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Abstract

A major source of noise and blade damage in marine propellers is because of the phenomenon of
hydrodynamic cavitation. The Computational Fluid Dynamics (CFD) analysis approach is employed
for the prediction of the cavitating propeller’s performance characteristics under various conditions of
operation with the advance coefficient (J) ranging from 0.55 to 0.91 and cavitation number (o) in the
range of 0.80 to 4.50. The numerical simulation is performed on INSEAN E779A propeller model with
diameter, D = 0.227 m (radius, R = 0.1135 m). The results of torque coefficient (Kq), thrust coefficient
(Kt) and open water efficiency () are compared with open water characteristics and found that the
relative error is < 10% for Ko, and < 15% in cases of Kr and 5. The vapor volume fraction and static
pressure contours are employed to visualize the extent of cavitation. The maximum volume fraction
distribution is observed to be 72% along the chord length of 0.7R. Similarly, the maximum velocity is
found to be 42.5 m/s for the operating condition of J = 0.55 and ¢ =0.80. The determination of these
maximum extends is performed in order to determine the areas on propeller surface for applying
suitable polymer coatings for cavitation mitigation. Finally, from the acoustic analysis, it is identified
that the Sound Pressure Level (SPL) is higher when the propeller operates at J = 0.55 and ¢ = 0.80.
The average increase in the overall Sound Pressure Level (SPL) is 21.23 dB between the two extreme
cases, (a) case 1: J = 0.91 and o = 4.50, and (b) case 6: J = 0.55 and o = 0.80.

Keywords: Marine propeller, Hydrodynamic cavitation, Propeller performance, INSEAN E779A,
cavitation number, acoustic analysis, numerical simulation

INTRODUCTION

Hydrodynamic cavitation will be initiated when the local pressure is reduced below the vapor
pressure of the liquid at that particular temperature
[1]. This process is rather a complex process as it
involves the effects of operating conditions, the
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quality of water and geometry of the propeller
blade. Several negative effects may be linked to it,
depending on the type of cavitation (tip vortex,
sheet, cloud, bubble, etc.). These include shaft
vibration and performance loss, increasing the drag
force of rotating parts, and mainly erosion of the
blade caused by imploding cavities close to the
blade surfaces. The marine propeller's radiated
noise level will also be significantly raised.

For the reliable operation of onboard acoustic
instruments, naval or research vessels must be
designed to minimize underwater noise radiated
from the vessel. According to Ross [2], machinery,
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propellers, and background hulls are the main contributors to underwater noise. Noise from cavitating
propellers can span a large frequency range and is dangerous during acoustic survey operations,
according to Sasajima et al. [3].

The propeller’s performance is examined in terms of certain parameters, such as thrust coefficient
(K7), torque coefficient (Kq) and the open water efficiency (#), which are given by Eqgs. 1-3:

T
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Where, J is advance coefficient, defined as in Eq. (4):
—Ya

j=l (4)

