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Abstract: A pump-jet propulsion system is composed of rotor, stator, and duct. The stator has the
front stator type and the rear stator type; the conduit also has the acceleration conduit and the
deceleration conduit two forms. It is difficult to design and evaluate the performance of a pump-jet
propulsion system because of its complex structure and many changes in component parameters. Due
to the limitation of time and cost in the design process of the pump-jet propulsion system, it is difficult
to find the optimal scheme in the design space. However, under the guidance of an optimization
algorithm, the automatic optimization method can fill the design space with a large number of design
schemes. In this paper, the geometry reconstruction technique, hydraulic performance evaluation
technique and optimization technique of the pump-jet propulsion system are combined to realize the
automation of the whole design process. Firstly, the geometric modeling of the pump-jet propulsion
system is completed by a full parametric modeling method, and then the hydrodynamic performance
of the pump-jet propulsion system is calculated based on the numerical simulation technique. The
radial parameters in the fully parametric configuration of the pump-jet propulsion system were
selected as the optimization design variables, and the hydro-dynamic performance was optimized
as the objective function. Finally, the pump-jet propulsion system optimization design system was
constructed by using the global intelligent optimization algorithm. This study provides a theoretical
basis and technical guidance for numerical calculation and configuration optimization design of
pump-jet propulsion system.

Keywords: pump-jet propulsion system; fully parametric model; optimization algorithm; hydrodynamic
performance; numerical simulation

1. Introduction

A pump-jet propulsion system has the following advantages: good noise performance
and high preset speed. The good noise concealment of a pump-jet propulsion system is
because the rotor of the pump-jet propulsion system is surrounded by the duct, and the
generated internal noise can be shielded and absorbed by the duct. The front-mounted
stator blades can uniform the inflow of the rotor, reducing both the unsteady pulsating load
on the rotor blades and the low-frequency line spectrum noise of propulsion. Compared
with the blade diameter of the traditional pump-jet propulsion system, the diameter of
the rotor of the pump-jet propulsion system is smaller. At the same rotational speed, a
lower rotational linear speed leads to reduced low-frequency noise sound pressure level of
the propeller. At low speed, compared with ordinary propellers, the pump-jet propulsion
system has a lower low-frequency line spectrum noise; at high speed, the noise performance
of the pump-jet propulsion system is even more outstanding. The preset speed means the
maximum propeller speed without generating cavitation when the water depth is constant.
At the same time, the installation and application of a pump-jet propulsion system ducts
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and stator blades can adjust the inflow, so that the distribution of the flow field where
the rotor blades are located is more uniform. In turn, the generation of rotor blade tip
vortex cavitation and sheet cavitation is delayed. Based on the advantages brought by the
structure of the pump-jet propulsion system, its advantages are of great significance and
research value to submarines and underwater vehicles.

Hughes and Kinnas [1] calculated and analyzed the hydrodynamic performance of
the ducted propeller with the front stator. Kinnas, et al. [2] analyzed the influence of
the stator on the pump-jet propulsion system. Kawakita and Hoshino [3] used the panel
method to calculate the hydrodynamic performance of the pump-jet propulsion system
(rear stator) under the condition of uniform inflow. Park and Jang [4] analyzed and studied
the flow field characteristics of a pump-jet propulsion system based on the incompressible
three-dimensional RANS (Reynolds-averaged Navier-Stokes) equations. Park et al. [5]
used the CFD method to carry out a numerical simulation of the water jet propulsion, and
the simulation results captured and explained the details of the complex three-dimensional
viscous flow field of the propulsion very well. In terms of performance prediction of a
pump-jet propulsion system, Suryanarayana’s team [6-11] has conducted a lot of research
work and experiments and made a wind tunnel for the hydrodynamic performance of
the revolving body of a light underwater vehicle equipped with a pump-jet propulsion
system. Experimental studies have verified the advantages of the rear-stator pump-jet
propulsion system, indicating that the rear-stator can absorb the rotational energy of the
rotor and reduce the radial component in the wake, thereby improving the propulsion
efficiency. Das et al. [12] used the theory of axial flow rotating machinery to design the
pump-jet propulsion system, and based on the RANS equation, the finite-volume method
and k-¢ turbulence model were used to carry out the numerical simulation of the pump-jet
propulsion system, and the numerical calculation results and experiments were carried
out. The results were consistent. Ahn and Kwon [13,14] carried out a numerical simulation
of a pump-jet propulsion system with a rotor top ring based on incompressible RANS
equations using the unstructured grid. The calculation results show that although the
additional ring at the top of the rotor reduces the reasoning and torque of the rotor, the
efficiency of the propulsion remains unchanged, and it can effectively reduce the strength
of the headgap vortex and improve the internal flow field of the propulsion. Ivanell [15]
tried to use the computational fluid dynamics (CFD) method to numerically calculate the
hydrodynamic performance of torpedoes equipped with a pump-jet propulsion system
and verified the rationality of the method by comparing it with the experimental results.
Yamada et al. [16] used the lattice Boltzmann method to conduct a preliminary study on the
ducted propeller. Baltazar et al. [17] used the low-order surface element method to simulate
the open water performance of the Ka4-70 ducted propeller and analyzed the influence of
factors such as the wake model and the head gap circulation velocity on the calculation
results. Liu et al. [18] based on the CFD method, used high-quality structured grids and
applied the slip grid technique to numerically calculate the hydrodynamic performance
of a pump-jet propulsion system; the numerical results were in good agreement with
the experimental results. This method provides a reliable and practical approach for
the design and hydrodynamic performance prediction of a pump-jet propulsion system.
Pan et al. [19,20] established an integrated numerical calculation model of the internal and
external flow fields for a certain type of underwater vehicle equipped with a pump-jet
propulsion system. A high-quality structured grid is generated based on the coupling
of the block grid technique, and the numerical calculation of the steady hydrodynamic
performance is carried out. The calculation results show that the pump-jet propulsion
system has high efficiency and ideal balance performance. Hu and Liu [21,22] expounded
on the structural characteristics and advantages of the pump-jet propulsion system and
used the software FLUENT to calculate the internal flow field of the integrated motor
pump-jet propulsion system. It lays the foundation for the design and optimization of the
pump-jet propulsion system. Ni [23,24] summarized the research and progress of the pump-
jet propulsion system and put forward suggestions for analysis and design improvement.
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In the design of a propeller, many conflicting optimization objectives need to be
weighed during the iterative design process. At the same time, many design constraints
also need to be considered in the design to ensure that the final design scheme is available.
In recent years, many scholars have used computers to realize the automatic optimal design
of propellers in combination with optimization algorithms. Gaafary et al. [25] performed
single-objective optimization using the graph method for B-series propellers using the
cavitation, material strength and required thrust of the propeller as constraints. Xie [26]
proposed a multi-objective optimization method for the preliminary design of the pro-
peller by using the genetic algorithm with the efficiency ratio and the thrust coefficient
as the optimization objectives for the matching problem of the ship engine and propeller.
Gaggero et al. [27,28] proposed an optimization design method for propellers, and used
the boundary element method to predict the propeller performance to complete the opti-
mization of the propeller cavitation performance. Afterwards, the CFD method and genetic
algorithm were used to carry out a multi-objective optimization design of the nozzle of
the ducted propeller under different working conditions, and the optimization goal was to
reduce cavitation and increase thrust. Mizzial et al. [29] used the SOBOL algorithm and the
T-Search algorithm, and used the CFD method to optimize the hydrodynamic performance
of the small fins on the propeller hub. The propulsion efficiency of the propeller is thus
improved. Nouri et al. [30] used a combination of the CFD method, genetic algorithm and
kriging method to optimize the hydrodynamic performance of the contra-rotating propeller.
Yang et al. [31] used the RNSGA-II-SBJG algorithm to optimize the design of a container
ship propeller in the case of propeller matching. Han et al. [32] studied the application
of optimization theory in propeller hydrodynamic performance design. Mian et al. [33]
optimized the propeller using a physics-based surrogate modeling strategy and a spa-
tial mapping method, which optimizes the coarse model and fine model classification,
where the coarse model uses the surface element method, and the precise model uses the
CFD method.

