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Large Eddy Simulation of
Unsteady Cavitating Flow Around
a Highly Skewed Propeller in
Nonuniform Wake
Unsteady cavitating flows around propellers become increasingly prominent on large-
scale and high-speed ships, but large eddy simulations (LES) are limited in the literature.
In this study, numerical simulation of an unsteady cavitating flow around a highly skewed
propeller in a nonuniform wake is performed based on an explicit LES approach with
k � l subgrid model. Kunz cavitation model, volume of fluid (VOF) method, and a mov-
ing mesh scheme are adopted. The predicted evolution of the unsteady cavitating flow
around a highly skewed propeller in a nonuniform ship wake is in good agreement with
experimental results. An analysis of the factors affecting the cavitation on the propeller is
conducted based on numerical simulation. Furthermore, the influences between cavita-
tion structures and vortex structures are also briefly analyzed. [DOI: 10.1115/1.4035218]

1 Introduction

The evolution of cavitation around the propeller in a nonuni-
form wake flow is a classic issue in the hydrodynamic field. Many
difficulties are still encountered in solving this complex problem.
Underwater cavitation and vortex motion are closely linked; thus,
the turbulence model is one of the key components in the numeri-
cal simulation of cavitation flows.

For a long time, numerical simulations of cavitating flow are
solved with Reynolds-averaged Navier–Stokes (RANS) turbu-
lence models. For example, Watanabe et al. [1] simulated the
unsteady cavitation on a propeller based on a RANS turbulence
model and the Singhal cavitation model with the use of the com-
mercial software FLUENT. The cavity shape and pressure fluctua-
tions they predicted on the blade surfaces were fairly consistent
with the obtained measurements. The application of the computa-
tional fluid dynamics (CFD) to the cavitating flow around a pro-
peller in a nonuniform ship wake was discussed by Hasuike et al.
[2], who concluded that the RANS simulation could generate

valuable information for judging erosion risk, but its predictive
accuracy and numerical stability are insufficiently good. Ji et al.
[3,4] numerically simulated the propeller cavitation with the use
of an shear stress transport turbulence model, a mass transfer cavi-
tation model, and a sliding mesh approach; the predicted evolution
of cavity and the pressure fluctuations on a propeller is in good
agreement with experimental results. Furthermore, RANS turbu-
lence models have been widely used in the numerical simulation
of cavitation flows around other objects underwater [5–9]. Given
that RANS turbulence models smooth a number of details of the
turbulent movement, these methods have some limitations when
simulating the effect of transient cavitation pulsation, whereas
LES methods have performed better in this case.

Large eddy simulation methods are designed to simulate large-
scale movements of unsteady vortex structures to more accurately
simulate the transient characteristics of turbulence. In recent
years, LES turbulence models are used to numerically simulate
cavitation flow and achieved some progress; however, research on
propeller cavitation is very limited. For example, Bensow and
Bark [10,11] simulated unsteady cavitating flows around an
INSEAN E779A propeller by implicit LESs. They predicted some
important cavitation mechanisms, which were useful in assessing
cavitation erosion, proved the validity of the method and pointed
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out that the LES of cavitation still needs further development and
exploration. In addition, Lu et al. [12] adopted both LES and
RANS simulation to simulate the cavitating flow on a marine pro-
peller and compared simulation results with experimental results.
They found that more refined bubble and vortex structures have
been obtained in the LES-based simulation than in the RANS-
based simulation. Then, Lu et al. [13] simulated the cavitating
flow around two highly skewed propellers operating in open water
and mounted on an inclined shaft by an approach based on incom-
pressible LES combined with the VOF method to represent the
liquid and vapor phases and the Kunz cavitation model. In their
study, LES was demonstrated capable of capturing the mecha-
nisms by comparing the LES results with experimental results.
Furthermore, more promising results with refined bubble and vor-
tex structures have been obtained using LES turbulence models to
numerically simulate cavitation flows around other objects under-
water [14–19].

