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In the current study, the turbulent cavitation flow around a marine propeller in a nonuniform wake is simulated with the shear
stress transport (k−ω SST) turbulence model combining Zwart–Gerber–Belamri (ZGB) cavitation model. ,e predicted cavity
evolution shows a fairly well agreement with the available experimental results. Important mechanisms of propeller cavitation
flow, including side-entrant jet and cavitation-vortex interaction, are analyzed in this paper. Vorticity is found to be mainly
located in cavitation regions and the propeller wake during propeller rotating. ,e unsteady behavior of cavitation and side-
entrant jet can both promote local vorticity generation and flow unsteadiness. In addition, it is indicated with the relative vorticity
transport equation that the stretching term plays a major role in vorticity transportation, while baroclinic torque and Coriolis
force term mainly influence the vorticity distribution along the liquid-vapor interface.

1. Introduction

Cavitation is responsible for most considerable constraints
in propeller and hydraulic machinery, related to noise, vi-
bration, and pressure fluctuation. Moreover, it is also an
unsteady phenomenon not yet neither effectively assessable
nor fully understood. In order to reduce these undesirable
effects, enormous effort has been put into investigations of
the mechanisms behind cavitation turbulent flow experi-
mentally and numerically.

,e propeller motion through velocity discontinuous
region causes a regular variation of the hydrostatic pressure
on the blade surface; thus, the blade thrust and torque and
cavitation performance are affected. ,is situation creates
the necessary form of conditions favoring the cavitation
generation and promotes the occurrence of unsteady cavi-
tation on the blades, further enhanced by cavitation and
vortex structure interaction. For marine propellers, turbu-
lent cavitation evolution causes strong pressure pulsations
radiating through the water in the near field or to the ship
hull structure and then translating into hull vibrations and

noise. ,e side effect generated by complex cavitation flow
makes it the major source of propeller performance deg-
radation, noise, and structural vibrations on a ship, as it
contributes to compromise the stealth capabilities and
stability of a surface or underwater warship.

Abundant literatures are available on the subject. Many
researchers have carried out investigations to analyze the
propeller performance with experiments so far. Alves Per-
eira et al. [1] made a quantitative analysis between the near
pressure field variation and the cavitation evolution on the
propeller blades.,ey used the harmonic analysis and image
processing techniques to establish a correlation between the
pressure fluctuation and cavitation pattern. Ito [2] investi-
gated the cavitation flow around a propeller in nonuniform
inflow based on the unsteady cavitation on an oscillating
blade with different angles of attack. Bark and Van Berlekom
[3] performed some experiments in a cavitation tunnel about
the cavitation dynamics, radiated noise around an oscillating
hydrofoil, and further discussed the relationship between
them. Stella et al. [4] used two-phase sampling techniques to
study cavitation flow around the propeller by means of LDV.
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,e two implemented methods complement each other
from the accuracy and efficiency aspects. Andrea et al. [5]
compared and investigated the inflow characteristics and the
separation mechanisms behind the ship hull with and
without the propeller. ,ey proposed that the separated flow
region extension in the stern can be accurately identified by
using the skewness coefficient. Lee et al. [6] used SPIV
technique to measure all three velocity components of a
propeller wake at different advance ratios. ,e results
showed that the accurate analysis of the wake field is sig-
nificant for the propeller design. Felli et al. [7] also measured
the velocity and pressure fields behind a marine propeller
based on the PIV technique to investigate the propeller wake
flow. ,e analysis showed the correlation between the
vorticity evolution and pressure fluctuation.