Another parameter influencing the hydrodynamic cavitation is the cavitation number (o) given by
Eq. (5):
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These open water characteristics are employed to predict the extent of cavitation on the propeller
surface. The prediction of cavitation in various marine systems began with the usage of lifting line
theory, with the blade represented by a vortex line and the wake by helicoidal vortices. Numerical
models quickly advanced, beginning in the 1960s. Salvatore et al. [4] employed perturbation methods
to describe the lifting-line theory theoretically. In order to determine the flow pattern and performance
parameters of a DTNSRDC P4119 marine propeller in a uniform flow, Chang [5] used a finite volume
CFD method in conjunction with the common k-turbulence model. A numerical analysis on
hydrodynamic and hydroacoustic performance of a cavitating marine propeller in open water condition
using Reynolds-averaged Navier-Stokes (RANS) and Detached Eddy Simulation solvers was
performed by Savas Sezen [6]. They investigated the effectiveness of both these methods and found
that both could be used for modelling sheet cavitation in marine propellers. An investigation was
numerically performed by Salvatore et al. [7], utilizing the INSEAN-PFC propeller flow code created
by CNR-INSEAN. The open water performance, the assessment of the velocity field in the wake of the
propeller, and the prediction of cavitation under uniform flow circumstances are all studied through
experiments. The hydrodynamic characteristics of pump-jet under cavitating flow conditions were
studied with RANS using structured grid, SST k—o turbulence model by Pan et al. [8]. The simulation
could predict the cavitation inception on the rotor’s suction side accurately. An experimental and
theoretical examination of a cavitating propeller with uniform inflow was provided by Pereira et al. [9].
To provide quantitative statistics on the cavity extension, studies were performed on flow field by
utilizing the advanced imaging techniques. Multiple studies are conducted in the field to reduce
cavitation by applying polymer coatings on the surface of the propeller [10]. Theoretical research
suggests that underwater sound absorption materials must adhere to two crucial principles: (a) The
characteristic impedance should be in line with the impedance of water in order to minimize the
reflection of incoming sound waves, and (b) the materials used should have high enough attenuation
qualities to effectively absorb the sound waves that pass through them [11]. Since most polymer
materials have good damping qualities and a close acoustic impedance with water, they form the basis
of most underwater sound absorption materials. Polymer materials also offer very good resistance to
corrosion, water, heat, 0zone & oxidation, good thermal and electrical insulation properties, low cost,
and simple manufacture, which makes them ideal for underwater applications [12—14]. The polymer
coating system, having high bonding strength to the surface of the propeller, can be a good solution that
can help delaying cavitation phenomenon and reduce cavitation noise. But the major concern would be
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the identification of the areas on the propeller surface requiring the polymer usage. This has to be
identified using numerical simulations before experimenting with the same.

The turbulent vorticity-confinement approach was developed by Pereira and Sequeira [15] for
RANS-based industrial propeller-flow simulations. The approach seeks to enhance the prediction of
cavitation-causing tip vortices. Several scholars have used an equation predicting single bubble
dynamics, that is, the, Rayleigh-Plesset equation, as the basis for modelling cavitation. Schnerr and
Sauer [16] added a link between the bubble nuclei and volume fraction in the Rayleigh-Plesset equation
to create a cavitation model. By making a suitable prediction of cavitation inception around the nozzle
neck, they validated their model. In view of dealing with the viscous flows, several researchers have
numerically predicted cavitation based on RANS models, which are considered as the relevant area of
research. Maksoud [17] and Watanabe et al. [18] were able to generate the first simulation results using
RANS in marine propellers under cavitation. They observed that the flow was severely influenced by
the local flow velocity and the pressure conditions. The “INSEAN” propeller flow code was used to
perform computational predictions by Salvatore et al. [7]. Additionally, tests were done to verify the
cavitation under uniform flow prediction. A cavitating propeller in a uniform inflow was the subject of
experimental and theoretical research by Pereira et al. [9]. Quantitative data on the cavity's size was
obtained using advanced imaging techniques.

As cavitating flows involve both liquid and vapor phases and both phases are in equilibrium, the
multiphase flow system is assumed to be homogeneous, and each phase is acted upon by same velocity
and pressure fields. The RANS formulation with certain modifications is employed for solving the
multiphase flow problems.

The equation of continuity for this flow is given as:

%(pm) + V. (Pml_/)m) =0 (6)
The momentum equation is represented as:
2 (pVn) + 7. (Vi) = =Vp + V. [t (Wi, + VVD)] + pg + F @)

This is the multiphase RANS equation with LHS corresponding to changes in mean momentum of
an element of fluid caused due to flow unsteadiness occurred by convection in the mean flow. The
additional modelling essential for the conventional single-phase RANS equation for performing this
multiphase application is done using various turbulence models.

