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ABSTRACT  

For the care of sea animals, the regulation of the noise on 

a marine navigation is going to be planned. It is known that 

the unsteady cavitation behavior on the propeller is a 

source of the noise, and the control of this behavior needs 

on the designing process.  

In this article, we performed the unsteady cavitating flow 

analyses and investigated the cavitation caused noise by 

using computational fluid dynamics. We also checked up 

the prediction methods for the cavitation caused noise by 

the comparing with the experimental results. Finally, we 

evaluated the potential of computational fluid dynamics 

calculations for the designing tools of the ship development.  
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1 INTRODUCTION 

The interaction between a wake of a ship and a rotation of 

its propeller causes unsteady cavitation. The cavitation 

causes a pressure fluctuation on a ship, which affects both 

the comfort on board and the fatigue strength of the ship 

structure. In addition, there is a possibility that the noise 

caused by the cavitation attacks the sea animals. To protect 

the sea animals, these noise must be controlled and the 

regulations will be planned. For these reasons, predictions 

of the unsteady cavitation phenomena, the pressure 

fluctuation by cavitation and the acoustic noise around a 

ship at the design phase should be essentials for the 

developing of ships. 

The studies of the propeller cavitation in a wake of a ship 

and the pressure fluctuation on a ship hull, using the 

numerical simulations, have been presented by Kanemaru 

et al. (2013) and Berger et al. (2013). Kanemaru et al. used 

the extended panel method while Berger et al. used the 

finite element method around the ship hull and the 

boundary element method for the propeller in combination. 

Moreover, Hasuike et al. (2011), Kawamura et al. (2010) 

and Sakamoto et al. (2015) simulated unsteady propeller-

cavitation using CFD based on the finite element method 

or the finite volume method. Especially in Sakamoto et al. 

(2015), they calculated not only for the pressure 

fluctuations but also for acoustic noise predictions by the 

unsteady cavitation, and their predictions were well agree 

with the experiments. 

However mostly calculations for the cavitation were the 

performed for the model sized ship and its experiments in 

the cavitation tunnel. Therefore, their results need to 

translate using empirical formula to full size ship 

phenomena. In other hands, the experiment data for the full 

size ship are aligning now, such that the Seiunmaru series 

results by JSTRA (1983) in older days and new 

experiments results using latest measuring instruments by 

AQUO/SONIC projects (2016). 

In this paper, we performed the calculation of the unsteady 

cavitation and causing noise predictions using 

Computational Fluid Dynamics (CFD) software for both a 

scale sized model and a full model. From the comparing 

with both the calculation data and the experimental data, 

we evaluated the potential and the range of applications by 

CFD calculations, and investigated whether CFD can be 

applied as a noise predicting tool on a designing and 

developing process of the ship hull and propellers. 

2 NUMERICAL MODELS 

All simulations in this paper were performed by the 

SC/Tetra Version 13, which is the commercial navier-

stokes solver based on a finite volume method.  

To simulate a two-phase cavitating flow, the single fluid 

approach is used. In addition, the mixture density is treated 

as a compressible flow by using barotropic relation. 

Evaporation and condensation are modelled using a full-

cavitation model. 

To perform acoustic noise prediction, the method by 

Lyrintzis which is the application of the Ffowcs Williams-

Hawkings equations was used. 

2.1 Cavitaion Analysis Modeling 

In this paper, relative motions between vapour and liquid 

are neglected since the flows are assumed to be uniform. In 

addition, a barotropic relation is used and the governing 

equations of mass and momentum are formally the same as 

those of the single phase flows (Okuda et al., 1996). 

Mixture density is described as follows: 

 
𝜌 = ∑ 𝛼𝑁𝜌𝑁 (1) 



where, N denotes phase and 𝛼 volume fraction. By using 

this mixture density, mass and momentum conservation 

equations are described as follows: 
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where, 𝜏 indicates shear stress. 

Cavitating flows are applied as compressible flows. Thus 

the barotropic relation is employed to the equation of the 

state. Mixture density containing a non-condensable gas 

can be specified by mass fraction instead of volume 

fraction. 
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where, 𝑌𝑣  and 𝑌𝑔   denote mass fraction of vapour and a 

non-condensable gas, respectively. Mass fraction of a non-

condensable gas is assumed to be constant analysis 

parameter. Density of the non-condensable gas is obtained 

by the following equation. 

