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ABSTRACT

A numerical study based on detached eddy simulations is conducted to investigate the effects of the odd and even number of rotor/stator
blades, that is, nr/ns, on the hydrodynamic performance of a pre-swirl pumpjet propulsor (PJP). In this paper, six PJPs, the PJP 6-4 (ns–nr),
8-6, 10-8, 7-5, 9-7, and 11-9, are created. The hydrodynamic performance, the unsteady force of blades, and the wake structure of the PJPs
are compared. The results show that the frequency of the fluctuating force of the whole rotor highly depends on the number or, more specifi-
cally, the parity of nr. When the parameter nr is the even number, it can be found that the total unsteady force of the rotor blades will be
strengthened at the k-order stator-blades-passing frequency (k ¼ 1=2nr). Moreover, it indicates that the superposition-enhancement coeffi-
cient (is defined as A�) at k ¼ 1=2nr equals to nr, at least from the present tests. In terms of both the rotor and stator numbers are even, a
phenomenon of the rotor–stator resonance occurs at f ¼ 1=2nsnrfn, where fn represents the hub rotational frequency. This work is expected
to give some insight in the design of a PJP.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080661

I. INTRODUCTION

Pumpjet propeller (PJP) is a new type of propeller developed in
recent years. It comprises a rotor (a rotating vane system), a stator (a
stationary vane system), and a duct. According to the relative position
of the stator and rotor, the PJP can be divided into two categories: the
“pre-swirl PJP” (the stator is in front of the rotor) and the “post-swirl
PJP” (the stator is behind the rotor).1

In this study, the hydrodynamic performance of a pre-swirl PJP is
studied. For the pre-swirl PJP, the front stator can pre-swirl the incom-
ing flow to improve the working conditions of the rotor. Hence, the pro-
pulsion efficiency of the rotor is improved. In addition, the front stator
reduces the inlet flow of the rotor, leading to a reduction of the radiated
noise of the PJP.1 Therefore, since the birth of the PJP, it has received
extensive attention, and research of PJP has grown rapidly.2

The experimental test is an essential means to study the flow-
field characteristics of PJP. In 1963, McCormick and Elsenhuth3

pointed out that PJP has apparent advantages in efficiency and

cavitation performance with respect to other traditional propellers
through experimental data analysis. Subsequently, Hughes and
Kinnas4 proposed a ducted propeller with a pre-swirl stator [the front
stator is nine-bladed, while the rotor is a modified four-bladed
Massachusetts Institute of Technology (MIT) propeller]. This duct
propeller was later known as the pre-swirl PJP. The hydrodynamic
data of this model under different stator installation angles are tested
in the water tunnel of the MIT. In addition, Suryanarayana et al.5–7

have done a lot of research and experiments on a post-swirl PJP
(with a 21-bladed stator and 15-bladed rotor). They have tested the
hydrodynamic performance of PJP in the wind tunnel of the Indian
Navy science and Technology Laboratory. Those experiments mainly
focus on the thrust and torque of PJP under different working
conditions.

Therefore, computational fluid dynamics (CFD) method is
widely applied in the research of PJP due to the rapid growth of com-
puting power.
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Das et al.8 conducted a numerical simulation of PJP (with a 21-
bladed stator and 15-bladed rotor) based on standard k� e turbulence
model, and the numerical results are in good agreement with the
experimental results. Lu et al.9,10 studied the hydrodynamic perfor-
mance of PJP (with an 11-bladed stator and nine-bladed rotor) based
on SST (the shear-stress transport) k� x turbulence model. The for-
mation, transportation, and development of rotor tip vortices are ana-
lyzed. Qin et al.11 discussed the open water performance, pressure
field, and velocity field of a PJP (with an 11-bladed stator and nine-
bladed rotor) with different rotor tip clearances (0.2; 0.5; 1; 2, and
3mm, respectively). The results show that with the increase in rotor
tip clearance, the efficiency of the PJP gradually decreases. Qiu et al.12

discussed the unsteady excitation force and pressure pulsation of a PJP
(with an 11-bladed stator and nine-bladed rotor) under different obli-
que flow angles. Most of the aforementioned research works study the
time average pressure/velocity field of PJP based on the Reynolds-
averaged Navier–Stokes (RANS) equation combined with k� e or
SST k� x turbulence model.

In recent years, some researchers began to use detached eddy
simulation (DES) or large eddy simulation (LES) method to study the
unsteady flow field and the vortex structure of PJP. Sun et al.13 simu-
lated the flow of PJP (with a nine-bladed stator and seven-bladed
rotor) using LES. Denghui et al.1 discussed the difference of hydrody-
namic performance between the pre-swirl PJP (with an eight-bladed
stator and six-bladed rotor) and the post-swirl PJP (with an 11-bladed
stator and nine-bladed rotor). The three-dimensional structure of vor-
tices of rotor tip vortices of the two PJPs are compared. The vortex
instabilities in the wake of the rotor of a pre-swirl PJP are studied
based on the improved delayed detached eddy simulation (IDDES).
The results show that the IDDES has well captured the generation and
development of the tip vortices of PJP. A unique overlap–forward
instability mode of the tip vortex is found.14 Furthermore, the effect of
the duct and the pre-swirl stator on the wake dynamics of a pre-swirl
PJP (with an eight-bladed stator and six-bladed rotor) is numerically
studied based on the IDDES.2 In addition, the wake of this pre-swirl
PJP and the vortex morphology is investigated using stress-blended
eddy simulations.15

Until now, most of the research works are focused on the hydrody-
namic performance and the wake dynamics of the pre-swirl pumpjet
propulsor with a fixed number of blades, and less attention has been
paid to the study of different rotor/stator blades numbers, especially the
odd and even numbers. Few researchers studied the effect of blades
number on the flow of the single or the ducted propeller. Felli et al. com-
pared the flow of three E779A propellers with several different numbers
of blades (n¼ 2, 3, and 4) in the water tunnel. The effect of the spiral-
to-spiral distance on the wake instability of a single propeller is stud-
ied.16 In addition, Gong et al. compared the vortex structures of six pro-
pellers (the single propeller with n¼ 1, 2, and 4 blades and the ducted
propeller with n¼ 1, 2, and 4 blades). The tip vortex instability at the
different number of blades is studied.17 In addition, some of the research
works are carried out to study the wake instability of a propeller,18,19 a
submarine,20 and the wake–structure interaction between the propeller
and rudder.21–23 To the authors’ best knowledge, the study of PJP with a
different number of blades has not been carried out.

