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ARTICLE INFO ABSTRACT

Keywords: The purpose of this study is to investigate the effects of cavitation on the hydrodynamic loading and wake vortex
Pump-jet propulsor evolution in a pre-swirl pump-jet propulsor, and also the cavitation-vortex interaction mechanism. The cavitating
Cavitation

flow is simulated by delayed detached eddy simulation coupled with a homogeneous cavitation model. Based on
available experimental validation, the cavitation patterns, hydrodynamic loadings, the tip leakage vortex (TLV)
evolutions and trailing edge vortex interactions are orderly investigated under two typical cavitation conditions.
Results show that the blade sheet cavitation, TLV cavitation and tip clearance cavitation are regard as the main
cavitation types of the rotor, where the sheet cavity on adjacent blades is non-uniformly distributed under the
perturbations of the stator wakes and phase effects. The interaction between the thickening sheet cavity and
stator wakes causes the shift of dominant frequencies of rotor loading from the rotor blade passing frequency fgpr
and its harmonics to stator blade passing frequency f and its harmonics. The relative vorticity transport equation
is used to analyze cavitation-vortex interaction of TLV. The TLV cavitation promotes the vorticity production of
TLV at the incipient stage and increases its intensity downstream. The instability of TLV is triggered earlier when
cavitation is heavy due to the enhanced mutual interaction between consecutive spirals of the TLVs and their
interaction with sheet cavity induced shedding vortices. The trailing edge vortices of stator and rotor mutually

Vortex structures
Cavitation-vortex interaction

interacts with blade sheet cavity, which accelerates the breakdown of trailing vortex system downstream.

1. Introduction

The pump-jet propulsor (PJP) is a new alternative propulsion
equipment developed in recent years, which mainly used for underwater
vehicles. Compared to conventional propellers, the PJP offers superior
performance with high propulsion efficiency and low radiated noise
during actual cruising (McCormick and ElSenhuth, 1963; Shirazi et al.,
2019; Suryanarayana et al., 2010a; Jiao et al., 2022). The PJP with a
pre-swirl stator in front of the axial flow rotor is the so-called pre-swirl
stator PJP which is specially designed for submarines (Qin et al., 2021a).
Cavitation occurrence is inevitable in this kind of PJP when it operates
in complex marine environments with high speed, which leads to un-
desirable propulsion performance degradation (Suryanarayana et al.,
2010b). In addition, due to the disturbed oncoming flow with spatial
non-uniformity and temporal unsteadiness, the cavitation-vortex inter-
action always happens around rotating rotor which deteriorates the vi-
bration and noise performance of propulsion system as well.
Investigating the cavitation patterns, vortical structures and their
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interactions in the pre-swirl stator PJP is crucial for the optimization
design of vehicle propulsion system.

The cavitation characteristics of axial flow pumps has been studied
for many years. Rains (1954) firstly observed the tip cavitation in an
axial flow pump, some special attentions were paid to its formation,
migration, and collapse by employing high-speed visualizations.
Laborde (Laborde et al., 1997) investigated the inception of tip clear-
ance cavitation and tip leakage vortex (TLV) cavitation in various axial
flow pumps with different tip clearance sizes and blade geometries. Tan
et al. (David Y. Tan et al., 2012a) experimentally studied the cavitation
structures in an axial waterjet pump under varying flow and pressure
conditions, some interesting cavitation phenomena including the sheet
cavitation on the blade suction surface (SS), alternate blade cavitation,
large-scale cavity instabilities, the TLV cavitation and its interactions
with sheet cavitation were highlighted in a systematic way. Based on
some beneficial findings, Tan et al. (2015) and Chen et al. (2020) further
elucidated the underlying mechanisms for cavitation caused perfor-
mance breakdown of the waterjet pump. In addition, some special
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perpendicular cavitating vortices (PCVs) induced by the interaction of
TLV cavitation and sheet cavitation on the blade SS were observed and
analyzed. Zhang et al. (Shen et al., 2021; Zhang et al., 2015a, 2015b)
carried out a series of cavitating flow numerical simulations of axial flow
pumps based on the available experimental validation. The cavitation
dynamics around the rotor tip region were thoroughly investigated
through iso-surfaces of cavities, vorticity fields and velocity vector
fields. The temporal and spatial evolutions of PCVs were well captured
by improved numerical method. The cavitation patterns in hydraulic
propulsion systems disturbed by the non-uniform oncoming flow have
also been discussed by numerous scholars (Ge et al., 2020; Ji et al.,
2012a, 2012b; Yilmaz et al., 2020). Huang (Huang et al., 2021)
numerically studied the instantaneous cavitation dynamical behaviors
in a mixed waterjet pump with non-uniform suction inflow. The tran-
sient cavitating flow analysis reveals that the cavities generate
non-uniformly on rotating impeller blades and are varied periodically
with the dominant frequency of the impeller rotating frequency. Zhao
et al., 2021a, 2021b conducted experiments and numerical simulations
to investigate the dynamic behaviors of blade cavitation under the
perturbations of inlet guide vane (IGV) wakes for axial waterjet pump.
The results show that the cavities develop non-synchronously on the
adjacent blades with a phase difference. The variations of blade inci-
dence angles due to non-uniform flow was found dominants this
distinctive cavitation behavior in waterjet pump with IGVs.

For the propulsors of underwater vehicles such as propellers, duct
propellers and PJPs, there are complicated vortex systems behind them
with different interaction mechanisms (Gong et al., 2021; Sun et al.,
2022; Wang et al., 2021a, b). The effects of cavitation on the unstable
evolution of vortex systems and the interactions between them are still
not clearly elucidated until now. Felli et al. (2011) experimentally
investigated the evolution mechanisms of propeller wake vortices
through velocity measurements and high-speed visualizations. The in-
fluence mechanisms of the spiral-to-spiral distance and the number of
propeller blades on the destabilization and evolution of the tip and hub
vortices were specifically highlighted. Kumar et al. (Kumar and Mahesh,
2017) carried out well-resolved large eddy simulations (LES) to analyze
the instabilities of the propeller wake vortices. The interaction between
the blade trailing edge vortices and the tip vortex of the adjacent blade is
observed as the preferred mechanism for the wake instabilities of the
objective propeller model. Gong et al. (2018) conducted a comparative
numerical analysis on the evolution of wake vortices generated by
ducted and non-ducted propellers in open water. The numerical results
show that the interaction between the duct and the propeller directly
changed the morphology of tip vortices and wake contraction. Li et al.
(2021) numerically studied the evolution of the vortices in a pre-swirl
stator PJP using detached eddy simulation (DES). The results show
that there is a complex vortical system in the PJP. The TLV interacts with
duct shed vortices and finally promotes the generation of secondary
vortices. The stator wake vortices are involved in significant interactions
with the rotor blade wake vortices and hub vortices. Qin et al. (Qin et al.,
2021a; Qin et al., 2022a; Qin et al., 2021b) analyzed the vortex evolu-
tion in two different types of PJPs based on the DES model, and the
effects of duct and the number of rotor and stator blades on the wake
vortex dynamics were systematically discussed. The DES was confirmed
as an efficient numerical simulation method to resolve the detailed
vortical structures in propulsion systems with an acceptable computa-
tional burden.