To our knowledge, the numerical simulation of an unsteady
cavitating flow around a propeller in a nonuniform wake with the
use of an explicit LES approach has never been reported in the lit-
erature. Detailed results obtained using LES methods to simulate
the propeller tip vortex cavitation are particularly limited. Much
work is needed for a more comprehensive understanding of this
issue. In this study, a numerical simulation of the cavitating flow
around a highly skewed propeller in a nonuniform ship wake is
performed based on an explicit LES approach with k � l subgrid
model. The Kunz cavitation model, the VOF method, and a mov-
ing mesh scheme are also adopted. Experimental [20,21] and
numerical results are compared to prove the validity of the
method. Furthermore, an analysis of the factors that affect the cav-
itation on the propeller is conducted based on the numerical simu-
lation results. Influences between vortex structures and cavity
structures are also briefly analyzed.

2 Numerical Simulation

2.1 Propeller Geometry and Flow Parameters. A scale
model of the highly skewed propeller of “SEIUN-MARU” ship
[20,21] is used in this study. The major specifications of the propel-
ler are shown in Table 1. The propeller geometry model in the Car-
tesian coordinate system O-xyz is shown in Fig. 1. The x-axis
corresponds to the propeller center rotation axis directed down-
stream, whereas the blade reference line (a straight line perpendicu-
lar to the axis of the propeller and used as a vertical reference line
when drawing the blade) is taken as the z-axis (z is the direction of
gravity). The y-axis obeys the right-hand rule, and the center point
of the propeller is considered the coordinate origin. For simplicity
of presentation, the angle h between the z-axis and the propeller ref-
erence line indicates the blade position during rotation.

Parameters of this cavitating flow are drawn from previous
experimental study literatures [20,21]. The rotational speed n is
17.5 rps. KT ¼ Thrust=ðqln

2D4Þ ¼ 0:201 represents the time-
averaged thrust coefficient. The distribution of measured wake
velocities is shown in Fig. 2. The cavitation number,
r ¼ ðp1 � psatÞ=ð0:5qn2D2Þ, is 2.99, where psat ¼ 3450 Pa is the
saturation vapor pressure of water.

2.2 Governing Equation and Cavitation Model. In cavitat-
ing flow around a propeller [3–4,10–13], the fluid is assumed to

be incompressible so that the numerical simulation is performed
based on the incompressible Navier–Stokes equations as follows:

r• qvð Þ ¼ 0

@

@t
qvð Þ þ r• qvvð Þ ¼ �rpþr•S

S ¼ 2lD

8>>><
>>>:

(1)

where q, v, p, and l are density, velocity, pressure, and viscosity
coefficient of the mixture, respectively, and D ¼ ð1=2Þðrv þ
rvTÞ describes the strain rate tensor.

Large eddy simulation methods are used to simulate the turbu-
lent flow. The basic idea of LES is that large-scale eddies are
simulated by directly solving instantaneous Navier–Stokes equa-
tions, whereas small-scale eddies are reflected by the subgrid
stress (SGS) model [22]. The SGS model and the filter function,
which are used to distinguish large-scale from small-scale eddies,
are the key components in the LES method. The spatial filtering
averaging methods are as follows:

Table 1 Principal parameters of propeller

Number of blades 5
Diameter at blade trip, D(m) 0.22
Pitch ratio 0.955 (at 0.7 R)
Skew angle (�) 45
Rake angle (�) �3.03
Expanded area ratio 0.7
Blade section Modified SRI-B

Fig. 1 Propeller geometry

Fig. 2 Measured nominal wake distribution (Wx 5 12vx=V‘)
[19]
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�uiðxÞ ¼
ð

Gðjx� x0jÞuiðxÞdx0 (2)

where Gðjx� x0jÞ is a filter function as well as a local function. In
this paper, the box filter function is

G jx� x0j
� �

¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz

� �
3

q
; jxj � x0jj �

Dj

2
; j ¼ x; y; z

0; jxj � x0jj > Dj=2

8<
: (3)

where Dj is the spatial filter size in direction j.
When the filter function is applied to Eq. (1), the following

LES governing equations can be obtained

r•ðq�vÞ ¼ 0 (4)

@

@t
q�vð Þ þ r• q�v �vð Þ ¼ �r�p þr• �S � Bð Þ (5)

where the over bar denotes the filtered physical quantity; B ¼
qð �vv � �v �vÞ represents the influence of the small-scale eddies,
meaning the SGS tensor.

