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a b s t r a c t

In this study, the SST k� u turbulence model and the sliding mesh technology based on RANS method
have been adopted to simulate the exciting force and hydrodynamic of a pump-jet propulsor in different
oblique inflow angle (0� , 10�, 20�, 30�) and different advance ratio (J¼ 0.95, J¼ 1.18, J¼ 1.58).The fully
structured grid and full channel model have been adopted to improved computational accuracy. The
classical skewed marine propeller E779A with different advance ratio was carried out to verify the ac-
curacy of the numerical simulation method. The grid independence was verified. The time-domain data
of pump-jet propulsor exciting force including bearing force and fluctuating pressure in different
working conditions was monitored, and then which was converted to frequency domain data by fast
Fourier transform (FFT). The variation laws of bearing force and fluctuating pressure in different advance
ratio and different oblique flow angle has been presented. The influence of the peak of pulsation pressure
in different oblique flow angle and different advance ratio has been presented. The results show that the
exciting force increases with the increase of the advance ratio, the closer which is to the rotor domain
and the closer to the blades tip, the greater the variation of the pulsating pressure. At the same time, the
exciting force decrease with the oblique flow angle increases. And the vertical and transverse forces will
change more obviously, which is the main cause of the exciting force. In addition, the pressure distri-
bution and the velocity distribution of rotor blades tip in different oblique flow angles has been
investigated.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pump-jet Propeller (PJP) is a special propeller, which has been
used in nuclear submarines and various types of torpedoes widely
in the world. Compared with traditional propeller and ducted
propeller, the pump-jet propulsor has the wider application in
underwater vehicles and submarines due to its high propulsion
efficiency, low radiation noise and high critical speed. However, the
pump-jet propulsor can work in oblique flow inevitably due to the
influence of the ship's maneuvering state, irregular water flow and
navigation trim. The oblique flow has a great influence on the
performance of the propulsor, which will cause the thrust and

torque curves to shift relative to the open water state (Wang et al.,
2017). And the pump-jet propulsor blades are subjected to an un-
steady load, which causes the tail vibration and strong underwater
noise. Therefore, it is important to study the variation laws of the
exciting force of the PJP in oblique flow, which can improve the
concealment and hydrodynamic performance of the PJP. However,
there are few studies about the pump-jet propulsor in the oblique
flow due to the researches of the PJP in oblique flow condition is
complicated there.

At present, the research of pump-jet propulsor focuses on the
hydrodynamic performance and cavitation in pure axial flow con-
ditions by experiment and numerical simulation. A large number of
results are useful for the numerical simulation of the pump-jet
propulsor. Suryanarayana et al. (2010a, 2010b, 2010c) presented
the experiment of the pump-jet propulsor for an axisymmetric
body inwind tunnel. The results verified the technique is useful and
economical method for quick assessment of overall performance of
the pump-jet propulsor. The propulsor increase resistance and
decrease in rotor thrust with trim angle 4.5�. The experiments have
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confirmed that there is a very close torque balance between the
rotor and stator of the propulsor at zero trim. Lu et al. (2016a,
2016b, and 2018) Pan and Lu (2016) and Qin et al. (2018) analyzed
the different tip clearances effect on the hydrodynamic perfor-
mance of pump-jet propulsor. The results found that the open
water efficiency decrease as the size of the tip clearance increases.
And the pressure distributions of the rotor and stator blades show
that the pressure around the leading edge of rotor suction side is
relatively low. Ahn and Kwon (2015) analyzed a pump-jet with ring
rotor using an unstructured mesh technique, the results found that
the addition of the ring at the blade tip can help reduce the tip
vortex strength and the cavitation performance on the suction
surface of the rotor blades was degraded. Martioa et al. (2017)
analyzed the ducted propeller and pump-jet propulsion using pe-
riodic computational domain, the velocity and pressure distribu-
tions on pump-jet blades were shown and discussed.