Now, in the acoustic context, the Lighthill equation, developed using the continuity and momentum
equations in the acoustic setting, now serves as the fundamental equation for sound propagation [19].
The Lighthill equation [20] has a solution known as the Ffowcs Williams & Hawkings (FW-H)
equation, and SPLs in the flow domain were extracted from the Finite Volume Method (FVM) using
the FW-H formulation. A technique based on the FW-H equation and its integral solutions is provided
by ANSYS Fluent software. Seol et al. [21] presented a study on non-cavitating underwater propeller
noise in 2002 [22] and in 2005. They described the use of a hybrid method to predict underwater
propeller noise in non-cavitating and cavitating conditions. They examined a DTMB4119 model, and
the outcomes were reported for a low frequency range and only one operating condition. Bagheri et al.
[23] conducted research on two marine propeller models in uniform flow and analyzed the acoustic and
flow hydrodynamics. The sheet cavitation on propeller surface was examined and the study on acoustic
effects of cavitation was performed. Through the FW-H equation, Pan et al. [24] also assessed the
marine propeller noise in non-uniform flow in 2013. The FW-H equation can be evaluated in different
ways. The FW-H equation was solved by utilising the panel approach in few works [21-24]. Various
studies have been performed using commercial codes like CFD and Fluent software. They extracted the
SPLs by flow field analysis using the RANS equation solver.
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The numerical investigations in this paper are performed on INSEAN E779A model propeller, which
is an old designed four bladed fixed pitched propeller. This small skewed propeller was designed in
1959 and was tested by INSEAN (Instituto Nazionale di Studi ed Esperienze di Architettura Navale) in

various non cavitating and cavitating conditions for numerous research and experimental studies.

It is clear from all the above literatures that researchers have done numerous studies towards the
prediction of cavitation in marine propellers. However, these works did not make a considerable
investigation on the distribution of vapor volume fraction as well as flow velocity past the propeller
blade surface, which are the major contributing factors for cavitation. Further, the acoustic analysis was
not numerically predicted for the INSEAN propeller, which is actually an ideal model propeller that can
be utilized for predicting cavitation characteristics under a given condition and can be practically
extrapolated to real propellers. Moreover, in this study, the distribution of vapor volume fraction and
velocity, both by visualization and quantitative mode, over the propeller surface at 0.7R is carried out.
The acoustic analysis is also performed for both extreme cases, which are (a) case 1: J =0.91and o =
4.50, and (b) case 6: J = 0.55 and ¢ = 0.80, by adopting four receivers and predicting the SPL over the
frequency range.

Hence, the three-dimensional, viscous, uniform, and cavitating flow of INSEAN E779A model
propeller is simulated using ANSYS Fluent CFD software. In order to estimate the overall SPLs in this
study, the flow field was first analysed using the Finite Volume Method (FVM). The flow data, which
included pressure variations, cavitation volume, and results of the velocity magnitude of the flow
solution, were then used as inputs for the Ffowcs Williams & Hawkings (FW-H) formulation for the
prediction of overall SPL.

COMPUTATIONAL METHODOLOGY

The ANSYS Fluent CFD software [25] is employed for the analysis of hydrodynamic and acoustic
characteristics. ‘INSEAN E779A” propeller model is used for analysis purposes and the details of its
geometry are listed in Table 1. The geometry of the same is generated from the ‘HYDROCOMP
PROPCAD?’ software (Figure 1). The fluid domain is considered continuum, and the properties of water
and water vapor are assigned as it is a multiphase phenomenon.

Computational Domain and Mesh Generation
The three-dimensional computational domain is created using the Design Modeler feature in ANSY'S
Fluent software.

0.00  0.050 0.100 (m) Z/I\X

o 00
Figure 1. INSEAN E779A Propeller model.
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Figure 2 shows the computational domain used for the purpose of simulation. The entire domain is
divided into a stationary domain and a rotating domain. The stationary domain has a diameter of 6D
and a length of 10D, whereas the rotating domain is also a cylindrical enclosure over the propeller with
adiameter of 1.1D and a length of 0.6D. The domain is extended up to 4D upstream and 6D downstream
of the propeller. The Mesher package in the software is used for discretization of the computational
domain into meshed elements. Unstructured tetrahedral meshing is being adopted for the analysis as
shown in Figure 2 (c). For obtaining the effects of the boundary layer on the propeller blade walls,
prismatic inflation layers (inflation layers: 20, growth rate: 1.2) are provided. The element size is 0.04
m with a maximum size of 0.12 m. A grid independence test was carried out in order to ensure the
accuracy of the results generated during the analysis, which is described in the next section. For the
purpose of predicting flow around the propeller, the fluid is assighed a Moving Reference Frame (MRF).