On the basis of the Boussinesq hypothesis [23], a subgrid vis-
cosity, lsgs, is considered to solve the SGS tensor. Consequently,
the SGS tensor becomes

B ¼ �2lsgs
�D (6)

The subgrid viscosity lsgs is solved using the k � l model [16,24]

@ksgs

@t
þr � ksgs�vð Þ ¼ r �

lþ lsgs

q
rksgs

� �
þ 2

lsgs

q
�D �D � Ce

k
3=2
sgs

�D
(7)

lsgs ¼ Ck
�D

ffiffiffiffiffiffiffi
ksgs

p
(8)

where ksgs is the SGS turbulent kinetic energy, �D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz

3
p

is
the average spatial filter size, Ce ¼ 1:048, and Ck ¼ 0:094.

A natural cavitation flow has two phases (liquid and vapor).
The VOF approach, which a introduces the liquid volume fraction
[25], is considered to describe both phases and the transition
mechanism between them. In this approach, the mixture density
and mixture viscosity of the fluid is defined as follows:

q ¼ aql þ ð1� aÞqv (9)

l ¼ all þ ð1� aÞlv (10)

where ql and qv are the densities of liquid and vapor; ll and lv are
the viscosities of liquid and vapor, respectively.

Given the liquid volume fraction a, the following governing
equations are derived:

@a
@t
þr• �vað Þ ¼ _m

ql

r•�v ¼ SP

Sp ¼
1

ql

� 1

qv

� �
_m

@

@t
q�vð Þ þ r• q�v �vð Þ ¼ �r�p þr• �S � Bð Þ

8>>>>>>>>><
>>>>>>>>>:

(11)

where _m is the mass transfer rate.
In the unsteady cavitation flow, the transition between liquid

and vapor is complex. In this study, the mass transfer rate is based
on the Kunz model [26]

_mþ ¼ Cvqva min 0; �p � pv½ �
1=2qlU

2
1

� �
t1

(12)

_m� ¼ Ccqva
2 1� að Þ
t1

(13)

The evaporation rate _mþ is proportional to the liquid volume
fraction a and the amount of local pressure subtracting the satu-
rated vapor pressure when the pressure is below the saturated
vapor pressure. A third-order polynomial function of a is used to
model the condensation rate _m�. In Eq. (12), U1 is the speed of
ship. The characteristic time, which is denoted by t1 is equal to
D=U1, where D is the diameter of the propeller. The empirical
constants for the different phase transfer rates are denoted by Cv

and Cc. These empirical constants are set to Cv ¼ 100; 000 and
Cc ¼ 1000, which are based on considerable computing
experience.

2.3 Simulation Procedures. The numerical simulation is
realized through the open source code OPENFOAM with the second-
order implicit scheme for time discretization and Gauss linear
upwind scheme for spatial discretization, which has be verified
effective in simulation of cloud cavitating flow around a three-
dimensional twisted hydrofoil by Wu et al. [24]. In order to reach
a high accuracy in time, an adjustable time step is used with maxi-
mum Courant number (Co) of 0.5. The precise time steps are less
than 5� 10�6s. To ensure that the flow is fully developed, the
cavity results are coming from a propeller cycle after 0.4 s. The
computational time is approximately 120 h for one revolution on
128 Intel Xeon E5620, 2.40 GHz central processing unit cores.

2.4 Computational Domain and Grids. The computational
domain, as shown in Fig. 3, including a propeller, is drawn as rec-
ommended by Ji et al. [3,4]. The distance between the inlet plane
and the propeller need to be treated prudently to keep the nonuni-
form wake in the propeller plane and avoid the negative effect on
pressure field. When the distance between inlet plane and propel-
ler plane is 0.7 D, the wake distribution keeps well, as shown in
Fig. 4. In the same time, the amplitude of fluctuation in
y-direction caused by the inlet flow and propeller is less than 0.05,
as shown in Fig. 5. The gradient of pressure coefficient in
z-direction is mainly caused by gravity. Such effect on pressure
field from the inlet is within an acceptable range. Thus, the
domain inlet is located at 0.7 D upstream of the propeller, and
the outlet is located at 5 D downstream of the propeller. Along the
radial direction, the distance from the propeller axis to the cylin-
drical surface is 6 D. The moving zone is a cylindrical region:
r=D � 0:6, x=D ¼ ½�0:3; 0:2�. The interface between the moving
zone and outer zone is treated as a split surface.