Cavitation-vortex interaction is a complex physical process with
transient evolutions which is mostly studied in some simple geometries,
such as hydrofoils. Various experimental test of cavitating flow reveals
that the flow instabilities and turbulence often result in the formation of
large-scale vortical structures (Gopalan and Katz, 2000; Huang et al.,
2013; Wang et al., 2001). Ji et al. (2014) numerically investigated the
cavitation-vortex interaction around a twisted hydrofoil. The results
show that cavitation promotes vortex production behind hydrofoil and
increases the boundary layer thickness with local flow separation and
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unsteadiness. Huang et al. (2014) conducted LES to understand the
interaction between unsteady cavitating flow and vortex dynamics on a
3D Clark-Y hydrofoil with the help of vorticity transport equation. Chen
et al. (2021) studied the physical interaction of the cavitation-vortex
dynamics around a 3D Delft hydrofoil. The different vortex identifica-
tion methods are applied to identify and analyze the vortex structures.
Cheng et al. (2020) carried out numerical simulations of a tip leakage
cavitating flow, and the cavitation effects on vorticity and turbulence
were discussed in detail. In rotating pump field, Huang et al. (2015)
investigated the cavitation-vortex interaction mechanism in a
mixed-flow waterjet pump. The analysis of relative vorticity transport
equation indicates that the vortex stretching term contributes largely to
large-scale vortex generation. Han et al. (2020) simulated tip clearance
cavitating flow in a propelling pump and the tip cavitation-vortex
interaction was highly focused.

For the pre-swirl stator PJP, it contains a complex vortex system with
strong interaction (Li et al., 2021; Qin et al., 2021b, 2022a). If cavitation
occurs to a certain extent, the interaction between cavitation and
vortices will be greatly enhanced, which further affects the stability of
vortex development and the exciting force level. However, most
research on PJP focused on the hydrodynamic characteristics in
non-cavitation conditions. It is worthwhile to study the effects of cavi-
tation on the hydrodynamic loading and the vortex system evolution of
the PJP. In this paper, the cavitating flow of pre-swirl stator PJP is
simulated based on the DES method coupled with Zwart cavitation
model with experimental validation. The cavitation patterns, hydrody-
namic loadings, the effects of cavitation on TLV evolutions and trailing
vortex interactions are orderly discussed under two typical cavitation
conditions. The relative vortex transport equation is also used to eluci-
date the potential mechanism of cavitation-vortex interaction.

2. Numerical methodology
2.1. Governing equations
The cavitation two-phase flow is modelling based on homogenous

model, the mass and momentum conservation equations are shown as
follows:

9, , (puit)

a oy 0 o
o(p,ui)  O(p,,uit;) _dp 0 Ou;  Ou; 2 Ouy
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Hn = 1,0y + ”](1 - aV) (4)

where y; is the velocity vector, p is the pressure and u; denotes the tur-
bulent eddy viscosity. pn,, and pn, represent the mixture density and dy-
namic viscosity, as expressed in equations (3) and (4), respectively. The
subscripts [ and v denote the water and vapor phases, respectively, and
oy, is the vapor volume fraction.

The delayed detached eddy simulation (DDES) is chosen to model-
ling turbulence flow in current study. The DES method is considered as a
hybrid RANS/LES turbulence modeling approach based on the idea of
modeling the boundary layer by a Reynolds-averaged Navier-Stokes
(RANS) model and switching to a LES mode in detached regions. The
DES approach is efficient to predict the complicated cavitation and non-
cavitation flow for axial flow pump (Shen et al., 2021), propeller (Wang
et al., 2021b) and PJP (Li et al., 2020) with less computational cost
compared with LES method. The DDES model proposed by Spalart et al.
(2006) offers limiter protection to overcome the grid-induced separation
in the basic DES model, the governing equations for DDES are as follows:
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The k equation of the original shear stress transport (SST) k-o is
adjusted by the Ippgs term in the DDES governing equations, and the o
equation remain unchanged. The Ippgs term stands for the length scale
associated with triggering the transition from RANS mode to LES mode,
which is expressed as

Ippes = lrans — fu max (0, lpans — lres) (@]

where f; is an empirical delay function, lgans = \/IE/C,‘a) and ljps =
Cpes Amax-The C,, has a constant value of 0.09, the Cpgs is calculated with
the function: Cpgs = Cpgs1-F1 + Cprs2-(1 — F1), where Fj is the blending
function, and the Cpgsi, Cprsz have the value of 0.78 and 0.61,
respectively.

2.2. Cavitation model

The Zwart (Philip J. Zwart et al., 2004) cavitation model is employed
to predict the mass transfer rate between water and vapor, which can be
expressed as

@) dpa) .

o o, - ®)

The source term m' denotes the liquid vaporization rate and m~
represents the vapor condensation rate. The source terms are built based
on the Rayleigh-Plesset equation, the relevant evaporation and
condensation terms are described as follows:

i — (L= a)p, [21p, ]
Ry P

2
3 (p<p) 9

o Baw, 21p- pvl
m =F, R, 3 (p>py) 10)

where the volume fraction of nuclei ay, is 5 x 10_4, F, and F, are the
vaporization and condensation coefficients with default values of 50 and
0.01, respectively. The bubble radius Rp is 1 x 10 % m, Dy is the vapor
saturation pressure at a local thermodynamic state.

3. Numerical setup

3.1. Test model

The test model in current study is a scaled pre-swirl stator PJP

Fig. 1. Geometry of PJP model.
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applied to an underwater vehicle. The geometry of the model is shown in
Fig. 1 and the basic geometry parameters are presented in Table 1. The
PJP model includes three main hydraulic components, namely an eight-
bladed front stator, a six-bladed axial flow rotor and a decelerating duct.
The rotor diameter is D, = 166.4 mm, and the hub diameter ratio is 0.3.
The profiles of rotor and stator blades are designed based on NACA66
airfoil, which offers high anti-cavitation ability for propellers. The tip
clearance between the rotor tip and duct inner surface is 1 mm. The axial
distance between the trailing edge (TE) of stator blades and leading edge
(LE) of rotor blades is 0.35D,. The rotating direction of rotor is right-
hand and the rotation speed is n = 20 r/s.

Some dimensionless hydrodynamic coefficients related to the PJP
performance are defined as Eq. (11).

