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Abstract: Reducing the noise of the underwater propulsor is gaining more and more attention in the
marine industry. The pump-jet propulsor (PJP) is an extraordinary innovation in marine propulsion
applications. This paper inspects the effects of blade number on a pre-swirl stator pump-jet propulsor
(PJP) quantitatively and qualitatively. The numerical calculations are conducted by IDDES and
ELES, where the ELES is only adopted to capture the vortical structures after refining the mesh. The
numerical results show good agreement with the experiment. Detailed discussions of the propulsion,
the features of thrust fluctuation in time and frequency domains, and the flow field are involved.
Based on the ELES results, the vortices in the PJP flow field and the interactions between the vortices
of the stator, rotor, and duct are presented. Results suggest that, though changing the blade number
under a constant solidity does not affect the propulsion, it has considerable effects on the thrust
fluctuation of PJP. The wakes of the stator and rotor are also notably changed. Increasing the stator
blade numbers has significantly weakened the high-intensity vortices in the stator wake and, hence,
the interaction with the rotor wake vortices. The hub vortices highly depend upon the wake vortices
of the rotor. The hub vortices are considerably broken by upstream wake vortices when the load per
rotor blade is high. In summary, the blade number is also vital for the further PJP design, particularly
when the main concerns are exciting force and noise performance.

Keywords: pump-jet propulsor; hydrodynamics; blade number; vortices

1. Introduction

Nowadays, the pump-jet propulsor (PJP) has been widely equipped in torpedos and
submarines owing to its high efficiency and outstanding noise resistance. PJP is a multi-
component underwater propulsor consisting of a duct and a stator and rotor vane cascades
inside the duct. The stator can be installed either upstream or downstream of the rotor,
whose installed position categorizes the PJPs into two main forms: the pre-swirl stator
form and the rear stator form. The PJP hydrodynamics sets the characteristic performance
of the underwater vehicles, and hence the PJP is receiving increased attention.

The propulsion features and flow of PJPs have been widely studied through both
numerical approaches and experiments. Suryanarayana et al. [1] evaluated the PJP per-
formance in a wind tunnel and then Suryanarayana et al. [2] evaluated the PJP perfor-
mance again in a cavitation tunnel and considered the trim angle effects. Later, Surya-
narayana et al. [3] obtained the cavitation performance of a PJP. Results show that the tip
clearance between the rotor blade tip and the duct is the easiest cavitation place.

Since computers have become powerful, investigating the PJP via the numerical
method is the main strategy. Many aspects of the PJP investigation have been studied
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via computational fluid dynamics (CFD), including the performance [4-9], flow charac-
teristics [10-12], cavitation [13,14], and noise [15]. Besides, the panel method based on
potential flow theory is an alternative to obtain the performance [16,17], which plays
an important role in quickly obtaining PJP performance and optimization. In CFD, the
Reynolds-averaged Navier—Stokes (RANS) approach is preferred to obtain the PJP per-
formance and flow [4-10]. However, the RANS approach is not expert in modeling the
turbulence structures as the Reynolds-averaged method smoothes many details. The large
eddy simulation (LES) and even the direct numerical simulation (DNS) are outstanding
in modeling the complex turbulence and have been successfully applied in modeling the
flow around propellers [18-20] and a propeller blade [21]. However, it is still a challenge
when employing the LES to model the whole flow field of a complex propulsor due to
the mesh requirement of LES. Up to now, the hybrid RANS/LES is a compromise to
model the interesting flow region, which has been employed in underwater propulsors
for performance and flow details [11,12,22]. Li et al. [11] comparatively investigated the
PJP wake vortical structure with different hybrid RANS/LES approaches, which suggests
that the improved delayed detached eddy simulation (IDDES) and stress-blended eddy
simulation (SBES) have an outstanding ability to model the wake. Then, they revealed
the underlying mechanism of the wake instability [12]. Pan et al. [14] obtained the PJP
cavitation performance in the hull condition via the RANS approach with the shear stress
transport (SST) k — w turbulence model. The results illustrated that the cavitation begins at
the tip clearance region. The cavitation in tip clearance leakage flow enhances the leakage
flow vorticty [23] and accelerates the expansion and contraction of the tip vortex [24].
These studies further suggest that controlling the tip clearance leakage flow is important.
Sun et al. [15] investigated the feasibility of using a serrated trailing edge duct in a PJP for
noise reduction. Su et al. [25] concluded that the force fluctuation of the rotor dominates
the vibro-acoustics response caused by PJP.