When the mesh is generated, the whole computational domain,
as shown in Fig. 3, is mainly divided into the moving zone and
the outer zone by the sliding surface. The outer zone has aFig. 3 Computation domain
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structured mesh with hexahedral cells. The moving zone has a
multiblock mesh, which can be divided into four regions. As
shown in Fig. 6, the region near the sliding surface and the region
near the blade have high-quality structured grids. The blade tip
and trailing region has a dense body. The remaining regions have
unstructured meshes with tetrahedral cells. This kind of mixed
structure mesh can improve the convergence rate and computa-
tional efficiency.

Considering the chord-based Reynolds number at 0.7 R is
Re0:7R ¼ ð0:7b0:7RpnD=�Þ ¼ 5:6� 105, where b0:75R is the chord
of the paddle at 0.7 R. At such a high Reynolds number, LES can-
not resolve the eddies in the semiviscous near-wall region, unless
a very fine mesh is used. The adoption of an approximate treat-
ment which bridges the near-wall layer is necessary [27,28]. Thus,
in this study, a wall model is used and the cell sizes in the wall
normal direction are controlled in yþ < 50 on the propeller. For
the surface mesh, the length of xþ; zþ < 200 is encountered in the
middle of the blade with considerably smaller rectangles used
toward the edges. This near-wall resolution is deemed sufficient
for reliable wall-modeled LES based on our experiences with the
applied wall model.

Mesh independence should be examined to guarantee calcula-
tion accuracy. An additional simulation is performed by using a

coarse grid with 1.8� 106 cells. In Table 2, the cavity formations
and evolution are similar with various meshes, while more details
of tip vortex cavitation at h ¼ 0 deg; 40 deg; 60 deg are captured
by using the fine mesh. Thus, taking account of computational
resources and accuracy together, the fine grid is used in this case.

2.5 Boundary Conditions. The boundary of inlet is fixed
velocity. The distribution of velocity on the inlet plane is consist-
ent with the wake flow as shown in Fig. 2, where V1 ¼ 2:79 m=s
is computed from KT ¼ 0:201. The boundary of outlet is fixed
pressure, where P1 ¼ 25; 700 Pa is calculated from r ¼ 2:99.
The condition of the slip surface is cyclic Arbitrary Mesh Inter-
face (cyclicAMI), which was introduced in OpenFOAM 2.1.0

Fig. 4 Wake distribution at 0.3 D before the propeller plane

Fig. 5 Pressure distribution at 0.3 D before the propeller plane
Fig. 6 Details of the element layout: (a) is the section of X 5 0
and (c) is the section of Z 5 0.3 D
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[29] to enable simulation across disconnected, adjacent, mesh
domains for nonconformal patches [30]. This approach is particu-
larly useful for rotating geometries, and more discussions on the
effectiveness can be found in Ref. [31].

3 Results and Discussion

3.1 Overall Evolution of the Cavity. The evolution of the
cavity pattern from the simulation is compared with the

experimental data obtained by Kurobe et al. [20] and Takahashi
[21] to validate the present numerical method, as shown in Fig. 7.
In the simulation, we use the isosurface of vapor fraction with
av ¼ 0:1 to illustrate the cavity shape. When the cavity appears at
h ¼ 350 deg, the isosurface of vapor fraction with av ¼ 0:001 is
used to capture the cavitation inception.

Figure 7 shows eight snapshots of the cavity shape against the
position angle h ¼ 350ð�10Þ � 60 deg in increment of 10 deg.
When the blade rotates in the wake zone, at h ¼ 350 deg, the

Table 2 Cavity shape with different mesh number

Fig. 7 Evolution of the cavity pattern during propeller rotation. (Numerical results are in the
first and third row, while experimental results are in the next row.)