The PJP is always designed as an odd number of rotor/stator
blades (such as 21, 15, 11, 9 stator blades and 15, 11, 9, 7 rotor blades)
to avoid possible frequency resonance between rotor and stator.2

However, what are the conditions for the occurrence of resonance
phenomenon? Is an even number of blades necessarily a poor solu-
tion? These problems still need to be further solved. The determina-
tion of the number of blades is usually one of the several parameters to
be determined in the first step of PJP design. The choice of blade num-
ber also directly affects the hydrodynamic performance and the vibra-
tion performance of PJP. However, the direct comparison of the odd
and even rotor/stator numbers on the flow of PJP has not been studied
yet. An in-depth investigation of the underlying mechanisms of the
flow of PJP with the odd and even rotor/stator number is worth for
further investigation.

In the present work, the wake flow of a pre-swirl pumpjet propul-
sor with an odd and even rotor/stator number was investigated by
numerical simulations. PJPs with 10/8/6 stator blades and 8/6/4 rotor
blades and PJPs with 11/9/7 stator blades and 9/7/5 rotor blades are
selected. The hydrodynamic performance, the unsteady force of
blades, and the wake flow field of those PJPs are compared. This study
aims to get insight into the relationships between the hydrodynamic
performance and the parity of rotor/stator blades.

The paper is organized as follows. In Sec. II, the numerical meth-
odology is discussed. Section III gives the numerical setup and the vali-
dations cases. Section IV studied the open water coefficient, the
unsteady force of blades, and vortex structure of the PJP. Conclusions
are finally given in Sec. V.

II. MATHEMATICAL AND NUMERICAL MODELS

The flow of PJP is simulated based on the Reynolds-averaged
Navier–Stokes (RANS) equations
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where xi and xj (i; j ¼ 1; 2; 3) are the coordinate components, ui and
uj are the corresponding velocity components, p is the pressure, q is
the density of fluid, and l is the dynamic viscosity. Sj is a generalized
source term and qu0 iu0 j is the Reynolds stresses.

The improved delayed detached eddy simulation (IDDES)
model24 based on a modification of the shear stress transport (SST)
k� xmodel is used here,
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The complete formulation can be found in Ref. 25. Here, the
equations are solved based on a commercial software (Ansys 16.0).
For the DES approach studied here, the Pressure-Implicit with
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Splitting of Operators (PISO) algorithm is used. A standard second-
order scheme is used for the computation of Eulerian terms and vis-
cous terms. In addition, the physical time is discretized by a bounded
second-order method.

III. NUMERICAL SETUP
A. Model

In this paper, a pre-swirl pumpjet propulsor with eight stator
blades (ns¼ 8) and six rotor blades (nr¼ 6) [see Fig. 1(a)] is selected,
which is the same model in one of our numerical works before.14 It is
known that the blade numbers should not be an even number to avoid
possible resonance between the rotor and the stator. To quantitatively
evaluate the effect of the parity of nr and ns on the hydrodynamic per-
formance of PJP, several new pre-swirl PJP models are created: the
PJP 6-4 (ns¼ 6, nr¼ 4), 7-5 (ns¼ 7, nr¼ 5), 9-7 [ns¼ 9, nr¼ 7, see
Fig. 1(b)], 10-8 (ns¼ 10, nr¼ 8), and 11-9 (ns¼ 11, nr¼ 9). An intui-
tive comparison of those models is shown in Figs. 1(c)–1(e). It can be
seen that, for those PJPs, the hub and the duct (the maximum diame-
ter of the duct is Dd ¼ 0:2200 m) remain unchanged. In addition, one
important thing that should be mentioned is that the change in the
number of blades is not the replication of the original blades but to
keep the disk ratio of the rotor and stator unchanged. The chord
length and thickness of each section of the blade gradually change
with the corresponding number of blades, while the pitch of each sec-
tion remains unchanged. In addition, the central position of the rotor
blade remains unchanged, and the axial position of the stator leading
edge remains unchanged to keep the distance between the stator and

the hull unchanged. The comparisons of rotor and stator blades
are shown in Fig. 1(f). The maximum diameter of the rotor is
Dr ¼ 0:1664 m.

A coordinate system of the PJP is established. The geometric cen-
ter of the rotor is selected as the coordinate origin. The rotation axis is
set as z-axis, and the x-axis is the vertically upward direction after
assembly on the vehicle. The y-axis follows the right-hand rule.

B. Mesh details

The computational domain of the PJP models is the same,
with a cylinder of diameter 10Dd and length 20Dd . The inlet is 6Dd

upstream of PJP as shown in Fig. 2. In addition, it can be seen that
the computational domain is divided into four sub-domains: far-
field domain, near-field domain, rotor domain, and stator domain.
The near-field domain with diameter 1:5Dd and length 5Dd is
selected to reduce the number of meshes using the strategy of the
local grid refinement.26

For all the PJP models, the grid of the far-field domain and the
near-field domain are the same as shown in Figs. 3(a) and 3(b), respec-
tively. We can see several grid refinement areas: the wake region of the
PJP model, the region behind the duct, the rotor blades tip region, and
the wake region of the stator blades. In particular, the location and size
of these grid refinement areas are determined according to the precal-
culated flow field results. Only when the mesh of the PJP is fine
enough, the rotor–stator interaction can be accurately captured. In
addition, the topology of rotor domain and stator domain of PJPs is
the same. Considering the length of the paper, only the surface mesh

FIG. 1. The details of the PJP model: (a) the PJP 8-6 model; (b) the PJP 9-7 model; (c) side view of the PJP 8-6 and 9-7 model; (d) side view of the PJP 6-4 and 7-5 model;
(e) side view of the PJP 10-8 and 11-9 model; and (f) the PJP models.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 035120 (2022); doi: 10.1063/5.0080661 34, 035120-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


of the PJP 8-6 and 9-7 is shown in Figs. 3(c) and 3(d), respectively.
The same duct surface grid is illustrated in Fig. 3(e).

Table I lists the grid information for models. For the medium
grid of the PJP 8-6 (as shown in Fig. 3), the mesh number of rotor
domain, stator domain, near-field domain, and far-field domain is
10:53� 106; 6:82� 106; 11:44� 106, and 1:52� 106, respectively.
The total mesh number of PJP 8-6 is 30:31� 106, while that of the
other PJP models is about 27:72� 106 � 36:09� 106.