As PJP is a multi-component propulsor, most investigations on PJP performance
and flow are conducted focusing on the effects of these component parameters. The ro-
tor is the working component and there is a tip clearance between the rotor blade tip
and duct. The tip clearance forms a characteristic flow in the PJP flow field and signif-
icantly affects the PJP performance [6,7,9]. ]i et al. [26] assessed the effects of thicken-
ing and raking the rotor blade tip on attenuating the tip clearance flow. Decreasing or
thicking and raking tip clearance considerably weakens the intensity of the tip vortices.
Yu et al. [8] investigated the effects of stator incidence angle, stator-rotor spacing, and stator
chord length on PJP performance, which shows that the first two parameters considerably
affect the rotor force fluctuations. Huang et al. [9] studied the effects of duct main parame-
ters on PJP performance. The expansion ratio of the duct outlet and the incidence angle of
the duct also significantly affects the tip clearance flow.

The tip clearance and duct also exist in a ducted propeller. According to the investi-
gations on the ducted propeller, the duct existence delays the wake constraction [27] and
changes the tip vortex trajectory [28]. The bio-inspired blade also weakens the effects of
low pressure in tip clearance leakage flow on the blade suction side [29]. For a propeller,
the tip flow characterizes its wake topology. Without holding the propeller expansion
area ratio, directly changing the blade number notably changes the performance [30-32]
while the tip vorticity is not notably changed [31] as the load on per blade is not changed.
Besides, the blade trailing wakes in propeller wake are restrained by increasing the skew
angle [32,33].

The stator and rotor as vane cascades in a PJP, their blade numbers characterize the
wake topologies of the stator and rotor, also the tip clearance leakage flow for the rotor,
hence affecting the interactions between the stator, rotor, and duct, as well as the PJP wake
features. As introduced before, the effects of blade number under constant solidity on
the PJP performance and flow vortical structure are not considered. So, in the present
work, the effects of blade number under constant solidity are investigated. In the following
content, the research models and methodology are discussed in Section 2, followed by the
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computational setting overview in Section 3. Finally, detailed analysis and discussion are
presented in Section 4, and the conclusion in Section 5.

2. Research Object

In the present work, the considered PJP model is a pre-swirl stator form, as shown in
Figure 1. The basic PJP model has an eight-bladed stator (Z; = 8) and a six-bladed rotor
(Zr = 6). Figure 2 presents the sketch of the flow velocity into the stator and rotor vane
cascades at radius r, where Vi, 11, and « are the oncoming flow velocity of the PJP, the
revolution speed of the rotor, the angle of attack of the rotor blade section, respectively. The
symbol V denotes the velocity, where the subscripts “u” and ‘m’ indicate the circumferential
and meridional components of velocity, and the subscripts ‘1, 2/, and ‘3" indicate the axial
locations. The rotor diameter D, (D, = 2R;) is 0.1664 m and the tip clearance between the
tip and the duct inside is 0.001 m. The rotor blade is zero skew and rake. The pitch angle of
the rotor blade B, in the radial direction is given in Table 1. The stator axial length L is
constant in the radial direction while the pre-swirl angle of the stator blade B is variable,
as presented in Table 1. The stator and rotor sections are the NACA66 and NACA16 series,
respectively. The blade-to-blade distance of the stator t;, the blade-to-blade distance of
the rotor t,, and the chord length of the rotor blade section L, are sketched in Figure 2.
Particulars of the duct section are given in Table 2. Table 3 gives the blade numbers of the
stator and rotor of the derived PJP models. The solidities of the stator and rotor are held
constant as same as the basic PJP model (S58R6). Hence, the product of the chord length
and blade numbers are held constant according to the solidity definition. The PJP is mainly
working behind the submarines, and hence the rudder wakes are even number. So, the
blade with an even number is not considered. The stator and rotor of the derived PJP
models are shown in Figure 3.

In Figure 1, two inertial reference frames are shown: a cartesian coordinate system
Oxyz and a cylindrical coordinate system Ofrz. The PJP advance direction is the z negative
direction. The rotor rotates around the z axis, and the rotation direction is right-handed.
The axis direction of the cylindrical coordinate system Ofrz is oriented towards the z axis.

