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ABSTRACT   
 

Underwater radiated noise (URN) is related to the concealment of 

ships and underwater vehicles, and also affects the marine biological 

environment. The nonlinear components in URN determine the far-field 

acoustic signal. Therefore, it is necessary to study the nonlinear noise in 

depth. In this paper, the nonlinear acoustic characteristics of the 

INSANA E779A propeller are studied for the non-cavitation conditions. 

The open source platform OpenFOAM is used to simulate the flow field 

and sound field. The DES model is adopted for the flow field coputation, 

and Ffowcs Williams and Hawkings (FW-H) equation is used for the 

sound field prediction. Among them, the nonlinear component is 

predicted by the direct volume integral method, and the dual mesh 

method is combined to reduce the calculation amount. The results show 

that the propeller nonlinear noise affects both high and low frequency 

ranges, and the far-field attenuation characteristics do not follow the 

spherical wave attenuation law. Using the dual mesh method can reduce 

the calculation time and storage by 2 orders of magnitude without greatly 

reducing the prediciton accuracy. 

 

KEY WORDS: INSANE E779A propeller, FW-H analogy, nonlinear 

noise, dual mesh technology. 

 

 

INTRODUCTION 

 

Naval architecture and marine engineering have significantly 

increased the underwater noise in the ocean, which will be harmful to 

marine life. As international organizations attach importance to the 

concept of “green ships”, noise pollution has gradually become a focus 

of attention. The International Maritime Organization (IMO) has issued 

guidance on acoustic emissions from commercial ships (IMO, 2014). It 

can be foreseen that the noisy ships will restricted in the future. 

Predictions of underwater noise will directly affect the manufacture of 

green low-noise ships.  

The marine structure noise can be divided into three types: hull 

vibration noise, propeller noise and hydrodynamic noise (Wei et., 2000). 

When the water flows through the structure, vortex leakage, turbulent 

flow and other phenomena will occur, causing hydrodynamic noise. If 

flow-induced vibration is not considered, hydrodynamic noise is also 

called flow-induced noise (Li et., 2016). Propeller noise can be classified 

into two parts: vibration noise and hydrodynamic noise. Hydrodynamic 

noise has always been a hot spot and difficulty in underwater noise 

prediction due to the difficulty of experiments, the huge amount of 

calculation and the unclear propagation model in numerical simulation 

(Zhang et., 2021). In the field of engineering, hydrodynamic noise not 

only affects the concealment of military ships and submersibles, but also 

affects their comfort (Wang et., 2020). 

Since the hydroacoustic scale effect is not yet clear, there is no 

theoretical basis for the conversion from the model scale to the real scale. 

Although some experimental studies on the hydrodynamic noise of ships 

on the water surface with real scale have been carried out (De et., 2005), 

it is time-consuming and expensive. In comparison, numerical 

simulation can carry out real-scale forecasting, and flow field and sound 

field can be extract as all kinds of required data. Besides, it has high 

repeatability, which is suitable for mechanism research. Therefore, the 

numerical simulation of hydrodynamic noise is the trend of future 

research and development. 

Among the many prediction methods of hydrodynamic noise, the 

most commonly used one is the acoustic analogy. It was first derived by 

Lighthill (1952) based on the Navier-Stokes equation. After the 

development of Curle (1955) and Fowcs Williams (1969), it has now 

formed the FW-H equation that can consider the influence of solid walls 

and object motion. There are two main application techniques of this 

equation. One is the direct volume integral: this method calculates the 

quadrupole sound source using the volume integral, and the monopole 

and dipole sound source is calculated by the object surface integral. The 

other one is the penetrable surface method: this method takes advantage 

of the enveloping surface in the flow field, and takes into account the full 

sound source effect by performing surface integration on this enveloping 

surface. Due to the huge data storage capacity and huge computing time 

of the direct volume integration method, the latter is often used in 

engineering. However, the penetrable surface method has some defects 
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like "end-cap problem" that is difficult to solve, and the mechanism of 

nonlinear terms is difficult to clarify. Therefore, the most accurate 

technique is still the direct volume integration method (Yu et., 2022a; Yu 

et., 2022b). 