 
𝜌𝑔 =

𝑃

𝑅𝑇
    (5) 

where, R is a gas constant of the non-condensable gas and 

the flow field is assumed to be isothermal because 

temperature T is also a constant. 

Mass fraction of vapour is calculated by the transport 

equation below. 
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The right-hand side is source terms indicating evaporation 

and condensation which are modelled by the full-cavitation 

model by Singhal et al (2002). 
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where, k denotes turbulent kinetic energy, 𝜌𝑙  and 𝜌𝑣 

density of liquid and vapor, respectively, and   surface 

tension coefficient. In the full cavitation model, the effect 

of turbulence is taken into account for the threshold of 

pressure  𝑃𝑣, where evaporation occurs. 

 
𝑃𝑣 = 𝑃𝑠 +

0.39𝜌𝑘

2
  (9) 

where, 𝑃𝑠  indicates the saturation pressure. The model 

constants are 𝐶𝑒 = 0.02 and 𝐶𝑐 = 0.01. 

2.2 Acoustic Noise Prediction Method 

The sound wave is a physical  phenomenon that the 

repeatedly sparse and dense states caused by a longitudinal 

vibration of molecule of air(i.e. a variation of air density) 

propagates in the air. In addition, we can easily 

demonstrate that the variation of air density followed by a 

sound wave is replaced by that of air pressure under the 

assumption of an isentropic process. On the contrary, the 

variation of air pressure is also well known to be caused by 

the fluid motion. Therefore, it is quite natural that both the 

sound and dynamic pressures should be treated at the same 

time. However, there exists quite different order of 

magnitude between them. Hence, if we want to deal with 

both pressures simultaneously, we have to take scrupulous 

care. 

To solve this problem, there are some methods which deals 

with both types of pressure separately. In this kind of 

decomposition of the pressure, the pressure in a flow field 

is directly solved under the assumption of fluid as 

incompressible, whereas the sound pressure decomposed 

from the flow field is evaluated through the so-called 

acoustic analogy. In this article, we used the method which 

is implementation of the Ffowcs Williams & Hawkings' 

(FW-H) equation (Williams, J. E. F. et al, 1969) by the 

Lyrintzis (2003). 

In Lyrintzis methods, the sound pressure 𝑝′ is separated to 

two terms called “thickness noise” 𝑝′
𝑇

 and “loading noise” 

𝑝′
𝐿
, and predicting by the following equations: 
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(12) 

This method following characteristics: 

• Sound source surface can be specified not only on object 

surface but also on a surface region that surrounds a fluid 

region regarded as a sound source. 

• In such a case, quadrupole source sound (directly 

transmitted sound from eddy or flow turbulence) is also 

considered. 

 

3 ANALYSIS SETINGS 

All of the calculation setups and conditions are according 

to the experiments conducted by JSTRA (1983). Figure 1 

and Figure 2 show the actual calculation region for the 

model size ship and full size model. In model scale 

calculation, the region is the same size as the large 

cavitation tunnel in National Maritime Research Institute 

in JAPAN. In the experiments, auxiliary equipment called 

Flow Liner was installed to make the velocity distribution 



of the model ship wake closer to the real one. Therefore, 

the equipment was modeled in the calculation to make it 

closer to the experiments. Figure 3 shows two types of 

propellers used in the calculation, i.e., HSP-II and CP-II. 

The specifications and mesh conditions of both model scale 

and full scale ship are shown in Table 1 and Figure 4 shows 

the elements around the propeller on the model scale 

calculation. The calculation mesh is characterized with the 

fine elements around the tip vortex region which are 

generated by using automated adaptive meshing. The 

element size are nearly proportional between model scale 

and full scale, however, number of calculation points were 

more on a full scale mesh because of a different for the 

model setup and the prism elements location at the 

boundary layer. 

Figure 5 shows two sound receiver positions at the full 

scale model, and they were placed at the corresponding 

positions on the model scale calculation. The sound source 

surface for FW-H method set to the rotating cylinder 

around the propeller showed with dotted line at the figure. 

The propeller operating conditions are listed in Table 2. In 

ship-cavitation-related experiments, the thrust coefficient 

KT =T/0.5pn2D4 (T: Thrust [N]) is adjusted to be a 

predefined value by changing the inflow speed. Therefore, 

in this calculation, an incompressible steady-state analysis 

with non-cavitation was performed first and the inflow 

velocity is adjusted so that KT is to be a predefined value. 