(b)

.
n

Flow direction

(b)

Figure 2. The sketch of the velocity across the blades: (a) stator blades; (b) rotor blades.
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Table 1. The radial distribution of the stator pre-swirl angle B and rotor pitch angle ,, as shown

in Figure 2.
r/Ry 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Bi1 (rad)  0.2009 0.2716 0.3146 0.3311 0.3246 0.2967 0.2399 0.1705
r/Ry 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Br (rad)  0.8161 0.7061 0.6075 0.5287 0.4649 0.4012 0.3351 0.2658

Table 2. The duct section, where y; and y, denote the duct inside and outside the y coordinate.

z/Dy 0.000 0.0250 0.050 0.075 0.100 0.200 0.300 0.400
yi/D; 0.6393 0.6156 0.6053 0.5952 0.5866 0.5582 0.5361 0.5182
Yo/ Dy 0.6393 0.6548 0.6567 0.6588 0.6592 0.6561 0.6445 0.6307
z/ Dy 0.500 0.600 0.700 0.800 0.900 1.000 1.025 1.050
yi/D; 0.5076 0.5060 0.5060 0.4990 0.4762 0.4468 0.4421 0.4387
Yo/ Dy 0.6151 0.5978 0.5758 0.5488 0.5168 0.4795 0.4681 0.4582

Table 3. The PJP model with different rotor and stator blade numbers (Z, and Z;).

PJP Model S8R6 S9R7 S11R7 S11R9 S13R7 S13R9 S13R11

ID 1 2 3 4 5 6 7
Z 6 7 7 9 7 9 11
Zs 8 9 11 11 13 13 13
VA 24 Z=3 Z,=1d
Y *
L X
>

*

X

Figure 3. The rotor and stator under different blade numbers.

The following dimensionless coefficients are used to describe the PJP propulsion
performance:

Veo Tr Qr Ts Qs Td
nD,” 7" pn2D¥ " on2D?2 57 2Dy T on2D?2 T on2DA

J @

where | is the advance coefficient. T,, Ts, and T; are the thrust of the rotor, stator, and
duct, respectively, and their corresponding dimensionless coefficients are Kr;, K15, and Kry.
The total thrust coefficient of PJP is defined as Ky = Ky, + K1z + K1z Qr and Qg are the
torques of rotor and stator, respectively, and similarly, their corresponding dimensionless
coefficients are K, and Kgs. Unless otherwise specified, all quantities are in dimensionless
form using the rotor diameter D,, the velocity nD,, and the fluid density p = 998.2 kg/ m3
as reference values. The dynamic viscosity of the fluid is y = 0.001003 kg/(m-s).
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3. Computational Overview
3.1. Numerical Method

As discussed in Section 1, the hybrid RANS/LES [34,35] is preferred to model the
flow structures in PJP investigations. So, the IDDES [11,22,36] is employed to obtain the
PJP propulsion and flow as it is a further developed formulation in the hybrid RANS/LES
family. In the RANS portion, the SST k — w [37] turbulence model is employed. Considering
that in the IDDES strategy, the wall boundary regions are modeled by RANS, the transition
model [38] with cross-flow effect is included in the RANS portion during the IDDES
calculation. Moreover, to better capture the vortical structures and reduce the RANS
portion effects, the embed LES (ELES) is adopted to model the flow structures. The ELES is
also a hybrid RANS/LES form, and its main difference with IDDES is that the LES region
can be manually assigned. In ELES, the Wall-Adapting Local Eddy-viscosity (WALE) [39]
subgrid-scale model is employed to model the turbulence where the scale is smaller than
the filtering scale. In this work, the body force and gravitational acceleration are ignored.

3.2. Mesh and Computational Setting

All meshes are hexahedral structural, the details of which are presented in Figure 4. For
IDDES and ELES calculations, the y+ on the model surfaces is controlled close to 1. The
computational fluid domain is shown in Figure 5. The whole computational domain
is a cylinder with a diameter of 10D, and a length of 30D,. The PJP is located at 10D,
downstream of the inlet. The domain was divided into four subdomains for the convenience
of generating mesh and modeling the rotor revolution, including the rotor domain, stator
domain, outer0 domain, and outerl domain. These divided subdomains are connected
by interior interfaces. Details of mesh count are given in Table 4. The discussion on the
effects of mesh density on the prediction of PJP performance is not presented in the current
investigation as the meshing strategy and mesh density are based on Refs. [9,11], where
more information about the discussion on mesh density can be found. Moreover, the
total mesh count is more than that in previous work [9,11]. The mesh of outer0 and outer
domains are further refined for better capturing the vortices in ELES calculation, where the
calculations in the rotor, stator, and outer0 domains are in LES.

T e

Figure 4. The PJP mesh (a—c), and the further refined mesh (d).



J. Mar. Sci. Eng. 2021, 9, 1406

6 of 21

Inlet 10D, il 20D, » Outlet
— A —»
- —
o - = A ——— e e e e e
» Wall Q y e /} } >
— — v W —
—> " | [
— ) | > e
— L — [T — | —
— > Do ‘ g | —
— B \‘L I —
. ; e o———————
outer] domain outerQ) domain ) . Lol
> stator domain rotor domain »
— A J —

Figure 5. The computational domain and boundary conditions.

Table 4. Mesh count (milllions).