Oblique flow is a relatively simple non-uniform flow. At present,
most of the research of the propulsor in the oblique flow is mainly
focused on traditional propeller and ducted propeller. Due to the
complicated flow of the pump-jet propulsor, present literature re-
view suggests that the variation laws of the excitation force and the
hydrodynamic performance of the pump-jet propulsor in the
oblique flow are few and far between. Amini and Steen (2011)
tested a series of thruster model in oblique inflow conditions,
which were performed for different angles and different advance
ratio. It was found that the propeller gave higher bending loads in
oblique inflow than the propeller was in pure axial inflow condi-
tions by measuring six component forces and moments. Dubbioso
et al. (2013, 2014) analyzed the CNR-INSEAN E779A propeller in
oblique flow with wide range of incidence angles (10�e50�) at two
different loading conditions by overlapping grid approach. The
main focus is on hydrodynamic loads (forces andmoments) that act
on a single blade, on the hub and on the complete propeller and
peculiar characteristics of pressure distribution on the blade and
downstream wake. Alimirzazadeh et al. (2016) studied the perfor-
mance of the 841-B Surface Piercing Propellers (SPP) in the
different incident angles (0�, 10�and 20�) and in several immersion
ratio (I¼ 33%,50%,75% and 100%) by using sliding mesh technique
and Volume of Fluid (VOF) method. It was also found that
increasing the shaft yaw angle can decrease the torque and thrust
coefficient. Motallebi-Nejad et al. (2017) analyzed the related vir-
tual mass and damping coefficients of the open and ducted pro-
peller in oblique flow by URANS method. Wang et al. (2017)
analyzed the DTMB4679 propeller exciting force in oblique flow
based on RANS equations. The results shown that the oblique
inflow angle has a greater influence on propeller unsteady bearing
force than fluctuating pressure. Felli and Falchi (2018) analyzed the
underlying mechanisms of wake evolution and instability in obli-
que flow and the relation between the blade trailing wake and the
instability of the tip and hub vortices by PIV experimental
technique.

In this study, the SST k� u turbulence model and sliding mesh
technology based on RANS method have been adopted to simulate
the exciting force and hydrodynamic of the pump-jet propulsor in
oblique inflow. The fully structured grid and full channel model
have been adopted to improved computational accuracy. The reli-
ability of the numerical calculation method is verified by the
traditional E779A propeller. The variation laws of the six compo-
nents of the bearing force and the trend of change were calculated
in different advance ratio and different oblique inflow angles. In
addition, the monitoring points are set in different fluid domains.
According to the time-domain curve and the frequency domain
curve, the variation laws of fluctuating pressure had been analyzed
in different advance ratio and different oblique flow angles. The

pressure distribution and the velocity distribution of rotor blades
tip in different oblique flow angles has been studied.

2. Numerical simulation methods

2.1. Governing equation

The conditions of pump-jet propulsor flow in oblique inflow
follow the law of conservation of mass, the law of conservation of
momentum, and the law of conservation of energy. Andwater is the
only single medium in our calculations, which is in-compressible
fluid and whose heat exchange is ignored. The Reynolds time-
average method is adopted to save the computational cost and
calculation time, and the pulsation amount is introduced. The
governing equations of the three-dimensional in-compressible and
single phase fluid flows which are Reynolds Averaged
NaviereStokes (RANS) equations that can be written as the mass
and momentum conservation in the following tensor form:
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where r is the fluid density. xi and xj are the Cartesian coordinate
components (i¼ 1,2,3, j¼ 1,2,3). F is the body force on the micro
element, which only considers gravity generally, this paper is
ignored gravity, so F equals zero. m and p represent the dynamic
viscosity and the pressure, respectively. mi and mj represents the

absolute velocity component. rm0im
0
j is the Reynold stress. mi and mj

represents time-average value. m0im
0
j represents pulsation value. The

turbulence model is required to achieve the closure of Eq. (2).

