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A B S T R A C T

Cavitation exerts a significant adverse effect on the hydrodynamic noise performance of marine propellers. In 
recent decades, numerical simulations of cavitating propellers have predominantly focused on sheet cavitation, 
with relatively few studies investigating the influence of tip vortex cavitation on the propeller performance. In 
this study, the unsteady cavitating flow around the INSEAN E779A propeller is simulated using the improved 
delayed detached eddy simulation (IDDES) approach coupled with the Schnerr-Sauer (SS) cavitation model, 
while the radiated noise is predicted by solving the porous Ffowcs Williams and Hawkings (FW-H) equation. 
Following rigorous verification and validation analysis, both the simulated flow field and acoustic field results 
exhibit a high degree of reliability. By comparing with propellers under the wetted and sheet cavitating con
ditions, the effects of tip vortex cavitation on the hydrodynamic and hydroacoustic performances are revealed. 
The numerical results indicate that the occurrence of tip vortex cavitation induces a secondary vortex in the 
propeller wake, leading to a more turbulent flow in the vicinity of the tip vortex core. Moreover, in contrast to 
the sheet cavitation, tip vortex cavitation primarily affects the low-to mid-frequency band, increasing the 
magnitude of the radiated noise by approximately 7 dB within the frequency range of 0.1 fbp < f < 2.5 fbp.

1. Introduction

With the development of maritime shipping, the level of underwater 
radiated noise (URN) generated by ships has been steadily increasing in 
recent years, causing a potential threat to the marine ecological envi
ronment (Hildebrand, 2009). In response to this concern, the Interna
tional Maritime Organization (IMO) has established stringent 
regulations on URN emissions from ships. As one of the primary con
tributors to URN, the hydrodynamic noise generated by marine pro
pellers plays a crucial role (Ianniello et al., 2013, 2014). A thorough 
understanding of its underlying mechanisms and characteristics is 
therefore of great engineering significance for the design and optimi
zation of low-noise vessels.

Given the long duration and high costs of experimental in
vestigations, viscous-flow-based computational fluid dynamics (CFD) 
methods have evolved into a mature approach for studying the hydro
dynamic characteristics of propellers (Oberkampf and Trucano, 2002). 
However, accurately predicting propeller induced hydrodynamic noise 
through numerical simulations remains a significant challenge, pri
marily due to the multi-source and complex nature of such noise 

(Portillo-Juan et al., 2024). Propeller induced noise encompasses rota
tional components arising from the periodic motion of the blades, vortex 
noise generated by turbulent structures in the wake, and cavitation noise 
(Sharma et al., 1990; Wittekind and Schuster, 2016). Consequently, 
high-accuracy numerical prediction of cavitating propeller hydrody
namic noise critically depends on high-fidelity simulations of both the 
wake and cavitating flow fields (Posa et al., 2019).

Considering both computational accuracy and efficiency, the scale- 
resolving simulation method (Pena and Huang, 2021) combined with 
the acoustic analogy theory (Lighthill, 1952, 1954) has been widely 
demonstrated to be a reliable approach for numerically predicting hy
drodynamic noise (Wang et al., 2006). Currently, the Ffowcs Williams 
and Hawkings (FW-H) method (Williams and Hawkings, 1969) based on 
permeable integration surfaces has become the most popular approach 
for predicting propeller noise (Testa et al., 2021). Numerous previous 
studies have explored the mechanisms underlying hydrodynamic noise 
generation in non-cavitating propellers. Cianferra et al. (2019b) exam
ined the spectral characteristics of the linear and nonlinear terms in the 
FW-H equation, and evaluated the contribution of propeller-shed 
vortices to nonlinear noise. Posa et al. (2022) systematically 
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investigated the relative contributions of different noise components in 
the propeller wake as well as their propagation and attenuation char
acteristics. Si et al. (2023) established the coupling relationship between 
the flow field and the acoustic field of ducted-propeller based on the 
vortex-acoustic equation, and investigated the propagation mechanism 
of propeller noise based on FW-H equation. Testa et al. (2023) discussed 
the correlation between the evolution of the propeller wake and its 
acoustic characteristics under different advance coefficient conditions, 
using a detached eddy simulation (DES) approach coupled with the 
porous FW-H method. Porcacchia et al. (2025) analyzed the noise 
characteristics of propellers under oblique inflow conditions. Yangzhou 
et al. (2023, 2025) numerically investigated propeller noise in different 
turbulent inflows, revealing the alignment pattern between the periodic 
wake ingestion and the blade passing frequency (BPF). However, since 
the cavitation noise is widely recognized as the dominant source of 
propeller noise (Sharma et al., 1990; Aktas et al., 2016), investigations 
based on non-cavitating propellers are unable to provide insight into the 
acoustic characteristics associated with cavitation.

Although various cavitation patterns can develop on and off the 
blades, the most prevalent cavitation patterns on marine propellers are 
sheet cavitation (SC) and tip vortex cavitation (TVC) (Sezen and Atlar, 
2023a). Compared with TVC, SC on marine propellers is more readily 
captured in numerical simulations, primarily because it occurs over a 
larger spatial scale and is less susceptible to numerical dissipation 
(Arndt, 2002). By incorporating cavitation models and applying 
appropriate mesh refinement on the propeller surface, numerous studies 
have successfully analyzed the noise generated by propeller SC. Wu et al. 
(2018) extracted the cavitation noise of propellers based on the sound 
radiation theory for spherical bubbles, and concluded that the acoustic 
energy of SC is primarily concentrated in the lower orders of the BPF. 
Sezen et al. (2020) predicted the radiated noise of a propeller experi
encing SC with the SS cavitation model and porous FW-H method, and 
reported good agreement with experimental results. Zhang et al. 
(2025a) provided a detailed discussion of the mechanisms through 
which hydrofoil tip vortices at different angles of attack influence pro
peller surface cavitation and noise propagation. Yu et al. (2025)
employed modal decomposition technique to investigate the relation
ship between propeller SC and different acoustic source terms.