Cianferra (2019) compared the penetrable surface and the direct 

volume integration method through the flow around a square cylinder, 

and found that the penetrable surface can capture the main frequency. 

However, the sound pressure amplitude will be different. In comparison, 

the direct volume integration method is similar to the values in reference. 

Testa et al. (2021), Lloyd et al. (2015) and Lidtke et al. (2019) pointed 

out that when the vortex passes through the acoustic integration surface, 

it will cause spurious noise signals and numerical errors. This has been 

verified in many applications of the penetrable integral surface method. 

The biggest obstacle of the direct volume integration method is the 

huge amount of disk storage and the long computing time. In order to 

reduce the calculation amount, Gadalla et al. (2021) adopted a 

dimensionality reduction method, based on dynamic mode 

decomposition and proper orthogonal decomposition algorithms, which 

reduced LES flow field data by half. Wang et al. (2022) used dual-mesh 

technology to reduce the calculation amount of volume integrals, that is, 

the acoustic grid and CFD grid have different densities, and the sound 

source is calculated by interpolation, thereby greatly reducing the 

calculation amount. 

This paper takes INSANE E779A propeller as the research object. 

The noise characteristics is analyzed with dual mesh technique from the 

perspectives of linear sound pressure distribution, nonlinear sound 

pressure distribution, turbulence energy, streamline, etc. The research is 

hoped to contribute to the understanding of nonlinear noise. 

 

 

THE MATHEMATICAL FORMULATIONS 
 

Turbulence model 

 
Reynolds averaged Navier Stokes (RANS) equation ignores the 

fluctuation of the flow field and is not suitable for noise analysis. The 

turbulence model selected in this paper is detatched eddy simulation 

(DES) model. DES combines the advantages of  RANS and LES method:  

RANS is used near the wall, and the modeling method is used to simulate 

small-scale fluctuations, while the flow field far away from the object is 

simulated by LES. The turbulence scale in the dissipation item is 

compared with a grid scale product a constant instead, that is, the sub-

grid stress model. DES method not only has the advantages of the far-

field large-scale eddy refinement simulation in the LES method, but also 

has the advantage of the low calculation amount of the RANS method.  

For this reason, this paper uses the improved Spalart-Allmaras DES 

as the turbulence model, namely SA-DDES (Spalart, 1992). Its 

governing equation is, 

 

𝐷𝑣̃

𝐷𝑡
= 𝑐𝑏1𝑠̃𝑣̃ +

1

𝜎
[∇ ∙ ((𝑣 + 𝑣̃)∇𝑣̃) + 𝑐𝑏2(∇𝑣̃)2] − 𝑐𝑤1𝑓𝑤 [

𝑣̃

𝑑
]
2

 (1) 

 

In the formula, 𝑑 is the shortest distance from grid center to the object 

surface; 𝑣̃ represents the eddy viscosity of SA-DDES turbulence model; 

𝑠̃  means the vorticity value; 𝑣𝑡  is the turbulent viscosity (Pa ∙ s) ; 𝑣 

represents fluid viscosity (Pa·s); 𝑐𝑏1 , 𝑐𝑏2are model parameters whose 

values are 0.1355 and 0.622 respectively. 

The variable and turbulent viscosity are related as follows: 

 

𝑣𝑡 = 𝑣̃𝑓𝑣1      (2) 

 

fv1 =
𝜒3

𝜒3+𝑐𝑣1
3       (3) 

 

χ ≡
𝑣̃

𝑣
       (4) 

 

The differential equation in SA-DDES model shows that the surface 

dissipation is proportional to [
𝑣̃

𝑑
]
2
. When this term become in balance 

with the source term, the turbulent viscosity coefficient is proportional 

to 𝑆𝑑2  (𝑆 is the strain rate). The turbulent viscosity coefficient varies 

with the local strain rate 𝑆 and the grid scale 𝛥 like: 𝑣 ∝ 𝑠∆2, where ∆=
max (∆x, ∆y, ∆z). In SA-DDES model, 𝑑 is replaced by the following 

formula: 

 

𝑑̃ = min (𝑑𝑤 , 𝐶𝐷𝐸𝑆∆)     (5) 

 

Where 𝑑𝑤 is the distance from the grid center to the wall. In the area 

where 𝑑𝑤 < 𝐶𝐷𝐸𝑆∆ is calculated by RANS method, in the area where 

𝑑𝑤 > 𝐶𝐷𝐸𝑆∆ is calculated by LES. When the mesh is very dense, the 

model acts as LES throughout the flow field. 

