity in an hour circle of the sphere containing the 
hydrophone array. In this figure, directional distributions for 
two advance coefficients of 0.3 & 0.4 are shown. According to 
the figure, lower advance coefficients (higher propeller speed) 
result in a higher level of noise in all directions. The directional 
distribution reveals that the highest levels of noise are upon the 
hub axis, while the lowest levels are on the plane perpendicular 
to the propeller axis. According to the report  by Seol et al., the 
loading noise upon the hub axis and the thickness noise on the 
axis perpendicular to the hub axis (the rotating plane of the 
propeller) are the maximal  ones. Thus, it is noteworthy that, 
due to drastic changes of the static pressure upon the levels of 
the propeller in conditions of high rotational speed and low 
advance coefficients, the noise mostly is of loading nature.

For high advance coefficients, the directional distribution 
process of the hydrodynamic noise is entirely reversed (Figure 
15). It is observed that the lowest levels of noise intensity are 
located upon the propeller hub axis and the highest levels 
are placed on the axis perpendicular to the hub axis (the 
rotating plane of the propeller). This suggests that, in the 
conditions of high advance coefficients (low propeller speed), 
the hydrodynamic noise of the propeller is of monopole type 
(thickness noise), as the effect of the static pressure is lower 
than in the case of low rotations and most of the generated 
noise is caused by the periodic movement and rotation of the 
propeller, which produces the monopole noise.

Fig. 13. SPL (2 Hz, 120 rpm) on the sphere around the propeller Noise 
spectrum for different advance coefficients



Fig. 14. Directional distribution of flow noise for low advance coefficients

Fig. 15. Directional distribution of flow noise for high advance coefficients

Broad Band Noise of the Propeller

Another fruitful study in the area of flow noise is broadband 
noise investigation. In the broadband noise study regardless of 
the frequency, the total flow noise could be obtained. Figure 16 
presents the decibel based broad band noise upon the propeller 
for different advance ratios. As is evident from the acoustic 
power distribution shown in Figure 16, the maximum sources 
of the generated noise are situated upon the leading edges, 
the blade-hub junction, and the hub tip. This is due to vortex 
shedding from the propeller and hub tip. We can notice that in 
the regions of drastic geometrical changes, a great amount of 
vorticity is generated (Figure 8) and subsequently large static 
pressure differences are observed.  Thus, the maximal level 
of the dipole (loading) noise is produced. It is clear from the 
figure that as the advance ratio is increased (low speed cases), 
the level of noise is decreased. At J = 0.4 the propeller hub is 
a source of noise while at J = 1.0 the noise is only generated 
by the blades.

Fig. 16. Acoustic power distribution on propeller surface for J = 0.4  
 (left), J = 0.6 (middle) and J = 1.0 (right)

CONCLUSIONS

3D numerical simulation of the hydro-acoustic flow around 
a propeller has been performed and the following results have 
been concluded:

- With the aid of the LES model of turbulence, a fairly 
fine grid,  and a sliding mesh, the hydrodynamic flow pattern 
can be captured and the fluctuating quantities can be  derived 
for further use in acoustic models.

- The obtained hydrodynamic parameters have been 
compared against the experimental data for various advance 
coefficients. The observed level of agreement is satisfactory. The 
distributions of flow parameters such as velocity and vorticity 
are presented to understand better the flow.

- The tonal noise of the propeller was simulated using 
the FWH model and the results have been compared with 
other available numerical results.

- The effect of advance ratio has been studied and  the 
advance ratio has been found to be a key parameter in noise 
propagation. Investigating the hydro-acoustic findings of 
the flow around the propeller has lead to the conclusion that 
decreasing the advance coefficients (increasing the propeller 
speed) increases the acoustic pressure range of the noise 
recorded in the receiver and decreases the period of the acoustic 
wave pressure.

- Looking into the frequency based SPL graphs for 
different advance coefficients indicates that each graph reaches 
the maximum at a given frequency.  This frequency is referred 
to as BPF (Blade Passing Frequency).

- The directional distribution of the noise power level 
around the propeller should also be taken into consideration. 
In low advance coefficients (high speeds), the level of the noise 
around the hub axis of the propeller increases to the maximum, 
and drops to the minimum upon the axis perpendicular to 
the propeller axis within the rotating plane of the propeller. 
This is an indication of dipole (loading) noise maximisation 
in the examined cases. However, in high advance coefficients 
(low speed), the noise power within the rotating plane of 
the propeller increases to the maximum, and drops to the 
minimum upon the axis of the propeller hub. This is an 



indication of the monopole (thickness) noise capability in 
these advance coefficients.

- A broadband study has been carried out on the 
propeller, and the regions with highest noise potential have 
been detected, see the 3D graph. It is noticeable that the flow 
pattern, especially the vorticity distribution is associated with 
the broadband noise.

- Examination of the broad band noise upon the 
propeller surface and the resultant graph of the acoustic power 
plainly demonstrate that regions in the vicinity of propeller 
hub and tip play a crucial role in the generation of vortices in 
the flow around the propeller, which are precisely the source 
of major part of the noise generated around the propeller. In 
these regions, due to drastic geometrical changes, high static 
pressure differences are observed.
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