The tip vortex flow is characterized by anisotropic turbulence and 
pronounced pressure and velocity gradients, making the numerical 
modeling of tip vortices and TVC particularly a challenging endeavour 
(Arndt and Keller, 1992; Asnaghi et al., 2020). A persistent issue is that 
numerically predicted TVC often underestimates the cavitation extent 
observed in experiments (Cheng et al., 2021; Lak and Jaiman, 2024), 
essentially due to the insufficient grid resolution within the vortex core 
region (Asnaghi et al., 2020). One effective mesh generation strategy for 
stably simulating TVC is the application of helical-tube mesh refinement 
in the regions where TVC develops (Liu et al., 2023; Tomy et al., 2024). 
This approach has the advantage of maintaining relatively stable mesh 
topology (Berger and Colella, 1989), although it typically requires a 
preliminary simulation to determine the trajectory of the tip vortex. 
Another widely used method is adaptive mesh refinement (AMR) tech
nique, which performs targeted mesh refinement in potential TVC re
gions based on pressure or vorticity criteria (Yilmaz et al., 2019; Sezen 
and Atlar, 2022a; Zhang et al., 2025b). Compared with helical-tube 
mesh refinement, AMR techniques can reduce the total number of 
mesh cells, thereby improving computational efficiency.

Although there is extensive literature on the hydrodynamic noise of 
non-cavitating and sheet-cavitating marine propellers, research on the 
acoustic characteristics of TVC remains limited. Existing studies have 
primarily focused on the prediction (Sezen and Atlar, 2022b, 2023a, 
2023b) and mitigation (Lee et al., 2018; Aktas et al., 2020; Sezen et al., 
2021) of TVC noise. However, these investigations do not isolate pro
peller TVC noise, as the contributions from rotational noise and SC noise 
are also included. To gain deeper insight into the generation mecha
nisms of propeller SC and TVC and to clarify their specific effects on 

propeller noise, the present study employs the IDDES (Shur et al., 2008) 
model and the SS cavitation model (Schnerr and Sauer, 2001) to 
numerically simulate the unsteady flow field of an open-water propeller 
with different cavitation patterns, and predicts the resulting hydrody
namic noise using the porous FW-H method (Di Francescantonio, 1997). 
Although the AMR technique offers greater computational efficiency, 
helical-tube mesh refinement is selected in this study to capture pro
peller TVC, as a stable mesh topology facilitates more accurate acoustic 
predictions (Farassat and Succi, 1980). To the best of our knowledge, 
this study represents the first attempt to separating the noise contribu
tions of sheet cavitation and tip vortex cavitation, and to reveal the noise 
generation mechanism of secondary vortex induced by tip vortex cavi
tation. The results of this study are expected to elucidate the acoustic 
characteristics of SC and TVC, while providing engineering guidance for 
the design of low-noise marine propellers.

This paper is organized as follows: The numerical methods including 
turbulence simulation method, multiphase model, cavitation model and 
acoustic model are introduced in section II. The numerical setup, veri
fication and validation are described in section III. The simulation re
sults including flow characteristics and acoustic characteristics are 
discussed in section IV. Finally, the conclusions are summarized in 
section V.

2. Numerical methods

2.1. Turbulence model

Detached eddy simulation (Spalart et al., 1997) is an efficient and 
cost-effective turbulence modeling approach for simulating flow sepa
ration. To prevent the DES method from prematurely switching to large 
eddy simulation (LES) and thereby causing model-stress depletion, Shur 
et al. (2008) developed the IDDES by introducing a delay factor and 
incorporating the capabilities of wall-modeled large eddy simulation 
(WMLES). The transport equations for the kinetic energy k and the 
specific dissipation rate ω of k-ω SST turbulence model (Menter, 1994) 
can be expressed as follows: 

∂
∂t
(ρk)+∇ ⋅ (ρkv)=∇ ⋅ [(μ+ σkμt)∇k] +Pk − ρβ*fβ* (ωk − ω0k0) + Sk (1) 

∂
∂t
(ρω)+∇ ⋅ (ρωv)=∇ ⋅ [(μ+ σωμt)∇ω] +Pω − ρβfβ

(
ω2 − ω2

0
)
+ Sω (2) 

where ρ is the fluid density, v is the mean velocity, μ is the dynamic 
viscosity, σk, σω are model coefficients, Pk and Pω are production terms, 
fβ* is the free-shear modification factor, fβ is the vortex-stretching 
modification factor, Sk and Sω are source terms, and k0 and ω0 are 
ambient turbulence values.

For the k-ω SST based IDDES, ω in the equation above is replaced by 
ω̃, which can be expressed as follows: 

ω̃=

̅̅̅
k

√

lHYBRID fβ* β* (3) 

lHYBRID = f̃ d(1+ fe) lRANS + (1 − f̃ d) CDES ΔIDDES (4) 

where lHYBRID is the hybrid length scale, CDES is the model coefficient, 
ΔIDDES is the maximum distance between the centers of adjacent grid 
cells, f̃ d is an empirical blending function that detects local flow and 
mesh characteristics to determine the use of RANS or LES, fe is an elliptic 
relaxation factor used to enhance the simulation performance in the 
near-wall region.

2.2. Multiphase model

This study utilizes the Volume of Fluid (VOF) method to capture the 
interface between water and vapour. The VOF method fundamentally 
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simulates the dynamics of multiphase flows by tracking the volume 
fraction of each fluid, ensuring mass conservation and preserving a 
sharp interface (Hirt and Nichols, 1981). The phase distribution and the 
position of the interface are governed by the volume fraction αi of phase 
i, which is defined as follows: 

αi =
Vi

V
(5) 

where Vi is the volume of phase i within a computational cell, and V is 
the total volume of the cell. The sum of the volume fractions of all phases 
within a cell is required to satisfy the following condition: 

∑N

i=1
αi =1 (6) 

where N is the total number of phases. As indicated by the equation 
above, the volume fraction αi of phase i within a computational cell 
should satisfy 0≤αi ≤ 1. When αi lies between 0 and 1, it indicates the 
presence of an interface within the cell.

2.3. Cavitation model

The SS cavitation model (Schnerr and Sauer, 2001) is employed to 
simulate the cavitation phenomena of the propeller, which can be 
expressed as follows: 

∂(ρvαv)

∂t
+

∂
(
ρvαvuj

)

∂xj
= ṁ+

− ṁ− (7) 

where ρv is the density of the vapour phase, αv is the volume fraction of 
the vapour phase, uj (j = 1,2,3) is the velocity component in the j-di
rection, ṁ+ and ṁ− are mass source terms for evaporation and 
condensation respectively, which can be expressed as follows: 

ṁ+
=

ρvρl

ρ αv(1 − αv)
3
Rb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

max(pv − p,0)
ρl

√

(8) 

ṁ−
=

ρvρl

ρ αv(1 − αv)
3
Rb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

max(p − pv,0)
ρl

√

(9) 

Rb =

(
3
4π

αv

1 − αv

1
Nb

)1/3

(10) 

where Rb is the bubble radius, pv is the saturated vapour pressure, and Nb 
is the bubble number density.