PJP Subdomains S8R6 S9R7 S11R7 S11R9 S13R7 S13R9 S13R11

rotor 6.97 6.83 6.83 6.99 6.83 6.99 7.51
stator 5.73 6.14 6.76 6.76 6.96 6.96 6.96
outer(Q 8.15
outerl 1.89

outer( (refined) 20.63
outerl (refined) 5.70

Figure 5 presents the boundary conditions of calculation. The turbulence intensity and
turbulent viscosity ratio of the inlet are 1% and 10%, respectively. These values are based
on the experiments and a previous investigation [40]. The domain outlet is a pressure outlet
where constant static pressure is placed. The lateral wall is specified as a zero shear stress
wall boundary. The revolution speed of the rotor is n = 20 r/s. Then, the inlet velocity is
specified according to the advance coefficient J. Six advance coefficients from 0.2 to 1.2 with
a step of 0.2 are considered in all IDDES calculations, while | = 0.2, 0.6, and 1.0 are mainly
considered in the ELES calculations. According to previous investigations, the timestep At
is the time of the rotor rotating one degree: At = 1/(360n). For IDDES, the simulation time
is eight times the period of the rotor. The discussion on the force fluctuation is based on the
next ten times period calculation. The ELES simulation time is also eight times the period
of the rotor, and the next five times period calculation is used to get the phase-averaged
flow field. The pressure-based solver in all simulations is under the SIMPLEC algorithm.
The bounded central differencing scheme and bounded second-order implicit scheme are
used for the momentum and time terms, respectively.

3.3. Comparison with Experiment

The y+ distribution of PJP S8R6 at | = 1.0 condition, shown in Figure 6, suggests that
the near-wall mesh satisfies the y+ requirement of IDDES and ELES. The instantaneous
LES region in IDDES calculation identified by the ratio of I;ppgs/Irans indicates that the
concerned regions are in LES resolution. In ELES calculations, the stator, rotor, and outer 0
regions are all in LES resolution as these regions are further refined and manually specified.
The comparison between the IDDES and experimental results is given in Figure 7, where
the numerical results are the time-averaged values of the last two-period. The deviation is
mainly shown in torque coefficient and has the largest value of 6.8% at | = 1.2. The torque
deviation is potentially caused by the insufficient prediction of the friction on rotor blades.
The deviation shows a larger value owing to a larger contribution of friction to torque at a
high advance coefficient. Overall, the IDDES prediction has an acceptable deviation with
the experiment.
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Figure 6. (a) the y+ distribution at ] = 1.0, and (b) the LES region in corresponding IDDES calculation,
identified by the ratio I;ppes/IrRANS-

(1.2 (b) 2
101 o]
R £
é 1 = i
=10.67 3 -4
I
¥ o A
04H —s—kK, (IDDES 6
0.2] —* 10Kor (IDDES) N
"4l ——Kr,  (EXP) 8 Il Kr
001 10Ka (EXP) 10] B 10Ko
02 04 06 j 08 10 12 02 04 06,08 10 12

Figure 7. The comparison between the numerical results and the experiment: (a) hydrodynamic
curves, (b) deviation.

4. Results and Discussion
4.1. Propulsion

Though the main purpose of changing the blade number is to inspect the thrust
fluctuation and the flow characteristics, a check on the PJP loading is also needed. The total
loading change of PJP is negligible when changing the blade numbers of the stator and rotor
with constant solidities. As shown in Figures 8 and 9, the notable relative deviations are
mainly shown in the thrust and torque of the stator. The stator loading is also not affected
when only changing the rotor blade number. However, the rotor loading has a noticeable
but very slight change when only changing the stator blade number. Comparatively, the
relative deviation on the duct loading is very small when changing the blade numbers.
According to Figure 9¢, increasing the blade number of the stator or rotor, the zero torque
balance point moves towards the high advance coefficient. However, this movement is
almost negligible.

The rotor undergoes a non-uniform oncoming flow generated by the stator and shows
noticeable fluctuations of thrust and torque, as presented in Figure 10. The stator also has
an obvious torque fluctuation owing to the rotor revolution. Comparatively, the thrust
fluctuation is dominated by the rotor in the axial direction, while in the side directions, it is
dominated by the side forces of the duct, as depicted in Figure 11, where Kr,(x), K1 (y),
Krs(x), K15(y), K14(x), and Kp4(y) indicate the side forces in the x and y directions of the
rotor, stator, and duct. The duct has almost an equivalent fluctuation level of side forces to
the axial thrust fluctuation of the rotor. However, the duct side force shows slight changes
in fluctuant degree between different advance coefficients. Figures 12 and 13 give the
RMSE (root mean squared error) values of all mentioned dimensionless coefficients of
all PJP models. Kr,, Kp4(x), and Kr4(y) have larger RMSE values under different blade
numbers. The main difference is that the fluctuation of K7 considerably increases when
PJP works at a low advance coefficient. Ky, and Kg also have almost equivalent RMSE
values, and they notably increase at heavy loading. Nevertheless, the fluctuation of Kg;
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and its change tendency with the PJP loading condition is not affected when changing the
blade numbers.