To sum up, how to design a pump-jet propulsion system design scheme that meets
various requirements and has the best performance in a short period of time is still an
important topic of current pump-jet propulsion system research. Therefore, it is necessary
to comprehensively optimize the pump-jet propulsion system design and develop a new
design method. In this paper, the geometric reconstruction technique of the pump-jet
propulsion system, the hydrodynamic performance evaluation technique of the pump-jet
propulsion system, and the optimization technique are combined to realize the automation
of the whole design process. It provides a certain theoretical basis and technical guidance for
the numerical calculation of the propulsion performance and the configuration optimization
design of the pump-jet propulsion system.

2. Hydrodynamic Performance Optimization Design Methodology of Pump-Jet
Propulsion System

2.1. Establishment of a Fully Parameterized Pump-Jet Propulsion System Model

The geometric reconstruction technique of the pump-jet propulsion system will be
the bottleneck technique for constructing the optimal design system. Because it is the link
between the optimization technique and the hydrodynamic performance evaluation of
the pump-jet propulsion system. A contemporary pump-jet propulsion system is already
a three-dimensional geometric entity with the variable pitch in the radial direction, side
slope in the circumferential direction, and trim in the axial direction. The traditional atlas
expression is faced with the problems of numerous parameters and not clear enough
expression, especially in the case that the contemporary underwater submersible needs to
be specially equipped with a pump-jet propulsion system, resulting in a heavy workload
of pump-jet propulsion system design. Therefore, it is necessary to express the geometric
characteristics of the pump-jet propulsion system in a relatively simple way, to establish
the relationship between the geometric parameters of the pump-jet propulsion system and
its performance.
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2.1.1. F-Spline Curve

The F-spline curve is controlled by 7 variables [34], and its specific form is as shown in
Equations (1) and (2).

F(n) = (X1n,1n, Y2n,2n, Z3n,3n, Tin2n, Sn) (1)

Sn = ((x2n — X10) (Y1 + (Y2u —Y1n)fn)) , 0 < fu <1 ()

where oy, 2, is the specified vector angle of the first point, Sn(xy,z) 18 the area enclosed
by the curve, f, is the fullness coefficient. The start and endpoints are used to define the
specific position of the curve, the chamfer at the start and endpoints can be used to control
the smoothness of the connection points when multiple characteristic curves are connected
in parametric modeling, and the area enclosed by the curve and the coordinate axis is
mainly used to adjust the local convexity and fatness of the curved surface formed by
the curve, and can also be used for the subsequent optimization of the blade type of the
pump-jet propulsion system, as shown in Figure 1.
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Figure 1. Shape parameters of F-Spline.

2.1.2. Modeling of the Rotor Airfoil Section of a Pump-Jet Propulsion System

The airfoil profile is the basis for the generation of the pump-jet propulsion system,
and the quality established by the airfoil profile directly affects the quality of the pump-jet
propulsion system. The establishment of the airfoil profile of the pump-jet propulsion
system in a parametric way is also helpful for the establishment of the subsequent pump-jet
propulsion system model, which enables the pump-jet propulsion system to realize the
shape change driven by the characteristic parameters. For the airfoil section, in order
to express the shape of the airfoil section, the chord line is selected as the reference line.
On both sides of the reference line are the camber distribution curve and the thickness
distribution curve, which express the shape of the profile of the pump-jet propulsion system
blade in this way.

As shown in Figure 2 [35], the airfoil profile is drawn with the chord line starting from
the following edge and ending at the leading edge. The length of the chord is called the
chord length C. The chord length is divided into 100 equal parts and the distance from the
airfoil to the chord at each position is marked. The thickness t and camber f at this part of
the chord length are related to ys and y, as in Equation (3).