Journal of Fluids Engineering APRIL 2017, Vol. 139 / 041302-5

Downloaded From: http://fluidsengineering.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jfega4/936013/ on 07/24/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



cavity appears from the middle of the blade leading edge and then
develops downstream. Subsequently, the tip vortex cavity appears
and the forepart of the cavity shrinks toward the tip after
h ¼ 30 deg. These phenomena are reasonably reproduced in the
numerical results, especially the cavitation inception and the cav-
ity shape after h ¼ 40 deg.

However, there are still several differences between numerical
and experimental results. For example, tip cavities are not cap-
tured clearly at h ¼ 20 deg; 30 deg and also smaller in following
snapshots in numerical results, which represents that the resolu-
tion of the tip vortex is not satisfied yet. The numerical scheme
and mesh discretization need to be further improved in the future.

3.2 Characteristics of Pressure. Variations of thrust coeffi-
cients KT ¼ thrust=ðqln

2D4Þ and torque coefficients KQ ¼
torque=ðqln

2D5Þ over one propeller rotational cycle are displayed
in Fig. 8. The time-averaged thrust coefficient KT ¼ 0:201 is the
same as experiments. In one propeller rotational cycle, KT and KQ

both have five cycles corresponding to the number of blades.
High-frequency fluctuations appear on both of the KT and KQ lines
in the range of h ¼ 60 � 70 deg because of the pressure fluctua-
tion caused by cavity shedding.

The pressure distributions on the section of blade at 0.9 R at dif-
ferent angles were shown in Fig. 9. On the leeside of the blade,
they have the same value of low pressure, about Cp ¼ �2:99, after
the leading edge. But the region of the low pressure is different
between various angles. Corresponding to the cavity on section
0.9 R, as shown in Fig. 3, the length of the low pressure region
after the leading edge is the same as cavity. At h ¼ 0 deg, the
regions of both low pressure and cavity are the least. At
h ¼ 20 deg, the regions of both low pressure and cavity are

Fig. 8 Variations of thrust coefficient and torque coefficient in numerical results. (The
thrust coefficient is presented by the black line with the left label, while the torque coeffi-
cient is presented by the blue line with the right label.)

Fig. 9 The distributions of Cp on the section of blade at 0.9 R.
(b0:9R is the chord of blade at 0.9 R, Cp 5 ðp2p‘Þ=ð0:5qn2D2Þ is
pressure coefficient.)

Fig. 10 Streamline near a blade Fig. 11 Variations of cavity shape on cylindrical section 0.9 R
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x=b0:9R � 0:55. At h ¼ 40 deg; 60 deg, the regions of both low
pressure and cavity are almost covered all the length of chord.

3.3 Influencing Factors of Cavitation Evolution. The fac-
tors affecting cavitation evolution are worth studying when the
blades rotate in the wake zone. In the simulated flow, the stream-
lines near the blade tip tend to be along the circumference, as
shown in Fig. 10. Thus, the influencing factors of cavitation evo-
lution could analyze from the perspective of the cylindrical sec-
tions. The cavitation evolution in the cylindrical section, as shown
in Fig. 11, has many similarities with the cavitation in the hydro-
foil [32], including growth, recirculating, shedding, and collapse
processes. Similar to the factors in hydrofoil cavitation, the factors

that affect the cavitation in the blade are the relative flow velocity
magnitude v and the attack angle a, as shown in Fig. 12.

To determine the influencing factors of cavitation evolution
clearly, a simple x–y line plot of cavity area comparing with the
axial velocity vx and tangential velocity vs is described in Fig. 13.
From the trends of those curves, there is a significant positively
correlation between vx and cavity area. The misalignment between
the peaks of vx and cavity area is mainly caused by the influence
of vs. After vx reaching a peak, the growth of cavity area is mainly
caused by the increase of vs. Thus, the cavity area is positively
related to vx and negatively related to vs. And the cavity area is
mainly influenced by vx.