2.4. Acoustic model

The FW-H equation represents a generalized form of the classical 
acoustic wave equation. It reformulates the complex problem of un
steady noise generation in bounded fluid dynamic systems into an 
equivalent problem of acoustic wave propagation in free space. As an 
extension of Lighthill's acoustic analogy (Lighthill, 1952, 1954) and 
Curle's theory (Curle, 1955), the FW-H equation enables noise prediction 
within flow fields involving arbitrarily moving rigid boundaries. The 
original FW-H equation can be expressed as follows (Williams and 
Hawkings, 1969): 

□2pʹ=
∂
∂t
[ρ0vnδ(f)] −

∂
∂xi

[pniδ(f)] +
∂2

∂xi∂xj

[
H(f)Tij

]
(11) 

Tij = ρuiuj − σij +
(
p − c2

0ρʹ)δij (12) 

where ṕ  is the acoustic pressure, □2 = 1
c2

0

∂2

∂t2 − ∇2 is the D'Alembert 

operator, c0 is the undisturbed sound speed, ρ0 is the undisturbed den
sity, vn is the wall-normal velocity of the sound source surface, δ(f) is the 
Dirac function, H(f) is the Heaviside function, f(x,t) = 0 is the sound 
source surface, Tij is the Lighthill's stress tensor, σij is the viscous stress 
tensor, ρ’ = ρ-ρ0 is the density perturbation, δij is the Kronecker symbol.

Since the TVC and wake of a propeller are not directly attached to the 
blade surface, treating only the propeller surface as the acoustic source 
inevitably neglects a portion of the noise-generating mechanisms 
(Cheng et al., 2025). Consequently, the porous FW-H formulation is 
more commonly employed to predict the hydrodynamic noise for ma
rine propellers, as it constructs a virtual acoustic source surface to fully 
account for the noise generated by both the propeller surface and its 
wake. The porous FW-H formulation can be expressed as follows (Di 
Francescantonio, 1997): 

□2pʹ=
∂
∂t
[ρ0Unδ(f)] −

∂
∂xi

[Liδ(f)] +
∂2

∂xi∂xj

[
H(f)Tij

]
(13) 

Un =

(

1 −
ρ
ρ0

)

vn +
ρun

ρ0
(14) 

Li = pδijnj + ρui(un − vn) (15) 

where nj is the unit normal vector of the control surface, vn is the normal 
velocity of the control surface, and un is the normal velocity of the fluid 
passing through the control surface.

To circumvent the need to directly solve complex partial differential 
equations in CFD calculations, the Farassat 1A formulation transforms 

Fig. 1. Schematic of INSEAN E779A propeller.
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the FW-H equation into an integral solution using the free-space Green's 
function, which can be expressed as follows (Farassat and Succi, 1980; 
Brentner and Farassat, 1998): 

pʹ(x, t)= pʹ
T(x, t) + pʹ

L(x, t) + pʹ
Q(x, t) (16) 

pʹ
T(x, t)=

1
4π

∂
∂t

∫

S

[
ρ0Uini

r(1 − Mr)

]

ret
dS (17) 

pʹ
L(x, t)= −

1
4π

∂
∂xi

∫

S

[
Li

r(1 − Mr)

]

ret
dS (18) 

pʹ
Q(x, t)=

1
4π

∂2

∂xi∂xj

∫

V

[
Tij

r(1 − Mr)

]

ret
dV (19) 

where ṕT(x, t), ṕL(x, t) and ṕQ(x, t) represent monopole, dipole and 

quadrupole terms, respectively. Ui =

(

1 −
ρ
ρ0

)

vi +
ρui
ρ0 

is the equivalent 

permeable velocity, vi is the surface velocity component in the i-direc
tion, r is the distance from the acoustic source to the observer. (1-Mr) is 
the Doppler factor. The subscript ret denotes the retarded time calcu
lated using the advanced time approach (Brentner and Farassat, 2003; 
Casalino, 2003).

3. Numerical verification and validation

3.1. Geometry and computational domain

The four-bladed INSEAN E779A (Salvatore et al., 2006) benchmark 
propeller is employed in this study to perform the open-water numerical 
simulations of propeller performance. The geometry and several model 
parameters of the INSEAN E779A propeller are presented in Fig. 1 and 
Table 1, respectively. In the simulations, the coordinate origin is set at 
the center of the propeller disk, with the x-axis aligned along the axial 
direction and the y- and z-axes aligned with the radial directions. The 
propeller rotates in a right-handed helical motion about the negative 
x-axis.

The sliding mesh method (Steijl and Barakos, 2008) is employed to 
model the rotation of the propeller, and the computational domain is 

configured as illustrated in Fig. 2. The stationary domain is a rectangular 
cuboid with a length of 8.5D and a width and height of 6.0D each. The 
velocity inlet is located 1.5D upstream of the propeller disk, while the 
pressure outlet is positioned 7.0D downstream. All other faces of the 
stationary domain are treated as symmetry planes. A uniform inflow of 
water is prescribed with a velocity of (VA,0,0) at the velocity inlet, where 
VA = 5.80 m/s represents the advance velocity. The pressure at the 
outlet is specified as the reference pressure p∞. The rotating domain is 
defined as a cylindrical region encompassing the propeller blades and 
part of the hub, with a radius of 0.85D and a rotational speed of n = 36 
rps, as highlighted by the red frame in Fig. 2. To accurately replicate the 
open-water propeller test setup, the propeller hub is extended to the 
velocity inlet boundary in the present numerical simulations. Both the 
propeller blades and hub are defined as wall surfaces.