In addition, Fig. 2 shows the boundary condition setting. The
inlet surface is using the velocity inlet boundary condition with U0.
The pressure outlet boundary with 0Pa is applied to the outlet surface.
The surfaces of the PJP are set as no-slip walls. In the simulation, the

rotational speed of the rotor domain is fixed as 1200 rev/min. The
Reynolds number of PJP studied here is about 1:2� 105 � 8:5� 105.

C. Validation and verification

To validate the numerical method, the simulation results are
compared with the experiment of the PJP 8-6 model in the high-speed
water tunnel of the Science and Technology on Water Jet Propulsion
Laboratory, Marine Design and Research Institute of China. More
details of the experimental data can be found in Ref. 14.

Table II lists the definitions of the nondimensional physical
quantities used in the present study. In the table, n is the rotational

FIG. 2. Computational domains of the PJP 8-6 model.

FIG. 3. Grid details of the PJPs: (a) the far field mesh; (b) the near field mesh; (c) the surface mesh of the PJP 8-6; (d) the surface mesh of the PJP 9-7; and (e) the duct sur-
face mesh.
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speed of the rotor, which is fixed as N¼ 1200 rpm (rev/min,
n¼ 20 rev/s) here. q equals to the fluid density, V is the far-field
incoming flow velocity. Tr, Ts, and Td are the thrusts of the rotor, sta-
tor, and duct, respectively. Qr and Qs are the torque of the rotor and
the stator, respectively.

The predicted thrust coefficient of rotor, KTr, and torque coeffi-
cient of rotor, KQr, are compared with the experimental data in Fig. 4.
As shown, the simulation results agree well with the experimental
results, with a maximum relative error of about 4.48% (KTr at J¼ 0.2).
In general, the DES approach used here can accurately predict the flow
of PJP.

In addition, to carry out the grid independence test, a coarse grid
and a fine grid are generated based on the medium grid of the PJP 8-6
model. The number of nodes decreases or increases, leading to a total
mesh number of 12:53� 106 for the coarse grid and 54:66� 106 for
the fine grid. The grid independence test has been discussed in detail

in a previous article. Specific details of mesh refinement can be found
in references.26

Based on the theory of Celik et al.,27 the grid convergence analysis
results are shown in Table III. The maximum error happens in the
case J¼ 0.4 with only 0.98%. In general, the DES simulations results
show good convergence with the refinement of the grid. Here, the
medium-grid solution is adopted.

IV. RESULTS AND DISCUSSION
A. Hydrodynamic performance

For the convenience of later discussion, some variables are
defined as follows: nr is the number of rotor blades, ns is the number
of stator blades, n is the rotational speed of the rotor (in this research,
it is fixed as n¼ 20 rev/s). Tn ¼ 0:05 s is a hub rotation period, and
the corresponding frequency is fn ¼ 20Hz; fBPF ¼ nrfn is the blades
passing frequency of the rotor, and fS ¼ nsfn is the blades passing fre-
quency of the stator. In the frequency analysis of the unsteady variable,
the frequency will be normalized as k1 ¼ f =fBPF and k2 ¼ f =fS.

Figure 5 shows the comparison of the hydrodynamic perfor-
mance of the PJP 8-6 and PJP 9-7. The hydrodynamic coefficient
results of PJP are predicted based on the RANS simulation to save the
calculation cost.

As shown in Fig. 5(a), the open-water efficiency of both PJP
models, g, are nearly the same, only with a slightly decrease from
60.13% at J¼ 0.9 (for the PJP 8-6) to 59.71% at J¼ 0.9 (for the PJP
9-7). Hence, under the condition of keeping the disk ratio of blades

TABLE I. Grid information.

Total number (�106)

Working
condition

Rotor
domain

Stator
domain

Near-field
domain

Far-field
domain Total

PJP 8-6 coarse 4.32 4.29 3.20 0.72 12.53
PJP 8-6 medium 10.53 6.82 11.44 1.52 30.31
PJP 8-6 fine 20.14 11.93 20.54 2.05 54.66
PJP 6-4 8.16 6.60 11.44 1.52 27.72
PJP 7-5 8.95 7.20 11.44 1.52 29.11
PJP 9-7 12.08 7.54 11.44 1.52 32.58
PJP 10-8 12.89 8.69 11.44 1.52 34.54
PJP 11-9 14.08 9.05 11.44 1.52 36.09

TABLE II. Nondimensional physical quantities.

Physical quantity Definition

Advance coefficient
J ¼ V

nDr

Thrust coefficient of rotor
KTr ¼ Tr

qn2D4
r

Torque coefficient of rotor
KQr ¼ Qr

qn2D5
r

Torque coefficient of stator
KQs ¼ Qs

qn2D5
r

Thrust coefficient of stator
KTs ¼ Ts

qn2D4
r

Thrust coefficient of duct
KTd ¼ Td

qn2D4
r

Total thrust coefficient KT ¼ KTr þ KTs þ KTd

Total torque coefficient KQ ¼ KQr

Open water efficiency g ¼ J
2p

KT

KQ

FIG. 4. Comparisons of IDDES simulations results with the experimental data.

TABLE III. Grid convergence analysis.

J / Coarse Medium Fine e32a GCI32medium

0.4 KTr 0.6124 0.6121 0.6119 0.0003 0.28%
KQr 0.1013 0.1017 0.1020 0.0029 0.98%

1.0 KTr 0.4903 0.4881 0.4873 0.0014 0.27%
KQr 0.0847 0.0838 0.0843 0.0047 0.94%
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unchanged, the number of blades has little effect on the open-water
efficiency of the propeller.

As shown in Fig. 5(b), the KT and 10KQr of the PJP 9-7 are
slightly bigger than that of the PJP 8-6. Figure 5(c) compares the thrust
coefficients of rotor (KTr), stator (KTs), and duct (KTd) of PJPs. The
results show that the KTr of PJP 9-7 is slightly larger than the PJP 8-6,
while the KTs and KTd are nearly the same. Hence, the difference of KT

for the two PJPs is mainly caused by the rotor. The increase in the
number of blades has little effect on the thrust generated by the stator
and duct.

Considering the length of the paper, the hydrodynamic coeffi-
cients of other models with different number of blades will not be

discussed here. Let us focus on the unsteady flow of those PJP models
at different working conditions. The signals of unsteady thrust gener-
ated by the rotor/stator blades of the PJP are collected in a time range,
which is equal to 14 periods of propeller revolution in the steady state
(when the initial transient has completely died out).