Then, unsteady cavitation analyses were executed by using 

the adjusted inflow boundary conditions. It was confirmed 

in advance that there are almost no differences of the KT 

values between calculations with non-cavitation and 

cavitation conditions. 

 

Figure 1: Computation domain (model scale). 

 

Figure 2: Computation domain (full scale). 

 

Figure 3: Overviews of testing propellers. 

 

Figure 4: Computation mesh around propeller. 

 

Figure 5: Sound receivers position (full scale). 

Table 1: Model and mesh description 

 

Table 2: Propeller operating conditions. 

 

 

4 RESULTS AND DISCUSSIONS 

4.1 Model Scale Calculations 

4.1.1 Cavitation behavior 

Figure 6 show the comparisons of the cavitation pattern 

between the sketch from the experiments and the isosurface 

of 10% void fraction from the calculations for each 

propeller on the model scale calculations. These results 

show that the cavitation patterns of both CP-II and HSP-II 

propellers are basically the same between experiments and 

calculations, and the calculation can capture the unsteady 

cavitation phenomena on the surface of the propeller at the 

ship hull conditions.  

 



 

(a) HSP-II 

 

(b) CP-II 

Figure 6: Comparisons of the propeller cavitation 

                 patterns between the results from experiment 

and calculation on the model scale. 

4.1.2 Noise prediction 

Figure 7 presents the computational and experimental 

results of sound pressure level on the sound receiver 

positions at port side (HSP-II and CP-II) and starboard side 

HSP-II only), and there are two types of computational 

results which is the result by the directly frequency analysis 

of the pressure time history and another is by the acoustic 

noise predictions by FW-H method. In these calculations, 

the results were calculated with model scale and need 

scaling to compare with the experimental results of actual 

ship. We used the scaling method by Levkovskii (1968) 

described as below: 

𝜆 = 𝐷𝑝𝑠 𝐷𝑝𝑚⁄  (13) 
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where the subscripts of “m” and “s” denote model and full 

scale, respectively, and 𝑉 = 𝑛𝐷𝑝. 

From Figure 7, the results by the pressure distributions and 

FW-H method were almost same and also good agreement 

with the experimental result around 1st to 4th blade passing 

frequency range, which was from 10Hz to 100Hz in this 

case. Therefore, both methods of the noise predictions are 

suitable at low frequency regions. 

 

 

(a) HSP-II port A 

 

(b) HSP-II port B 

 

(c) CP-II port A 

Figure 7: Comparisons of sound pressure levels 

between experiment and calculation on the model scale 

However, the both predictions did not match at over 

hundreds Hz region, and not agree with the experimental 

results. It seems that these prediction methods may not 

have the ability to analyze the noise level at high frequency 

regions at least in this calculations. 

Therefore, we applied classical empirical method by 

Brown (1977) together with the CFD simulations and it is 

presented as follow: 

𝑆𝑃𝐿𝑠𝑟𝑐 = 𝐾 + log10(𝐵𝐷𝑝
4𝑛3𝑓−2)

+ log10(𝐴𝑐 𝐴𝐷⁄ ) 
(16) 

where 𝑆𝑃𝐿_𝑠𝑟𝑐  [𝑑𝐵 𝑟𝑒 1𝜇𝑃𝑎/√𝐻𝑧 𝑎𝑡 1𝑚]  is sound 

source level, 𝐾 is an empirical constant which is used as 



163 at the standard propeller case and B is the number of 

blades. 𝐴𝑐  [m2] is the area of cavity on the blade, and 

𝐴𝐷[m2] is the area of the blade. We needed to decide the 

𝐴𝑐 𝐴𝐷⁄  from the CFD results, however the cavitation 

phenomena are unsteady on these case. Therefore, we used 

the maximum 𝐴𝑐 𝐴𝐷⁄  value in a revolution of propeller to 

consider the safety side, and we selected 0.11 for HSP-II 

and 0.25 for CP-II from the calculation results.  

The results by the brown’s method, shown in also Figure 

7, was better than other results by the CFD calculations 

between middle hundreds Hz and middle thousands Hz 

region. In summary, the predictions of noise level at low 

frequency are suitable by the frequency analysis of directly 

pressure time series or FW-H method, and the empirical 

method such as Brown’s formula with CFD results are 

adapted at high frequency. 