3.2. Mesh configuration

A strategically refined computational mesh is applied to accurately 
simulate cavitation phenomena and predict the hydrodynamic noise, as 
shown in Fig. 3. The annular tube refinement region is employed to 
resolve the tip vortex. The shape of the helical tube is determined based 
on the tip vortex morphology obtained from preliminary simulations. Its 
interior is meshed with the finest resolution to ensure precise repre
sentation of TVC in the propeller slipstream (Asnaghi et al., 2020). 
Considering both computational cost and the challenges posed by 
downstream dissipation of the TVC, each helical tube in this study is 
designed to span 0.4 rotations. All of the above refinement regions are 
enclosed by the porous FW-H surface (as shown in Fig. 3 with the white 
frame) to guarantee that all important acoustic source information is 
accounted for. It is worth mentioning that the porous FW-H integration 
surface used in this study is truncated in the downstream direction to 
avoid the influence of the end-cap effect (Cianferra et al., 2019a; Turner 
and Kim, 2022). The wake refinement is designated as the largest mesh 
refinement region to maintain uniform mesh resolution across the 
acoustic source surface (Sezen and Atlar, 2023a). As the present study 
focuses on the effects of SC and TVC on the flow field and noise, and 
previous studies have reported that the propeller tip vortex possesses 
significantly higher energy than the hub vortex (Di Mascio et al., 2022), 
no targeted local mesh refinement is applied in the hub vortex trajectory 
region. For ease of reference, the mesh size on the propeller blade sur
face is denoted by Δxblade, with its specific value and the corresponding 
total mesh count provided in the following section. The mesh sizes for 
each refinement region, relative to Δxblade, are listed in Table 2. In 
addition, 5 layers of prismatic cells with an expansion ratio of 1.2 are 
added to the surfaces of the propeller blades and hub within the rotating 
domain to ensure a smooth transition between the near-wall mesh and 
the core mesh. The hub within the stationary domain is neither equipped 
with prismatic layers nor surface mesh refinement, and its mechanical 
characteristics are not recorded.

The numerical simulations in this study are conducted using the 
commercial CFD solver STAR-CCM+ 18.02. The convective terms are 
spatially discretized using a hybrid bounded central-difference scheme 
with second-order accuracy, providing an appropriate balance between 
numerical fidelity, stability, and efficiency. The temporal discretization 
is applied with second-order accuracy and a time step of Δt = 5 × 10− 5 s, 
corresponding to a propeller rotation of approximately 0.648◦. The total 
physical simulation time is 1.5 s, equivalent to 54 propeller rotations, 
while the sampling duration for both flow field and acoustic data is 1 s 
(36 propeller rotations), ensuring a sufficient dataset for statistical 
analysis. This study involves three computational cases: wetted, SC, and 
TVC. In the wetted case, the cavitation model is omitted, whereas in the 
SC case, the helical tube refinement used to capture the TVC is not 
applied. The meshes used for the wetted and TVC cases are identical to 
the medium grid, while the mesh count for the SC case is 11.83 × 106. 
All cases are simulated at an advance coefficient of J = 0.71 and a 
cavitation number of σn = 1.763, which can be expressed as follows: 

Table 1 
Geometry information of INSEAN E779A propeller.

INSEAN E779A Notation Value

Propeller disk diameter (m) D 0.227
Propeller hub diameter (m) d 0.045
Pitch ratio P/D 1.10
Disk area ratio Ae/Ao 0.689

Fig. 2. Schematic of computational domain.
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Fig. 3. Schematic of computational mesh.
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J=
VA

nD
(20) 

σn =
p∞ − psat
1
2 ρ(nD)2 (21) 

where psat represents the saturated vapour pressure. In the following 
discussion, SC and TVC denote the cavitation phenomena, while the SC 
case and TVC case refer to the corresponding computational cases.

All the three cases are performed on the Siyuan-1 high-performance 
computing center at Shanghai Jiao Tong University. Each processor is 
equipped with two Intel Xeon ICX Platinum 8358 CPUs and 16 × 32 GB 
TruDDR4 3200 MHz RDIMM memory. The total CPU time for the 
wetted, SC and TVC cases is 14848 h, 41355 h and 93741 h, respectively.

3.3. Mesh independence analysis

Following the mesh generation strategy described above, four sets of 
mesh configurations with a constant refinement ratio of 

̅̅̅
2

√
(Long et al., 

2017) are developed to perform a mesh independence analysis, as 
summarized in Table 3.

In this section, the open-water performance of the non-cavitating 
propeller obtained from the four mesh configurations is first compared 
with previously published experimental data (Salvatore et al., 2009) and 
numerical results (Yilmaz et al., 2019) under identical conditions. The 
comparison focuses on the thrust coefficient KT, torque coefficient KQ, 
and open-water efficiency η0, which are defined as follows: 

KT =
T

ρn2D4 (22) 

KQ =
Q

ρn2D5 (23) 

η0 =
J

2π
KT

KQ
(24) 

where T and Q denote the thrust and torque generated by the propeller, 
respectively. The calculated open-water performance results, which are 
averaged for 10000 samples, are presented in Table 4. Overall, results of 
KT predicted from the current numerical simulations are in close 
agreement with the experimental data, while the KQ exhibits a 
maximum deviation of less than 5% from the measurements. Although 
the very coarse mesh can already provide an accurate prediction of the 
open-water performance, grid size of the helical tube refinement regions 
in the medium mesh satisfies the empirical relationship proposed by 
Kuiper (1981) between the cavitation number and the minimum core 
radius. Therefore, taking into account both computational accuracy and 
efficiency, the medium mesh is adopted for subsequent validations and 
analyses.

3.4. Hydrodynamic and hydroacoustic performance

The cavitation morphology predicted in the present TVC case is 
compared with the results of Salvatore et al. (2009) and Yilmaz et al. 
(2019) in Fig. 4, providing further validation of the numerical setup. It 
can be observed that both the numerical simulations tend to overpredict 
the extent of SC area relative to the experiment, whereas the 
morphology of the incipient TVC shows good agreement. Moreover, the 
extent of TVC in this study is in close agreement with the numerical 
results of Yilmaz et al. (2019), which were obtained using the AMR 
technique with a comparable total number of cells. These results indi
cate that the present approach reliably captures the morphology of both 
SC and TVC.

Since published studies on the hydrodynamic noise of the INSEAN 
E779A propeller under TVC conditions are relatively limited, the present 
study adopts the work of Zhang et al. (2025a) as a reference to validate 
the acoustic methodology, in which the hydrodynamic noise of the 
propeller under SC conditions with a uniform flow was numerically 
predicted. A linear array of 11 hydrophones is positioned at a distance of 
4D away from the propeller axis, oriented parallel to the axis, with a 
spacing of 0.44D between adjacent hydrophones. Each hydrophone re
cords the time history of sound pressure over 10 propeller revolutions, 
and the acoustic signals are divided into 6 segments with a 50% overlap 
following the Welch method (Welch, 1967). The final result is expressed 
in terms of the overall sound pressure level (OASPL), which can be 
defined as follows: 

OASPL= 10 log10

(
∑n

10
SPLn
10

)

(25) 

where n is the number of frequency points within the frequency band, 
SPLn is the sound pressure level (SPL) value corresponding to the n th 
frequency. As shown in Fig. 5, the deviation in OASPL at each hydro
phone relative to the reference is within 3 dB. Considering the differ
ences in mesh configuration and the placement of the porous FW-H 
integration surface relative to the reference study, the errors in the 
present numerical simulations are fairly acceptable.