For the PJP with even number of blades, at J¼ 1.0, the unsteady
force of each rotor blade of the PJP 6-4, the PJP 8-6, and the PJP 10-
8 is shown in Fig. 6. To quantitatively compare the rotor force of dif-
ferent PJP models, the unsteady force of each rotor blade is normalized
to K 0

Tri ¼ KTri � KTri (the numbering sequence is clockwise viewing
from the back of the model). As shown in the Figs. 6(a), 6(c), and 6(e),
the unsteady force of each rotor blade, KTri (i¼ 1, 2, 3,…), of the

FIG. 5. Hydrodynamic performance of PJPs: (a) the open water coefficient; (b) KT and 10KQr ; and (c) KTr, KTs and KTd.

FIG. 6. The unsteady force of rotor blades in the case J¼ 1.0: (a) time history of the PJP 6-4; (b) PSD of the PJP 6-4; (c) time history of the PJP 8-6; (d) PSD of the PJP 8-6;
(e) time history of the PJP 10-8; and (f) PSD of the PJP 10-8.
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PJP 6-4, 8-6, and 10-8 is close to sinusoidal signals, and the variation
period is Tr ¼ Tn=ns (Tn ¼ 0:05 s is a hub rotation period, and the
corresponding frequency is fn ¼ 20Hz).

The Fast Fourier Transform (FFT) analysis is carried out to
study the frequency characteristics of the unsteady force. As shown in
Figs. 6(b), 6(d), and 6(f), the power spectral density (PSD) spectrum of
KTri of PJPs has the same peaks in nfS (n¼ 1, 2, 3,…, and fS ¼ nsfn is
the stator blades passing frequency), which is consistent with the above
periodic results.

Then, the force of the whole rotor (use K 0
Tr ¼ KTr � KTr here) of

the PJP 6-4, the PJP 8-6, and the PJP 10-8 is shown in Figs. 7(a), 7(c),
and 7(e), respectively. The PSD spectrum of the unsteady force of the
rotor blade 1 (KTr1 ) and the whole rotor (KTr) of the three PJPs is
shown in Figs. 7(b), 7(d), and 7(f), respectively.

For the PJP 6-4, it can be seen that the total thrust of the rotor
obtained by the superposition of the four rotor blades presents as a
sinusoidal signal whose dominant frequency is 2fS. Compared with
the PSD of KTr1 , the peaks at 1fS and 3fS disappear, replaced by a sig-
nificant increase in the amplitude at 2fS.

For the PJP 8-6, the dominant frequency of PSD spectrum of the
KTr is transferred from 1fS to 3fS. Similarly, the dominant frequency of
the PJP 10-8 is transferred from 1fS to 4fS. Quantitatively, PSD ampli-
tudes at f ¼ k2fS (k2 ¼ 1; 2; 3;…nr) of KTr1 and KTr are compared as
shown in Table IV. In the table, the 0.5 power of the amplitude ratio
(PSD of KTr/PSD of KTr1 ) is used due to that the amplitude of PSD is
the square of the amplitude of FFT result.

The results show that, for a PJP with even number of rotor
blades, the peaks at the k2-order dominant frequency (k2 ¼ 1=2nr) of
the PSD of KTr is enhanced, while the peak amplitude at other orders
changes little or even decreases significantly. As for the slightly
increased amplitude, such as amplitude ratio 0:5 of 1.39 at k2 ¼ 2 and
amplitude ratio 0:5 of 5.24 at k2 ¼ 5 for the PJP 10-8, it is due to that
the amplitude of broadband component of PSD of KTr is obviously
higher than that of KTr1 [see Fig. 6(f)].

In addition, it should be noted that the amplitude ratio 0:5 at k2
¼ 1=2nr is just close to nr. For the PJP 6-4, the amplitude enhance-
ment coefficient of KTr is 3:86 � 4 at k2 ¼ 1=2nr , and it is 5:95 � 6
for the PJP 8-6 and 7:85 � 8 for the PJP 10-8. Therefore, it can be
inferred that, for a PJP with even number of rotor blades nr, a signal
superposition enhancement phenomenon will happen at k2 ¼ 1=2nr
with an amplitude enhancement coefficient of nr.

To test this conjecture, a simple analysis of the superposition pro-
cess of the unsteady forces of rotor blades is carried out. Here, we only
discuss the FFT expansion results of the forces of a single blade and
the whole rotor at f¼ fS.

For a pre-swirl PJP with nr rotor blades, at order k2 ¼ 1, the force
of a single rotor blade can be simplified as

KTri ¼ Ai cosð2pfSt � uiÞ; (6)

where the ui is the phase angle of the signal, and Ai is the
corresponding amplitude calculated based on the FFT results of KTri
(i ¼ 1, 2, 3,…, nr).

FIG. 7. The total unsteady force of rotor blades: (a) time history of the PJP 6-4; (b) PSD of the PJP 6-4; (c) time history of the PJP 8-6; (d) PSD of the PJP 8-6; (e) time history
of the PJP 10-8; and (f) PSD of the PJP 10-8.
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Here, it can be approximated that the amplitudes of all the KTri
are the same (equal to A),

KTri ¼ A cosð2pfSt � uiÞ: (7)

The force of the whole rotor, KTr, is

KTr ¼
Xnr
i¼1

KTri ¼
Xnr
i¼1

A cosð2pfSt � uiÞ; (8)

KTr ¼ A sinð2pfStÞ
Xnr
i¼1

sinðuiÞ þ cosð2pfStÞ
Xnr
i¼1

cosðuiÞ
" #

: (9)

Define variables as follows:

a ¼
Xnr
i¼1

sinðuiÞ; b ¼
Xnr
i¼1

cosðuiÞ: (10)

KTr is

KTr ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
sin ð2pfSt þ uallÞ; (11)

where the uall is the phase angle of the total force of the rotor.
Then, the signal superposition coefficient, A�, can be defined as

A� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
(12)

and KTr is

KTr ¼ AA� sinð2pfSt þ uallÞ: (13)

The signal superposition results of the first several orders of fS of
KTri are shown in Table V.