Voo T 0 J Ky Pin — Pv

J=— Ky = Koy = — ], = o o 0= 11
aD, " T ppD¥ " T pniDS =2 KQ,U 0.5p,n2D? a1

where J is the advance coefficient, the V, is the uniform oncoming
velocity; T, is the thrust, and Q; is the torque. K1 and K¢ represents the
thrust and torque coefficients of the rotor, respectively. 5, denotes the
efficiency of rotor. ¢ is the dimensionless cavitation number, p;, is the
specified ambient pressure.

3.2. Computational domain and mesh details

Fig. 2 shows the computational domain of the PJP model. The whole
computational domain consists four parts: the rotor domain, the stator
domain, the near field domain and the far field domain. The size of far
field domain is 16D, x 3.6D, x 3.6D,, which is consistent with the
experimental cavitation tunnel. The near field domain is separated out
for a better layout of the grid in order to capture the wake field details, it
is set as a cylinder with a length of 5.5D, and a diameter of 2D;.

The separated computational domains of PJP are discretized by
hexahedral structured grids, as shown in Fig. 3. The girds of rotor and
stator are first set up on the single blades and then the complete ones are
obtained by periodical copying, respectively. The O-block topological
structures are employed around rotor and stator blades and also duct
surface, so that the boundary layer grids can be easily arranged. The grid
of 1 mm tip clearance between the rotor and the duct is refined to well
simulate the tip leakage flow, as shown in Fig. 3(a). The grid is also
refined in some regions of near field domain to further capture the wake
vortices, as observed in Fig. 3(b). Three grid schemes are set to carry out
grid independent test. The grid numbers for coarse, medium and fine
grid schemes are 4.98 million, 9.38 million, 20.18 million, respectively.
The grid number details of sub-domains are shown in Table 2. The grids
for rotor tip clearance are set as 30, 25 and 15 layers for fine, medium
and coarse grid schemes. The height of the first layer of grid near the
wall surface is carefully set to ensure the average y+ is below 5 for three
grid schemes. Table 3 shows the results of grid independence test. The
hydrodynamic coefficients Ky and K for PJP are calculated at J = 0.6
and J = 1.0 non-cavitation conditions based on three grid schemes.
According to the procedure for estimate the uncertainty of grid dis-
cretization in computational fluid dynamics (CFD) proposed by Celik
et al. (LB. Celik et al., 2008), the approximate relative error e?!,
extrapolated relative error eZ; and grid convergence index GCIZ}, for

fine grid scheme are presented in Table 3. It is observed that all error
estimates are within 3%, which fully meet the simulation requirement.
Finally, the fine grid scheme with 20.18 million nodes is selected for the

Table 1
Pre-swirl stator PJP parameters.
Scale ratio 4 20 Rotor blade number 6
Rotor rotation speed n 201/s Stator blade number 8
Rotor diameter D, 166.4 mm Rotor-stator spacing 0.35D,
Hub diameter ratio 0.3 Rotation direction Right-handed
tip clearance 1 mm Airfoil type NACA66
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Rotor domain

Stator domain

Interface

Fig. 2. Computational domain of PJP.

(b) Mesh details of PJP wake field.

Fig. 3. Mesh details of computational domain.

Table 2

The grid number details of PJP (million).
Mesh Rotor Stator Near field Far field Total
scheme domain domain domain domain number
Coarse 2.09 0.88 1.48 0.53 4.98
Medium 3.30 1.97 2.99 1.12 9.38
Fine 6.18 3.68 9.20 1.12 20.18

following simulations in this study. Fig. 4 presents the y + distributions
of PJP for the fine grid scheme. The average y + for rotor blade, stator
blade and duct surface are 2.6, 2.8 and 1.8, respectively.
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3.3. Calculation setting

The uniform velocity V., is set for the inlet with the constant value
equals to 3.328 m/s, corresponding to the design advanced coefficient J
= 1.0. The static pressure is set as the outlet boundary condition, the
different cavitation numbers can be obtained by changing the outlet
static pressure, as described in Eq. (11). All the solid surfaces, such as the
rotor blades and duct surface, are defined as no slip wall. The rotor
domain is defined as a rotating domain with fixed rotation speed n =
20r/s. The cavitating flow is firstly simulated by SST k- turbulence
model and Zwart cavitation model to obtain a steady state result as the
initial flow field for the unsteady cavitation simulations. Then, the un-
steady cavitation simulations are carried out by employing DDES
method. The time step for the unsteady simulation is set as 1.39 x 10~*
s, which corresponds to the time for rotor to rotate one degree. The
maximum number of inner iterations is 20 per time-step with a 107> root
mean square (RMS) residual criterion. The duration of the cavitation
simulation lasts for 8 rotating cycles, and the data of last 5 cycles are
used to conduct the time-dependent analysis.

3.4. Validation of simulation

The hydrodynamic and cavitation performance of the PJP model is
tested in a water tunnel of the Science and Technology on Water Jet
Propulsion Laboratory, the Marine Design and Research Institute of
China. Fig. 5 illustrates the hydrodynamic performance curves obtained
from experimental tests and numerical simulations. It is observed that
the thrust coefficient K7, and torque coefficient Kq, obtained from the
numerical simulations are lower than the experimental measurements
under six operating conditions, the Ky and Kqr keep decrease with the
increase of advanced coefficient J, the rotor efficiency 7, increases as J
increases. The trends of hydrodynamic performance curves obtained
from experiments and numerical simulations are in good agreement. The
maximum relative errors between experiments and numerical simula-
tions for Ky, Ko and 7, are 8.1%, 7.5% and 1.5%, respectively. The
numerical methodology employed in current study is available to
analyze the hydrodynamic performance of PJP. Moreover, the cavitation
experiments of the PJP are also carried out in water tunnel. The high-
speed visualizations of cavitation patterns are carried out at J = 0.6,
n = 25r/s under different cavitation numbers. The cavitation pattern
obtained by high-speed imaging at 6 = 2.0 is selected to compare with
the numerical results under the same operating condition. Fig. 6 shows
the typical cavitation structures of experiment and iso-surface of ay =
0.1 at 6 = 2.0. It can be seen that the cavitation mainly occurs around the
tip region of rotor blade at this cavitation condition, including tip
clearance cavitation, shear layer cavitation and tip leakage vortex (TLV)
cavitation, which are all captured both in the experiment image and
numerical simulation result, as labelled 1, 2 and 3 in Fig. 6. Therefore,
the cavitation patterns obtained from the numerical simulation is in
general agreement with the experiment in terms of intensity and dis-
tribution, which demonstrates that the cavitation simulation method
adopted in this study is reliable for subsequent analysis.