{ f_: \ys;yp| 3)
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Camber curve

Chord line

Chord

Figure 2. Diagram of the airfoil section.

From the ys and y, of each point of the blade profile, the thickness t and camber f of
the profile at each chord position can be determined, so that the values of the maximum
thickness ¢y and the maximum camber f and the relative position in the chord direction
can be calculated. The corresponding ratios are t/tg and f/fy. Reverse the above process,
that is, given the thickness distribution #/ty and camber distribution f/f of the airfoil, a
complete airfoil can be obtained. The camber line and the thickness line are first defined
with the F-spline curve. The thickness line is used to create offset curves on both sides of
the camber line, where the maximum thickness of the thickness line and the maximum
camber of the camber line are specified, to realize the parameterization of the airfoil profile.
Figure 3 [35] shows the parameterized profile airfoil of the pump-jet propulsion system.

Thickness curve

Camber curve

Chord line\

Figure 3. Parametric airfoil profile.

2.1.3. Parametric Modeling of Pump-Jet Propulsion System Rotor

The straight line connecting the center points of the chord lines of the airfoil section
without skew and trim is called the blade reference line. The straight line connecting
the center points of the chord line of the actual pump-jet rotor airfoil profile is called the
pump-jet rotor reference line. As shown in Figure 4a [36], the longitudinal distance between
the blade reference line and the pump-jet rotor reference line is called the rake. As shown
in Figure 4a, the angle formed by the blade reference line and the pump-jet rotor reference
line in the frontal direction is called the skew. As shown in Figure 4b, take a blade section,
extend the chord line of the blade section, and circle around the axis. The axial distance
between the two ends of the formed helix is the pitch of the blade on the radial section.
The shaft cylinder and the airfoil section are unfolded together, and the angle between the
section chord line and the bottom line is called the pitch angle. There exists where r is the
radius of the section.

The pump-jet rotor is a three-dimensional entity obtained by stretching and rotating
the airfoil section in space. Usually, the radial distribution of the parameters of the pump-jet
rotor in each section is given to represent the entire pump-jet rotor. It is used to establish
the relationship between the geometric parameters of the pump jet and the performance
of the pump-jet. The model parameters of the pump-jet propulsion system are shown in
Table 1 [37].
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Figure 4. Diagram of pump-jet rotor blade: (a) rake and skew; (b) pitch.

Table 1. Main parameters of pump-jet.

Parameter Numerical Value

Rotor D 294 mm
Number of Rotor 5

Stator chord 60 mm
Number of Stator 7

Stators right-turn angle 7.5 deg

Rotor and stator airfoils Naca66Mod a = 0.8

Shroud length 230 mm

Shroud inlet Diameter 316 mm

Shroud outlet Diameter 284 mm

The chord curve, the maximum thickness curve and the maximum camber curve
can express the shape of the airfoil section in different radial directions. The pitch curve,
side slope curve and pitch curve can accurately describe the distribution of each blade
section of the pump-jet propulsion system rotor in the circumferential, axial and radial
directions. In this paper, the method of fitting different radial parameter curves by F-spline
curve is used to model a certain type of pump-jet propulsion system fully parametric, and
the idea of adopting the method of F-spline curve fitting is to use fewer control variables
to accurately describe the pump-jet propulsion system., reducing optimization design
variables and speeding up the search for optimization targets. The main radial parameters
of the pump-jet rotor are shown in Table 2.

Table 2. Main radial parameters of the pump-jet rotor.

1/R Chord (mm) Pitch (mm) Thickness (mm)
0.25 64.22 403.25 12.78
0.35 68.426 401.9 11.26
0.4 70.373 402.93 10.46
0.5 73.802 405.92 8.79
0.6 76.43 406.87 7.22
0.7 77.74 401.31 5.89
0.8 76.78 383.81 491
0.9 71.85 347.34 4.3
0.95 66.38 316.93 413
0.975 62.44 298.15 4.08
1 56.67 276.09 4.04
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When fitting the parametric curve, the idea of the minimum variance between the
F-spline curve fitting and the original parametric curve is added. In this paper, the chord
length curve is selected for fitting description, and the chord length parameter curve is
first drawn from discrete points in different radial directions. Then, two radial points at
the head and tail are selected as the reference points of the fitting curve, the head point
represents the starting point of the first F-spline curve, and the tail point represents the
endpoint of the second F-spline curve. 50 points are intercepted from the start point to
the endpoint on the chord length curve to fit the curve, and each point in the 50 points
represents the endpoint of the first curve and the start point of the second curve. In this
way, each fitting curve is composed of 3 points, and the purpose of accurately fitting the
parameter curve is achieved by setting the chamfering angle and Y value of each point, as
shown in Figure 5. The idea of the minimum variance is mainly reflected in: a new curve
will be fitted for each point taken from the 50 points, and then 50 points will be intercepted
from the fitted curve and the 50 points intercepted by the original parameter curve to
calculate the variance, so that Loop 50 times, fit 50 curves and calculate the variance of the
50 curves, and take the fitting curve with the smallest variance as the final chord curve. The
variance formula is as Formula (4).

s2 = {(xl—x)2+...(xn—x)2}/n 4)

0.60% —

—m&— error

—a— chord
—e— chord _fit

0.40%

0.20%

0.00%

error

-0.20% ~

-0.40% ~

0.2 0.3 0.4

radial distribution

0.5

-0.60% T T T T

T " T T
0.6 0.7 0.8 0.9 1.0 11 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

radial distribution

(a) (b)

Figure 5. Comparison of chord length curve and chord length fitting curve: (a) curve comparison;
(b) relative error.

Figures 5-7 show the comparison of the fitted chord length curve, pitch curve and
thickness curve, respectively, the horizontal coordinates indicate the radial distribution,
the vertical coordinates are the chord length, pitch and thickness values (when the rotor
radius is 1), and the relative error values. It is found that the error of the F-spline curve
fitted by adding the idea of minimum variance is small, all within 1%, and the smoothness
of the fit is good, which can fully meet the needs of engineering calculations. It is also very
beneficial to the later optimization of the pump-jet propulsion system.