Table 1. Propeller geometry details.

INSEAN E779A Propeller
Diameter of the Propeller (D) 0.227 m
Blade number 4
Pitch ratio 1.1
Skew angle at blade tip 40 48’ (positive)
Rake (nominal) 4° 35’ (forward)
Expanded area ratio 0.689
Hub diameter 0.045m
Hub length 0.098 m

“Stationary
Domain

“Rotating
Domain

Y
) x

Velocity
inlet
00, 0,200, 1.000 (m)
(b) 0.025 0.075
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Figure 2. (a) Computational domain with dimensions (b) Isometric view of the domain (c) Meshed
propeller and rotating domain.

Boundary Conditions

The fluid inlet velocity (Va) and outlet pressure data are given to the solver as per the parameters
given in Table 2. The propeller surface, consisting of the blade and the hub, was assigned zero rotational
velocity relative to the adjacent cell zone. Also, the far-field boundary was set at an absolute rotational
velocity of zero and was taken as an inviscid wall. The simulation involves preliminary conditions such
as pressure-based transient multiphase modelling with realizable k- turbulence viscous modelling. The
multiphase interaction was supplemented with a mass transfer model, as cavitation involves interphase
mass transfer. Hence, the Schnerr-Sauer model is adopted as the cavitation model.

Numerical Schemes and Convergence

The pressure-velocity coupling was solved using the ‘SIMPLE’ technique. The Least Squares Cell
Based method is employed for the gradient discretization. Pressure interpolations were given as
‘PRESTO’ and a second-order upwind scheme was used in the spatial discretization of momentum,
turbulent kinetic energy, and turbulent dissipation rate. Then, the source and the receivers are assigned
to solve the FW-H sound equation. The convergence criteria were set at 10-° for all the residuals. It is
crucial to minimize round-off, iterative convergence and discretization errors in every CFD
investigation. By using double precision, round-off error has been reduced. The truncation criterion for
all the residuals, which in this case is 10, has been used to measure the iterative convergence error.
Systematic space mesh refining is done to measure and lessen the discretization error.

For the present study, grid convergence studies were carried out for case 2 (J = 0.83, o = 2.06) with
various mesh sizes, and the results are as shown in Figure 3. The analysis was done to balance the
computation time and accuracy for the value of the thrust coefficient (Kr). The optimum computational
time was about 6 hours, and the optimum relative error % (R. error %) was 3.3319%. The corresponding
grid numbers were of the order of 18 lakhs. But as the grid size for Large Eddy Simulation (LES) should
be small enough in order to perform the acoustic simulations, the optimum was selected to be slightly
away from the obtained, that is, the grids of the order of 20 lakhs, with a computational time of 7 hours
and R. error % of 3.1579% was selected, with a mesh size of 0.030 m.
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Table 2. Flow parameters.

Case n (rpm) Va (m/s) J c
1 1500 5.10 0.91 4.50
2 1800 5.65 0.83 2.06
3 2000 6.00 0.80 2.00
4 2400 6.99 0.77 1.78
5 3000 8.00 0.71 1.76
6 5000 104 0.55 0.80
T 110
—*+=Computation Time (h)
—m—R Error % 9
101 '8
—_ 17
= |
N
285 63
= I g
=) -5 84|
(@] .
5 (a7
2 6r 4
a.
g
o 43
4+ 42
{1
2 . . . . 1 . . . . I . . . ; 10
0 10 20 30
Number of Grids (lakhs)

Figure 3. Grid independence study.

RESULTS AND DISCUSSION

The simulations were performed based on the flow parameters and conditions as per Table 2, and the
extent of cavitation was observed in terms of the volume fraction of the vapor formed over propeller
blade surface. The validation of the open water characteristics and their effect on cavitation numbers
are investigated. The vapor volume fraction and velocity distribution over the propeller surface were
quantified. The SPLs for the two extreme cases were also determined.