 

FW-H formulation 

 

Lihgthill proposed the theory and equation of acoustic analogy in 

the Proceedings of the Royal Society, and then Ffowcs Williams and 

Hawkings further extended it to the moving solid boundary on the basis 

of the Curle equation, which considers the noise generated by the 

interaction between the moving boundary and the fluid. Heaviside 

function is introduced, and the FW-H acoustic wave equation is derived.  

The wave equation can be written in the form 

 
𝜕2𝑢

𝜕𝑡2 − 𝑐2 𝜕2𝑢

𝜕𝑥2 = 𝑓(𝑥, 𝑡)     (6) 

 

The generalized Heaviside function is written as follows: 

 

𝐻(𝑓) = {
1, 𝑥 ∈ 𝑉
0, 𝑥 ∈ 𝑆

      (7) 

 

𝑓(𝑥, 𝑡) = 0 is the control surface equation, which is a function of spatial 

position 𝑥  and time 𝑡 . Ignoring body forces, the control equations 

satisfied by the fluids outside the control surface are: 

 
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 𝜌0𝑢𝑖

𝜕𝑓

𝜕𝑥𝑖
𝛿(𝑓)     (8) 

 
𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) +

𝜕

𝜕𝑥𝑗
(𝑝𝛿𝑖𝑗) = [(𝑝 − 𝑝0)𝛿𝑖𝑗]

𝜕𝑓

𝜕𝑥𝑗
𝛿(𝑓) (9) 

 

where 𝛿(𝑓) represents the Dirac function. 

 

The derivative of both sides of the generalized continuity equation 

with respect to time is obtained at the same time, and the divergence of 

both sides of the generalized momentum equation is taken at the same 

time, and then the two equations are subtracted to obtain the Lighthill 

equation. FW-H equation derived on this basis is as follows: 

 

(
1

𝑐2

𝜕2

𝜕𝑡2 − 𝛻2) 𝑝′ =
𝜕

𝜕𝑡
[𝜌0𝜈𝑛𝛿(𝑓)] −

𝜕

𝜕𝑥𝑖

[𝑝𝑛𝑖𝛿(𝑓)] +
𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
[𝐻(𝑓)𝑇𝑖𝑗] 

    (10) 

 

The surface of an object can be represented by 𝑓(𝑥, 𝑡) = 0, where  

𝛻𝑓 = 𝑛⃗  points to the normal direction outside the object surface. 

According to the linear assumption, 𝑝′ = 𝑐2𝜌′ = 𝑐2(𝜌 − 𝜌0) , where 

𝑐and 𝜌0 respectively represent the fluid sound velocity and density under 

the undisturbed fluid medium. 

There are many solutions to the FW-H equation, and the most 

commonly used Farrassat 1A form is applied in this paper: 
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4𝜋𝑝′𝑇(𝑥, 𝑡) = ∫ [
𝜌0𝜈̇𝑛

𝑟(1−𝑀𝑟)
2
+

𝜌0𝜈𝑛𝑟̂𝑖𝑀̇𝑖

𝑟(1−𝑀𝑟)
3
]𝑟𝑒𝑡𝑑𝑆

𝑓=0

+∫ [
𝜌0𝑐𝜈𝑛(𝑀𝑟−𝑀2)

𝑟2(1−𝑀𝑟)
3 ]𝑟𝑒𝑡𝑑𝑆

𝑓=0

 (11) 

 

4𝜋𝑝′𝐿(𝑥, 𝑡) = ∫ [
𝑝̇cos𝜃

𝑐𝑟(1−𝑀𝑟)
2
+

𝑟̂𝑖𝑀̇𝑖𝑝cos𝜃

𝑐𝑟(1−𝑀𝑟)
3
]