For the PJP 6-4, as shown in Fig. 6(a), the signal of four rotor
blades KTri can be divided into two groups (KTr1 and KTr3 ; KTr2 and
KTr4 ). The phase difference between the adjacent groups is about 180�

(at k2¼1, u1 � u2 ¼ 153� þ 27� ¼ 180�). Then, at k2 ¼ 2, the four
ui gradually approaching the same value with u ¼ �163�, leading to
a signal superposition coefficient of A� ¼ 4:00.

Similarly, for the PJP 8-6, at k2 ¼ 3, the six ui gradually
approaching the same value with u � �140�, leading to a signal
superposition coefficient of A� ¼ 6:00. As the number of rotor blades
increases, this uniform phase is gradually destroyed by small irregular
fluctuations, such as the PJP 10-8 (the eight ui is about 75

�–92�, lead-
ing to a slight error between A� ¼ 7:95 and nr¼ 8).

In general, it can be concluded that, for a pre-swirl PJP with an
even number of rotor blades (nr), the signal superposition-
enhancement phenomenon of KTri will happen at the k2-order

TABLE IV. Comparison of the PSD of the unsteady force between the single rotor blade and the total rotor.

Model
Thrust

coefficient k2 ¼ 1 k2 ¼ 2 k2 ¼ 3 k2 ¼ 4 k2 ¼ 5 k2 ¼ 6 k2 ¼ 7 k2 ¼ 8

PJP 6-4 KTr1 6.48� 10−6 3.17� 10−7 1.39� 10−8 4.59� 10−9 � � � � � � � � � � � �
KTr 8.76� 10−9 4.73� 10−6 3.73� 10−10 6.90� 10−8 � � � � � � � � � � � �

Amplitude
ratio 0:5

0.04 3.86 0.16 3.88 � � � � � � � � � � � �

PJP 8-6 KTr1 1.56� 10−7 3.95� 10−8 1.67� 10−9 3.10� 10−10 5.90� 10−10 8.22� 10−12 � � � � � �
KTr 7.91� 10−9 8.89� 10−11 5.92� 10−8 2.62� 10−10 3.74� 10−11 1.90� 10−12 � � � � � �

Amplitude
ratio 0:5

0.23 0.05 5.95 0.92 0.25 0.48 � � � � � �

PJP 10-8 KTr1 1.20� 10−7 9.32� 10−10 1.95� 10−10 8.03� 10−11 1.63� 10−13 1.06� 10−13 1.11� 10−14 1.96� 10−13

KTr 6.00� 10−12 1.80� 10−9 1.46� 10−10 4.94� 10−9 4.47� 10−12 9.27� 10−13 5.78� 10−13 7.28� 10−13

Amplitude
ratio 0:5

0.01 1.39 0.87 7.85 5.24 2.96 7.22 1.93

TABLE V. The superposition of the unsteady forces of rotor blades.

Model Order Phase angle i ¼ 1 i ¼ 2 i ¼ 3 i ¼ 4 i ¼ 5 i ¼ 6 i ¼ 7 i ¼ 8 A�

PJP 6-4 k2 ¼ 1 ui 153 −27 153 −28 � � � � � � � � � � � � 0.03
k2 ¼ 2 −163 −165 −163 −165 � � � � � � � � � � � � 4.00

PJP 8-6 k2 ¼ 1 ui −158 80 −38 −158 79 −38 � � � � � � 0.11
k2 ¼ 2 110 −129 −5 112 −132 −3 � � � � � � 0.21
k2 ¼ 3 −139 −142 −140 −144 −144 −142 � � � � � � 6.00

PJP 10-8 k2 ¼ 1 ui 55 −33 −126 148 55 −31 −125 148 0.01
k2 ¼ 2 −137 56 −132 69 −134 65 −127 61 1.04
k2 ¼ 3 66 164 −99 −14 74 166 −101 −22 0.37
k2 ¼ 4 79 84 75 92 79 92 76 90 7.95
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dominant frequency (k2fS; k2 ¼ 1=2nr). The dominant frequency of
the unsteady force of the whole rotor, KTr, will be moved from the sta-
tor blades passing frequency (for a single rotor blade), fS, to its har-
monic k2fS. In addition, the signal superposition coefficient at f ¼ k2fS
will be A� ¼ nr .

However, for the PJP with odd number of blades, at J¼ 1.0, the
unsteady force of each rotor blade of the PJP 7-5, the PJP 9-7, and the
PJP 11-9 is shown in Figs. 8(a)–8(c), respectively. The results show
that no such obvious signal superposition-enhancement phenomenon
is found for those three PJPs. As shown in Fig. 8(c), the peaks at nfS of
KTr are similar to that of KTr1 .

Hence, only the nr is an even number, the signal superposition-
enhancement phenomenon of unsteady force of rotor blades will hap-
pen at the k2-order dominant frequency (k2 ¼ 1=2nr).

Similarly, the forces of individual stator blades, KTsi , are shown in
Figs. 9(a) and 9(b). Based on the FFT results [see Figs. 9(c) and 9(d)],
the characteristic frequency of KTsi for both PJPs is nfBPF (120, 240,
360, 480Hz… for the PJP 8-6; 140, 280, 420, 560Hz… for the PJP 9-
7). In addition, for both PJPs, a peak at 650Hz was observed. We guess
this frequency is the shedding frequency of the stator trailing vortex,
which will be discussed later. Here, although the number of stator
blades is different, the incoming flow velocities of both PJPs are the
same, resulting in the same vortex shedding period.

Furthermore, the comparison of different numbers of stator blade
forces is shown in Fig. 10. First, the dominant frequency of a single sta-
tor blade is 1fBPF, that is, the passing frequency of the rotor blade.

With the increase in the number of stator blades (ns), the amplitude of
PSD decreases gradually.

For even ns stators, as shown in Fig. 10(a) (the PJP 6-4), it can
be seen that the peak at 1fBPF and 2fBPF decreases, while the peak
value at 3fBPF increases significantly. Similarly, the dominant fre-
quency of KTsi of the PJP 8-6 is 4fBPF [see Fig. 10(c)], while that of
10-8 is 5fBPF [see Fig. 10(e)]. In addition, for odd ns stators [see
Figs. 10(b), 10(d), and 10(f)], there is no signal superposition
enhancement phenomenon as discussed before, but the increase in
broadband component.