2.2. Turbulence model

In the two-equation eddy viscosity turbulence model, the
advantage of the k� ε turbulence model is that it can simulate the
turbulence flow, which is fully developed away from the boundary
wall better. The advantage of the k� u turbulence model is that it
shows better applicability for boundary layer problems under
different pressure gradients. Menter (1993) proposed the SST tur-
bulence model by combining the advantages and characteristics of
these two eddy viscosity turbulence model. The turbulence model
for our numerical simulation is an SST k� u model. It is frequently
used in calculating propeller hydrodynamic performance. The three
different typical turbulence model SST k� u, Standard k� ε, Real-
izable k� ε for the numerical simulation of the pump-jet propulsor
were carried out by Qin et al. (2018). It indicated that the errors of
Standard k� ε and Realizable k� ε turbulence model are a little
bigger than SST k� u turbulence model. The unsteady cavitation
turbulent flow around a full scale marine propeller was calculated
with SST k� u turbulence model by Ji et al. (2010). The propeller
predicted by the numerical simulation agreed well with the
experimental data. And the SST k� u turbulence model combines
the advantages of stability of the near-wall k� u turbulence model
and is independent of the external boundary k� ε turbulence
model. So the SST k� ε turbulence model is chosen for the pump-
jet propulsor numerical simulation. Its closed equations are shown
in Eq. (3).
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where, GK ;Gu are the turbulence kinetic energy production items,
GK ;Gu are the diffusion rate of the k andu, YK ;Yu are the turbulence
dissipative items, SK ; Su are the source items.

2.3. Forces and torque are dimensionless

In order to compare and analyze the variation laws between the
six pulsating components of the bearing force at different advance
and different oblique inflow, all forces and torque are
dimensionless:

KTi ¼
Ti

rn2D4 (4)

KQi ¼
Qi

rn2D5 (5)

where, i¼ x, y, z represent the Cartesian coordinate components, n
is the rotation speed of pump-jet propulsor, D is the rotor diameter,
r is the water density, T is the force and Q is the torque. Meanwhile,
the negative direction of the z-axis is defined as the positive di-
rection of the thrust coefficient values, and the other axis is set the
positive direction as the positive value.

3. Verification of numerical simulation method

In this study, in order to verify the accuracy of the numerical
simulation method, the numerical simulation of pump-jet pro-
pulsor in oblique inflow over a classical skewed marine propeller
E779A with different advance ratio J has been carried out. The
advance ratio Jwere defined as J ¼ U∞=ðnDpÞwhereU∞ denotes the
free stream velocity, n is the blade rotating velocity, Dp is the pro-
peller diameter.

Meanwhile, the thrust coefficient KT ¼ FT=ðrf n2D4
pÞ and the

torque coefficient KQ ¼ FQ=ðrf n2D5
pÞ were defined, where FT is the

propeller thrust, FQ is the propeller torque; r is the density of water.
The geometry model of the E779A propeller is built by the data
from Subhas et al. (2012) and it is presented in Table 1. In order to
improve the accuracy of the numerical, the numerical simulation of
the E779A propeller adopts a fully structured grid. The computa-
tional domain and the fully structured grid for the E779A propeller
are shown in Fig. 1. The fully structured grid model is shown in
Fig. 2.

In this study, the numerical simulations are carried out of the
E779A propeller at the advance ratio (J¼ 0.71, 0.77, 0.83) with

commercial software. The relative errors DKT and DKQ were
defined as Morgut and Nobile (2012), the equations that can be
written as the (4) and (5).The comparison of predicted the thrust
coefficient KT , the torque coefficient 10 KQ , the open water coeffi-
cient hwith experimental data from Salvatore et al. (2006) is shown
in Fig. 3. From Fig. 3 and Table 2 we see that the numerical calcu-
lation value is in good agreement with the experimental value, and
the relative errors DKT and DKQ were very small.

DKT ð%Þ¼ ðDKTCFD �DKTEXPÞ =DKTEXP*100 (6)

DKQ ð%Þ¼
�
DKQCFD �DKQEXP

� �
DKQEXP*100 (7)

4. Numerical set-up

4.1. Geometry model

Pump-jet propulsor mainly has two types, which is front stator
and rear stator. In this study, the rotor is in the front of the stator.
And the pump-jet propulsor geometrymodel is shown in Fig. 4. The
pump-jet propulsor has 11 rotor blades and 9 stator blades.
Meanwhile, the pump-jet propulsor adopts the single stage rotor

Table 1
Parameters of E779A model propeller.

Parameters values

Propeller diameter DP ¼ 227:3mm
Number of blades Z¼ 4
Skew angle q ¼ 4�48}
Pitch ratio P=DP ¼ 1:1
Rake I ¼ 4�3}
Expanded area ratio EAR¼ 0.689
Hub diameter DH ¼ 45:53mm

Fig. 1. The computational domain of E779A.