4. Results and discussion
4.1. Cavitation patterns at different conditions

The cavitation simulation is carried out at two typical cavitation
stages, including a light cavitation condition ¢ = 3.5 and a heavy cavi-
tation condition ¢ = 2.2. The heavy cavitation condition is considered to
analyze the effects of cavitation on hydrodynamic loading and vortex
development, and cavitation-vortex interaction. The light cavitation
condition is selected as a reference for the comparative analysis, and is
also used to investigate the cavitation incipient of rotor under tip
unloading treatment. Fig. 7 illustrates the instantaneous cavitation
patterns within the rotor domain at these two cavitation stages through
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Table 3
Details of grid independence test.
J @ 1 (fine) p2(medium) ps(coarse) e2! €2 GCIZ,
0.6 K 0.5715 0.5791 0.5811 1.32% 0.76% 0.95%
Kor 0.0964 0.0969 0.0971 0.59% 0.25% 0.32%
1.0 Koy 0.4663 0.4624 0.4555 1.06% 2.06% 2.63%
Kqr 0.0825 0.0821 0.0813 0.59% 0.80% 1.01%
y+ I

(a) Rotor blade

(b) Stator blade (c) Duct surface

Fig. 4. The y + distributions on rotor, stator and duct surfaces.

T T T T T T

1.4+ —=—K, EXP) —v—K, (CFD) -
—e— 10K, (EXP) —4— 10K, (CFD)
1.2 —A— 1, (EXP) —<— 1, (CFD)

1.0 1 4

Hydrodynamic coefficients

00 L 1 L 1 " 1 L 1 L 1 L 1 L
0.0 0.2 04 0.6 0.8 1.0 1.2 14

J

Fig. 5. Hydrodynamic performance curves of PJP.

the iso-surface of a, = 0.1. The blade chord ratio A is defined to describe
the specific locations where the cavity is formed, where A =0and 1 =1 is
respectively located at the LE and TE of the blade tip, and 1 = 0.5 is
located at the midpoint of the tip chord. It is found that the tip clearance
cavitation, TLV cavitation and blade sheet cavitation are both observed
in light and heavy cavitation conditions. At the light cavitation condi-
tion, the sheet cavitation occurs at the LE of the blade SS near the hub
surface and distribution patterns are quite different on adjacent blades.
As Fig. 7(a) shows, the cavities are not equally distributed on blades 1, 2,
3, and also blades 4, 5, 6, while the cavities on blades 1 and 4, blades 2
and 5, blades 3 and 6 seem to be more similar. The wake flow of pre-
swirl stator with strong spatial non-uniformity and temporal

Fig. 6. Cavitation patterns obtained from experiment and simulation.

unsteadiness disturbs the sheet cavitation patterns by changing inci-
dence angles of rotor blade. Due to the phase difference between blades
of stator and rotor, the sheet cavities on adjacent blades suffer from
different degrees of interaction with the wake flow of each stator blade,
which further causes the non-uniform distribution of sheet cavities on
adjacent blades (Zhao et al., 2021a, 2021b). In current study, rotor
blades 1 and 4 are in equivalent phases with regard to their relative
position towards the stator blades, as well as blades 2 and 5, blades 3 and
6. It largely explains the phenomenon of cavities being similarly
distributed on the rotor blades with a phase difference of 180°.

At the light cavitation stage, the tip clearance cavitation is found at
the rotor tip where 4 > 0.5 due to flow separation occurs when the tip
flow passes the right angle near the PS (Zhang et al., 2015b). The TLV
cavitation occurs slightly around the core region of TLV where the local
pressure is below the saturation vapor pressure. The tip clearance
cavitation and TLV cavitation are not disturbed by phase effects. At the
heavy cavitation stage as shown in Fig. 7(b), the sheet cavitation ex-
pands along the radial direction, covering the most of blade SS, and the
distribution of cavities still show great difference in adjacent blades,
following the same rules summarized from the light cavitation stage ¢ =
3.5. The TLV cavitation also gets more aggressive, with the incipient
location moving forward to 4 = 0.5 and gradually mixing with tip
clearance cavitation. It can also be observed delicately that the incipient
positions of cavitation around the blade tip are effectively delayed even
in heavy cavitation stage and that the sheet cavitation is rare at the LE
near the blade tip. This cavitation pattern is quite different from other
reported axial impellers in PJP (Zhao et al., 2021b), waterjet pumps
(David Y. Tan et al., 2012b) as well as conventional axial flow pumps
(Zhang et al., 2015b). The unloading treatment is technically carried out
around the blade tip region by modulating the distribution of spanwise
circulation for the purpose of delaying the cavitation inception during
actual PJP operation. This is clearly elucidated in the subsequent hy-
drodynamic load analysis.
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4.2. Effects of cavitation on hydrodynamic loading of rotor

The hydrodynamic loading characteristics in different cavitation
conditions are analyzed. Figs. 8 and 9 show the time-dependent thrust of
rotor at ¢ = 3.5 and ¢ = 2.2 within one rotating cycle, respectively. The
thrust of rotor is contributed by the pressure and viscous forces, they are
presented separately to know the effects of cavitation on them. The non-
dimensional coefficients of pressure and viscous forces are defined as
Kr1y,p and K1y,y, and their average values over the one rotating period are
identified by the red dot line. As Fig. 8 shows, both the pressure force
and viscous force fluctuate regularly at ¢ = 3.5. The average values of
pressure and viscous forces are 0.4638 and —0.00991, respectively. The
pressure force is two orders of magnitude higher than the viscous force,
and the viscous force is negative. At heavy cavitation stage ¢ = 2.2, the
pressure and viscous forces fluctuate more dramatically due to the un-
steady evolution of cavitation, the average values of them are 0.3641
and —0.00733, respectively. Compared to the light cavitation stage, the
pressure force decreases significantly owing to the attached sheet cavity
on SS blocks the blade passage (Tan et al.,, 2015), resulting in the
reduction of working capacity of rotor. However, the loading contrib-
uted by viscous force is substantially reduced when cavities cover the
most of blade SS. The thrust performance of rotor shows breakdown in
the heavy cavitation stage.

The thrust loading of rotor at different cavitation conditions are also
presented in the frequency domain, as shown in Fig. 10. The frequency
domain curves are obtained by Fast Fourier Transform (FFT) approach
based on stable time-dependent thrust data in last 5 cycles. The fre-
quency fin Fig. 10 is normalized by fgpr, where fgpr is the blade passing
frequency of rotor and equals to 120Hz. The f; represents the blade
passing frequency of pre-swirl stator, which equals to the shaft fre-
quency (f, = 20Hz) times the number of stator blades, that is f; = 160Hz.
Analysis of Fig. 10(a) reveals that the fgpr and its multiples are the

dominant frequencies at light cavitation condition ¢ = 3.5. The
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Fig. 7. Cavitation patterns at different ¢ identified by iso-surface of a, = 0.1. (a) 6 = 3.5; (b) 0 = 2.2.

maximum amplitude is located at 4fgpr (f = 480Hz). This is regards as
the rotor-stator resonance phenomenon due to an even number of stator
and rotor blades concurrently (Qin et al., 2022). At the heavy cavitation
condition ¢ = 2.2, it is observed that the dominant frequencies shift to
the f; and its multiples. The thrust spectrum shows obvious broadband
characteristic with overall increased amplitude. The rotor-stator reso-
nance phenomenon still obvious at f = 480Hz, the amplitudes at 2f;, 4f;,
5fs, 6fs, 7fs, as well as in low frequency range (below the fgpg) increase
significantly. The sheet cavitation covers most of the blade SS at 6 = 2.2
as mentioned before, the unsteady developing of cavities enhances the
thrust pulsation. In addition, the increasing sheet cavity suffers from the
perturbation of the stator wake, the cavity on each blade SS constantly
sweeps the wake flow of stator and interacts with stator trailing vortices,
which causes the change of dominant frequencies of thrust spectrum to fg
and its multiples (Zhao et al., 2021b).