Experimental observations can obtain many of the in-
tuitive phenomena but suffers from some limitations in the
measurement techniques. A typical example is in measuring
internal flow and vortical structures, which may hide
themselves when using current optical measurement tech-
niques due to cavitation, but are often important for finding
the source of structural vibration.,e access to the complete
and refined flow field through a numerical simulation
method would thus be an effective complement to experi-
mental data. Lindau et al. [8] simulated the cavitation flow
around a propeller in different advance ratios and compared
with the experiments. ,eir simulations were performed
validating against water tunnel measured thrust and torque
breakdown for the propeller. Cai et al. [9] investigated and
evaluated the capability of different turbulence models,
including SRS, RANS, DLES, and DDES, in calculating the
propeller hydrodynamics. Lu et al. [10] also applied both
URANS and LES to calculate the cavitation based on a same
unstructured grid. Baek et al. [11] investigated the wake
feature of a propeller in open water in different advance
ratios. ,ey proposed an empirical model of 3D helices to
provide an approach for propeller wake simulation. In these
studies, the results show that the cavitation patterns on the
blade can be predicted with a certain level of accuracy.
However, the inhomogeneity of velocity components of the
ship stern is not considered well. Francesco Salvatore and

Tom van [12] simulated unsteady propeller cavitation using
CFD based on different turbulence models and discretiza-
tion techniques and tested the performance of available
computational tools for cavitation flow. However, the
pressure of the noncavitation region on the blade is not
predicted well. Kumar and Mahesh [13] simulated near and
far wake evolution of a propeller and found a mutual-in-
duction mechanism of instability between the tip vortices.
Moreover, Bensow and Liefvendahl [14] used the large eddy
simulation (LES) based on the explicit and implicit subgrid
model to simulate the unsteady wake flow of a propeller. ,e
prediction yielded fairly similar results and was close to the
experimental data, but the flow structures diffuse quickly as a
result of the grid resolution insufficiency. However, nu-
merical simulation of propeller wake flow can indeed pro-
vide many complicated phenomena since many of the
physics of the mass transfer are unknown. Moreover, the
cavitation and vorticity dynamics are closely tied, both in
time and space domain, necessitating more knowledge of
propeller cavitation with the relative vorticity transport
equation in the current study.

In the present paper, numerical simulation using the
shear stress transport (k-ω SST) turbulence model combined
with the Zwart–Gerber–Belamri (ZGB) cavitation model
was conducted, inspired by previous investigations. By
applying nonuniform inflow built by a ship wake at J� 0.6
and σ � 5.5 and 7.5, the cavitation flow is generated with a
four-blade propeller, whose experimental data is abundant.
Influence of mesh resolution was investigated using three
refined structured meshes. Moreover, relationships between
the cavitation and vorticity were investigated with the rel-
ative vorticity transport equation.

2. Numerical Methods and Models

2.1. Governing Equations. ,e present 3D flow calculation is
governed by the continuity equation and momentum
equation. Once the turbulence model based on the Reynolds
averaging approach is applied, the equations can be written
as
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,e two-phase flow is considered as the homogeneous
and incompressible fluid so that the flow field shared the
same velocity and pressure field. In the equations, ui (m/s) is
the corresponding i direction velocity component, fi (N) is
the body force in the i direction, μm (Pa·s) and μt (Pa·s) are
laminar viscosity and turbulent eddy viscosity, respectively,

and ρm (kg/m3) is the mixture density which can be modeled
by the vapor volume fraction αv:

ρm � ρvαv + ρl 1 − αv( 􏼁, (2)

where subscripts v and l denote vapor and liquid compo-
nents, respectively.
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2.2. k-ω SSTTurbulenceModel. According to a wide range of
validated numerical studies, the k-ω SST turbulence model
developed from Menter’s [15] work is believed to improve
prediction of the flows with separation under the condition
of adverse pressure gradients and flow structures around

rotating machinery and therefore is adopted in the present
study. ,e blending function F1, used in the k-ω SST tur-
bulence model, is to blend the near-wall region and far field
by k-ω and k-ε model, respectively. ,e turbulent kinetic
transport equations k and the turbulent frequency ω are
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where α3, β3, σk3, and σω3 are of the corresponding coeffi-
cients for the k-ω and k-ε models such as α3:

α3 � F1α1 + 1 − F1( 􏼁α2. (4)

,e model coefficients are

α1 � 5/9, α2 � 0.44, β1 � 0.075, β2 � 0.0828, σk1 � 0.85,

σk2 � 1.σω1 � 2, σω2 � 1/0.856, β′ � 0.09.