Therefore, the same conclusion holds for the stator: for a pre-
swirl PJP with an even number of stator blades (ns), the signal
superposition-enhancement phenomenon will happen at the k1-order
dominant frequency (k1 ¼ 1=2ns). The dominant frequency of the
unsteady force of the stator, KTs, will be moved from the rotor blades
passing frequency, fBPF, to its harmonic k1fBPF ; k1 ¼ 1=2ns.
Combined with the conclusion of the rotor, it can be inferred that for
a pre-swirl PJP with even blades (rotor or stator), the signal
superposition-enhancement phenomenon will happen at the k-order
dominant frequency (k ¼ 1=2n, n is the corresponding blades num-
ber). As for the signal superposition enhancement coefficient of the
stator, for the PJP 6-4, the PSD of KTsi is 1:28� 10�10, the PSD of KTs

is 5:48� 10�9, and the 0.5 square of the amplitude ratio is 6.54 (is
close to ns¼ 6); for the 8-6, the 0.5 square of the amplitude ratio is
12.60 (bigger than ns¼ 8); for the PJP 10-8, it is 3.00 (smaller than
ns¼ 10). Therefore, for the stator blades, it is difficult to maintain

FIG. 8. The unsteady force of rotor blades in the case J¼ 1.0: (a) time history of the PJP 7-5; (b) PSD of the PJP 7-5; (c) time history of the PJP 9-7; (d) PSD of the PJP 9-7;
(e) time history of the PJP 11-9; and (f) PSD of the PJP 11-9.
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A� ¼ ns. The reason can be found from Fig. 9, and the mean value of
KTsi no longer remains a same value. In addition, the fluctuation ampli-
tude of the stator blades is much smaller than that of the rotor blades.

More importantly, it is worth noting that the k1fBPF and k2fS
is equal. It is well known that two objects vibrating at the same

frequency will resonate. For a PJP with an even rotor number nr
and an even stator number ns, the dominant frequency of the
unsteady force of the rotor will be kfS ¼ 1=2nrfS ¼ 1=2nrnsfn and
the dominant frequency of unsteady force of stator will be kfBPF
¼ 1=2nsfBPF ¼ 1=2nsnrfn. Therefore, for PJP with even numbers of

FIG. 9. Unsteady forces of stator blades for the PJP model in the case J¼ 1.0: (a) the time history of the PJP 8-6; (b) the time history of the PJP 9-7; (c) PSD of the PJP 8-6;
and (d) PSD of the PJP 9-7.

FIG. 10. Comparison of the PSD of the unsteady force between the single stator blade and the total stator: (a) the PJP 6-4; (b) the PJP 7-5; (c) the PJP 8-6; (d) the PJP 9-7;
(e) the PJP 10-8; and (f) the PJP 11-9.
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nr and ns, the rotor–stator resonance phenomenon occurs at
f ¼ 1=2nsnrfn.

However, this does not mean that an even number of rotor
blades cannot be used for PJP. As shown in Fig. 7, the dominant
frequency of unsteady force of the rotor is transferred from 1fS to
1=2nrfS. Hence, this signal superposition weakening phenomenon
at low frequency is valuable to transfer the dominant frequency
from low frequency to high frequency. In addition, as shown in
Table IV, the A� at k2 ¼ 1 for the PJP 6-4 is 0.04; the A� at k2 ¼ 1
for the PJP 8-6 is 0.23, and for PJP 10-8, it is 0.01, which means the
even number of rotor blades will lead to a significant reduction of
the pulsation amplitude of the force generated by the rotor at lower
orders of dominant frequency, which will help to reduce the vibra-
tion and noise levels caused by the rotor.

B. Vortex structure and evolution

Next, take the PJP 8-6 and PJP 9-7 models as examples for com-
parison. Figures 11 and 12 show the instantaneous Q surfaces of the
PJP 8-6 and the PJP 9-7 in the case of J¼ 1.0.

For both PJPs, a relative complex vortex system, which consists
of the tip vortices, the hub vortices, the duct-induced vortex (see
Fig. 11), the rotor trailing vortices, and the stator trailing vortices, is
found for the PJP.

First, let us discuss the evolution of tip vortices. As shown in Fig.
11(a), obvious tip vortices can be found in the wake of PJP, which
maintains a long distance downstream the duct. Furthermore, it
should be noted that the spiral tip vortex filaments present a small
amplitude oscillation in the form of a sinusoidal curve, which is very
different from the standard spiral filament.16 In the study of Qin
et al.,2 this form of oscillation is called short-wave instability of PJP,

caused by the stator blades. Qin et al.2 compared the vortex structure
of a normal PJP with the PJP without stator (contains rotor and duct),
and it is found that the tip vortex of PJP presents a standard spiral
shape without stator, which confirms the conclusion. This short-wave
instability originates from the definition of Saffman,28 in which the
smooth-sinuous-wave-type mode of tip filaments is called as short-
wave instability mode.

Besides the spiral tip filaments, it is clearly observed from Fig. 11
that some small vortices appear between the tip vortices, which evenly
surround those spiral filaments. The structural form of those small
vortices is the same as the “secondary vortex structure” according to
Gong’s research.17 In his paper, those secondary vortices happen in
the case of the ducted propeller, while no such vortices are generated
for the same propeller without duct. Hence, those secondary vortices
are caused by the duct.

The specific structure of the secondary vortices can be seen in
Figs. 13(a) and 13(b). At the outer surface of the duct, a uniform
layer of sheet vortex representing the boundary layer flow is found.
With the fluid develops downstream, this sheet vortex gradually
begins to separate from the wall, forming the duct-induced vortex
with ring shapes as shown in Fig. 11(a). At the trailing edge of the
duct, the duct-induced vortex begins to interact with the tip vortex,
forming some broken small vortex groups rotating around the tip
vortex, which is the reason for the generation of the secondary
vortex.

More details of the secondary vortex can be seen in Fig. 14(c), in
which the contour of x component of vorticity in the y–z plane is
given. As shown in Fig. 14(d), the tip vortices can be obviously identi-
fied as a series of blue circles. However, a circle of small vortex is found
around every tip vortex, whose upper part is red and the lower part is

FIG. 11. Instantaneous Q surfaces (Q¼ 10 000 s−2) of the PJP in the case J¼ 1.0, colored by the velocity magnitude scaled by U: (a) the PJP 8-6 and (b) the PJP 9-7.
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FIG. 12. Half section view of the instantaneous Q surfaces (Q¼ 10 000 s−2) of the PJP, colored by the velocity magnitude scaled by U: (a) the PJP 8-6 and (b) the PJP 9-7.