2. b .
@12 —=— BR6 —e— SOR7 ( )1*. —=— BR6 —e— SOR7
1 S11R7 —v— S11R9 ] S11R7 —v— S11R9)
1.04 S13R7 —+— S13RY) 0.8 S13R7—— S13RY
| S13R11 ] S13R11
0.8 0.4]
s <
0.61 0.0] \
A : \
0.4 0.4 N
0.2 T T T T T T T T T '0-8- T T T T T T
0.2 0.4 06 j; 08 1.0 1. 0. 06 j 08 1.0 12
(©)1.2 (d)1.2
—=—SBR6 —e— SOR7 —=+— BR6 —»— SOR7
S11R7—— S11R9 ] S11R7 —v— S11R9)
S13R7—+— S13RY S13R7—»— S13RY
1ol S13R11 1ol S13R11
0.8 0.8
06 T T T T T T T T 06 T T T T T T
0.2 0.4 06 ; 08 1.0 12 0. 06 3 08 1.0 12

Figure 8. Thrust coefficients of the rotor, stator, duct, and the total thrust coefficient: (a) K7, (b) K74,

(c) K1y, (d) K15, where K7, K1, and K74 are normalized by the corresponding ones of PJP S8R6 at

J = 0.2 while Kr; is normalized by the corresponding one of PJP S8R6 at | = 1.2.

2. b 2.
@12 —=—S8R6 —e— SOR7 (bh2 —=— BR6 —e— SOR7
S11R7 —— S11R9 | S11R7 —v— S11R9
S13R7 —— S13R9) S13R7 —— S13R9
1.0 S13R11 10 SI13R11
8
X
X
—
0.8
06 T T T T T T T T 06 T T T T T T
0.2 0.4 06 3 08 1.0 12 0.2 06 ; 08 1.0 12
(960
N EE  ERY
0. S11R7 M S11R9
5 S13R7 M S13R9
o S13R11
&
¥ 20
o
x |
g, [
mpm
-20 T T T T T T T T
0.2 0.4 0.6 1.0 1.2

J

Figure 9. Torque coefficients of the rotor and stator, and the torque coefficient difference between
the rotor and stator: (a) 10K, (b) 10K, () 100(|Kgs| — Kg,) /Kg,, where Kg, is normalized by the
corresponding one of PJP S8R6 at | = 0.2 while Kg; is normalized by the corresponding one of PJP
S8R6 at ] =1.2.
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Figure 10. Thrust and torque fluctuations of the rotor, stator, and duct of the PJP model S8Ré6: (a) K7,
(b) 10K, (€) Krz, (d) Krs, (e) 10Kg.
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Figure 11. Side force fluctuations of the rotor, stator, and duct of the PJP model S8R6: (a) Ky (x),
(b) Kzq(x), (¢) K1s(x), (d) K1 (y), (€) Kra(y), (f) K1s(y).
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Figure 12. RMSE values of the fluctuation component of thrust and side forces: (a) K, (b) K7y (x),
(c) K1 (y), (d) Krs, (e) Kgs(x), (£) K1 (y), (8) Kra, (h) Krg(x), (i) K7a(y)-
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Figure 13. RMSE values of the fluctuation component of torque: (a) 10K, (b) 10K ;.