The unsteady thrust of each rotor blade under different cavitation
conditions are also shown in Fig. 11. The thrust of each single blade is
normalized to I(.[b = Kmp/K1p, where Kpp, is the time-dependent thrust
coefficient for a single blade, Ky, is the time average value within the
selected sampling interval. It is obvious that the thrust of single blades
for the light cavitating case performs in a perfect sinusoidal pattern. The
thrust curves of each two blades with the same phase coincide perfectly
and fluctuate regularly. However, the single blade thrust presents more
irregularly at heavy cavitation stage ¢ = 2.2. The unsteady developing of
cavities on different single blade under the perturbation of non-uniform
pre-swirl stator wakes dominants this phenomenon. The irregular and
uneven fluctuations in blade thrust not only increase the excitation level
of the rotor blades, but also lead to random vibrations in the propulsion
shafting system. Fig. 12 shows the frequency domain curves of the blade
thrust Kp3. For the single blade, the f; and its multiples dominant the
frequency characteristics in both light and heavy cavitation conditions.
Specially, the frequency domain curves for heavy cavitating case contain

1(s)

(b)

Fig. 8. The unsteady thrust contributed by pressure and viscous forces at ¢ = 3.5. (a) pressure force; (b) viscous force.
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Fig. 9. The unsteady thrust contributed by pressure and viscous forces at ¢ = 2.2. (a) pressure force; (b) viscous force.
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Fig. 10. Frequency domain curves of the rotor thrust at different cavitation conditions. (a) ¢ = 3.5. (b) 6 = 2.2.
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Fig. 12. Time domain curves of thrust for single blade at different cavitation conditions. (a) ¢ = 3.5. (b) 0 = 2.2.

obvious broadband components which spanned over a wide frequency

band.

Fig. 13 shows the distribution of pressure fluctuation intensity (Ipg)
on the rotor blade to know the potential reasons for thrust pulsation at
different cavitation stages. The Ipg is defined by the standard deviation
of time-dependent pressure in a certain time period (Tan and Sun,

2020), the related expression are as follows:

Ipr

1 2
N Z (Pi —p), Cwr :O.Sp,nzDz (12)

where p is the arithmetic average of pressure, N is the sampling number
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(a)

(b)

Fig. 13. Pressure pulsation intensity on rotor blade. (a) ¢ = 3.5, (b) 0 = 2.2.

and equals to 720 in this study, that is two stable rotating cycles, p; is the
pressure on grid nodes at each time step. The dimensionless coefficient
of pressure fluctuation intensity Cipr is used for further analysis. It is
observed from Fig. 13 that the higher Cipp values present around the LE
of rotor blade both in light and heavy cavitation conditions, especially in
the region marked by the black dashed ellipse. The dynamic variations
of the blade incidence angle due to temporal unsteadiness of the pre-
swirl wake flow is the underlying reason for the large pressure fluctu-
ations on the blade LE. For the marked regions, the interaction between
the strong root trailing vortex of stator blade with rotating rotor causes
its violent pressure pulsation. It is also found that the Cipg is higher at the
blade TE at heavy cavitation stage o = 2.2, while it is not obvious at 6 =
3.5. The thicken sheet cavitation at ¢ = 2.2 induces the vortex shedding
at the TE and therefore increase the pressure pulsation over there. This
further clarifies that the cavitation, vortices, and their interaction are
the core sources in inducing an increased hydrodynamic excitation of
rotor blades.

Lastly, in order to understand the contribution of different parts of
the rotor blades to the thrust breakdown at different cavitation stages,
the entire single blade is split into 10 parts in the radial direction ac-
cording to the span coefficients to reflect local thrust loss. It is noted that
the force loaded on each single blades of rotor is slightly different owing
to the non-uniform wake flow of the front stator and the non-
synchronous development of sheet cavitation on blade surface, as pre-

sented in Fig. 11. Here we mainly focus on the general spanwise dis-
tribution of the loading on single blade, so the differences in loading
between different blades can be ignored, and the blade 1 is chosen for
detailed analysis. The thrust and torque generated by each part is
recorded, and Eq. (13) (Ji et al,, 2021) is employed to obtain the
non-dimensional loading values per unit area.

AT, AQ,

AKpy=——L ARy, =
T D2AS T T T pu2DIAS

(13)

where ATy, and AQy are the thrust and torque of each part for a single
blade, respectively. AS is the area of each part. Fig. 14 shows the
spanwise distribution of AKp, and AKq, at two different cavitation
stages. The AKy, and AKyp increase gradually along the radial direction
and finally decrease near the tip region. This is ascribed to the technical
unloading treatment for the blade tip region, as previously mentioned.
At 6 = 2.2, the AKpp and AKqp, maintain the trend of increasing firstly
and then decreasing in the radial direction. Their values decrease to
some extent at different spans with different magnitudes compared to
the values at 6 = 3.5. The loading near the blade hub region contributes
less to the overall thrust reduction because of the weaker work
capability.
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Fig. 14. Spanwise distribution of thrust and torque coefficients for single rotor blade.
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4.3. Effects of cavitation on TLV evolution

4.3.1. TLV morphology in the incipient stage

The TLV is considered to be one of the main vortex structures in the
PJP as it will extend to the far wake field under mainstream driving (Li
et al., 2021). It originates from the rollup of a multi-layered tip leakage
flow, and propagates within the rotor passage towards the neighboring
blade (Tan et al., 2012a). Its evolving characteristics in the PJP are
different from those in the conventional axial flow pump and opened
propeller. To well investigate the effects of cavitation on the evolution of
TLVs and their interaction, the morphology of TLVs in the incipient
period and the fully developed state in the wake field are successively
analyzed at different cavitation conditions. Fig. 15 shows the pressure
distribution over different slices in the TLV forming regions, the pressure
is normalized by Cp = (p — po)/0.5p;n?D?, where pg = 101325Pa. The
cavitation regions are also shown by the iso-surface of @, = 0.1. The
trajectories of the TLV are identified by red dot curves connecting the
lowest pressure points at the vortex cores on different slices. It is found
in Fig. 15 that the incipient trajectory of the TLV is somewhat different
at different cavitation stages. At the heavy cavitation condition ¢ = 2.2,
the incipient trajectory of the TLV is more distorted and moves closer to
the SS before departing the blade, which is also as evident from TLV
streamlines in Fig. 16. The incipient locations of the TLVs at ¢ = 3.5 and
o = 2.2 are essentially the same as the loading condition is constant.
However, the strength of the TLVs seem to be different as seen from the
apparent size of the streamlines in Fig. 16.