4. Results and discussion

After verifying the accuracy of the numerical methodology, this 
section analyzes the INSEAN E779A propeller under wetted, SC, and 
TVC conditions to elucidate the effects of TVC on both hydrodynamic 
performance and hydroacoustic characteristics.

4.1. Cavitating morphologies

The location of one of the helical tube refinement regions for the TVC 
case is illustrated in Fig. 6 with the green contour. From the blade tip to 

Table 2 
Mesh refinement details.

Mesh refinement region Mesh size/Δxblade

Blade surface 1
Hub surface (rotating domain) 1
Blade contour 0.25
Wake 4
Annular tube 2
Helical tube 0.25

Table 3 
Information for mesh independence analysis.

Density of grids Δxblade (mm) Mesh count ( × 106)

Very coarse 2.00 5.49
Coarse 1.41 12.14
Medium 1.00 29.08
Fine 0.71 73.99

Table 4 
Comparison of open-water performance.

Data source KT 10KQ η0

Value Error Value Error Value Error

Salvatore et al. (2009) 0.238 / 0.429 / 0.626 /
Yilmaz et al. (2019) 0.229 3.78% 0.428 0.23% 0.606 3.19%
Very coarse 0.239 0.42% 0.450 4.90% 0.601 3.99%
Coarse 0.239 0.42% 0.448 4.43% 0.602 3.83%
Medium 0.238 0.08% 0.446 3.96% 0.603 3.67%
Fine 0.237 0.42% 0.444 3.50% 0.603 3.67%
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the slipstream, the trajectory of the TVC is fully enclosed within the 
helical tube. In the present numerical simulation, TVC begins to dissi
pate before passing through the helical tube, indicating that capturing 
TVC further downstream would require a much finer mesh (Asnaghi 
et al., 2020). Since this is a common issue in numerical simulations of 
TVC, refining only the core region of the TVC represents the most 
cost-effective approach. Therefore, the selected extension length of the 

helical tube in this study is considered reasonable.
The fully developed cavitation morphologies for the SC and TVC 

cases are presented in Fig. 7 with the red contour. Both SC and TVC on 
the propeller are captured in the TVC case, with the SC morphology 
closely resembling that observed in the SC case. In this study, the SC 
manifests as a crescent-shaped bubble layer (Reisman et al., 1998) 
distributed on the suction side of the propeller, with its trailing edge 
corresponding to the inception location of the TVC. These results indi
cate that the helical tube refinement regions effectively capture the TVC, 
while exerting minimal influence on the SC morphology. Consequently, 
the following observed differences in the flow and acoustic fields be
tween the SC and TVC cases can be primarily attributed to the presence 
of the TVC.

The normalized time-averaged pressure coefficient Cp is used to 
represent the pressure distribution on the suction side of the propeller, 
as shown in Fig. 8, where the expression for Cp is defined follows: 

Cp =
p − p∞

1
2 ρ(nD)2 (26) 

where p is the local instantaneous absolute pressure. For the wetted case, 
low-pressure regions are observed near the leading edge and the blade 
tip of the propeller, while the pressure over most of the blade surface 
remains slightly lower than the free-stream pressure (Xie et al., 2025). 
When cavitation occurs, the low-pressure region on the suction side of 
the propeller expands significantly and closely resembles the 
morphology of SC, as shown in Fig. 7. Simultaneously, the pressure in 
the flow field recovers rapidly in the closure region at the tail of the SC, 
resulting in a local high-pressure region appears at the junction between 
the trailing edge of the SC and the trailing edge of the blade. This region 

Fig. 4. Cavitation morphologies from (a) the experiment of Salvatore et al. (2009), (b) the numerical simulation of Yilmaz et al. (2019) visualized by the iso-surface 
of αv = 0.1, (c-d) the present TVC case visualized by the iso-surface of αv = 0.1.

Fig. 5. OASPL distribution along the linear array.
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may serve as a potential noise source. However, the occurrence of TVC 
appears to have no additional effect on the pressure distribution over the 
propeller surface, as the results shown in Fig. 8(b) and (c) have 

negligible differences.
Six planes passing through the coordinate origin, each separated by 

15◦ in the axial direction of the propeller, are constructed to examine the 

Fig. 6. Spatial relationship between TVC and the helical tube refinement region.

Fig. 7. Cavitation morphologies visualized by the iso-surface of αv = 0.1 for (a) the SC case and (b) the TVC case.

Fig. 8. Distributions of time-averaged Cp on the suction side for (a) the wetted case, (b) the SC case and (c) the TVC case.
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cross-sectional morphology of the TVC on these planes for the TVC case, 

as shown in Fig. 9. Among them, plane 1 is located in the region where 
the TVC originates, while plane 6 is situated near the termination of the 
TVC. To ensure that the cavitation contour areas on each plane are 
represented appropriately, the instantaneous cavitation contours trans
lated in the x and zplane directions are presented in Fig. 10, where num 
denotes the plane index and zplane on the y-axis denotes the corre
sponding z-coordinate value for each plane. Due to the high rotational 
speed at the propeller blade tip, the nascent TVC undergoes intense 
twisting motion (Arndt et al., 1991), resulting in the appearance of two 
closed cavitation contours on plane 1. From plane 2 to plane 4, the TVC 
exhibits a clockwise rotation trend. Further downstream, the TVC con
tours become nearly circular, and the contour areas noticeably contract.

Contour plots of the normal velocity component Un and the pressure 
coefficient Cp on the aforementioned representative planes are shown in 
Figs. 11 and 12, respectively. The black contour in each subfigure de
notes the outline of TVC visualized by the iso-surface of αv = 0.1. The 
occurrence of TVC is associated with regions of extremely low pressure 
in the flow field, whereas the trajectory of the tip vortex extends over a 
broader region characterized by comparatively higher pressure levels. 
Meanwhile, the outline of TVC coincides with regions of elevated 
normal velocity, and the normal velocity within the vortex core decays 
rapidly during downstream convection.