As shown in Figure 14, K1, has a dominant peak at the frequency of four times BPF
(blade passing frequency) in the frequency domain while K7, (x) does not show a noticeable
peak. It should be noted that the value of BPF is different for different PJP models. Unlike
the fluctuation of Kr; in the side directions, the fluctuation of K, notably decreases in the
whole frequency band when the PJP loading decreases. The range of thrust fluctuation
has a considerable increment with increasing the PJP loading when the blade numbers of
the rotor and stator are close, as depicted in Figure 15, where the PJP models, S8R6, S9R?,
S11R9, and S13R11 have large thrust fluctuations at the heavy loading (J = 0.2). It is not
beneficial for the thrust fluctuation in the axial direction when the rotor blade number
is close to the stator’s. In the frequency domain, as shown in Figure 16, the number of
dominant peaks decrease or disappear when the blade numbers between the rotor and
stator are coprime. At the light loading (] = 1.0), a visible high peak occurs at BPF or 2BPF
when the difference in blade number between the rotor and stator is large, while at the
heavy loading (] = 0.2), the frequency curve has more peaks when the blade numbers
of the rotor and stator are close. According to Figures 17 and 18, the fluctuant range of
the duct side force is not affected when changing the blade number. However, unlike the
original model, the fluctuation of the duct side force produces visible peaks in the frequency
domain, particularly when the blade numbers between the rotor and stator have a large
difference. Overall, focusing on weakening the characteristic peaks of thrust fluctuation in
the frequency domain, adopting a rotor and a stator with coprime blade numbers and a
large difference in blade number is better. However, this configuration will exaggerate the
fluctuation of side force on the duct.
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Figure 14. Frequency domain curves of K7, Kr4(x) and K74 (y) of the PJP model S8R6: (a) K7y,
(b) Kr4(x), () Kra(y)-
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Figure 15. Time domain curves of fluctuation component of Kr;. (from (a—f) corresponding to PJP
model ID 2 to 7).

(ap.002

< 0.001-

10

4erR) A TCED) %err)

Figure 16. Frequency domain curves of fluctuation component of Kr;. (from (a—f) corresponding to
PJP model ID 2 to 7).
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Figure 17. Time domain curves of fluctuation component of Kr;(x). (from (a—f) corresponding to
PJP model ID 2 to 7).
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Figure 18. Frequency domain curves of fluctuation component of Kr;(x). (from (a—f) corresponding
to PJP model ID 2 to 7).

4.2. Flow Field

The pressure distribution on blades determines the rotor thrust, and its low value
mainly distributes on the suction side and the region under the effects of the tip clearance
leakage flow. Figure 19a shows the pressure on the suction side of the rotor blade of the
original PJP model at different advance coefficients. The low-pressure area on the blade
leading edge decreases as the loading decreases. At the lightest loading, the low pressure
mainly exists on the inner radii part of the leading edge. The tip clearance leakage flow
causes considerable low pressure on the suction side near the blade tip. This low-pressure
area gradually decreases and disappears as the advance coefficient goes up. Changing the
blade number under a constant solidity means the total loading on the rotor or the pre-swirl
effect of the stator does not change. Hence, increasing the rotor blade numbers decreases
the loading per blade. As shown in Figure 19b, the pattern of pressure distribution does not
change. For the low-pressure region on the suction side caused by the tip clearance leakage
flow, increasing the blade number decreases its size in the chord direction but does not
change its radial size. The tip clearance leakage flow is driven by the pressure difference
between the pressure side and the suction side. Consequently, its relative beginning place
along the blade chord is not changed.

Figure 20 presents the C;, iso-surface lower than —0.25. The iso-surface of the low-
pressure region on the leading edge of the rotor blade decreases as the loading decreases.
Though the low-pressure area caused by the tip clearance leakage flow gradually thins
as the loading decreases, it maintains a long distance downstream at the high advance
coefficient. Besides, low pressure also occurs on the duct leading edge due to the PJP
duct undergoing a large angle of attack in the open water condition. Like the pressure
distribution on the blade surface, the main difference is the change of the low-pressure
region in the tip clearance leakage flow under different blade numbers. Increasing the
blade number weakens the effect of low-pressure in tip clearance leakage flow on the rotor
suction side and decreases this low-pressure region size. However, this low-pressure region
does not shorten its evolution distance downstream.
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Figure 19. Pressure distribution on the suction side of a rotor blade. (a) PJP model S8R, (b) derived

PJP models ID 2-7.
\. ﬁ ﬁ

x

S8R6 ; s ‘

S9R7 SllR7 ] : ] S13R9 S13Rll

Figure 20. Pressure iso-surfaces (C, = —0.25) in the PJP flow region. (a) PJP model S8R6, (b) derived
PJP models ID 2-7.

The stator has a pre-swirl effect on the rotor oncoming flow. As shown in Figure 21,
increasing the advance coefficient, the inner radii of the stator blades have a considerable
circumferentially wide wake, whose radial length and circumferential width depend on the
flow velocity through the stator blade cascade. Besides, at the heaviest loading (J = 0.2), the
duct leading edge forms a flow separation on the inside, exaggerating the non-uniformity
of the stator wake. This phenomenon further increases the thrust fluctuation of the rotor
and causes more peaks in the frequency domain when the blade number of the rotor is
close to the stator’s, as discussed in Section 4.1. At the middle (] = 0.6) and light (] = 1.0)
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loadings, the aforementioned wide wake of the stator blade mainly has a notable decrease
in the circumferential direction when increasing the blade number of the stator. Moreover,
the velocity gradient in this wake is also weakened.