Fig. 2. The fully structured grid model.
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and stator system. In order to get more precise results, two half
ellipsoid type flow-guide caps have been added in the front and
rear of the propulsor model. The flow between of rotor and the
inner wall of the duct needs to be considered, the tip clearance size
between the rotor blade and duct is 1mm. The main parameters of
pump-jet propulsor are presented in Table 3.

4.2. Computational domain and numerical grids

In this work, considering that oblique inflow is a relatively
complex flow, the full channel model has been adopted to
improved computational accuracy. Fig. 5 showed the

computational domain and boundary conditions of pump-jet pro-
pulsor. Based on the shape of the pump-jet propulsor, the cylinder
computational domain (13 Dmax in length and 5 Dmax in diameter)
was selected, and the pump-jet propulsor is located in the center
line of the cylinder computational domain. The inlet is located
4Dmax from the front face of pump-jet propulsor, and the outlet is
situated 8Dmax from the end of pump-jet propulsor. Dmax is the
maximum diameter of the rotor blade. Fig. 6 showed the rotating
domain and stator domain. The computational domain is composed
of three zones, which are the rotor domain, stator domain and
external flow field domain. The rotor domain is a rotating domain,
and stator domain and external flow field domain are stationary
domains. The flow information transmission by the interface be-
tween the rotating domain and the stationary region is adopted
interface connection. In the study, the Multi-reference Frame (MRF)
method is used for steady simulation to save computational costs

Fig. 3. Comparison of predicted KT , 10 KQ , h with experimental data.

Table 2
The relative errors DKT and DKQ .

J DKT (%) DKQ (%)

0.71 0.44 0.13
0.77 0.53 1.85
0.83 0.65 1.67

Fig. 4. The pump-jet propeller model.

Table 3
Parameters of pump-jet propeller.

Parameters Values

Rotor maximum diameter Dmax ¼ 250mm
Rotor minimum diameter Dmin ¼ 220mm
Stator diameter Ds ¼ 218mm
Duct inlet diameter Dd1 ¼ 260mm
Duct outlet diameter Dd2 ¼ 197mm
Duct maximum diameter Dd ¼ 270mm
Hub length Lh ¼ 170mm
Front diameter Dh1 ¼ 140mm
Back end diameter Dh2 ¼ 80mm

Fig. 5. Computational domain and boundary conditions for pump-jet propulsor.

Fig. 6. Rotating domain and Stator domain.
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and accelerate convergence, firstly. Then, the sliding grid method is
applied for unsteady simulation, and the steady calculation results
are used to initialize the flow field.

The quality of the grid directly affects the accuracy and
convergence of the calculation results. And the structured grid can
achieve the boundary fitting of regions easily, and which is suitable
for calculating the stress concentration on the surface of fluid.
However, unstructured grids do not handle viscous problems bet-
ter, and the number of grids will be extremely large. Therefore, all
the computational domains are filled with structured grids gener-
ated by the CFD pre-processor ICEM. Fig. 7 showed the structured
grids of stator and rotor blades surface. The grids around pump-jet
propulsor adopted H-hybrid grids. The propulsor blade surface was
surrounded by O-hexahedral girds. Meanwhile, in order to simulate
the change of the flow field of the pump-jet propeller in different
oblique inflow conditions more accurately, some parts of large
curvature change should be made local refinement, which
including tip clearance, leading edge, trailing edge, and blade root
et al., and the first layer mesh height is 0.05mm. The flow fields in
the rotor and stator domains change significantly, so the number of
grids in these two fluid domains is relatively dense. The total
number of grids is probably 7.2� 106, including 3.99� 106 rotor
domain grids and 1.75� 106 stator domain girds.