Fig. 17 shows the vorticity distribution for slices I ~ IV at different
cavitation stages. The vorticity magnitude is normalized by D, and V. It
is observed that the TLV is clearly identified by the large-scale vorticity
area. The backflow with high vorticity interacts with the main flow and
eventually rolls up into the TLV. At slice I and II, TLV1 is initially formed
from own blades and has similar shape and intensity under different
cavitation stages. However, the intensity of TLV2 from prior adjacent
blade is higher at heavy cavitation stage. Moreover, the TLV1 appears to
be slightly deformed under interaction with cavities at slice III under
heavy cavitation stage. At slice IV, the TLV1 is noticeably stronger under
o = 2.2. The intensity of the TLV increases after interaction with large
scale cavities. This is in accordance with the streamlines shown in
Fig. 16. Subsequently, the relative vorticity transport equation is
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adopted to further elucidate the underlying mechanism of cavitation-
vortex interaction.

The relative vorticity transport equation is obtained by taking curl
operation on both sides of the fluid momentum equation in differential
form (Ji et al., 2014). It is currently being used to analyze the interaction
mechanism between vortices and cavitation both in hydrofoils and hy-
draulic machineries (Fei et al., 2022; Liu et al., 2019; Sun et al., 2021).
Here, it is utilized to investigate the interaction between TLV and its
induced cavitation in the PJP and the underlying reasons for the
enhancement of TLV intensity in heavy cavitation stage. The exact
equation is shown as follows:

D (650~ (W) 27 (W) e X T
+ (U +1) V2 Bk a4

where Qp is relative vorticity, V, is angular velocity, p,, is mixture

. ey d . . . . . . . . .
density, W is relative velocity, and vy, is kinematic viscosity and v, is
turbulent viscosity.

=
In Eq. (14), Dg" is the variation rate of relative vorticity. The first
four terms on the right side are the stretching, dilatation, Coriolis force
and baroclinic torque terms, respectively. The stretching term represents
the influence of the velocity gradient on the vortex evolution. The
dilatation term is affected by the expansion and contraction of fluid
elements. The Coriolis force term describes the effect of Coriolis force on
the vorticity generation, which is resulted from the rotor rotation. The
baroclinic torque term denotes the effect of pressure and density gra-
dients on the vortex. The last term is viscous diffusion term, which
represents the influence of viscous diffusion. As the TLV in PJP shows
strongly turbulent features with a high Reynolds number, the viscous
effect is ignored in the following analysis.

Figs. 18 and 19 shows the distributions of the stretching, dilatation,
Coriolis force and baroclinic torque terms at four slices under ¢ = 3.5
and ¢ = 2.2, respectively. As seen from Figs. 18(a) and 19(a), the
stretching term has a larger value in the TLV generation region, as
evident from TLV1 of own blade and TLV2 from adjacent blade. Its in-
tensity is higher at ¢ = 2.2 due to the increased cavitation-vortex
interaction. The high values of dilatation term are mainly displayed in

(a)

Fig. 15. The TLV incipient patterns at different cavitation stages. (a) ¢ = 3.5, (b) 6 = 2.2.

(b)
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Fig. 16. The streamlines of TLV trajectory and surface streamlines at blade SS. (a) 6 = 3.5, (b) 6 = 2.2.
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Fig. 17. The vorticity distribution on different slices. (a) 6 = 3.5, (b) 6 = 2.2.

the cavity region, and it is more visible 6 = 2.2. The effects of the Coriolis
force term on TLV are relatively weak, which is more noticeable around
the near wall region and wake of blade. The baroclinic torque term
shown in Figs. 18(d) and 19(d) is mainly concentrated near the interface
of liquid and vapor, which could be ignored at light cavitation stage ¢ =
3.5. Comparison of these four terms indicates that the stretching term is
dominant during the evolution of the TLV both in light and heavy
cavitation conditions. The contribution of the dilatation and baroclinic
torque terms to the vorticity transport of TLV cannot be ignored espe-
cially when cavitation is severe. By comparing with light cavitation case,
the cavitation around the tip region could promote the vorticity pro-
duction of TLV at the incipient stage and probably increases its intensity
in downstream development.

4.3.2. TLV morphology in the wake field

The effect of cavitation on the evolution of TLV in the wake field is
investigated. Fig. 20 shows the contours of pressure, velocity, and
vorticity at the x = 0 plane for two different cavitation conditions. The
vortex cores of the TLV identified by the low pressure region are marked
by the red dotted circles in pressure field. It is observed from pressure
field that the regions over which TLV passes show a noticeable low
pressure compared to the surroundings and finally fades into the far flow
field. The trajectories of the vortex cores fluctuate along the radial di-
rection at o = 2.2. For velocity field, although the group of secondary
vortices is found behind the duct outlet at ¢ = 3.5, the flow in the mixing
region of the main wake region and freestream is more stable. For
vorticity field, it can be seen that the mutual interference between
adjacent TLVs is stronger at ¢ = 2.2. Combining the pressure field, ve-
locity field and vorticity field, it is suggested that the TLV appears to be

10

.
200
1
\
1

more unstable in the wake field under heavy cavitation stage ¢ = 2.2.
Regarding the instability development of the TLV in the wake field, there
are many contributing reasons for this. Felli et al. (2011) conducted a
series of experiments with propellers and noted that the instability of tip
vortices may be more correlated to spiral-to-spiral distance between
adjacent tip vortices, which belongs to mutual-inductance mode of
instability which is theoretically proposed by Widnall (1972). Kumar
et al. (Kumar and Mahesh, 2017) performed LES to investigate the wake
instabilities of a five-bladed marine propeller and found that the inter-
action between some smaller vortices generated by the roll-up of the
blade trailing edge wake and tip vortex of the adjacent blade is the
preferred mechanism to cause instability of tip vortices. It can also be
concluded from their research that the actual mechanism for the un-
stable evolution of tip vortices is dependent on the rotor geometry itself
as well as the operating condition. Moreover, for the ducted-type pro-
pellers, the special duct-induced vortex could interact with the tip
vortices and thereby affect its evolution and stability (Gong et al., 2018;
Qin et al., 2021b).