After the duct, the PJP forms a high-velocity wake, as shown in Figure 22. In the wake
inner region, there exists distinguishable wake topologies of the stator and rotor (hereafter,
the two wake topologies are named stator wake and rotor wake, respectively). Different
style circles are used to mark the radial areas of these distinguishable wake topologies.
According to the previous investigations, the two wakes come from the trailing edge wake
of the inner radii blade [11,12]. The rotor wake depends on the rotor loading, while the
stator wake depends on the flow velocity through the stator. However, the two wakes are
concurrently weakened as the advance coefficient increases owing to their interaction [12].
Unlike the stator wake between the stator and rotor, as shown in Figure 21, increasing the
stator blade number decreases the radial size of the stator wake in the PJP wake. Increasing
the rotor blade number has the same tendency, but the rotor wake’s effect on the stator
wake is weakened. As shown in Figure 22b, the stator wake is more distinguishable when
increasing the rotor blade number and holding the stator blade number.

(a) J=0.2 J=0.4 J=0.6 J=0.8 J=1.0 J=1.2
,—»":"“\\ A ‘ e -
y \
Y ! . I
\ ‘ l
l | SR l _— l _— ’ | =
.
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Figure 21. Velocity magnitude Vj, at z = —0.3D, slice, where the radii of the dashed circle and the
solid circle are 0.45D, and 0.35D;, respectively. (a) PJP model S8R6, (b) derived PJP models ID 2-7.
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Figure 22. Velocity magnitude V}, at z = 0.5D; slice, where the radii of dashed circle and solid circle
are 0.30D; and 0.15D;, respectively. (a) PJP model S8R6, (b) derived PJP models ID 2-7.

4.3. Vortices

The vortices in the PJP flow field are identified by the (2 method [41,42]. Figure 23
presents the vortical structures of the original PJP model S8R6 at loading | = 0.6, and the
size of iso-surface shows the vortex intensity. More discussion on these vortices under the
effects of the mesh and turbulence model and the evolution mechanism is documented in
Refs. [11,12], respectively. Here, the interaction between the duct shedding vortex (DSV)
and tip clearance leakage vortex (TCLV) near the duct outlet, the interaction between the
wake vortices of the stator and rotor, and hub, are mainly discussed under the effects of
blade numbers, where the rotor wake vortices represent the vortices shedding from the
trailing edge of the rotor blade, particularly the ones in the inner radii. More about the
discrimination of these vortices are in the investigation [12].

Zi » »:vf’- < Bl F S ks J/
Figure 23. (a) vortices identified by the (2 method in the flow field of PJP model S8R6 at | = 0.6;
(b) back view.

Increasing the rotor blade number results in a blade loading decrement. As shown in
Figure 24, the TCLV intensity decreases when the rotor has more blades under the same
constant. Hence, the TCLV is more unstable during the evolving downstream along the
contracted duct. Near the duct shrinkage stage, TCLVs become twisted. They lost their
helical topologies as their intensities are not enough to maintain their shape (as depicted in
Figure 24 when the rotor blade numbers are nine and eleven). Then, they are broken into
‘(Y or ‘C’ shape segments. These segment vortices twine or bridge each other. Increasing
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the rotor loading exaggerates this phenomenon. The DSVs bridge to these upstream
segment vortices at the duct outlet and many secondary vortices occur. According to the
investigation on propeller vortical structure [12,43], these secondary vortices include the
ones induced by primary vortices and the ones developing from the DSVs. The primary
structure of TCLV is not distinguishable after the duct outlet. When the TCLV intensity
is high enough to maintain its primary vortex shape, the essential break of the primary
vortex comes from the DSV interaction and the development of the secondary vortices. So,
the primary structure is distinguishable in the near field after the duct outlet owing to an
incomplete break from secondary vortices at this time.

S8R6 SOR7 SIIR7 S1IR9 S13R7 S13R9 S13R11

J=0.

Figure 24. Interaction between the tip clearance leakage vortex and the duct shed vortex.

The stator wake includes many wake vortices interacting with the downstream rotor,
as presented in Figure 25. The stator wake vortices depend on the flow velocity through
them. Every stator blade forms a high-intensity vortex evolving downstream when the
stator undergoes a high-velocity flow. The flow separation occurs near the duct leading
edge at the heaviest loading condition and generates many vortices. As documented in the
investigation [12], the aforementioned high-intensity wake vortex of the stator blade plays
the main role in interacting with the rotor blade and rotor blade wake vortices.

Figure 25. Interaction between the blade wake vortices of the rotor and stator of PJP model S8R6.