J. Mar. Sci. Eng. 2022, 10, 766

8 of 26

2s —&— pitch 0.08%
0.06% -
2.6
0.04% -
5 2.4 - / 5 0.02% -
5, s
53] 0.00% -
-0.02% -
2.0 1
-0.04% -
1.8 T T T T T "~ T T T " T T T T T T 1 o
02 03 04 05 06 07 08 09 1.0 1.1 -0.06% o T e T e T T T T
02 03 04 05 06 07 08 09 1.0 11
radial distribution e
radial distribution
(a) (b)
Figure 6. Comparison of pitch curve and pitch fitting curve: (a) curve comparison; (b) relative error.
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Figure 7. Comparison of thickness curve and thickness fitting curve: (a) curve comparison;
(b) relative error.

After the characteristic curve fitting of the pump-jet rotor is completed, the generation
of the blade surface of the pump-jet rotor is continued. This paper uses 3D modeling
software to carry out secondary development programming to define the characteristic
points and characteristic curves required in the modeling process. At the same time, the
function of generating a series of curves can be realized by giving a certain characteristic
parameter curve the corresponding generation path and curve change law. Finally, the
corresponding surface is generated by integrating the series of characteristic parameter
curves, so as to achieve the control of the pump-jet propulsion system model. Figure 8
shows the mapping relationship between the characteristic parameter curve and the pump-
jet rotor, and Figure 9 shows that by changing the characteristic parameter curve, the model
of the pump-jet propulsion system rotor is also changed. In this paper, the chord length
distribution curve, the thickness distribution line and the camber distribution line are
selected as control variables to achieve the effect of controlling the profile airfoil of the
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pump-jet propulsion system in different radial directions. The pitch distribution line, the
side slope distribution line and the pitch distribution line are selected as control variables to
control the distribution of the circumferential, axial and radial blade profiles of the pump-jet
propulsion system. The stator and duct in this study are formed by rotating and stretching
an airfoil in space, so they will not be described here. The purpose of establishing the fully
parameterized pump-jet model is to express the geometric characteristics of the pump-jet in
arelatively simple way, so as to establish the relationship between the geometric parameters
of the pump-jet and the performance of the pump-jet.

Y-Axis
A

v/—\ pitch
1.00 |
0.90
0.80 ¢ \
0.70 \
0.50
/
040 1
0.30
ske§

0.10 ——[Thickness
—— |

Camber . S
rakey s

0.00 +
0.00 010 020 036040 050 062070 080 090 1.00 L

Figure 8. Fully parametric pump-jet model.

v
Changed Chord / ‘
B S S = \
/ N
= Chord \\
-

i

Figure 9. Schematic diagram of the mapping relationship between the chord curve and the rotor.

2.2. Numerical Simulation
2.2.1. Numerical Calculation Method

For the prediction of the hydrodynamic performance of the pump-jet propulsion
system, the SST k-w turbulence model and the multi-reference frame (MRF) model are
selected for steady-state numerical simulation. The SST k-w turbulence model uses the
k-w equation inside the boundary layer, and the model can be directly The SST k—w model
can be used in low Reynolds number turbulence without any additional damping effect by
using the viscous sublayer all the way to the wall. Most importantly, the SST k-w model
performs well in the simulation of large adverse pressure gradients and separation flows,
which is also in line with the working environment of the pump-jet propulsion system.
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The MRF model can complete the numerical simulation of the flow field including the
relative rotation domain and the static domain. The MRF model belongs to the approximate
algorithm, and the grid cells are assumed to move at a uniform speed in the model. The
MRF model is suitable for most time-homogeneous flows, especially suitable for It is
suitable for computing situations where the interaction between the motion computing
domain and the stationary computing domain is small.

In this paper, a cylinder whose centerline is collinear with the central axis of the
propulsion is used as the outer computational domain. The specific calculation domain
size is set as: the calculation domain length is 9D (D is the maximum diameter of the rotor
blade), the diameter is 4D, and the distance between the front end surface of the cylinder
and the front end of the propulsion duct is 3D, which is the velocity inlet boundary; the rear
end surface of the cylinder is away from the propulsion The distance from the front end of
the conduit is 6D, which is the pressure outlet boundary; the side of the cylinder outside
the computational domain is a symmetry plane, as shown in Figure 10. When the pump-jet
propulsion system is working, the rotor rotates at high speed in the conduit, whereas other
parts of the propulsion such as the stator and conduit are stationary, and there is severe
mutual interference between the rotor and the stator, so the computational domain of the
pump-jet propulsion system needs to be divided into two categories: rotating domain
and stationary domain. The rotor blade and rotor hub form the rotating domain, whereas
the static domain is composed of the front stator and the duct, as shown in Figure 10. In
summary, this paper divides the computational domain of the pump-jet flow field into
three parts: the rotor rotating domain, the stator duct static domain, and the outer duct
flow domain.

Stationary Domain

LAINI
IdT1LNO

Shroud— £

/Rotor

Stator —

Figure 10. Pump-jet propulsion system computational domain.

The division and generation of computational grids is a very critical step in CFD
calculations, and the quality of computational grids directly affects the correctness and
reliability of numerical calculation results. Reasonable mesh division can not only improve
the feasibility of calculation but also improve the accuracy and efficiency of numerical
calculation. Therefore, in this paper, the boundary layer mesh is used for the prismatic
layer mesh, and the hexahedral mesh generated by the cutting volume mesh generator is
used in the rotating domain and the static domain, as shown in Figures 11 and 12.
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(a) (b)

Figure 11. Schematic diagram of the surface mesh of the pump-jet: (a) Schematic diagram of front
stator and conduit mesh; (b) Rotor grid diagram.

(a) (b)

Figure 12. Schematic diagram of X = 0 and Y = 0 mesh section: (a) X = 0 grid diagram; (b) Y =0
grid diagram.