𝑓=0 𝑟𝑒𝑡

𝑑𝑆

+∫ [
𝑝(cos𝜃−𝑀𝑖𝑛𝑖)

𝑟2(1−𝑀𝑟)
2 +

(𝑀𝑟−𝑀2)𝑝cos𝜃

𝑟2(1−𝑀𝑟)
3 ]

𝑓=0 𝑟𝑒𝑡

𝑑𝑆
  (12) 

 

Here, 𝑝′𝑇  stands for thickness noise. 𝑝′𝐿  stands for load noise,  

(𝑥, 𝑡) (𝑦, 𝑡) are the space-time variables of the observation point and the 

sound source respectively;  𝑟 = |𝑥 − 𝑦| is the norm of the vector radius 

from the observation point to the sound source;  𝑟𝑖̂ =
(𝑥−𝑦)

𝑟
 represents the 

normalization of the vector radius;  Mr =
𝑟𝑖̂𝑣𝑖

𝑐
 is the sound source Mach 

number in the satellite coordinate system; 1 − 𝑀𝑟 is called the Doppler 

factor;  𝑣𝑛̇ =
𝜕

𝜕𝜏
(𝑣 ∙ 𝑛) represents the derivative of the speed to the sound 

source time;  cos𝜃 = 𝑛𝑖𝑟𝑖̂ is the vector path from the observation point 

to the sound source; [  ]ret is retarded time, which represents the satellite 

coordinates after considering the Doppler effect. 

 

Direct volume integration 
 

Without loss of generality, assuming that the incoming flow is along 

the x1  direction, the three-dimensional free space Green's function is 

written as (Cianferra, 2019): 

 

G(x, t; y, τ) =
𝛿(𝑔) 

4𝜋𝑟∗    (13) 

 

with g = τ − t +
r

𝑐0
. Some parameter expressions in the formula are: 

 

r∗ = √(𝑥1 − 𝑦1)
2 + 𝛽2[(𝑥2 − 𝑦2)

2 + (𝑥3 − 𝑦3)
2] (14) 

 

r =
−𝑀0(𝑥1−𝑦1)+𝑟∗

𝛽2
    (15) 

 

β = √1 − 𝑀0
2    (16) 

 

To obtain the analytic expression of the quadrupole term, it is 

necessary to deduce the second-order spatial derivative of the Green's 

function (
𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
[
𝛿(𝑔)

𝑟∗ ] ). According to the derivative formula of the 

quotient and the chain derivative rule, there is 

 
𝜕

𝜕𝑥𝑖
[
𝛿(𝑔)

𝑟∗ ] = −
𝑟𝑖̂

𝑐0𝑟
∗

𝜕

𝜕𝑡
[δ(g)] −

𝑟𝑖̂
∗

𝑟∗2 𝛿(𝑔)   (17) 

 

Combining the derivative term simplification and considering the 

formula, the analytic expression of the quadrupole term under low Mach 

number is obtained: 

 
𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
[
𝛿(𝑔)

𝑟
] =

1

𝑐0
2

𝑟𝑖̂𝑟𝑗̂

𝑟

𝜕2

𝜕𝑡2
[δ(g)] +

1

𝑐0
[
3𝑟𝑖̂𝑟𝑗̂−𝛿𝑖𝑗

𝑟2 ]
𝜕

𝜕𝑡
[δ(g)]  

+ [
3𝑟𝑖̂𝑟𝑗̂−𝛿𝑖𝑗

𝑟3 ] δ(g)    (18) 

 

Finally, the volume fraction of this formula can be used to obtain 

the influence of the nonlinear term. 