Validation of Open Water Characteristics
The CFD computations are carried out on the INSEAN E779A propeller model, and the results are

validated with experimental data sets [9]. Kr, Ko and # are given as in equations (1), (2), and (3), and

the variation of the same with J is shown in Figure 4. The relative error percentage (R. error %) of K,

Ko and # are calculated using Eq. 8.

EXP results—CFD results

EXP results

From Table 3, it is observed that the R. error % is less than 10% for Kq, and the experimental values

are higher than the CFD values. But in the case of Ky and #, CFD values are higher than the experimental

values for lower values of J and ¢. The R. error % are in the range below 15%.

R.error (%) = x 100 (8)
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Table 3. R. error % of open water characteristics.
Case J c R. error % of Kr | R. error % of Kq | R.error % of 5
1 091 | 450 9.0226 -5.8291 14.034
2 0.83 | 2.06 3.1579 -2.8947 5.882
3 0.80 | 2.00 47619 -5.0000 9.297
4 077 | 178 5.4167 -9.3023 13.466
5 071 | 176 -9.2308 -8.2677 -0.890
6 0.55 | 0.80 -10.1040 -9.1493 -0.403

—+—KpExp —=— 10Ky:Exp —&#—:Exp

—8—K,:CFD —®— 10Ky:CFD —®—1:CFD
0.8 : : : :

0.7 1

0.6F 1

0.5¢ 1

0.4 -

Ky 10K

0.3 1

0.2F ]

0.1F 1

0 1 1 L

0.5 0.6 0.7 I 0.8 0.9 1

Figure 4. Comparison of performance characteristics.

Visualization of Cavitation

The phenomenon of cavitation can be accounted for by considering the vapor volume fraction on the
propeller blade and static pressure distribution. Figure 5 shows the static pressure gradient over the
propeller and fluid domain for case 5 with J = 0.71, ¢ = 1.76, and advance velocity, V. = 8 m/s. The
negative pressure regions are largely observed TO the suction side of the propeller in comparison to the
pressure side. A large pressure gradient is also observed on the suction side due to the larger velocity
of uniform free stream flow. The tip vortex cavitation is expected to occur at r/R = 1, where the static
pressure shows a negative value, as observed in Figure 5. From Figure 6, the vapor volume is clearly
visible on the leading edge of the blade surface on the suction side. It is observed that the vapor volume
fraction zone increases from case 1 to case 6 in a gradual manner. This signifies the development of
cavitation and its extension on the propeller surface. Thus, the area of application of polymer [26]
coatings for its mitigation is also towards the leading-edge portion and extending towards the propeller

tip.

Figure 7 represents the static pressure distribution on the surface of the propeller. The cavitation
extent increases as the values of J and o are reduced from case 1 to case 6. This condition occurs because
a lower value of J implies higher rotational speeds of the propeller, and thus leading to propeller
cavitation. Also, lower values of the cavitation number imply a larger extension of cavitation. Here, the
extent of cavitation can be observed in terms of low-pressure zones (represented by dark blue shades),
and these zones are gradually increasing on the propeller blade surface at the suction side, denoting an
increasing order of cavitation from case 1 to case 6. From these contours as well, we could estimate the
area on the propeller surface where the polymer coatings [27] need to be applied for mitigation of
cavitation.
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-9x10* 0 6x10° (Pa)

Figure 5. Static Pressure contour over the propeller and fluid domain.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Figure 6. Vapor volume fraction contour (a) suction side and (b) pressure side.

-9x10% 0 6x10° fPaf

Case 3 Case 4
Figure 7. Static pressure distribution contour (a) suction side (b) pressure side.
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Variation of Vapor Volume Fraction and Velocity Along the Chord Length

The accurate prediction of volume fraction distribution of the vapor phase and thereby cavitation area
damage analysis is crucial from the perspective of mitigation of cavitation damage in a marine propeller.
As depicted from the visualization plots, case 6 has the maximum distribution of vapor volume fraction
in comparison to all other cases, as it corresponds to heavily cavitating case. But the vapor distribution
varies along the radial distance on the propeller blade surface. For the calculation purposes in marine
propeller analysis, attention is given to the analysis of the propeller blade surface for a radial distance
of r/R = 0.7. Hence, the variation of vapor volume fraction on the propeller surface (suction side) at
0.7R is shown in Figure 8.