2.2.2. Grid Independence Analysis

The quality of the mesh directly affects the stability and accuracy of the numerical
calculation. The increase in the number of meshes requires higher computing performance
and longer computing cycles. Therefore, choosing an appropriate grid number is very
important to improve the accuracy of numerical calculation and shorten the calculation
cycle. In this paper, three sets of grids are selected for grid independence verification,
which are 1.77 million, 2.67 million and 3.70 million, respectively. The calculation condition
is that the advance coefficient ] = 0.75 and the speed n = 10 rps. It can be seen from Table 3
that when the grid size is 2.67 million, the calculation error of Kr and 10K is small and
the grid size is more suitable. Therefore, 2.67 million grids were selected for numerical
verification and subsequent hydrodynamic performance optimization of the pump-jet
propulsion system.
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Table 3. Comparison of hydrodynamic performance under different grid numbers.

Number of Grids 10Kg Error 1o Error Kt Error KR Error Krs Error
EFD 1.051 0.00% 0.562 0.00% 0.495 0.00% 0.539 0.00% —0.044 0.00%

1.77 million 1.061 —0.91% 0.559 0.56% 0.496 —0.35% 0.526 2.29% —0.043 1.56%
2.67 million 1.059 —0.79% 0.558 0.63% 0.495 —0.15% 0.524 2.71% —0.042 4.60%
3.70 million 1.067 —1.52% 0.560 0.33% 0.501 —1.18% 0.528 2.08% —0.041 6.73%

2.2.3. Numerical Verification

A numerical verification of the pump-jet propulsion system was carried out according
to the design conditions given in [37]. The thrust coefficient, torque coefficient and open
water efficiency are defined.

TR Ts TR =+ TS
Kig = —R Kpg = —5— Kp = RIS _ g4k 5
TR= s Krs = S Kr =) ap TR + K1 ®)
10Qr (TR +Ts)Va _ ] Kr
1 K = e = —_——
0Ko = 2ps o 27tnQ 27 Kg (©)

where T is the thrust of the rotor; T is the thrust of shroud and stator; Qg is the rotor
toque; p, n and D represent the fluid density, the revolution speed and the rotor diameter,
respectively. ] = V4 /nD is the advance ratio, and V4 is the inlet velocity.

By comparing the calculated results of thrust coefficient, torque coefficient and open
water efficiency in this study with the experimental results of Yu et al. [37]. It is found that
the two are in good agreement, as shown in Figure 13, and the errors are within 5%, which
meets the requirements of engineering calculation.
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—@— 1(experiment)
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Figure 13. Comparison between the numerical and experimental results.

2.3. Multi-Objective Optimization Design of Pump-Jet Propulsion System
2.3.1. Definition of Multi-Objective Optimization Problem

In the process of optimization design, it is no longer satisfactory to solve the single-
objective problem, and there is a problem that multiple optimization objectives need to
be solved at the same time, and there may be mutual constraints. The traditional solution
often first evaluates the influence of each target on the whole, and then obtains the weight



J. Mar. Sci. Eng. 2022, 10, 766

13 of 26

coefficient and applies it to each target, transforming it into a direct single-target problem.
This conversion method has fixed requirements for weights, relies on artificial references,
has poor flexibility and operability, and can only obtain a unique local optimal solution
in one target direction. This solution method is a compromise of hard dimensionality
reduction, and the obtained optimal solution cannot match the complete optimal solution.
Due to the wide range of practical applications, multi-objective problems have rapidly
developed into a research discipline and have produced many reasonable solutions. In
general, the definition of this problem is that for multiple goals that may conflict, one
goal may lead to the situation where the evaluation degree of other goals is not optimal.
Therefore, trade-offs are carried out in the design process to achieve the optimal solution to
the maximum extent for multiple goals at the same time [38].

According to the multi-objective optimization problem described above, mathematical
expressions 7, and 8, can be expressed as follows [39] by forming groups of multiple
objective functions proposed and adding relevant constraints:

minF(X) = (fi(X), f2(X), -, fu(X)) )
XeEQCR stg(X)<0—=i=1,2,3--,p )

where is an n-dimensional vector in R" space, the space D is called the solution range
of the optimization problem containing the vector X. f;(X),i = 1,2,3,---,m, is the
problem sub-objective function, which expresses the relationship between the vectors.
The composition of multiple objective functions is called the problem objective space,
Qi(X) <0—i=1,23,---,p, which is the constraint function. It follows from this that
one cannot find X € (2 C R" that minimizes the target problem everywhere simultaneously.

Through the development of the multi-objective problem, the idea of the Pareto
solution set was born. The main idea is to obtain a statistical solution set according to the
characteristics of influence between multiple objectives, which can better express the results
of a multi-objective optimization design. It uses different optimization criteria to trade-off
conflicting and contradictory objectives and obtains a set of Pareto optimal solutions that
coordinate each optimization objective [40]. In practical applications, one or more solutions
can be selected from the Pareto solution set as the optimal solution of the multi-objective
optimization problem according to the degree of understanding of the design problem and
the judgment tendency of decision-makers.

2.3.2. Optimization Algorithm

The optimization technique is the guide in the automatic optimization design process
of the pump-jet propulsion system, which will guide the design search direction scientif-
ically in the whole process. The main optimization algorithms used in the optimization
design process in this paper are the SOBOL (Sobol quasi-random sequence) algorithm
and the NSGA-II algorithm. The SOBOL sequence is a kind of quasi-random sequence.
The principle of the SOBOL sequence algorithm is to calculate each variable, and then
obtain the correct result, which can be diffused to the entire feasible region in a standard
form to achieve a comprehensive and uniform diffusion. A more evenly divided result is
obtained, so a more complete description of the random variable can be achieved based on a
relatively small number of points. The SOBOL 1 search algorithm is to calculate the variance
of the target result to obtain the derivatives of the design variables, and to determine the
sensitivity of the design variables to the analysis of the model, so as to obtain the influence
rate of each design variable on the optimization target. The main equation of the algorithm
is constructed as Equation (9) [41].

f(xlr'--rxn):fO‘Fi;fi(xi)"‘ Yo fii(xixj) o+ (XX, X)) (9)

1<i<j<n
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where f( is a constant and the integral over each subterm variable is zero: as in Equation (10).