FIG. 13. Views of the vortices of PJP: (a) the instantaneous surfaces of vorticity magnitude of the PJP 8-6; (b) the instantaneous surfaces of vorticity magnitude of the PJP 9-
7; (c) the vorticity magnitude in the x–y plane normalized with U/D of the PJP 8-6; and (d) the vorticity magnitude in the x–y plane normalized with U/D of the PJP 9-7.
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blue. The secondary vortex (marked by white lines), which rotates
around the tip vortices, is generated.

The secondary vortex, rotating around the tip filaments, will
inevitably exert a force on the tip filaments, increasing the self-
induction instability of tip vortices and changing the vortex tube from
standard cylindrical to twist shape. As shown in Fig. 11, with the fluid
flowing further downstream, there are more and more secondary vor-
tices, accompanied by the increase in the twist degree of the spiral fila-
ments of tip vortices.

According to Felli et al.,16 the instability inception point of tip
vortices is defined as the first position at which the gradient of the tip
vortex envelope equals 50% of the maximum slope. Based on the loca-
tion of the instability inception point, the wake of PJP can be divided
into two parts: the transition region and the unstable region. The posi-
tion of instability transition point has been marked with a dotted line
as shown in Fig. 11. As shown, the transition-to-instability position of
the PJP 9-7 (about z=D ¼ 1:6) moves upstream with respect to the
PJP 8-6 (about z=D ¼ 1:8).

A clearer contrast of the tip vortices of the two PJPs is shown in
Fig. 15. For the PJP 8-6, the tip filaments maintain a spiral for a long
distance downstream of the duct. With fluid developing downstream,

the gradual twist of tip filaments happens until finally breaking down
in the far field. However, for the PJP 9-7, the local wave amplitude of
tip filament is much larger. A pairing phenomenon of adjacent tip
filaments happens before the transition-to-instability position [see
Fig. 15(b)].

The instantaneous positions of the tip vortices in the upper part
of the y–z plane of PJPs are compared in Fig. 15(c). In the figure, the
range of the duct region, the transition region, and the unstable region
of PJPs are marked with blocks of different colors. The transition-to-
instability position of the PJP 9-7 is at about z=D ¼ 1:6, where the
radius of tip vortices of the PJP 9-7 encounter small fluctuations due
to the pairing phenomenon of tip filaments.

For both PJPs, the morphology of the tip vortices is gradually
modified by the generation and growth of perturbations caused by the
secondary vortices and adjacent tip filaments, which trigger the insta-
bility of tip vortices.

Furthermore, the axial distance between two adjacent helical fila-
ments (ziþ1 � zi) is defined as the helical pitch of ith tip filament, P.
As compared in Fig. 15(d), the P=Dmean of the PJP 9-7 is about 0.16,
which is obviously smaller than that of PJP 8-6 with P=Dmean ¼ 0:2.
The reduction of the spiral-to-spiral distance of tip vortices can also be

FIG. 14. Instantaneous flow field in the y–z plane: (a) the pressure coefficient; (b) the velocity magnitude; (c) the x component of vorticity normalized with U/D of a ¼ 0�; and
(d) the zoom-in view.
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observed in Fig. 14(a), where the uniform low-pressure regions
(marked with red circles) caused by the tip vortex of the two PJPs
show a clear difference. Hence, it looks like that the moving upstream
of the transition-to-instability position for the PJP 9-7 is caused by the
reduction of P/D.

This conjecture is consistent with the conclusion of Felli et al.16

that the transition to the instability shows a clear dependence on the
spiral-to-spiral distance. More specifically, the smaller the P/D is, the
bigger is the mutual interaction between adjacent tip filaments, which
means the tip filaments are more likely tending to interact mutually
and form the pairing phenomenon. Hence, the transition-to-instability
position moves upstream more and more with an increasing number
of rotor blades (nr), owing to the reduction of spiral-to-spiral distance.
This supports the thesis of Felli et al.16 that the instability triggering
mechanism is the mutual interaction between adjacent tip spirals.

Second, we discuss the trailing edge vortices of PJPs. The stator
trailing vortex, rotor trailing vortex, and hub vortex form the complex
vortex system of PJP. There is a complex interaction between the three
vortices.

As shown in Fig. 12, the stator trailing edge vortex is a layer of
vortex falling off from the stator trailing edge. As shown in Fig. 13(c),
eight trailing wakes of stator can be seen at z=D ¼ �0:3, while nine
for the PJP 9-7 [see Fig. 13(d)]. At z=D ¼ 0:1, the upper part of stator
trailing wakes has been dispersed, while only the root vortex (marked
with black circles) is retained. Further downstream, those root vortices
gradually interact with the rotor trailing wake, leading to the twist at
the root of rotor trailing wake at z=D ¼ 0:3. In general, with the devel-
opment of fluid downstream, most of the stator trailing vortices break
down due to viscous dissipation, while the stator trailing root vortex
directly flows into the rotor domain and interacts with the rotor
trailing vortex.

The spatial evolution process of rotor trailing wake [see Figs. 13(c)
and 13(d)] is usually called the roll-up process (the upper part of the
trailing edge vortex undergoes a progressively increasing angular dis-
placement and a radial rise2).

The roll-up process of the rotor trailing vortex is caused by the
velocity difference in the radius direction in the wake of propeller. As
shown in Fig. 14(b), the convection speed of the upper part of trailing
edge is larger than the root region [as shown by the high-velocity line
in Fig. 14(b)], which will lead to a faster movement downstream.

As shown in Fig. 14(d), with the fluid developing downstream,
the upper part of rotor trailing edge vortices gradually approach the
tip vortices and will interfere with the adjacent tip vortex. This inter-
ference between trailing edge vortices and tip vortex is marked with
“interference 2” in the figure, while the multi-interference between two
adjacent tip vortices is marked with “interference 1.”

According to the research of Wang et al.,18 the two underlying
mechanisms that trigger tip vortex instability is the interference
between the trailing edge vortex and the tip vortex and multi-

FIG. 15. View of the tip vortex structure of PJP (Q¼ 50 000 s−2): (a) the PJP 8-6; (b) the PJP 9-7; (c) the radius of the tip vortices core in the y–z plane; and (d) the helical
pitch ratio.