(5)

,e turbulence production is denoted as
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,eproper transport behavior is predicted by a restricted
eddy viscosity as

μt � ρ
a1k

max a1ω, SF2( 􏼁
, (7)

where F2 is another blending function and S denotes an
invariant measure of the strain rate.

,e blending functions F1 and F2 can be written in the
following form:
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where y denotes the distance to the nearest wall and v is the
kinematic viscosity.

2.3. Cavitation Model. To simulate cavitation flows, the
liquid and vapor phases need to be denoted in the simu-
lation, as well as the transition mechanism between the two
phases. ,e ZGB [16] cavitation model was adopted to
capture the two-phase flow characteristics in the cavitation

flow in the present study.,e spatial and temporal alteration
in the vapor volume fraction is illustrated by a transport
equation including two source terms for the mass transfer
between the two phases:
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Based on equation (9), which is closed by the mass
transfer rate in a bubble and the simplified Rayleigh–Plesset
equation, the vaporization and condensation source terms
are given as
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,e model coefficients are

R � 1 × 10− 6
m, αnuc � 2 × 10− 3

, Fvap � 50, Fcond � 0.01,

(11)

where Fvap and Fvap are empirical coefficients for phases’
transfer process, αnuc is the noncondensable gas fraction in
liquid, and R is the typical bubble size in liquid.

2.4. Propeller Geometry, Meshing Technique, and Boundary
Conditions. ,e propeller INSEAN E779A is an old
designed four-bladed propeller, but a large number of ex-
periments and research studies have been conducted with it.
,e database set covers both uniform as well as nonuniform
inflow for both cavitation and noncavitation conditions.,e
propeller model is shown in Figure 1, and the propeller
diameter is D� 0.227m. In order to avoid the effect of
relative motion between the rotating and the external do-
main, the stationary domain was simplified to a cylinder
extending 0.3D upstream the propeller plane and 5D
downstream with a radius of 3D. For the nonuniform inflow
condition, refinement in the propeller downstream wake
flow was sacrificed in order to raise the resolution upstream
the blade, in order to transport the inhomogeneous wake
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more accurately. ,e distance of 0.3D is selected based on a
large number of comparisons. ,e computational domains
are totally composed of hexahedral grids and have been
manually refined in the blade boundary layer, cavitation
region, and the propeller upstream, as shown in Figure 2.
,e same systematic topology is used to produce three sets of
refined grids with a refinement ratio of

�
2

√
, as shown in

Table 1.
We have simulated the unsteady cavitation flow around the

propeller under two conditions. A highly nonuniform wake
field was applied to generate a dynamic loading variation of the
propeller, which consequently forms an unsteady cavity evo-
lution, by referencing experimental results reported by Pereira
et al. [17]. ,e inlet boundary was defined as an inhomoge-
neous inflow condition and the outlet was the pressure outlet
boundary. ,e outer wall of the stationary domain was
modeled as the free slip wall and the propeller and hub surfaces
were all regarded as no-slip walls. ,e outlet pressure was
obtained with the cavitation number σn � (pout − pv)/
(0.5ρlπn2D2) � 5.5, 7.5. ,e value of the Reynolds number
Re0.7R� C0.7R

���������������
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∞ + (0.7πnDm)2

􏽱

/v � 1.8×106
To investigate the unsteady cavitation evolution on the

propeller, the convergent noncavitation results was regarded
as initial data to solve the unsteady cavitation calculation.
,e time-dependent governing equations were solved by the
spatial and temporal discretization method. ,e advection
term used in the governing equations is the high resolution
with the central difference scheme applied for the diffusion
terms and unsteady second order implicit formation for the
unsteady terms. 10° per time step was adopted for the first 5
cycles in the unsteady calculation and then 1° per time step
for the next 15 cycles. ,ese first 10 revolutions were
employed to remove the effect of the initial results, and 10
more revolutions continued with 1° per time step have been
kept to get the results put forward in the following analysis.