1
'/0 filr---is <Xi.1, .. .,xl-s)dxik e 0, 1 S k <s (10)

The total variance of f(x) can be written as D = ;. f? (J_C) dx — f2
1 1,
Dllls = /0 .../O fllls (xill"'lxis) dxll -..dxlls (11)

n
D=Y Di+ ), Dj+--+Dua.n (12)
i=1 1<i<j<n
The optimal design variable sequence generated by the SOBOL algorithm is not only
uniformly distributed but also has a fast convergence speed. Therefore, this study uses the
SOBOL algorithm to generate the optimal design variable matrix to study the correlation of
the optimal design variables.
NSGA-II is one of the most popular multi-objective genetic algorithms at present [42].
It reduces the complexity of the non-inferior sorting genetic algorithm, has the advantages
of fast running speed and good convergence of the solution set, and becomes the benchmark
for the performance of other multi-objective optimization algorithms. NSGA-II is improved
on the basis of the first-generation non-dominated sorting genetic algorithm, and its im-
provement is mainly aimed at the three aspects mentioned above: a fast non-dominated
sorting algorithm is proposed, on the one hand, it reduces the computational complexity,
On the other hand, it merges the parent population with the child population, so that the
next generation of the population is selected from the double space, so as to retain all the
best individuals; the introduction of an elite strategy ensures that some excellent population
individuals are in the It will not be discarded in the evolution process, thus improving
the accuracy of the optimization results; the use of crowding degree and crowding degree
comparison operator not only overcomes the defect of needing to specify shared parameters
manually in NSGA, but also uses it as the comparison standard between individuals in the
population, so that the individuals in the quasi-Pareto domain can evenly expand to the
entire Pareto domain, ensuring the diversity of the population.

2.3.3. Optimization Design Procedure

For the optimization design of the pump-jet propulsion system, the optimization objec-
tive mainly considers the open-water efficiency and the thrust coefficient; the open-water
efficiency and the thrust coefficient reflect the hydrodynamic performance of the pump-jet
propulsion system. The constraint condition is the variation range of the optimization
design variable. The optimization design variables can express the geometrical shape of
the pump-jet propulsion system rotor, including chord, camber, thickness, pitch, rake, and
skew under different radial direction. Unsteady force is one of the important sources of low
frequency vibration and noise, which is produced by pump-jet propulsion system operation
caused by inflow turbulence. Therefore, in this paper, the amplitude of unsteady force is
considered as a factor in the optimization calculation, and the amplitude of unsteady force
is compared and checked for the optimized pump-jet propulsion system. The objective
function and design variables in the optimization design problem of pump-jet propulsion
system are not simple mathematical relationships. It is necessary to build a bridge between
the two with the help of pump-jet propulsion system performance evaluation tools, and
then use the optimization algorithm to solve (Figure 14). Its essence is to find the cor-
responding pump-jet propulsion system design scheme when the target performance is
optimal under the condition of satisfying the relevant constraints.
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Figure 14. Optimization design procedure chart of pump-jet propulsion system.

3. Result and Analysis
3.1. Sensitivity Analysis and the Selection of Optimal Solution

In this paper, the main parameter curves that can accurately describe the shape of the
pump-jet propulsion system rotor are taken as the optimization design variables. Each
curve takes three design variables (refer to as the F-spline curve), the Y value of the starting
point of the curve, the curve and the coordinate axis. Area and the Y value of the endpoint
of the curve, a total of 15 design variables. The optimization objectives are the open
water efficiency and the rotor thrust coefficient of the pump-jet propulsion system. The
optimization process is to first use the SOBOL algorithm to perform a global uniform search
on it, find the better individuals, and perform sensitivity analysis on the optimization design
variables to find out the design variables that have a greater impact on the optimization
goal. Then, based on this, the NSGA-II algorithm is used for multi-objective optimization,
which is repeated in order to obtain the optimal pump-jet propulsion system scheme.
SOBOL searched for 100 individual, 15 optimal design variables for the correlation of the
open water efficiency 770, the thrust coefficient K1 and the torque coefficient 10Kg. The
blue line represents the primary fit, and the red line represents the quadratic fit. It is found
that the camber and pitch have a great influence on the open water efficiency 70, the thrust
coefficient K and the torque coefficient 10K, as shown in Figure 15a,b. The change of the
chord length and the thickness has little effect on the open water efficiency 7o, the thrust
coefficient Kr and the torque coefficient 10Kg. As shown in Figure 15¢,d, the change of
side slope has little effect on the open water efficiency 70, the thrust coefficient Kt and
the torque coefficient 10Kg. In Figure 15e, it can be seen from the global optimization of
SOBOL that the camber, the pitch open water efficiency 70, the thrust coefficient Kt and
the torque coefficient 10K have significant effects, which can be considered in the next
optimization using the NSGA-II optimization algorithm.
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Figure 15. Optimization Design Variable Sensitivity Analysis: (a) Sensitivity of camber to optimiza-
tion objective; (b) Sensitivity of pitch to optimization objective; (¢) Sensitivity of chord to optimization
objective; (d) Sensitivity of thickness to optimization objective; (e) Sensitivity of skew to optimiza-

tion objective.
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When using the NSGA-II optimization algorithm for multi-objective optimization of
the pump-jet propulsion system, the population size was selected as 12, and 144 individuals
were generated after 12 iterations. Figure 16 shows the normalized distribution of open
water efficiency and thrust coefficient at the sample point on the plane. The blue point is
the parent pump-jet propulsion system, the red solution set is the Pareto optimal solution
set, and the black solution set is the non-inferior solution. The results pursued in these
two optimization objectives are the maximum open water efficiency and the maximum
thrust coefficient, so the optimal solutions of these two objectives should also appear in
the upper right corner of the figure. In this paper, the sample points with the largest open
water efficiency are selected for analysis.