Dual mesh technology 

 

The main computational effort in the FW-H equation is focused on 

the quadrupole (volume integration) term. If we use 𝑁𝑐𝑒𝑙𝑙  to represent 

the number of quadrupole sound source grids to be calculated, 𝑁𝑜𝑏𝑠 to 

represent the number of sound pressure test points, and 𝑁𝑡 to represent 

the time step required for each grid calculation, then for the "calculate-

as-you-report" mode The time complexity is in the order of 

𝑂(𝑁𝑐𝑒𝑙𝑙𝑁𝑜𝑏𝑠𝑁𝑡), and the amount of disk storage in the “calculate before 

report” mode is in the order of 𝑂(𝑁𝑐𝑒𝑙𝑙𝑁𝑡). In actual engineering, this 

corresponds to the CFD simulation results of several terabytes. The 

loading of the disk becomes an important obstacle limiting the 

application of quadrupole volume fraction engineering. 

To this end, we use a dual mesh technique to solve this problem: the 

acoustic mesh is different from the CFD mesh and is thicker, reducing 

storage and computation by reducing 𝑁𝑐𝑒𝑙𝑙 . As shown in Figure 1. In 

order to ensure the calculation efficiency and applicability, a simple 

summation method is used for integration. The physical quantities on the 

acoustic mesh are calculated by CFD mesh weighted volume summation 

(Wang et., 2022). 

 

𝜙𝑖
𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = ∑ 𝜙𝑖,𝑗

𝐶𝐹𝐷 ∙ 𝑉𝑖,𝑗
𝐶𝐹𝐷𝑁𝑖

𝑗=0    (19) 

 
Here 𝜙  represents any physical quantity. 𝜙𝑖

𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 =

(∫𝜙𝑑𝑉)𝑖
𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐  is the corresponding volume integration. Subscript 𝑖 

means ith acoustic element, while (𝑖, 𝑗) means ith acoustic element in jth 

CFD grid. 𝑉𝐶𝐹𝐷 represents the volume of CFD grid. 

 

 
Fig. 1 The sketch of dual mesh technique and the flow chart of quantities 
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NUMERICAL SETTINGS 
 

Geometric models 
 

The research object selected in this paper is the well-known 

INSANE E779A four-blade propeller. The three-dimensional geometric 

shape and geometric parameters of the propeller are shown in figure 2 

and table 1. Figure 1 shows the velocity distribution on the propeller 

blade in the steady state.  

The working condition is selected as the incoming flow velocity of 

5m/s, the rotational speed of 25rps, and the corresponding advance 

coefficient is 𝐽 =
𝑉𝑎

𝑛𝐷
=

5

25∗0.227
= 0.88. Cavitation phenomenon is not 

considered in this paper. 

 

Table 1. The basic parameters of INSANE E779 propeller 

 

Parameters Value 

Number of blades (Z) 4 

Diameter (D) 0.227m 

Pitch ratio (P/D) 1.1 

Expanded area ratio (𝐴𝐸/𝐴0) 0.69 

 

 
 
Fig. 2 3-D geometry of INSANE E779A propeller. 
 

 

Computational domain and acoustic probes 

 

A cylindrical geometry computational domain is adopted, like the 

cavitation buckets commonly used in experiments. The inlet is 1D away 

from the disk plane, the outlet is 4D away from the plane, and the 

diameter is 3D, as figure 3 shows. The propeller rotation is simulated by 

the sliding mesh technique. Gauss linear format is adopted for spatial 

gradient calculation. Euler format is used for time difference 

computation, and Gauss upwind format is applied for spatial divergence 

calculation. 

Three cuboid volume integration ranges are selected, which are 

recorded as V1, V2 and V3 and lengths of 1.5D, 2D and 2.5D respectively, 

with a width of 1.5D, as is shown in figure 4. At the same time, three 

acoustic mesh densities are set, whose scale are 0.001D, 0.002D and 

0.004D respectively. Six hydrophones are set up in the near field, marked 

as A, B, C, D, E and F respectively, as figure 3 shows. Among them, A, 

B, C, and D are arranged streamwise, 1D away from the propeller shaft, 

and the interval is 0.2D. B test point is located in the disk plane. B, E, 

and F probes are arranged in the axial direction, and the interval is 0.2D. 

 

 
 

Fig. 2 The computational domain and near-field hydrophones. 

 

 
 

Fig. 3 Volume integration ranges and vortex iso-surface. 