FIG. 16. Probes setting for the PJP.
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inductance of tip vortices. As shown in Fig. 14(d), it looks like that, for
both PJPs, the roll-up process and the contact process between the
trailing edge vortex and the tip vortex is the same. According to the
research of Okulov,29 the instability of rotor tip vortices is considered
triggered by the complete development of the roll-up process. This
seems to be in contrast with the results here that the transition-to-
instability position of PJP 9-7 moves upstream than the PJP 8-6. We
speculate that the interference between trailing edge vortices and tip
vortex is small. For PJP, the instability of tip vortex is more triggered
by multi-inductance of tip vortices. This is consistent with the conclu-
sion of Felli et al. that the transition to instability is correlated more to
the mutual interference between consecutive vortices than to the com-
plete development of the roll-up process of the rotor trailing wake.16

In general, for PJP, the instability of the tip vortex show a clear
dependence on the number of rotors (not depending on the parity of
the number of rotors). The greater the number of rotor blades is, the
shorter the spiral-to-spiral distance is, and the greater the mutual
inductance between tip vortices is, which triggers the instability of tip
vortices. The transition-to-insatiability point of the rotor tip vortex
moves upstream with an increasing number of rotor blades.

Furthermore, the evolution of the wake flow can be inspected by
analyzing the kinetic energy K ¼ 0:5ðu2 þ v2 þ w2Þ. To this end, six
probes (probes P1,…, P6) are created (r=D ¼ 0:45; z=D ¼ 0:2, 0.5, 1,
1.5, 2, 2.5) as shown in Fig. 16.

The power spectral density (PSD) of the turbulence kinetic
energy (TKE) at probes P1 is shown in Fig. 17. For both PJPs, the obvi-
ous peaks at nfBPF can be found in the power spectrum, which is con-
sistent with the conclusion of Mascio et al.30 that the TKE spectra in
the tip region of E779A are characterized by peaks of nfBPF. The
dimensionless PSD values at nfBPF using 20lg ðPSD=ð1� 10�12ÞÞ (dB)
are shown in Fig. 17(b). At k1 ¼ 1, the PSD of P1 for the PJP 9-7 is
6.4 dB bigger than the PJP 8-6, and it is 12.9 and 2.5 dB at k1 ¼ 2 and
k1 ¼ 3. Hence, similar to the unsteady force generated by the rotor,
the fluctuation amplitude of TKE at the tip of the PJP 9-7 is bigger
than the PJP 8-6 at low-frequency range.

In addition, several peaks at k1 ¼ 1=3 and k1 ¼ 2=3 are found
for the PJP 8-6, while k1 ¼ 2=7; k1 ¼ 3=7, …, k1 ¼ 6=7 are found
for the PJP 9-7. Those frequency is the shaft frequency and its har-
monics. For the PJP 8-6, it looks like that only the peak at fi ¼ 2ifn,
i¼ 1, 2, 3, … due to the even number of rotor blades. For the PJP 9-7

FIG. 17. Comparison of TKE at P1 of the two PJPs: (a) the PSD and (b) the dimensionless quantity of PSD at kfBPF.

FIG. 18. PSD of TKE at P1 and P2: (a) the PJP 8-6 and (b) the PJP 9-7.
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with an odd number of rotor blades, it happens at fi¼ ifN, i¼ 1, 2, 3,
…. Therefore, the odd and even number of rotor blades will result in
a different line spectrum of TKE at the tip region.

Furthermore, Fig. 18 shows the distribution of the normalized
power spectrum of P1 and P2 of PJPs. The amplitude of power spec-
trum of P2 increases obviously with respect to P1 for both PJPs. As
discussed before, at P2 (z=D ¼ 0:5, right behind the duct), the second-
ary vortices are generated due to the duct, and the tip filaments of
both PJPs are disturbed by interactions induced by those secondary
vortices. This is why the power spectrum of P2 has a bigger amplitude.

As proposed by Felli et al.,16 for a single propeller, the energy
transfer from blade harmonics to shaft harmonics will happen in the
wake field. Here, similarly, from the transition region (P4) to the
unstable region (P6), the peak at nfBPF reduces obviously for both PJPs
(see Fig. 19). At P6, the shaft harmonics is the main contribution of
the spectrum for both PJPs. Therefore, the energy transfer process
from blade harmonics to shaft harmonics of the pre-swirl PJP is simi-
lar with the single propeller.

V. CONCLUSIONS

In this paper, DES simulations are carried out to investigate the
effect of an odd and even number of rotor/stator blades on the hydro-
dynamic performance of the pre-swirl pumpjet propulsor (PJP). The
hydrodynamic performance, the unsteady force of blades, and the vor-
tex structure of six PJPs, the PJP 6-4 (ns–nr), 8-6, 10-8, 7-5, 9-7, and
11-9, are compared.

The study aims to get insight into the relationships between the
hydrodynamic performance of the PJP and the parity of rotor/stator
blades as well as to highlight the main features of the vortex destabiliz-
ing mechanisms for the PJP.

The results show that for the pre-swirl PJP, the characteristic fre-
quency of the unsteady force of a single rotor blade is the stator blade
passing frequency and its harmonics, which does not depend on the
number of the blade. In contrast, the characteristic frequency of
unsteady force of the whole rotor depends on the number or, more
accurately, on the parity of the number of rotor blade:

(1) For a pre-swirl PJP with an even number of nr, the signal
superposition-enhancement phenomenon of unsteady forces of
rotor blades will happen at the k-order dominant frequency
(k ¼ 1=2nr). More importantly, the signal superposition coeffi-
cient at k ¼ 1=2nr is A� ¼ nr , at least from the present tests.
The dominant frequency of the unsteady force of the rotor will
be moved from the stator blades passing frequency, fS, to its
harmonic kfS, k ¼ 1=2nr .

(2) For a pre-swirl PJP with an odd number of rotor blades (nr),
the amplitude of KTr changes slightly with respect to a single
rotor blade. The dominant frequency of the unsteady force of
the rotor, KTr, is still the stator blades passing frequency, fS.

In terms of both the rotor and stator numbers are even, a phe-
nomenon of the rotor–stator resonance occurs at f ¼ 1=2nsnrfn,
where fn represents the hub rotational frequency.

In addition, the instability of tip vortex of the PJP depends on the
number of rotor blades (the spiral-to-spiral distance). The greater the
number of rotor blades, the shorter the spiral-to-spiral distance, and the
faster the instability of tip vortices happens. The transition-to-insatiabil-
ity point of the rotor tip vortex moves upstream with an increasing
number of rotor blades, and it is independent of the number of stators.
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FIG. 19. PSD of TKE at P4, P6: (a) the PJP 8-6 and (b) the PJP 9-7.
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