1024 - (1.172,1.012)
1.00 ] o *(1,1)'%

1 T3 Y .0‘“' %5?
0'98__ ®e ® o ¢ [ oo'
0.96 * XY .o .

0.94 - o* s . %
' °'o "‘ %\3

. ]
°\Q 0.92
= J
0.90 ®
0.88 -
0.86 - i
0.84 -

0.82

0.6 0.8 1.0 1.2 14 1.6 1.8
K%

Figure 16. Schematic diagram of NSGA-II optimization solution set.

3.2. Performance Comparison of Pump-Jet Propulsion System

Analyzing the open water performance of the optimized pump-jet propulsion system
at other feed rates, the open water performance of the pump-jet propulsion system before
and after optimization is shown in Figure 17. The open water performance at most feed rates
is better than that of the parent pump-jet propulsion system, and the open water efficiency
and thrust coefficient do not decrease compared with the parent pump-jet propulsion
system, and in many cases are improved. Thus, the combined hydrodynamic performance
of the optimized pump-jet propulsion system is better than that of the parent pump-jet
propulsion system.
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Figure 17. Comparison of open water performance of optimized pump-jet propulsion system and
parent pump-jet propulsion system.

Further, compare the geometry and surface pressure distribution of the pump-jet
propulsion system. Figure 18 shows the surface pressure of the parent pump-jet propulsion
system and the optimized pump-jet propulsion system when the rate of advance coefficient
J = 1.05. The blade surface of the pump-jet propulsion system is the thrust surface, and
the back of the blade is the suction surface. The leading-edge pressure is generally greater
than the trailing edge pressure, and the pressure difference near the leading edge and
blade tip is large, which is easy to cause cavitation and high pulsating pressure. Under
the same rate coefficient, the negative pressure area at the blade tip and blade root of the
optimized pump-jet propulsion system is slightly larger than that of the parent pump-jet
propulsion system, and the cavitation performance may be slightly lower than that of the
parent pump-jet propulsion system. The rotor blade pressure of the optimized pump-jet
propulsion system is obviously higher than that of the parent pump-jet propulsion system,
and the blade pressure distribution is more uniform. The pressure on the back of the
blade decreased, the pressure difference between the blade and the back of the blade was
large, and the thrust increased gradually. The hydrodynamic performance of the optimized
pump-jet propulsion system is better.

Figure 19 shows the comparison of flow field velocity between the parent type pump-
jet propulsion system and the optimized pump-jet propulsion system. According to
Figure 19a,b, as the thrust of the optimized pump-jet propulsion system increases, the
fluid energy passing through the pump-jet propulsion system increases, so the velocity
of the flow field of the optimized pump-jet propulsion system increases slightly, and the
area of the higher velocity of the flow field increases slightly. Figure 19¢,d Shows that the
low-speed zone of the rotor of the optimized pump-jet propulsion system is significantly
reduced and the flow field transition is more uniform. The hydrodynamic performance of
optimized pump-jet propulsion system is better.
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Figure 18. Comparison of the surface pressure between the parent pump-jet propulsion system
and the optimized pump-jet propulsion system: (a) surface pressure of parent pump-jet propulsion
system; (b) surface pressure of optimized pump-jet propulsion system; (c) surface pressure on
the back surface parent of pump-jet propulsion system; (d) surface pressure on the back surface
parent of optimized pump-jet propulsion system; (e) surface pressure on the front surface parent of
parent pump-jet propulsion system; (f) surface pressure on the front surface of optimized pump-jet
propulsion system.
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Figure 19. Comparison of the axial velocity between the parent pump-jet propulsion system and
the optimized pump-jet propulsion system: (a) axial velocity of the flow field of parent pump-
jet propulsion system; (b) the flow field axial velocity of optimized pump-jet propulsion system
(c) axial velocity of the of parent pump-jet propulsion system rotor; (d) the axial velocity of optimized
pump-jet propulsion system rotor.

The unsteady pulse dynamic spectrum of the pump-jet propulsion system consists
of a low-frequency line spectrum and wideband random spectrum which reflect the spa-
tial inhomogeneity and time unsteadiness of the pump-jet propulsion system flow field,
respectively. The unsteady pulsation data are taken for analysis, and the pulsation data is
converted from the time domain to the frequency domain by Fast Fourier Transform (FFT),
and the amplitude T (N) is converted to T (dB), according to Equation (13). Figure 20 shows
the unsteady force curve of the pump-jet propulsion system. The thrust of the optimized
pump-jet propulsion system is significantly larger than that of the parent pump-jet propul-
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sion system. The unsteady force pulsation of the optimized pump-jet propulsion system is
slightly lower than that of the parent pump-jet propulsion system.

T(dB) =20 loglo (T(N)) (13)
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Figure 20. Comparison of unsteady forces curve of pump-jet propulsion system: (a) unsteady
force curve of parent pump-jet propulsion system; (b) unsteady force curve of optimized pump-jet
propulsion system.

In order to obtain a continuous spectrum, frequencies with lower amplitude in the
original spectrum are filtered out to avoid underestimating the actual pulsation amplitude.
In this paper, a two-step method [43] is used to extract the continuous broadband spectrum.
Firstly, the upper envelope of the original spectrum was calculated according to the average
thrust spectrum, and the local maximum amplitude of the wave was obtained. Then, the
adjacent average weighting method is used to process the maximum value according to
Equation (14). The algorithm can reflect the amplitude of unsteady force correctly, smooth
the envelope curve and eliminate the random component.

N Gj—-i-1) :
8=\ Gyifivi - /N w0 =1 = <(N+1)/2) "

where f; and g; are input and output data points i, respectively; N represents the number of
points in the window, and w; is a quadratic weight factor.