4.3. Boundary condition

The setting of boundary conditions plays an important role in
the calculation of CFD simulation results. In this study, the inlet
boundary and the far field boundary are set as the velocity inlet
boundary to simulate the oblique flow more accurate, the outlet

boundary is set as the pressure outlet boundary. The operating
pressure is set as 101325 Pa. Fig. 8 showed that the diagram of
oblique flow coming, the numerical simulation of oblique flow
conditions is achieved by varying the angle of attack in the hori-
zontal plane x-z. U is the inflow velocity, b is the oblique flow angle.
VZ is the axial velocity component and VT is the tangential velocity
component. The inflow velocity has been kept fixed to a value of
U¼ 15.72m/s, the different advance ratio J are achieved by
changing the rotational speed of the propulsor. The calculation
working conditions are shown in Table 4. In this numerical calcu-
lation, three sets of different advance ratio (J¼ 0.95,1.18,1.58) are
calculated, and each set of working conditions is carried out with
four different oblique flow angles (0�,10�,20�,30�). The duct, blades
and hub are all set as a stationary no-slip wall boundary. The rotor
domain is defined as a rotating flow field, rotating around the z-
axis. The rotor wall boundary is set as the moving wall boundary,
and the relatively rotational speed of the rotor domain is set as zero,
achieving rotational motion of the rotor. In addition, the time step is
set as the time rotating 1� of the pump-jet propulsor. And the
second-order backward Euler algorithm and the second-order up-
wind algorithm were used to calculate the time derivative and the
spatial derivative, respectively.

4.4. Monitoring point setting

In order to analyze the effects of different advance ratio and
different oblique flow angles on the radial and axial fluctuating
pressure distributions of the rotor domain and stator domain, a
series of measure points in flow field are arranged to monitor the
change of fluctuating pressure. As shown in Fig. 9, there are 18
monitoring points P1–P18 in the inlet of the duct, the outlet of the
duct, the domain of the stator, and the rotor domain. The moni-
toring points P1, P2 and P3 are located in the same straight line in
the inlet of the duct. And the z-axis distance between every two
monitoring points is 100mm.The monitoring points P8, P9 and P10
are located in the same straight line in the outlet of the duct. The
distance between every two monitoring points is 45mm. The
monitoring points P4, P5, P11, P12, P13 and P14 are located in the
rotor domain, which is used to monitor changes of the axial and
radial fluctuating pressures in the rotor domain. The monitoring
points P6, P7, P15, P16, P17 and P18 are located in the stator domain.

Fig. 7. Structured grids of stator and rotor.

Fig. 8. Diagram of the oblique flow coming.

Table 4
The calculation working conditions of pump-jet propulsor.

Working
conditions
group 1

Working
conditions
group 2

Working
conditions
group 3

Advance ratio J 1.58 1.18 0.95
Coming flow velocity (m/s) 15.72 15.72 15.72
Oblique flow angle (�) 0,10,20,30 0,10,20,30 0,10,20,30
Rotating speed (rpm) 2400 3200 4000

Fig. 9. The monitor points of the fluctuating pressure amplitude.
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The axial and radial distances are 60mm and 20mm respectively.
To better compare and analyze the difference and rule of fluctu-
ating pressure in different advance ratio and different oblique
inflow, all amplitudes of fluctuating pressure are dealt with
dimensionless method in the following equation:

Kp ¼ P
rn2D2 (8)

where, P is the maximum peak of the fluctuating pressure, n is the
rotation speed of pump-jet propulsor, D is the rotor diameter, r is
the water density.

4.5. Grid independence validation

The flow of the pump-jet propulsor in oblique inflow is a very
complex flow, and the numerical calculation accurate in the oblique
flow requires very high accuracy for the grid. In order to ensure the
precision of numerical simulation, which need to verify grid inde-
pendence. It needs to regenerate the grid for calculation by
reducing the size of the first layer of the wall. The first layer mesh
height is set as 0.025mm, 0.05mm and 0.1mm. In this study, three
cases are selected for numerical calculation in different advance
ratio (J¼ 1.40, 1.51, 1.60). The calculation results are shown in
Table 5. The difference of thrust coefficient and torque coefficient
between the first layer mesh height of 0.025mm, 0.05mm and
0.1mm is very small, and the grid independence is verified.
Considering the calculation efficiency and calculation accuracy, the
height is 0.05mm of the first layer mesh is chosen to calculate.