It is observed that there is no specific pattern in the distribution of vapor volume fraction. As the
cavitation is observed near the tip portion on the suction side, the vapor volume fraction is mostly
concentrated towards the leading-edge portion of the propeller blade. Hence, for most of the cases (case
1 to case 5), the vapor volume fraction distribution nearly approaches zero at the center of the propeller.
In case 6, the vapor volume fraction is covering more than the mid-chord region, thereby, the
distribution is seen to be different from the other cases. The maximum value is observed to be 72% at
+0.02215 m from the reference line in case 6. Here, the ‘+’ sign denotes the measurements made in the
negative x direction from the reference (shown in Figure 1). Figures 9 and 10 denote the velocity
contours over the propeller surface for case 5, with J =0.71, ¢ = 1.76 and advance velocity, V. =8 m/s.
The propeller blade experiences a wide gradient of velocity from its centre to the tip region. The
maximum velocity was obtained to be of the order of 38.5 m/s. The maximum velocity zones and the
pathlines of flow are also observed on the rotating domain, as shown in Figure 9.

The variation of velocity magnitude is also presented for r/R = 0.7 in Figure 11. The velocity
magnitude almost remains constant at a particular radial distance in the rotating propeller system. But
as the blade is curved, the variation of velocity along the chord length slightly increases towards the
propeller edges. The velocity distribution has its peak at +0.041596 m, and the value is found to be 42.5
m/s for case 6. The average velocity from case 1 to case 6 over the entire chord length for 0.7R are
15.407 m/s, 16.812 m/s, 18.717 m/s, 22.204 m/s, 26.307 m/s, and 40.850 m/s, respectively.

0.8 e
I Case 1
| —@—Case 2
0.71 _A—Case3

| —@—Case 4

0.6 1 Case 5
| ——Case 6

0.5F

0.4}

03F

Vapor volume fraction

0.2F

0.1F

-0.04 -0.02 0 0.02 0.04
Distance along the chord length (m)

Figure 8. Distribution of vapor volume fraction at 0.7R.
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Figure 9. Pathlines of flow velocity along the propeller and rotating domain for case 5.
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Figure 10. Velocity magnitude distribution over the propeller blade surface for case 5.
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Figure 11. Distribution of velocity magnitude at 0.7R.
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Acoustic Analysis

The results of the flow field are employed as the input value in the FW-H solution of Fluent software.
For the same, the simulation is carried out by employing Large Eddy Simulation (LES), and the acoustic
model is turned on for FW-H model. The acoustic source data is exported, and the corresponding model
parameters are selected. This also involves defining the sources and receivers. The source zone is
selected as the propeller surface. The selection of receivers involves determining its number and
selecting the suitable coordinates for each receiver. The acoustic source data files are read by selecting
the previously selected active source zones and receivers. The solution is computed based on all the
source data files available.

In the analysis part, the effect of cavitation on the overall Sound Pressure Level (SPL) is investigated.
The SPLs are generated for both the extreme cases: case 1 (J = 0.91, ¢ = 4.50) and case 6 (J =0.55, o =
0.80). Case 1 represents the condition of cavitation inception, and case 6 represents the state of larger
cavitation extent as seen from visualization contours in Figure 6 and Figure 7. In this analysis, four
receivers are employed to measure the overall SPL for the acoustic computations. The positions of the
receivers (the marked positions are “not to scale™) are shown in Figure 12. Figures 13 and 14 represent
the spectrum of noise levels over the frequency range of the simulation for case 1 and case 6
respectively.

Receiver4 € ————————>128D

Receiver 3 ¢ == 35D
Receiver2 €¢—— > 10D
Receiver 1 ¢ > 4D

¥

Figure 12. Receiver Positions along Y axis.