In order to gain a clearer understanding on the effects of cavitation
on TLV development in the wake field, the vortex structures in wake
field are identified by the iso-surface of the Q-criterion (Q = 5000s2), as
shown in Fig. 21. The TLV develops in a spiral downstream driven by the
high velocity axial flow out of the duct, and its morphology is quietly
different in light and heavy cavitation condition.

At 6 = 3.5, the duct shear vortex is extensively present on the
external surface of the duct, it sheds from the trailing edge of the duct,
then merges with the outflowing TLV and eventually promotes the
generation of the secondary coherent vortex structures, which is also
obvious in Fig. 20. The TLV flowing from the duct shows slight
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(d)

Fig. 18. The different terms of vorticity transport equation on different slices at ¢ = 3.5. (a) stretching term, (b) dilatation term, (c) Coriolis force term, (d) baroclinic

torque term.

sinusoidal fluctuation along the spiral trajectory, as marked by the red
dashed ellipse, which is ascribed to short-wave instability of tip vortices
(Fellietal., 2011). Qin et al. (2021b) concluded that this phenomenon in
pre-swirl stator PJP is specially induced by the pre-swirl stator, by
comparing the wake vortex structures of PJP with and without stator
under the same operating condition. We further observed that the si-
nusoidal displacements exhibit 8 periods (8 crests and 8 troughs) during
the single TLV develops one rotation (360°) along the spiral path, this is
consistent with the number of stator blades which further supports the
conclusion proposed by Qin et al. (2021b). It is further found at 6 = 3.5
that the spiral shape of the TLV is gradually distorted with decreasing
intensity along the mainstream, and eventually being breakdown
downstream.

At the heavy cavitation stage ¢ = 2.2, the TLV develops in a
completely different pattern to that at ¢ = 3.5. Firstly, the duct shear
vortex is rarely observed on the duct outer surface and downstream. The
profile of duct is designed as an airfoil shape in current study, the
cavitation occurs at the LE of duct at ¢ = 2.2. The formation of cavitation
causes flow separation on the outer surface of duct and therefore leads to
the weakening of the duct shear vortex. It should be noted that the focus
of this study is mainly on the rotor cavitation, thus ignoring the potential
cavitation on stator blades and duct. Moreover, the short-wave insta-
bility of TLV still presents at ¢ = 2.2. The TLV looks stronger with a more
delayed breakdown downstream. The instability inception point of TLV
is marked by the black dashed line according to the definition proposed
by Felli et al. (2011). The instability of TLV is triggered earlier at 6 = 2.2
accompanied with significant mutual interference between adjacent tip
vortex filaments.

Comparing the TLV structures under the two cavitation conditions, it
is found that the degree of instability for the TLV outflowing the duct is
similar, indicating that the cavitation around the rotor tip region has a
small effect on the TLV instability in the wake field. As discussed in
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section 4.2.1, the shape of TLV is somewhat distorted in the incipient
stage at the heavy cavitation condition, however this is rapidly corrected
as the TLV moves towards the duct outlet under the restraint of shrink
duct. The strength of the TLV is slightly enhanced in the wake field at ¢
= 2.2, which is the result of the cavitation-vortex interaction at the
incipient region. The starting of instability for TLV at ¢ = 2.2 is earlier
than at ¢ = 3.5, while its dissipation downstream is more delayed. The
thrust loading of rotor drops significantly at heavy cavitation condition
¢ = 2.2, which in turn leads to the decrease of axial ejection velocity in
the core region of the PJP wake field. The reduction in axial velocity
would further cause the smaller spiral-to-spiral distance between the
adjacent TLVs, and consequently increase the mutual interference be-
tween consecutive spirals of the TLVs. This is one of the potential rea-
sons for the earlier TLV instability triggering at 0 = 2.2. Another possible
reason is the interaction between the TLV and sheet cavity induced
shedding vortices, which will be described in the next section. For the
different levels of TLV dissipation at different cavitation conditions, it is
speculated that this is mainly due to the different axial velocities in the
core region of the wake field. The large axial flow velocity accelerates
the transport of the TLV downstream, which in turn facilitates its viscous
dissipation.
and colored by velocity. (a) o = 3.5, (b) 6 = 2.2.

4.4. Effects of cavitation on trailing edge vortices interaction

As with TLV cavitation, the sheet cavitation occurs on the rotor blade
surface as the ambient pressure decreases. It is observed from the surface
streamlines shown in Fig. 16 that the intense flow separation happens
around the TE of blade SS at heavy cavitation condition ¢ = 2.2. The
backflow at the blade TE gathers with the main flow and flows radially
towards the blade tip, this is known as the radial re-entrant flow (David
Y. Tan et al., 2012b). The radial re-entrant flow is hardly able to induce
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(d)

Fig. 19. The different terms of vorticity transport equation on different slices at ¢ = 2.2. (a) stretching term, (b) dilatation term, (c) Coriolis force term, (d) baroclinic
torque term.

Cp

Fig. 20. Distributions of pressure, velocity, and vorticity in the wake field. (a) o = 3.5, (b) 6 = 2.2.
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Fig. 21. The TLV structures in the wake field identified by the Q-criterion (Q
= 5000s2).

the shedding of sheet cavity to large-scale cavities on the rotating blade
with slender shape and low attack angle (Zhao et al., 2021b). However,
its induced flow separation could increase the trailing vortex shedding.
Analysis of the velocity and vorticity fields in Fig. 20 reveals that there is
a stronger interaction between vortices behind the rotor at ¢ = 2.2,
which has a higher velocity gradient. Fig. 22 shows the half view of the
wake vortex system at different cavitation stages. It can be clearly seen
that a strong trailing vortex sheds off from the blade root of stator and
interferes with the rotating rotor. This stator root vortex is cut off by the
rotor blade, forming many small-scale vortices downstream of the rotor.
It is readily apparent that there are more small-scale vortices down-
stream of the rotor under heavy cavitation condition, as marked by the
black dashed ellipse. To further investigate the interaction process be-
tween the stator trailing vortices and the rotating rotor as well as the
sheet cavitation induced shedding vortices, the spatial-temporal evolu-
tion of the PJP trailing vortex system is extracted under different

Stator trailing vortex ~ Hub vortex
’ /

(a)

Interaction between the trailing

vortices of stator and rotor
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Stator trailing vortex Hubl vortex  Faster breakdown
.
’

(b)

\
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Fig. 22. The TLV structures in the wake field identified by the Q-criterion (Q =
5000s~2) and colored by velocity. (a) o = 3.5, (b) 6 = 2.2.
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cavitation conditions.