 

 

RESULTS AND DISCUSSIONS 

 

The lower limits of the frequency are determined by the length of 

the acquisition time and the upper limits of the frequency are determined 

by the time step. Here, the peak frequency of the propeller noise is at 

100Hz. Therefore, only 10Hz-1000Hz is shown. 

 

Linear noise prediction 
 

The calculation of linear sound pressure comes from the surface 

integration on the propeller. The input data include the velocity, pressure 

and their time derivatives on the object surface. The sound pressure level 

(SPL) comes from the acoustic sampling in the time history. After fast 

Fourier transform (FFT), SPL is calculated according to the following 

formula. 

 

SPL = 20 ∗ lg (
𝑝

𝑝0
)    (20) 

 

Among them, 𝑝  is the sound pressure, and 𝑝0  is the reference sound 

pressure underwater, which is generally taken as 1 × 10−6Pa. 

The figure 4 shows the linear sound pressure calculation results of 

four near-field test points A, B, C, and D. It can be seen from the figure 

that the linear sound pressure has obvious narrow-band characteristics 

and is distributed in line spectrum. The first-order peak frequency is 

equal to the propeller rotation frequency (𝑁 ∙ 𝑓), and the sound pressure 

level at the second-order and third-order peak frequencies decreases 

gradually. 

It is easy to see that the linear sound pressure amplitude decreases 

from upstream to downstream gradually, which can be explained by the 

distribution of turbulent kinetic energy. The figure 5 shows the 
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distribution of turbulent kinetic energy on the 𝑧 = 0 plane in the steady 

state (𝑡 = 0.16s). The entire turbulent kinetic energy distribution shows 

a trend of decreasing with the downstream movement. It should be noted 

that the increase downstream is caused by numerical errors (the part in 

the red dashed box), and the specific reason may be the grid transition 

problem. 

 

 
Fig. 4 The linear noise results of probes ‘A’,’B’,’C’ and ’D’. 

 

 
Fig. 5 The turbulent kinetic energy distribution on the 𝑧 = 0 plane. 

 

Figure 6 shows the linear sound pressure level distribution of the 

three test points on the propeller disk (‘B’, ‘E’, and ‘F’). It can be seen 

that the peak frequencies of the three test points are the same exactly, and 

they are all corresponding to the n-order blade peak frequency. However, 

as the probe moves away from the propeller blade, the sound pressure 

level value decreases gradually. Specifically, the linear sound pressure 

levels of ‘F’, ‘E’, and ‘B’ decrease gradually. This is in line with physical 

laws, because the linear sound pressure is obtained through the 

integration of the object area. Therefore, the farther away from the object 

surface, the smaller the linear sound pressure level. 

The distribution of linear sound pressure level is similar to the 

distribution of turbulent kinetic energy. The linear sound pressure 

distribution of the propeller is explored preliminarily through the linear 

sound pressure results of the flow direction and radial hydrophones in 

this subsection. And the distribution law is explained through the 

turbulent kinetic energy. 

 

Nonlinear noise prediction 
 

The calculation of nonlinear sound pressure is based on volume 

integration. In this paper, three ranges of volume integrations are used, 

namely V1 , V2  and V3 . At the same time, dual mesh technology is 

adopted, and the density of acoustic mesh is coarser than that of CFD 

mesh. According to the grid density, they are named as ‘fine’, ‘coarse’ 

and ‘coarser’. 

 

 
Fig. 6 The linear noise results of probes ‘B’,’E’ and ’F’. 

 

Table 2 shows the errors with CFD direct prediction results of 

different volume integration ranges and different acoustic mesh densities. 

The calculation efficiency is also given in the table. The selected 

hydrophone is 'B'. It can be seen that the calculation difference between 

V2 and V3 is not big. However, for the sake of accuracy, V3 integration 

range is used for the subsequent analysis. Reducing the acoustic grid 

density can lessen the calculation time significantly. And it is found that 

the calculation error increases significantly when changing from 'coarse' 

to 'coarser' mesh. Therefore, the 'coarse' grid is finally used for nonlinear 

sound pressure calculation after comprehensive consideration. 