90 F ;
| ey
S bl ‘
— | /
S 60 | ll ]
: i
)
o
g
~
2 40
3
)
195
—l-Receiver 1 ||
30} Receiver 2 ||
——Receiver 3
) : —@—Receiver 4
102 103 104

Frequency (Hz)
Figure 13. The spectrum of SPL over the frequency range for case 1.
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Figure 14. The spectrum of SPL over the frequency range for case 6.
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It can be observed from Figure 15 that for case 6, the overall SPL is higher in comparison to case 1
by 15.06% at Receiver 1 to 17.83% at Receiver 4. The average increase in the overall Sound Pressure
Level (SPL) is 21.23 dB between these two extreme cases.
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Figure 15. Overall SPLs at various receiver positions.
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From the literature [28], it is observed that the difference between non-cavitating and cavitating
conditions in terms of the overall SPLs is comparable within the range of 10 to 30 dB. Also, the
decreasing trend in this plot is attributed to the phenomenon of attenuation of sound waves occurring
as the distance of the receiver increases from the noise source. The acoustic simulations are also under
consideration in future like the studies performed by Bagheri et al. [29]. The effects of the hydrophobic
silicone fouling-release coating, 1S700, on a five-blade propeller were examined by Bagheri et al. They
observed that in low-frequency areas in particular, the 1IS700 coating can reduce noise levels by 2-5 dB
under non-cavitation, cavitation inception, and cavitation development situations. The noise reduction
rate was lower during fully developed cavitation compared to cavitation inception and non-cavitation
situations.

CONCLUSION

The hydrodynamic performance characteristics and acoustic characteristics of an INSEAN E779A
propeller are studied using CFD software under various operating conditions. The simulations were
performed as a transient multiphase phenomenon, and the visualization of the vapor volume was
performed to determine the location and extent of cavitating bubbles on the propeller surface. The
validation of various open water characteristics was performed, and the influence of the cavitation
number on those parameters was identified. Finally, the acoustic simulations are performed to determine
the overall SPLs on the propeller surface. Other key findings are listed as follows:

1. R.error %is less than 10% for Kq and less than 15% for Ky and #. Overall, the simulation results
are in the acceptable ranges.

2. The distribution of vapor volume fraction and velocity magnitudes are quantified for various
cases and the trend observed is as expected theoretically.

3. The vapor volume fraction distribution and distribution of velocity is determined at 0.7R for all
the cases considered. For case 6, at +0.02215 m from the reference line, the vapor volume was
72%, and velocity magnitude of flow had its peak at +0.041596 m with a value of 42.5 m/s.

4. The overall SPL for case 6 (J = 0.55, o = 0.80) is higher than case 1 (J = 0.91, ¢ = 4.50) by
15.06% at Receiver 1. This is because the extent of cavitation varies widely in both cases, with
the first case showing the maximum cavitating area as observed from the visualization plots. All
the receivers follow the same trend, with Receiver 4 showing a variation of 17.83%.

5. Considering the two extreme cases, the average increase in the overall Sound Pressure Level
(SPL) is 21.23 dB, with case 6 (J = 0.55, ¢ = 0.80) developing a much higher noise level. The
reason is the high cavitation on the propeller blade surface operating under this particular
condition.

The future works involves the consideration of numerical simulations involving fluid-structure
interaction where the composite material-based propellers [30] would be considered. Also, the analysis
could be performed by considering suitable polymer materials [31] as cavitation resistant coatings so
that it would be vital for the experimental view point.

Nomenclature

Kr Thrust coefficient -

Ko Torque coefficient -

n Propeller open water efficiency --

J Advance coefficient --

n Propeller rotating speed [rpm]
T Thrust force [N]
Q Torque [Nm]
D Propeller diameter [m]

R Propeller radius [m]
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Py, Free stream pressure [Pa]

P, Vapor pressure [Pa]

o Cavitation number -

Va Advance velocity [m/s]
SPLs  Sound Pressure Levels [dB]

CFD  Computational Fluid Dynamics --
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