Figs. 23 and 24 show the complete interaction process between the
stator trailing vortices and the rotor within 0.4T, respectively, where T
represents a rotating cycle of rotor. At light cavitation stage ¢ = 3.5, as
marked by the black dashed ellipses in Fig. 23, a strong stator trailing
vortex is touching on the blade SS near the TE at ty+1/22.5T. With the
rotor rotating, this trailing vortex is cutting off by the following rotor
blade at tp+3/22.5T, and the short segment vortex is forming at the
blade PS accordingly. At to+4/22.5T, the downstream end of the short
segment vortex is merging with the rotor root trailing vortex, the U-
shaped vortex is subsequently restructuring during the ty+4/22.5T to
to+8/22.5T. At to+9/22.5T, the U-shaped vortex is preparing to break
up into two vortex segments and eventually dissipates downstream
under viscous effect. Similar to this interaction process, each stator
trailing vortex interferes with the rotor blades one after the other,
forming many vortex filaments with different scales downstream of the
rotor. At the heavy cavitation stage ¢ = 2.2, due to the thicker sheet
cavities on rotor blade SS, the stator trailing vortex directly interacts
with the sheet cavity induced vortices before being cut off by the rotor.
During the ty+3/22.5T to to+7/22.5T, the severed stator trailing vortex
quickly merges with the cavity induced vortices. Due to the continuous
disturbance of some small-scale shedding vortex filaments, the merged
U-shaped vortex starts to breakdown at ty)+8/22.5T, resulting in more
broken vortex filaments. The trailing vortices are dissipated more
quickly after experiencing enhanced interaction in heavy cavitation
condition, as evident from vorticity field in Fig. 20 and also Figs. 22-24.
Moreover, it is found in Figs. 20 and 22 that the hub vortex presents a
more stable shape in the downstream at ¢ = 3.5, while it transits faster
into the unstable pattern and finally breakdown at ¢ = 2.2 when the
massive small vortices around the rotor hub flow downstream and in-
teracts with the hub vortex. It could be concluded that the stator trailing
vortex inevitably interacts with the sheet cavities at the blade SS, which
increases the instability of the attached cavities and vortex shedding. On
the other hand, the trailing vortices induced by sheet cavities shed and
interact with the severed stator trailing vortices in the rotor outlet, un-
dergoing an evolution process of colliding, merging, and disintegrating,
which deteriorates the stability of the trailing vortex system downstream
of the PJP. The sheet cavities and trailing vortices interact with each
other, which could increase the hydraulic excitation of the PJP.

Fig. 25 presents the vorticity contours on a series of transverse planes
downstream of the rotor. At 0.1D, the stator trailing vortices shedding
from eight stator blades are obvious and some of them merged with the
rotor trailing vortices. It is obvious that the trailing vortices of rotor are
stronger at ¢ = 2.2 due to more cavity induced shedding vortices.
Whereafter, the rotor trailing vortices undergo the roll-up process due to
its velocity gradient in the radius direction (Qin et al., 2022), the stator
trailing vortices totally interacts with the rotor trailing vortices at 0.3D,
there are more small-scale vortex filaments generated at heavy cavita-
tion stage o = 2.2. Moreover, it is clearly observed at 0.3D-0.9D that the
upper part of rotor trailing vortices gradually touches on the TLVs, so
that a dynamic interaction between the rotor trailing vortex and the TLV
occurs, which is also observed in Fig. 20. This interaction is enhanced by
the cavitation induced vortices at ¢ = 2.2, which is another potential
reason to earlier trigger the instability of TLV under heavy cavitation
condition.

5. Conclusions

In this paper, numerical simulations of cavitating flow in a pre-swirl
stator PJP are carried out based on the DDES method coupled with a
homogeneous cavitation model. The cavitation patterns and hydrody-
namic loadings of the rotor, the cavitation effects on the evolution of
TLV in near and far field, and the interaction between trailing vortices of
PJP are contrastively analyzed under two typical cavitation conditions.
The conclusions are summarized as follows:
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ty+1/22.5T 1,1+3/22.5T
Fig. 23. The spatial-temporal evolution of the trailing vortex system of PJP at ¢ = 3.5.
48
0 1.5
ty+1/22.5T t,+2/22.5T 15+3/22.5T
Fig. 24. The spatial-temporal evolution of the trailing vortex system of PJP at ¢ = 2.2.

(1) The tip clearance cavitation, TLV cavitation and blade sheet effect of phase difference between each single blade of stator and
cavitation are considered as the main cavitation types for the rotor. The interaction between the proliferating blade sheet
rotor of pre-swirl stator PJP. The blade sheet cavities are cavity with the pre-swirl stator wake causes the dominant fre-
disturbed by the unsteady wake flow of pre-swirl stator, which quencies of rotor loading to shift from the rotor blade passing

distribute non-uniformly on adjacent rotor blades under the
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0.9D

Fig. 25. Distributions of vorticity on different transverse planes at different cavitation conditions. (a) ¢ = 3.5, (b) ¢ = 2.2.

frequency fgpr and its harmonics to stator blade passing fre-
quency fs and its harmonics.

(2) The effect of cavitation on TLV evolution is analyzed in both near
and far field. Analysis of relative vorticity transport equation
reveals that the stretching term dominates the transport of TLV
vorticity in the incipient stage. The dilatation and baroclinic
torque terms also have a strong influence on the evolution of the
TLV especially when cavitation is severe. Cavitation around the
tip region promotes the vorticity increment and further
strengthens the TLV downstream. In the far field, the TLV pre-
sents increased intensity and stronger instability under the heavy
cavitation stage. The enhanced mutual interference between
consecutive spirals of the TLVs due to the decrease of rotor thrust
loading and the increased interaction between the TLV and sheet
cavity induced shedding vortices are the main mechanism for the
earlier triggering of TLV instability at heavy cavitation condition.

(3) Cavitation affects the evolution of trailing vortex system in pre-
swirl stator PJP. The stator trailing vortices interact with the
blade sheet cavity, which increases the instability of the sheet
cavity and vortex shedding. On the other hand, the induced
shedding vortices interact with the severed stator trailing vortices
behind the rotor, undergoing an evolution process of colliding,
merging, and disintegrating, which deteriorates the stability of
the trailing vortex system. The sheet cavities and trailing vortices
interact with each other, which could increase the hydraulic
excitation of the PJP.

Nomenclature

Symbols

J advanced coefficient

Voo the uniform oncoming velocity

Krr rotor thrust coefficient
A blade chord ratio

Kor rotor torque coefficient
Krrp pressure force coefficient
nr rotor efficiency
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Krry viscous force coefficient

c cavitation number

Kp, normalized single blade thrust
Kos stator torque coefficient

Crpr pressure fluctuation intensity coefficient
Kr total thrust coefficient

Cp pressure coefficient

Na PJP efficiency

[0} normalized vorticity magnitude
Abbreviations

PJP pump-jet propulsor

TLV tip leakage vortex

PS pressure surface

SS suction surface

LES large eddy simulation

DES detached eddy simulation
DDES delayed detached eddy simulation
SST shear stress transport

LE leading edge

TE trailing edge

CFD computational fluid dynamics
FFT Fast Fourier Transform
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