5. Results and discussion

The exciting force of pump-jet propulsor can be mainly divided
into bearing force and fluctuating pressure. The bearing force is
caused by the unsteady load of the blades, which is usually
composed of six pulsating components, which are the forces and
bending moment in the three directions of x, y and z, respectively,
axial thrust, vertical force, transverse force and torque, vertical
bending moment, transverse bending moment.

5.1. Analysis of PJP bearing force in different advance ratio J

Fig.10 shows that the bearing force of the single rotor blade over
one revolution in different advance ratio J when b ¼ 20�. In this
study, the z-axis is the axial direction, the x-axis is the transverse
direction, and the y-axis is the vertical direction. Fig. 10 a, b shows
that the variation laws of the axial thrust KTz and axial torque KQz of
the single rotor blade in different advance ratio J. It can be seen that
axial thrust KQz and axial torque KQz both increasewith the increase
of the advance ratio J. Different from the traditional propeller, the
axial force KTz and axial torque KQz of the pump-jet propeller in the

axial position show a certain periodicity in one cycle due to the
influence of the stator, and the number of cycles are the number of
blades of the stator. Compared with the axial force KTz , the axial
torque KQz changes more obviously with the increase of the
advance ratio J.

From Fig. 10 c, d, it can be found that there is a phase difference
between vertical force KTy and transverse force KTx, vertical bending
moment KQy and transverse bending moment KQx. It can be seen
from Fig. 10 c, d that the circumferential position of the peaks and
troughs of the thrust and bending moment has not changed when
the advance ratio is increased. However, the pulsation amplitude of
the thrust and the bending moment of the rotor blades increase,
which is the main cause of the exciting force of the PJP. Vertical
force KTy and vertical torque KQy matches the law that the
circumferential change follows the sinusoidal variation, with the
minimum at 90�, and the maximum at 270�.The transverse forces
and transverse torque decrease first and then increase, but the
vertical forces and vertical torque increase first and then decrease.

In order to analyze the pulsation amplitudes of the thrust co-
efficient and the torque coefficient in different advance ratio more
clearly, the Fast Fourier Transform (FFT) is used to convert the time-
domain data into the frequency-domain data, and then the pul-
sating peaks of the thrust and torque coefficients as shown in
Fig. 11. It shows that the pulsating peak of thrust and torque coef-
ficient in different advance ratio Jwhen b ¼ 20�. It can be seen from
Fig. 11a and b that the pulsating peak of torque and thrust co-
efficients increase with the increase of the advance ratio of the
single rotor blades. The change trend of axial force (KTz), the axial
torque (KQz) is relatively stable. The increase of the rotational speed
causes the tangential velocity to increase, which resulting in the
lateral unsteady load of the blade increase. So that the pulsating
peak of vertical force and torque coefficient, transverse force and
torque coefficient is greater than the influence of the axial force and
torque coefficient.

5.2. 5.2 Analysis of PJP bearing force in different oblique flow angles

Fig. 12 a, b gives the variation laws of the bearing force of the
single rotor blade over one revolution in different angle
(0�,10�,20�,30�) when J¼ 1.18.In general, the pulsation amplitude of
the vertical force and torque coefficient, transverse force and torque
coefficient decreases with the oblique inflow angle increases.
Similarly, it can be seen from Fig. 12 that the circumferential posi-
tion of the thrust and torque peaks and troughs has not changed
when the oblique flow angle is increased. However, the increase of
the transverse velocity and the vertical velocity leads to the in-
crease on the pulsation amplitude of the force and torque co-
efficients, which is disadvantageous for the exciting force of the
pump-jet propulsor.

From Fig. 13, it can study the variation laws of the pulsating peak
of thrust and torque coefficient in different oblique inflow angle
(0�,10�,20�,30�) when advance ratio J¼ 1.18. Obviously, the oblique
flow angle has a greater influence on the pulsation amplitude of the
vertical force and torque, and the transverse force and torque. For
the degree of change, the change degree of vertical force and tor-
que, and the transverse force and torque are much larger than axial
force and torque. Due to the increase of the oblique inflow angle,
which leads to the increase of the lateral unsteady load of the rotor
blades.