4.2. Vortical structures

The Q-criterion is applied to identify the presence of vortical struc
tures in the current simulations by analyzing the local velocity gradient 
tensor. The expression of the Q-criterion can be given as follows (Hunt 
et al., 1988): 

Q=
1
2
(
‖Ω‖

2
− ‖S‖2) (27) 

where S is the strain rate tensor, Ω is the rotation rate tensor. The three- 
dimensional instantaneous vortical structures in the propeller slipstream 
for the three cases colored by the normalized instantaneous streamwise 
velocity are shown in Fig. 13. Due to the absence of the helical tube mesh 
refinement in the SC case, the vortex cores in the corresponding regions 
experience numerical diffusion, leading to enlarged core diameters for 

Fig. 9. Six representative planes and the TVC intersecting them.

Fig. 10. Translated cavitation contours on the representative planes.

Fig. 11. Normal velocity component Un on the (a) plane 1, (b) plane 2, (c) plane 3, (d) plane 4, (e) plane 5 and (f) plane 6.
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the incipient tip vortices (Feder et al., 2018). Besides, the tip vortices in 
both the wetted and SC cases exhibit similar morphology and convection 
velocity as they propagate downstream. However, the vortical structures 
in the TVC case show pronounced differences, with the surfaces of the 
tip vortices appearing noticeably rough within the helical tube mesh 
refinement regions. As shown in the magnified view in Fig. 13(d), the 
vortical structures shed from the blade tip in the TVC case comprise not 
only the primary tip vortex, but also a smaller secondary vortex (Ye 
et al., 2023) encircling its core. The trajectory of this secondary vortex 
closely follows that of the tip vortex, and gradually dissipates beyond the 
helical tube mesh refinement region. Moreover, the tip vortices simu
lated in the TVC case become unstable more rapidly than those in the 
wetted and SC cases, particularly in the downstream region. These re
sults suggest that TVC significantly affects the morphology of the tip 

vortices.
To quantitatively characterize the spatial evolution of the tip vortex 

size predicted for the three cases, the contours of instantaneous vortical 
structures on the six representative planes (as shown in Fig. 9) along 
with their extents, are presented in Fig. 14. In the wetted case and the SC 
case, only a tip vortex with an approximately circular cross-section is 
observed in the wake flow. As noted previously, the grid resolution in 
the tip vortex region is relatively coarse in the SC case. Consequently, 
the predicted tip vortex size in the near wake is noticeably larger than 
that in the wetted case. Plane 1 is located in the initial formation region 
of the tip vortex, where its development is influenced by the SC 
morphology. As a result, the tip vortex contour in the SC case at this 
location appears approximately elliptical. This effect will be discussed 
further in the subsequent analysis. In contrast, the vortical structures in 

Fig. 12. Pressure coefficient Cp on the (a) plane 1, (b) plane 2, (c) plane 3, (d) plane 4, (e) plane 5 and (f) plane 6.

Fig. 13. Instantaneous vortical structures identified by the iso-surface of QD2/VA
2 = 100 for (a) the wetted case, (b) the SC case and (c-d) the TVC case.
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Fig. 14. Contours of instantaneous vortical structures identified by the iso-surface of QD2/VA
2 = 100 on the (a) plane 1, (b) plane 2, (c) plane 3, (d) plane 4, (e) plane 

5 and (f) plane 6. The locations of the representative planes are shown in Fig. 9.

Fig. 15. Instantaneous vortical structures and cavitation morphologies for the TVC case.

Fig. 16. Incipient tip vortex and cavitation morphologies for (a) the SC case and (b) the TVC case.
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the wake are more complex for the TVC case. A secondary vortex with a 
circular cross-section, distinct from the primary tip vortex, is clearly 
observed, exhibiting a circumferential motion around the primary tip 
vortex tube. Downstream of plane 3, the secondary vortex undergoes 
deformation due to twisting, leading to the appearance of multiple 
secondary vortex contours on plane 4 and plane 5. Further downstream, 
the energy of the secondary vortex gradually diminishes, and it begins to 
merge with the primary tip vortex. Meanwhile, although the predicted 
size of the primary tip vortex differs between the SC case and the TVC 
case, their vortex core locations are nearly coincident, which contrasts 
markedly with the wetted case. This observation further indicates that 
the presence of SC influences the position of the tip vortex.

The instantaneous vortical structures identified by the iso-surface of 
QD2/VA

2 = 100 (grey contour) and cavitation morphologies visualized by 
the iso-surface of αv = 0.1 (red contour) are shown in Fig. 15. TVC occurs 
within the core of the primary tip vortex, whereas the formation of the 
secondary vortex is closely associated with the incipient tip vortex. The 
vortical structures and cavitation morphologies within the blue rectan
gular region highlighted in Fig. 15 for the SC and TVC cases are pre
sented in Fig. 16. In the SC case, the tip vortex originates from the 
trailing edge of the SC, with a smooth surface and an approximately 
circular cross-section. In contrast, for the TVC case, the simulated SC 
tends to extend in two directions at its trailing edge, as shown in Fig. 16
(b). Most of the cavitation occurs along the trajectory of the tip vortex, 
and a small protruding cavitation hump is observed at the incipient TVC 
region. Since the cavitation morphology on the propeller remains rela
tively stable during rotation, this cavitation hump effectively behaves as 
an appendage, which in turn induces the formation of a secondary 
vortex at the trailing edge of the hump. In addition, the primary tip 
vortex morphology is strongly correlated with the TVC, and the twisted 
TVC (Arndt et al., 1991) causes the tip vortex to deviate from an 

Fig. 17. Instantaneous vorticity strength on the plane section y = 0 identified by normalized ωy for (a) the wetted case, (b) the SC case, (c-d) the TVC case.

Fig. 18. Representative positions for velocity profiles downstream the propel
ler disk.