4.2 Full Scale Calculations 

4.2.1 Cavitation behavior 

Figure 8 show the comparisons of the cavitation pattern 

between the sketch from the experiments and the isosurface 

of 10% void fraction for each propeller on the full scale 

calculations. These results show that the unsteady 

cavitation phenomena on both CP-II and HSP-II propellers 

are basically captured by the calculations, especially in the 

reproducing of sheet cavitation. However growing and 

extending process from sheet cavitation to tip vortex 

cavitation did not captured in the full scale calculations, 

despite the model scale calculations did agree well. 

 

(a) HSP-II 

 

(b) CP-II 

Figure 8: Comparisons of the propeller cavitation 

                 patterns between the results from experiment 

and calculation on the full scale. 

 

4.2.2 Noise prediction 

The results by three noise prediction methods using CFD 

calculations and the experiments on the full scale are 

shown in Figure 9. The 𝐴𝑐 𝐴𝐷⁄  value for the Brown’s 

method used 0.10 for HSP-II and 0.16 for CP-II propeller 

test cases. 

The results are roughly same trend as on the model scale 

results, however frequency analyses of the pressure 

distribution and FW-H method were both agree only at 

lower frequency, which are near the 1st and 2nd blade 

passing frequencies. There seems to be some reasons to do 

that, one is that the mesh size was too large to propagation 

the pressure waves. Second is the no reproduction of the 

 

(a) HSP-II port A 

 

(b) HSP-II port B 

 

(c) CP-II port A 

Figure 9: Comparisons of sound pressure levels 

between experiment and calculation on the full scale. 



tip vortex cavitation behavior, which has been reported to 

affect for the amplitude of large blade passing frequency 

pressure disturbance by Fujiyama(2015). Even so, totally 

predicting by the calculation are covered in a wide range 

and the CFD software seems to be useful tool for noise 

level predicting caused by the unsteady cavitation on the 

ship and the propeller.. 

5 CONCLUTIONS 

In this article, we performed the calculation of the unsteady 

cavitation and their caused noise predictions on both model 

scale and full scale ship and propellers. From the 

calculation results and comparisons with the experiment 

results, the following conclusions were obtained: 

1) On the model scale calculation, the unsteady 

cavitation phenomena almost perfectly reproduced by 

the calculations. Noise predictions were also good 

agreement up to 5th blade passing frequency by both 

the frequency analysis of direct pressure distribution 

and FW-H method with performing classical scaling 

method. 

2) On the full scale calculation, the cavitation phenomena 

basically reproduced the sheet cavitation but hardly 

represented the tip vortex cavitation by the calculation. 

From these reason, the calculation could reproduce 

only around 1st and 2nd blade passing frequency 

amplitude.  

3) FW-H method results were nearly equal to the direct 

analysis of the pressure distributions. Therefore, the 

method has capability of predicting especially for the 

far field predictions of cavitation noise. 

4) At over hundreds frequency range noise, it seems to be 

difficult to predict the accurate noise level by the CFD 

calculation only. Therefore, the empirical formula 

should be used in combination with the CFD results. 
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DISCUSSION  

 
Question from Douwe Rijpkema 

What timestep did you use for the simulations?  And did 

you perform numerical sensitivity studies with respect to 

grid density and timestep? 
 
Author’s closure  

We used 0.2deg/step at model scale simulation and 

0.02deg/step at real scale simulation. We already tried 

with a coarser grid. In those calculations, we can use 

larger timestep with stability, however there were less 

accuracy for the pressure fluctuations 

 
Questions from Thomas Lloyd 

Can you explain how you performed the adaptive grid 

refinement? What was the refinement criteria used?  Was 

the refinement applied dynamically? 
 
Author’s closure  

The vorticity was used as the refinement criteria. The grid 

refinement was executed at the steady state calculation step 

on the first and warm-up process of simulation. 

 



Questions from Rickard E. Bensow 

In the semi-empirical formula by Brown that you used, 

did you check how the prediction depends on the value of 

cavity extent that you input? 
 
Author’s closure  

Some papers, which were written by Sakamoto, N., et al. 

(2015) or the others, suggested that using the max value of 

cavity extent on propeller rotation is effectiveness at noise 

level prediction by Brown’s formula. We followed the 

method for those, however, we will need more considering 

for the method because the method lost the information of 

the cavity extent transient changing. 

 

 

 

 

 