3. Results and Discussion

3.1. Influences of Mesh Resolution. In order to emulate a
nonuniform ship wake, a velocity deficit region is created in

the inflow of the propeller as disturbed by the ship wake.,e
inlet velocity distribution affects the propeller cavitation
significantly. ,e nonuniform wake fields predicted with
three meshes are shown in Figure 3. Figure 3 shows di-
mensionless velocity (u/U∞) distribution contours on the
stationary and rotating interfaces. ,e nonuniform velocity
fields predicted by different meshes not only are similar in
general but also show some distincts in the meanwhile. With
more refined meshes, the wake field presents more details.
,e nonuniform flow characteristics are satisfactorily
reproduced and the high consistency between the rotating
and stationary interface shows that the velocity can be ef-
ficiently transmitted downstream. Transient cavitation is
generated on the propeller when the blade sweeps the ve-
locity deficit region, and the results show that the predicted
cavitation in Figure 4 becomes more unstable.

To validate the simulation result of unsteady cavitation,
Figure 4 displays the development of cavitation on propeller
blade predicted with different meshes at three typical mo-
ments. ,e cavitation was visualized with the iso-surface of
vapor volume fraction αv � 0.1 and was compared with the
experimental results, which provide the cavitation snapshots
for θ from −20° to 20° with increments of 20° (θ� 0° matching
with the blade locating at the 12 o’clock, as shown in Fig-
ure 1).When the propeller passes through the velocity deficit
region at the blade position of −20°, the cavitation starts to
produce from the leading edge. From −20° to 20°, the cavity
grows up and gradually rolls up to the blade tip. ,e cavity
on the leading edge is observed to be cut off by the side-
entrant jet, which is produced by the shedding cavity in the
trailing region. Comparison between the predictions and the
experimental snapshots shows that the cavitation patterns
are fairly well reproduced by the current method, even
though there is a little underestimation of the cavitation in
the tip vortex region of the blade tip. Moreover, the pre-
dicted unstable cavitation is closer to experiments with the
more refined mesh. ,e investigations show that Mesh 2 can
well capture the cavitation flow features around the propeller
and also balance the numerical accuracy and time. ,ere-
fore, the predicted results by Mesh 2 are employed in the
following discussion.

3.2. Analysis of the Unsteady Propeller Cavitation.
Cavitation results of both experiment and simulation are
recorded for specific cavitation numbers σ, which equal to
7.5 and 5.5. Figure 5 displays the cavitation pattern for
σ � 5.5 and 7.5 against position angles from −20° to 20° with
the snapshots angular step of 10°, as the blade sweeps
through the turbulent wake. It is indicated that leading edge
cavity occurs around −20°, and the cavitation inception and
initial expansion are captured in two conditions. ,e cavity
grows up as the blade closes to the vertical position where it
is in the wake field and reaches a maximum at about the 10°
position. ,e cavitation attached within a wide span of
leading edge, and subsequently, the cavity gradually shrinks
from the blade root to the tip as the blade passes through the
wake region. As the cavitation number increases to 7.5, an
obvious cavity disruption appears at θ� 20°, which is linked

Inlet

Outlet

Stationary zone

5D

3D

0°

Rotational zone

0.3D

Figure 1: Computational domain.
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to the side-entrant jet generated from the leading edge of the
blade. In this moment, the sheet cavity is entirely developed
with side-entrant jet along the trailing region of the cavity
rolling up into the tip vortical structure. It is shown that the
larger part of the cavity is separated from the blade surface
caused by the side-entrant jet and transformed into a small
amount of cloud cavities. ,e abovementioned typical
characteristics, which can significantly influence the

evolution of cavitation, are more obvious in the condition of
σ � 7.5.

3.3. Cavitation Flow Structures around the Propeller. In
Figure 5, the sheet cavitation is gradually developed as the
side-entrant jets roll up a larger part of the cavity into the tip.
And, it is noted that the trailing part of the cavitation is fairly

(a)

LETE

Boundary layer

(b)

Figure 2: Grids along the propeller surface for Mesh 2.

Table 1: Details of three systematically refined meshes.