Fig. 19. Profiles of normalized time-averaged streamwise velocity at (a) x =
0.1D, (b) x = 0.2D and (c) x = 0.5D.
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approximately circular cross-section.
The two-dimensional instantaneous vorticity strength on the plane 

section y = 0 identified by the normalized ωy is shown in Fig. 17. Since 
the tip vortices shed from the symmetrical blades of the propeller pass 
through this plane section from opposite directions, the vortex strength 
exhibits reverse signs in the upper and lower regions. As observed in 

Fig. 13, the two upstream tip vortices simulated in the SC case display 
larger core sizes on the plane section y = 0. When the TVC is considered, 
flow structures with reversed rotation emerge within the vortex cores, 
which are characterized invariably by a homogeneous rotational 
strength for the wetted and SC cases, as shown in Fig. 17(c). A locally 
magnified view along with the instantaneous vortical structures and 
TVC morphologies is presented in Fig. 17(d). It can be seen that the 
rotation of the TVC is consistent with that of the tip vortex, whereas the 
secondary vortex rotates in the opposite direction. Although TVC is no 
longer observed at the secondary location vortex core in Fig. 17(d), the 
interaction between the tip vortex and the secondary vortex (Felli et al., 
2011) produces a highly irregular vorticity distribution across the plane 
section y = 0 in this region. The vorticity distribution within the vortex 
core returns to a homogeneous state at the location of the third vortex 
core.

4.3. Wake evolution

Cavitation primarily occurs in the near-wake region of the propeller 
in this study. To investigate the influence of cavitating flow on the ve
locity distribution within the propeller slipstream, the time-averaged 
streamwise velocities are extracted at three representative positions 
(marked in Fig. 18) downstream of the propeller disk, as shown in 
Fig. 19. The streamwise velocity in the wake of the non-cavitating 
propeller exhibits a bimodal distribution in the radial direction 
(Ferraro et al., 2025). The occurrence of SC shifts the locations of the 
velocity peaks closer to the propeller shaft and slightly increases their 
magnitudes. Furthermore, the velocity peaks (as marked in Fig. 18 with 

Fig. 20. Profiles of normalized root-mean-square streamwise velocity at (a) x 
= 0.1D, (b) x = 0.2D and (c) x = 0.5D.

Fig. 21. Distributions of normalized time-averaged TKE for (a-c) the wetted case, (d-f) the SC case and (g-i) the TVC case. The left, middle and right columns 
correspond to the plane sections at x = 0.1D, x = 0.2D and x = 0.5D, respectively.
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blue asterisks) increase more markedly in the TVC case, accompanied by 
a steeper velocity gradient in the surrounding flow region, indicating 
that TVC influences the near-wake velocity field of the propeller. 
However, these trends are no longer observed in the propeller wake at x 
= 0.2D (even though TVC has not yet dissipated), where the velocity 
profiles of the non-cavitating and cavitating propellers are nearly 
identical. Further downstream at x = 0.5D, hub vortex cavitation occurs 
in both the SC and TVC cases, resulting in higher streamwise velocities 
compared with the wetted case. These observations suggest that SC and 
TVC influence the wake velocity distribution only within a limited 
spatial region. Therefore, it can be inferred that, compared with the 
non-cavitating propeller, the far wake of the cavitating propeller does 
not constitute an additional acoustic source.

Profiles of the normalized root-mean-square streamwise velocities at 
the same positions are presented in Fig. 20. In the near-wake region, two 
peaks in velocity fluctuations are observed at z = ±0.5D under the 
wetted case. However, the presence of SC leads to a reduction in these 
velocity fluctuations. This reduction can be attributed, on the one hand, 
to the SC improving boundary layer separation on the propeller blades 
(Franc and Michel, 1985), thereby influencing the velocity field in the 
wake region, and on the other hand, to the relatively coarse mesh 
adopted in the near-wake region under the SC case, which is less 
favorable for capturing velocity fluctuations. The amplification of ve
locity fluctuations induced by the TVC is clearly evident. Similar to the 
mean velocity, the influence of both SC and TVC on velocity fluctuations 
at x = 0.2D is almost negligible. In contrast to the results shown in 
Fig. 19, under the TVC case, large peaks in axial velocity fluctuations are 
also observed at x = 0.5D, even though the TVC has already been fully 
dissipated at this streamwise location. This phenomenon can be attrib
uted to the grid configuration adopted in the present study, where the 
downstream end of the helical-tube mesh refinement region is located at 
approximately x = 0.3D (between x = 0.2D and x = 0.5D), as illustrated 

in Fig. 13(c). Over a short distance downstream of this refinement re
gion, the abrupt variation in mesh resolution leads to a rapid dissipation 
of the secondary vortex and its merger with the primary tip vortex, while 
simultaneously inducing instability in the primary vortex structure, 
thereby significantly amplifying the velocity fluctuations in the vicinity 
of the vortex core at x = 0.5D.

The distributions of normalized time-averaged turbulent kinetic en
ergy (TKE) in the wake region for the three cases are shown in Fig. 21. 
The maximum values of TKE occur in the near-wake region immediately 
downstream of the propeller blade tips and decay rapidly further 
downstream. As previously mentioned, due to the relatively coarse mesh 
employed in the SC case, the TKE in its wake is much lower than that of 
the other two cases. In addition, the distributions of TKE obtained under 
the wetted and TVC cases exhibit a high degree of similarity. Under the 
wetted case, the wake energy is concentrated near the core of the tip 
vortex. However, under the influence of the TVC and the secondary 
vortices, the wake energy becomes partially dispersed. The comparison 
between Fig. 21(b) and (h) clearly demonstrates that the presence of the 
TVC divides the tip vortex into two high-energy regions.

Additional details of the wake flow, including the contour plots of 
streamwise velocity, pressure, and streamwise vorticity components on 
the plane sections at x = 0.1D and x = 0.5D, are presented in Figs. 22 and 
23. Since no helical-tube mesh refinement is applied along the tip vortex 
trajectory in the SC case, the pressure at the vortex core in the near-wake 
region is slightly higher than that in the other two cases. The wetted and 
TVC cases exhibit similar wake characteristics. In the TVC case, the re
gions associated with secondary vortices exhibit lower streamwise ve
locity and streamwise vorticity of opposite sign relative to the primary 
tip vortex. Further downstream at x = 0.5D, the distributions of 
streamwise velocity and pressure predicted for the three cases exhibit a 
high degree of consistency. Since x = 0.5D is located downstream of the 
helical-tube mesh refinement region, the abrupt change in grid scale 

Fig. 22. Normalized instantaneous (a-c) streamwise velocity, (d-f) pressure and (g-i) streamwise vorticity at the plane section x = 0.1D. The left, middle and right 
columns correspond to the wetted case, the SC case and the TVC case, respectively.
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causes the secondary vortices in the TVC case to begin dissipating and 
merging with the primary tip vortex, thereby leading to fluctuations in 
the distribution of streamwise vorticity. This phenomenon corresponds 
to the peak values of the streamwise velocity fluctuations, as shown in 
Fig. 20(c).