Figure 21 shows the wide band spectrum (DB) of the unsteady force of the pump-jet
propulsion system. The black line is the unsteady force spectrum, the red line is the upper
envelope of the unsteady force spectrum, and the blue line is the broadband spectrum. The
axial frequency is the fundamental frequency of the uniform incoming thrust spectrum,
and the peak appears at the blade frequency. It is found from the broadband spectrum of
unsteady force that the energy of unsteady force mainly concentrates in the low-frequency
region and attenuates to the high-frequency region. The peak values of the first and second
wave peaks of the optimized pump-jet propulsion system are both smaller than those of
the mother pump-jet propulsion system. It shows that the pulsation amplitude of the
optimized pump-jet propulsion system is slightly smaller than that of the parent pump-jet
propulsion system.
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Figure 21. Broadband spectrum of unsteady forces for pump-jet propulsion system: (a) broadband

spectrum of unsteady forces for parent pump-jet propulsion system; (b) broadband spectrum of
unsteady forces for optimized pump-jet propulsion system.

Figure 22 shows the von Mises stress comparison diagram of the pump-jet propulsion
system rotor. Material properties of the pump-jet propulsion system are shown in Table 4.
Von Mises stress was found to be significant at the blade root of the pump-jet propulsion
system. The results showed that the von Mises stress at the blade tip increased and that at
the blade root decreased due to the decrease in blade tip thickness of the optimized pump-

jet propulsion system. Optimize the pump-jet propulsion system to meet the allowable
stress requirements.

Stress Von Mises (MPa) Stress Von Mises (MPa)
4.95

9.91 0.000311 4.95 9.91

0.000311

(a) (b)

Figure 22. Von Mises stress comparison diagram of pump jet propulsion rotor: (a) rotor von Mises

stress of parent pump jet propulsion system; (b) rotor von Mises stress of optimized pump jet
propulsion system.
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Table 4. Material model of pump-jet propulsion system.

Parameter Numerical Value
Material Nickel Aluminum Bronze
Elastic Modulus 117 Gpa
Poisson’s ratio 0.34
Density 7600 kg /m?3
Allowable stress 620 Mpa

By comparing the open water performance curves of the parent pump-jet propulsion
system and the optimized pump-jet propulsion system, the open water performance
of the optimized pump-jet propulsion system is slightly higher than that of the parent
pump-jet propulsion system at multiple rates. Compared with the surface pressure of the
parent pump-jet propulsion system and the optimized pump-jet propulsion system, it was
found that the back-cotyledon pressure of the optimized pump-jet propulsion system was
significantly greater than that of the parent pump-jet propulsion system. The back-blade
to blade differential pressure ratio increased, the thrust increased, and the back-blade
pressure distribution was more uniform. By comparing the unsteady force spectrum and
the wideband spectrum of unsteady force between the parent pump-jet propulsion system
and the optimized pump-jet propulsion system, it is found that the amplitude of unsteady
force of the optimized pump-jet propulsion system is slightly smaller than that of the
parent pump-jet propulsion system, and the noise performance may be better. It was found
that the stress of the optimized pump-jet propulsion system decreased significantly at
the blade root, and the stress at the blade tip decreased. In conclusion, the performance
of the optimized pump-jet propulsion system is better than that of the parent pump-jet
propulsion system.

4. Conclusions

In this paper, the relationship between the geometrical parameters of a pump-jet
propulsion system and the performance of the pump-jet propulsion system is established
by full parametric modeling. Then, the hydrodynamic performance of the pump-jet propul-
sion system is calculated based on the numerical simulation technique. The radial parame-
ters in the fully parametric configuration of the pump-jet propulsion system were selected
as the optimization design variables, the hydrodynamic performance optimization objec-
tive function. Finally, the optimization design system of the pump-jet propulsion system
is constructed with the help of a global intelligent optimization algorithm. The whole
design process is automated by combining the geometry reconstruction technique, hydro-
dynamic performance evaluation technique and optimization technique of the pump-jet
propulsion system.

The following conclusions can be drawn from this study:

(A) The construction of the optimization design system can eliminate manual interven-
tion, in which the full parameter modeling module can flexibly realize the three-dimensional
geometry change of the pump-jet propulsion system in the configuration space, and the op-
timization theory can scientifically guarantee that the design result is the optimal solution,
or the optimal solution set in the configuration space from the mathematical level.

(B) The key breakthrough is the automatic deformation and reconstruction method of
the three-dimensional geometry of the pump-jet propulsion system. Through the estab-
lishment of a fully parameterized model of the pump-jet propulsion system, fewer design
variables are used to flexibly control the change of the three-dimensional geometry of the
pump-jet propulsion system, and this change includes all the parameters involved in the
traditional geometric expression method. Therefore, the problems of geometric deformation
and reconstruction caused by the complex parametric expression method of the traditional
pump-jet propulsion system are solved; thus, the diversity of pump-jet propulsion system
models and the controllability of the model are expanded, and the optimization of different
performances of pump-jet propulsion system provides the basis for the model.
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(C) The optimization design system of the pump-jet propulsion system was applied,
and the NSGA-II algorithm was used to design the propulsion, aiming at the efficiency and
thrust coefficient values under design conditions. The design results show that the thrust
coefficient and open water efficiency of the pump-jet propulsion system are improved
on the basis of satisfying the amplitude check of the unsteady force. It is preliminarily
indicated that the optimization design system of pump-jet propulsion system constructed
in this paper is feasible and can improve the performance of other aspects while ensuring
the performance of some aspects

The research focus of this paper is mainly on the construction of the whole method
system, and corresponding breakthroughs are made for the key technologies. The work
of this paper is relatively limited, so the following aspects can be considered in a further
comprehensive and in-depth study: the evaluation of the cavitation performance of the
pump-jet propulsion system is further studied, and the optimization design of the noise
performance of the pump-jet propulsion system is studied.
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