Elements’ number Mesh 1 Mesh 2 Mesh 3
Rotational zone 678368 2095104 6148688
Stationary zone 462720 1009824 2959488
Total 1141088 3104928 9108176

Mesh 1 Mesh 2 Mesh 3

Station

Rotation

1

0

u/U∞

Figure 3: Comparison of axial velocity component at the stationary and rotating interfaces.
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apart from the blade surface due to the side-entrant jet and
transforms into cloud cavities. At the instant of θ � 20°, the
numerical result is accurately predicted as compared with
what was indicated by the experimental snapshots, and the
side-entrant jets are clearly visible, which bring liquid be-
tween the sheet cavitation and the blade surface and move
into the tip vortex. Overall, the computed cavities are similar
with the experiments, for both tip cavity on the blade tip and
the sheet cavity at the leading edge, which are predicted at
the correct locations and with accurate shapes.

,e feature of the leading edge flow is studied in Figure 6
in detail. It is indicated that typical flow features in the
snapshots from the experiments under the condition of
σ � 7.5 are all captured by the simulation results. In the

second figure, the cavitation is fully developed and the blade
surface detachment has started. ,e cavitation pattern and
streamline on the blade surface are shown, as well as the
velocity field around the blade tip. It shows that once the
side-entrant jets generate, a vortical structure is created,
which will greatly influence the dynamic behavior of the
trailing part of the cavity. Such a vortex flow is common on
marine propellers and can be exacerbated with the highly
nonuniform wake applied in the present study. Usually the
tip vortex appears just at the blade tip owing to the flood
from the pressure side to the suction side of the blade, but
the vortical structure also develops around the trailing part
of the cavity because of the side-entrant jet. In the first figure,
it is obvious that the cavitation has still not extended to the

Exp

Cal

Exp

Cal

σ = 7.5

σ = 5.5

θ = –20° θ = –10° θ = 0° θ = 10° θ = 20°

Figure 5: Development of the cavity on the propeller in two different cavitation numbers (σ � 5.5; σ � 7.5) [1, 17].

θ = –20°

θ = 20°

θ = 0°

EXP Mesh 1 Mesh 2 Mesh 3

Figure 4: Comparison of the simulated and measured cavitation patterns as the propeller rotation by the three set of meshes [1, 17].
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tip. Presence of the interaction between the generated
vortical structure and the cavity is an unsteady and complex
phenomenon. Studying and understanding vortex dynamic
features, as is to some extent displayed in the present in-
vestigation, are a significant step toward improved propeller
designs.

3.4. Propeller Cavitation Influences on the Vorticity
Distribution. ,e available experimental data provide pri-
mary results, including a number of snapshots, and mea-
sures of cavity extent. However, some potential flow
mechanisms, which are crucial and should be obtained from
detailed vortical structures as well as interaction between
cavitation and vortex, can only be obtained with the sim-
ulation. ,e vorticity has been proved to be strongly affected
by the complex transient cavitation around hydrofoils
[18–20] with the vorticity transport equation. ,e impact of
the cavitation around a marine propeller shown in this study
on the vorticity distribution is also investigated by the
relative vorticity transport equation [21–23]:

dω→

dt
� (ω→ · ∇) · u

→
− ω→ · (∇ · u

→
) +

1
ρ2
∇ρ × ∇p + υ∇2ω→

− 2∇ × ω1 × u
→

( 􏼁,

(12)

where ω indicates the relative vorticity, u is the relative
velocity, ] is the kinematic viscosity, and ρ is the mixture
density.

In equation (12), the term on the left-hand side is the rate
of vorticity change due to the fluid convection. On the right-
hand side, the first term denotes a vortex stretching and
tilting that is mainly attributed to velocity gradients. ,e
second term is the relative vortex dilation that is attributed to
the effects of fluid volumetric expansion or contraction on
relative vorticity.,e third term represents baroclinic torque
that results from the pressure and mixture density gradients
misalignment. ,e fourth term originates from viscous

diffusion and can result in the change of relative vorticity.
,e last term denotes the effects of the Coriolis force, which
plays an important role in relative vorticity distribution in
the rotational frame.