Considering the influence of pitch angle b, the attack angle a of
the relative velocity need to be calculated out. From Fig. 14, the
relative velocity magnitude of the flow around the blade is

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2

x þ ðvs þ vspÞ2
q

. Thus, a local cavitation index can be

defined as rt ¼ ðp1 � psatÞ=ð0:5qðv2
x þ ðvs þ vspÞ2Þ. Variations of

local cavitation index rt and attack angle a comparing with the
area of cavity are described in Fig. 15. From the trends of those
curves, there is a significant positively correlation between a and
cavity area. When h � 30 deg, rt decrease slowly. At this stage,

Fig. 12 Influencing factors of the cavity on cylindrical sec-
tions. (The relative flow velocity v is composed of the relative
rotational linear velocity vsp 5 2pnr, where r is the distance to
rotation axis, the wake flow velocity which mainly includes tan-
gential velocity vs and the axial velocity vx. The attack angle a is
an angle between the relative flow velocity and the section of
the blade and a 5 b2c, where b is the pitch angle of the blade
and c is the angle between the tangential direction and relative
flow velocity.)

Fig. 13 Variations of axial velocity vx and tangential velocity vs

comparing with the area of cavity on section 0.9 R. (The axial
velocity is presented by the black line with the left label, the tan-
gential velocity is presented by the red line with the center
label, and the cavity area is presented by the blue line with the
right label. The axial velocity and tangential velocity are cap-
tured from the point on the plane 0.3D before the propeller
plane corresponding to the center point on the chord.)

Fig. 14 Variations of the local cavitation index (rt ) and the
attack angle (a) comparing with the cavity area (A) on section
0.9 R. (The local cavitation index is presented by the black line
with the left label, the attack angle is presented by the red line
with the center label, and the cavity area is presented by the
blue line with the right label).
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the increase of cavity area is mainly caused by the increase of a.
When 30 deg � h � 40 deg, after a reaching a peak, the growth
of cavity is mainly caused by the decrease of rt. When
h > 45 deg, the cavity area decreased because of the decrease of
a. Thus, the cavity area is negatively related to rt and positively
related to a. And the cavity area is mainly influenced by a. As
a ¼ b� c, cavity area is positively related to b. As vsp is the main
components of relative flow velocity, cavity area is positively
related to vsp.

From the analysis above, the cavity develops with the increas-
ing of vs, vsp, and b but shrinks with the increasing of vx. Also,
this can be verified in the analysis of characteristics of regional
distribution of cavity in the wake flow.

Given that the cavity shrinks with the increasing of vx, the cav-
ity appears only when the blade is rotating in the wake zone,
where Wx 	 0:2, as shown in Fig. 15. When the blade is rotating
at the center of the wake zone, with the vx decreasing, the cavity
develops, as shown in Figs. 15(a)–15(d). When the blade is rotat-
ing away from the center of the wake zone, as shown in
Figs. 15(e)–15(h), with the vx increasing, the cavity shrinks.

As shown in Fig. 16, cavity region in left is larger than right on
circle r ¼ 0:9R. As those factors of vx, vsp, and b are symmetrical,
the asymmetrical cavity region is caused by the tangential wake
velocity vs, which is larger in the left region than right as shown
in Fig. 17.

Moreover, vsp proportionally increase with so that cavitation
easily appears in the place near the tip.

On the basis of the presented analyses, cavitation can be elimi-
nated by two methods. The first way is to adjust the wake flow
such as through additional hydrofoils. The other method is to

change the pitch angle when the blade is rotating in the wake
zone. For example, a composite propeller could change the pitch
angle under different conditions because of the properties of its
materials and structures.

3.4 Analysis of Cavitation Structures and Vortex
Structures. In the complex cavitating flow around a highly
skewed propeller in nonuniform wake, the influencing factors of
cavity evolution are more complex than the analysis above. In
which, the vortex structure is also a key factor worth analyzing.
Given that cavity and vortex motion are closely linked, the analy-
sis of vortex structures and cavitation structures is necessary.