Figure 26 shows the wake vortices of the rotor and stator under different rotor blade
numbers. The evolution of rotor blade wake vortices is considerably affected due to the
decrement of the intensity of per blade wake vortex. Though the total loading on the
rotor is not changed, the wake vortices quickly dissipate downstream owing to the lower
intensity when increasing the rotor blade number. The downstream rotor does not show
noticeable effects on the wake vortices of the stator. As shown in Figure 27, increasing the
stator blade number means the wake vortices per blade are weakened. However, the stator
blade also has considerable separating vortices on its suction side owing to the constant
camber. Increasing the stator blade number mainly affects the high-intensity vortices in
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the blade trailing edge wake. As the flow velocity through the stator determines these
high-intensity vortices, the rotor wake vortices show a noticeable difference caused by the
stator wake vortices when the PJP is at a high advance coefficient. A high-intensity vortex
occurs in the wake vortices of the stator blade at the high advance coefficient (] = 1.0)
when the blade number is less (Zs; = 9). This high-intensity vortex has a longer evolution
distance downstream and successfully interacts with the rotor blade and its wake vortices.
After interacting with the rotor wake vortices, the high-intensity stator wake vortices are
broken into segments but show distinguishable structures after the duct outlet.

Figure 26. Interaction between the blade wake vortices of the rotor and stator of PJP models
withholding the stator blade numbers: (a) different rotor blade numbers under 11 stator blades,
(b) different rotor blade numbers under 13 stator blades.
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Figure 27. Interaction between the blade wake vortices of the rotor and stator of PJP models
withholding the rotor blade numbers.

After the duct outlet, the wake vortices of the rotor and stator considerably affect the
evolution of hub vortices, where the wake vortices of the rotor blade play the dominant
role. The wake vortices can be weakened by increasing the blade number. Increasing
the stator blade number results in a longer distance of blade wake vortices in PJP wake
and a more unstable topology of hub vortices, which can be clearly evidenced from the
Figure 28 where the rotor blade number is seven or nine. The effects of stator blade wake
vortices on rotor wake vortices are decreased, and hence the rotor blade wake vortices can
more affect the hub vortices. This phenomenon is noticeable at the low advance coefficient.
However, it presents an inverse phenomenon at the high advance coefficient owing to the
high-intensity vortices in the stator wake vortices when the stator blade number is less. As
the rotor blade wake vortices play the main role in affecting the stability of hub vortices,
increasing the rotor blade number results in fewer rotor wake vortices around the main
hub vortex tube. Then, the hub vortex tube can maintain its stable primary vortex structure
long distance.

SI3R7

SI3R9
=~

SI3R11
= = -
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Figure 28. Hub wake vortices under different rotor and stator blade numbers.
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5. Conclusions

In the present study, the effects of blade number on the propulsion, flow, and vortices
of a pre-swirl stator pump-jet propulsor are concerned under constant solidities. The
original has an eight-bladed stator and a six-bladed rotor. The stator and rotor with
coprime blades numbers are derived for new PJP models. The thrust fluctuation, flow field,
vortical structures of these PJP models are discussed and analyzed after discussing the
derivation method of these PJP models, the numerical method, and the verification of the
original PJP model. The conclusions can be drawn as follows:

(1)  Changing the blade number does not affect the PJP performance when the solidities
of the stator and rotor are not changed;

(2)  Adopting coprime blade numbers of the stator and rotor decreases the peak am-
plitude of the rotor thrust fluctuation in the frequency domain. Nevertheless, the
rotor thrust shows a large fluctuant range when the rotor blade number is close to
the stators;

(8)  The duct side force shows a noticeable fluctuation, and a large difference in blade
numbers between the stator and rotor causes high peaks in the frequency domain;

(4) Increasing the rotor blade number decreases the effect range of tip clearance leakage
flow on the suction side in the chord direction, while the effect range does not change
in the radial direction. A rotor with more blades also results in a radially narrow core
region in its wake. The intensity of the tip clearance leakage vortex is also decreased,
and hence this vortex prematurely becomes more unstable before it is out of the duct.
However, the total break of this vortex is completed after the interaction with the
duct shedding vortex. The rotor wake vortices are notably weakened, and hence
their effects on the stability of hub vortices decrease. Compared with the effects of
stator wake vortices, the rotor wake vortices dominate the effects on the instability
of hub vortices. Consequently, the hub vortices maintain a stable primary vortical
structure with a long distance when increasing the rotor blade;

(5) Increasing the stator blade number decreases the velocity gradient in the inner radii
of the stator wake and results in a radial narrow stator wake in the rotor downstream.
The decreased loading per stator blade weakens the high-intensity vortex in the
stator wake vortices. Hence, the effects of this high-intensity vortex on the rotor
wake vortices decrease.
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