To visualize the influence of cavitation on vortex dis-
tribution around the propeller, the simulated results are
demonstrated on the suction side in Figure 7, along with the
contours of vapor volume fraction αv � 0.1, relative vorticity,
and all terms of equation (1) at two typical instants (θ� –10°
and 20°). Figure 7 shows a sketch of planes S1∼S6 and
S7∼S12 in two moments. Flow features are obviously ob-
served along the blade suction side. Contours of the vapor
volume fraction and relative vorticity are shown in
Figures 7(a) and 7(b), respectively, and the relative vorticity
mainly concentrated in the cavitation region and in the
cavity shedding wake, which demonstrate that vorticity
intensity is closely linked to the cavitation development.
Figure 7(c) clearly indicates that the effect of vortex
stretching term is more important for vortex distribution
during cavitation development than other terms in the blade
tip, along the cavity interface and in the downstream cavity
shedding region. ,e side-entrant jet transports a significant
amount of the vortex stretching term from outside the cavity
to inside when the cavity attaches the blade surface, as shown
on S1∼S3 and S7∼S8. ,e strong tip cavity, separated from
blade surface, shows important influence on the vortex
stretching term distribution on S4. As shown on S4 and S8 in
Figure 7(c), the cavitation avoids the pressure decrease in the
core and inhibits the vortex generation. However, the highly
irregular processes of mass transfer along the cavity shed-
ding region promote the vortical structure generation and
unsteady turbulence on S5∼S6 and S10∼S12.

Moreover, magnitudes of vortex dilatation are obviously
larger along the cavity surface than that which occurs in the
cavity core, which is directly linked to the velocity diver-
gence. Note that the baroclinic torque term mainly dis-
tributes in the cavitation region because density gradients
misalign with pressure gradients in the cavitation flow.
Effects of the baroclinic torque are mainly along the liquid-
vapor interface and the staggered arrangement of the term

(a) (b)

Figure 6:,e cavity pattern is shown by an iso-surface of vapor volume fraction αv � 0.1 at two instants, complemented by velocity contours
of the flow around the cavitation and blade tip.
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(b)
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θ = 20° θ = –10°

(d)

2 × 106

–2 × 106

/S–2

θ = 20° θ = –10°

(e)

Figure 7: Continued.
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magnitude promotes the vorticity reallocation. Although the
baroclinic torque term shows remarkable effects on cavi-
tation, the major source of vortex production is the dilation
term, whose intensity appears to be greater when compared
with that of the baroclinic torque term. ,e Coriolis force
term effects should be considered in rotational machines,
and the distributions of the term show the same tendency
with the stretching term, while it is smaller around the
cavity. ,e viscous diffusion term is not much visible and
can be disregarded compared with the other terms.

4. Conclusions

Turbulent cavitation flows around a marine propeller were
studied using the k-ω SST turbulence model and the ZGB
cavitation model. ,e following conclusions can be drawn
from the present investigation:

(1) ,e calculated cavitation characteristics in two
conditions predicted by the current numerical
methodmatch reasonably well with the experimental
results.,e wake fields predicted by the three refined
grids are very nonuniform and the cavity patterns
have a high agreement with experiment in both space
and time domain. ,e study has been carried out
using both experimental and simulated techniques,
yielding complementary databases.

(2) It is significant that the main cavitation flow behavior,
such as side-entrant jet and cavitation evolution, are
captured by the numerical simulation in order to
progress toward reliable predictive techniques. As the
sheet cavitation is fully expanded, the side-entrant jet
moves along the trailing part of the cavity and rolls up
into the blade tip. And, then, the cavity detaches from

the blade surface caused by the side-entrant jet. ,e
vorticity distribution is also fairly effected by the side-
entrant jet around the cavitation.

(3) Analyses based on the relative vorticity transport
equation suggest that cavitation shows great effects on
the vorticity distribution around the propeller. ,e
relative vorticity mainly concentrates around the cavity
and the shedding wake.,e stretching term is themain
contributor to vortex generation, whose effect appears
to be more important when compared with the other
terms. Although the vortex dilation term and baroclinic
torque term play an influential role in cavitation-vortex
flow, the vortex dilation term has more significant
effect than the baroclinic torque. ,e effects of the
Coriolis force should be considered around the pro-
peller flow, and the viscous diffusion term is quite small
and can be neglected.
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