 

Table 2. The computation errors and computation time of different 

acoustic integration ranges and mesh for probe ‘B’. 

 

Acoustic mesh Error Computation time 

V1 − fine 6.0% 93 hour 

V2 − fine 5.8% 116 hour 

V3 − fine 5.7% 145 hour 

V3 − coarse 6.2% 88 hour 

V3 − coarser 8.4% 41 hour 

 

For convenience, the right sides of Figures 7, 8, and 9 all show the 

spatial position of each measuring point. Nonlinear noise is due to 

random fluctuations in turbulent flow and therefore does not exhibit 

significant peak frequencies. 

 
Fig. 7 The nonlinear noise results of probes ‘A’,’B’,’C’ and ’D’. 
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Figure 7 shows the nonlinear sound pressure level distribution 

streamwise. It can be seen that there is no obvious peak frequency in the 

nonlinear sound pressure, which is obviously different from the linear 

noise. In the working conditions of this paper, the nonlinear sound 

pressure is smaller than the linear one, because the linear sound pressure 

dominates at low speeds. At the same time, it can be seen that the 

nonlinear sound pressure increases as the test point moves downstream 

gradually. This phenomenon can be explained by the streamline diagram. 

 

 
 

Fig. 8 Streamline distribution downstream at three moments. 

 

Figure 8 shows the distribution of streamlines downstream of the 

propeller at different times. It can be seen that the streamlines near the 

propeller blade tip and the hub are gradually entwined with the passage 

of time, forming obvious vortices. The vortex is considered to be the 

main source of the nonlinear noise, and the distribution of streamlines 

can explain why the closer to the downstream, the greater the nonlinear 

sound pressure. 

 

 
 

Fig. 9 The nonlinear noise results of probes ‘B’,’E’ and ’F’. 

 

The distribution law of nonlinear sound pressure in the radial 

direction is different from that of linear sound pressure. As shown in 

Figure 9, in the low-frequency range, the nonlinear sound pressure level 

decreases with increasing distance gradually. However, in the high-

frequency range, the nonlinear sound pressure does not show obvious 

attenuation characteristics. This particularity of nonlinear noise needs to 

be further studied in the future.  

For low-speed non-cavitating propellers, linear noise still dominates. 

For the results in this paper, the linear noise is about 30 dB higher than 

the nonlinear sound pressure. 

 

Far-field decay law 
 

Finally, the far-field attenuation law of linear sound pressure and 

nonlinear sound pressure with distance in the radial direction of the 

propeller is given in this paper. As shown in Figure 10, the linear sound 

pressure is always greater than the nonlinear sound pressure within the 

range of 1000m.  

At the same time, it is easy to see that the linear sound pressure 

decreases faster than the nonlinear sound pressure significantly within 

100m. The gap between linear noise and nonlinear noise stabilized at 

around 60dB. The far-field attenuation law described in this paper does 

not include the effect of cavitation and is only applicable to low-speed 

propellers. 

 

 
Fig. 10 The linear and nonlinear noise decay law with distance. 

 

 

CONCLUSIONS 
 

In this paper, the numerical prediction of the underwater noise is 

carried out for INSANE E779A propeller under non-cavitation 

conditions. The open source platform OpenFOAM is used to simulate 

the flow field and sound field. FW-H equation in the acoustic analogy is 

used, and the quadrupole noise is calculated by the direct volume 

integration method. In order to save computation cost, the dual mesh 

technology is adopted to reduce the amount of acoustic grids. The 

conclusions obtained are as follows: 

 

⚫ For low-speed non-cavitating propellers, linear noise still 

dominates. For the results in this paper, the linear noise is about 30 

dB higher than the nonlinear sound pressure. 

 

⚫ There is no obvious n-order peak frequencies in the distribution 

law of nonlinear sound pressure. In comparison, the attenuation 

law in the low-frequency range is different from that in high-
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frequency range. 

 

⚫ The dual grid technology can reduce the calculation time 

significantly without sacrificing much accuracy. It is believed to 

be a more promising nonlinear noise calculation method. 
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