4.4. Hydroacoustic analysis

To investigate the acoustic characteristics, 70 noise observers are 
uniformly distributed at 10◦ intervals along two circular arcs centered at 
the propeller disk, located on the plane sections x = 0 and y = 0, as 
shown in Fig. 24. The distance between each observer and the center of 
the propeller disk is 100D. The cylindrical permeable sound source 

surface has a radius of 1.35D and extends from x = − 0.88D to x = 2.82D 
in the streamwise direction, ensuring an adequate separation between 
the acoustic sources and the observers (Wang et al., 2006). The ob
servers positioned above and downstream of the propeller are selected 
as representative observers for comparing the SPL spectra among 
different cases. For each case, the sound pressure signals recorded at all 
noise observers correspond to the same 1 s time interval, ensuring 
consistency and minimizing errors arising from statistical discrepancies.

The SPL spectra normalized by the blade passing frequency fbp at the 
noise observers located above and downstream of the propeller for the 
three cases are presented in Fig. 25. The Φp'p’ in the y-axis label denotes 
to the power spectral density (PSD) of the sound pressure, and pref = 1 ×
10− 6 Pa is the reference sound pressure in the water. For the wetted case, 

Fig. 23. Normalized instantaneous (a-c) streamwise velocity, (d-f) pressure and (g-i) streamwise vorticity at the plane section x = 0.5D. The left, middle and right 
columns correspond to the wetted case, the SC case and the TVC case, respectively.

Fig. 24. Schematic of noise observers configuration on the plane sections (a) x = 0 and (b) y = 0.
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the SPL spectrum exhibits tonal characteristics, with a peak value of 
approximately 52 dB occurring at the fbp. Since the mesh refinement 
region for tip vortex in this study is enclosed by the FW-H integration 
surface (as shown in Fig. 4(b)), phenomena such as breakup and dissi
pation of small-scale vortical structures in the propeller wake are treated 
as acoustic source features, resulting in elevated high-frequency noise 
(Yangzhou et al., 2023). When SC occurs, a notable effect is a significant 
increase in the SPLs across almost the entire frequency range, with the 
SPL at the fbp rising by approximately 41 dB. Compared with the SC case, 
TVC further amplifies the SPL magnitudes within the frequency range of 
f < 2.5 fbp, where the SPL at the fbp increases by about 8 dB. This is 
because the interaction between the secondary vortex and the primary 
tip vortex leads to the enhancement of turbulence in the vortex core, 
which in turn causes the increase of low-to mid-frequency noise. 

However, no significant differences are observed in the predicted 
high-frequency noise between the SC and TVC cases. These findings 
indicate that the SC acts as a broadband acoustic source covering fre
quencies from low to high, whereas the TVC represents a source with 
acoustic energy more concentrated in the low-to mid-frequency ranges. 
This is primarily because the characteristic frequency of tip vortex 
evolution falls within the corresponding frequency range.

The acoustic directivity maps of the radiated noise, expressed in 
terms of OASPL, on the plane sections x = 0 and y = 0 are presented in 
Figs. 26 and 27, respectively. Regardless of cavitation, the radiated noise 
propagates nearly uniformly both in the radial and lateral directions. 
This is because the noise generated by the propeller rotation and cavi
tation is fundamentally dominated by monopole sources (Yu et al., 2025; 
Zhang et al., 2025a). Large-scale flow structures in the wake typically 

Fig. 25. Comparison of SPL spectra at noise observers located directively (a) above and (b) downstream of the propeller.

Fig. 26. Directivity maps of OASPL on the plane section x = 0 within the frequency ranges of (a) 0.1 fbp < f < 2.5 fbp and (b) 0.1 fbp < f < 60 fbp.

Fig. 27. Directivity maps of OASPL on the plane section y = 0 within the frequency ranges of (a) 0.1 fbp < f < 2.5 fbp and (b) 0.1 fbp < f < 60 fbp.
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exhibit non-uniform acoustic radiation, leading to a slight increase of 
approximately 4 dB in low-frequency noise downstream of the 
non-cavitating propeller, as shown in Fig. 22(b). For the frequency range 
of 0.1 fbp < f < 2.5 fbp, the predicted OASPLs of the three cases are 
approximately 59 dB, 96 dB, and 103 dB, respectively. The differences of 
37 dB and 7 dB are attributed to the occurrence of SC and TVC, 
respectively. When higher frequency ranges are taken into consider
ation, the OASPL magnitudes for the three cases increase by 15-20 dB. At 
this stage, the difference in OASPLs between the SC and TVC cases is 
reduced to within 3 dB, indicating that their high-frequency noise 
components are both dominated by the SC.

5. Conclusions

In this paper, hydrodynamic and hydroacoustic performances of a 
marine propeller with wetted, sheet cavitating and tip vortex cavitating 
cases are numerically investigated using the IDDES approach coupled 
with the porous FW-H method. The effects of SC and TVC on the vortical 
structures, wake evolution and radiated noise are comprehensively 
discussed. The main conclusions are summarized as follows: 

(1) A protruding cavitation hump forms at the region where the TVC 
initially develops, and a secondary vortex is induced as the flow 
passes over it. The tip vortices for the wetted and SC cases exhibit 
nearly circular cross-sections, whereas the presence of TVC 
significantly affects the morphology of the tip vortex, resulting in 
a morphology closely resembles the TVC itself. Moreover, the 
rotational strength within the vortex cores of the tip vortices 
obtained in the wetted and SC cases is uniformly distributed, 
while the vortex core of the secondary vortex rotates in the 
opposite direction to the primary tip vortex.

(2) The effect of the TVC on the velocity fluctuations is substantial. 
Elevated fluctuation peaks are observed even in the far-wake 
region, owing to the merging of the secondary vortices with the 
primary tip vortices. The high TKE in the propeller slipstream is 
primarily concentrated in the regions downstream of the pro
peller blade tips. The presence of the TVC divides the originally 
concentrated high-energy region within the tip vortices into two 
distinct high-energy regions.

(3) The occurrence of SC leads to a substantial increase in SPL across 
almost the entire frequency range of interest. In contrast, the TVC 
affects the radiated noise primarily in the low-to mid-frequency 
range. Within the frequency range of 0.1 fbp < f < 2.5 fbp, SC 
increases the OASPL by approximately 37 dB, while TVC further 
enhances it by about 7 dB. Since the high-frequency noise of the 
cavitating propeller is dominated by SC, the OASPLs at high 
frequencies for the SC and TVC cases are nearly identical.
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