In this paper, vortex structure is represented by Q-criterion
[33]. In incompressible flow, Q is defined as

Q ¼ 1

2
kXk2 � kDk2
� �

(14)

where X ¼ ð1=2Þðrv �rvTÞ represents the vorticity tensor and
D ¼ ð1=2Þðrv þrvTÞ represents the strain rate tensor.

Fig. 15 The wake flow axial velocity distribution and cavity (X 5 20.15 D)

Fig. 16 Cavity region on circle d 5 0.9 D (w1;w2 are the cavity
region in the left and right on circle d 5 0.9 D, respectively)

Fig. 17 The wake flow tangential velocity distribution
(X 5 20.15 D)
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Q has a direct physical meaning. When Q> 0, the vector field
is dominated by the vorticity and the region is determined as a
vortex tube. When Q< 0, the vector field is dominated by the
strain. This physical interpretation supports the value of Q-
criterion in the vector fields when areas of high strain and areas of
strong vortical motions should be distinguished.

In Fig. 18, the isosurfaces of Q¼ 500,000 s�2 reflect the vortex
structures. Compared with the cavity shapes in Fig. 7, the vortex
structures and cavitation structures almost have identical shapes.
They are mainly of two kinds. When h < 30 deg, cavities and vor-
texes mainly occur near the leading edge which are long and thin.
When h > 30 deg, the sheet cavitation and vortexes is dominated,
which are unstable with cloud cavitation emerging at the closure.
The cavitation and vortexes influence each other.

On the one hand, viscosity significantly influences vortex
motions. According to Eq. (10), the mixture viscosity is propor-
tional to a, the liquid volume fraction. Thus, the cavitation region
with lower mixture viscosity and smaller eddy dissipation is bene-
ficial to the strong vortex motions.

On the other hand, the pressure is lower in the vortex tube;
thus, the cavity is easy to form inside and around it. The cavity
will also tend to gather at the vortex center.

Therefore, when h ¼ 10 deg; 20 deg; 30 deg, the relatively sta-
ble leading edge vortex, which is long and thin, leads to the for-
mation and development of the filamentous tip vortex cavitation.
By contrast, when h ¼ 40 deg; 50 deg; 60 deg, the sheet cavitation
structures, which have a collapsed cavity and a cloud cavitation at
the tip, lead to the broken of tip vortex structures and formation of
mixed vortex structures which form numerous filamentous
vortices.

4 Conclusions

In this study, an unsteady cavitating turbulent flow around a
highly skewed propeller in a nonuniform wake is simulated based
on LES method, Kunz cavitation model, VOF method, and a mov-
ing mesh scheme. The predicted evolution of the unsteady cavity
around the propeller in the nonuniform wake flow is in good
agreement with the experimental results. Some pressure character-
istics on the propeller are analyzed with the cavity.

In addition, a brief analysis of the factors affecting the cavita-
tion on the propeller is conducted using the numerical simulation
results. Through the analysis of influencing factors on the cylin-
drical section 0.9 R, we conclude that the cavity develops with the
increasing of vs, vsp, and b but shrinks with the increasing of vx. It
is also verified in the analysis of characteristics of regional distri-
bution of cavity in the wake flow.

Furthermore, the influences between vortex structures sand cav-
itation structures are analyzed. Cavitation and vortex motion are
closely linked. The cavitation region with a smaller mixture vis-
cosity is beneficial to the formation of an area with strong vortical
motions. In the vortex tube, the pressure is smaller; as a result, the
cavitation is easily formed.

When h < 30 deg, because of the strong leading edge vortex
structure, the cavity maintains relatively stable near the leading
edge and begin to form a filamentous tip vortex cavitation. When
h > 30 deg, a sheet cavitation occurs, which is unstable and trans-
forms to cloud cavitation at the closure induced by the re-entry jet.

However, much work has yet to be done to simulate unsteady
cavitating flows around propellers. The shedding of the tip vortex
cavitation could not be captured clearly when the tip vortex cavi-
tation is too slim. This phenomenon may be because the grid in
the trailing region of the blade tip is insufficiently detailed,
thereby affecting the accuracy of the tip vortex cavitation. What’s
more, to simulate the cavity around the propeller more accurate, a
joint simulation by both considering the propeller and the ship
model is needed in the future.
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