Fig. 14 a, b shows that the variation laws of the bearing force of
the single stator blade over one revolution in different angle
(0�,10�,20�) when J¼ 1.18. Unlike the single rotor blade, the vertical
and transverse forces of the single stator blade also exhibit periodic
changes. And the number of cycles is the number of rotor blades.

Table 5
The numerical calculation in different advance ratio of propulsor.

J First layer (mm) KT (rotor) KQ (rotor) KT (stator) KQ (stator)

1.40 0.025 0.6640 0.2872 0.1409 0.2828
0.050 0.6621 0.2803 0.1353 0.2776
0.100 0.6608 0.2815 0.1356 0.2758
0.025 0.6742 0.2885 0.1521 0.2735

1.51 0.050 0.6701 0.2743 0.1486 0.2688
0.100 0.6713 0.2715 0.1476 0.2635
0.025 0.6830 0.2738 0.1745 0.2820

1.60 0.050 0.6756 0.2663 0.1702 0.2795
0.100 0.6778 0.2692 0.1696 0.2744
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Due to the stator blades are always stationary, the degree of fluid
change in the stator domain is smaller than the rotor domain, so
that the pulsating peak of vertical and transverse bearing forces of

the stator blades are slightly smaller than rotor blades. From
Fig. 14.a the vertical force KTy and transverse force KTx decreases
with the oblique flow angle increases. However, from Fig. 14.b the

Fig. 11. Pulsating peak of torque and thrust coefficient in different J when b ¼ 20� .

Fig. 10. Bearing force of the single rotor blade over one revolution in different J when b¼ 20� .
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Fig. 12. Bearing force of the single rotor blade over one revolution in different angle when J¼ 1.18.

Fig. 13. Pulsating peak of thrust and torque coefficient in different angle when J¼ 1.18.

Fig. 14. Bearing force of the single stator blade over one revolution in different angle when J¼ 1.18.
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axial force KTz increases with the oblique flow angle increases, and
themagnitude of the change is larger than the vertical force KTy and
transverse force KTx.

5.3. Analysis of PJP fluctuating pressure in different advance ratio J

In order to compare and analyze the variation laws of the fluc-
tuating pressure in different advance ratio more clearly, this study
will be divided into four parts: rotor front, rotor domain, stator
domain and stator rear. The fluctuating pressure time domain curve
and frequency domain curve of the pump-jet propulsor is shown in
Fig. 15 when J¼ 1.18 and b ¼ 20�.

Through comparing the time-domain curve of fluctuating
pressure in Fig. 15, it can be seen that the fluctuating pressure
change periodicity with time. The frequency domain curve in Fig.15
show that Blade Passing Frequency (BPF) of the fluctuating pressure
peak of the 18 monitoring points is largest. The duple blade fre-
quency (2BPF) of fluctuating pressure peak is much smaller than
the BPF and pulsating amplitudes of other frequency can basically
be neglected. In this study, the mainly pulsating frequency is BPF
(586.6 HZ) and 2 BPF (1173.2HZ) when J¼ 1.18.

In Fig.15 a, b, although the fluctuating pressures coefficient KP of
the P1 and P2 point are higher than the P3 point, the amplitude of
fluctuating pressure coefficient of the P3 point is much larger than
the P1 and P2 points. The amplitude of frequency-domain of the P1
and P2 points change relatively smoothly, and there is not much
fluctuation in the BPF and the 2BPF, and the P3 point changes
significantly. There is a strong pulsating pressure in front of the
rotor inlet, which is due to the pre-rotation action of the fluid there.
And the fluctuating pressure has a very sharp change along the z-
axis direction, the closer which is to the vibration source, the higher
the pulsation pressure.

Fig.15c, d shows that the pulsating pressure of all the fluctuating
pressure monitoring points (P4, P5, P11, P12, P13 and P14) in the
rotor domainwill fluctuate significantly.The periodicity of the rotor
and the associated effects of the duct cause that the flow is
complexity in rotor domain. In terms of axial position, the peak of
pulsating pressure of P4 point is much larger than P5 point. In
terms of radial position, the pulsating pressure relationship of the
monitoring point is P12> P11> P4 in the front end of the rotor
domain. However, the pulsating pressure relationship of the
monitoring point is P5>P13> P14 in the back end of the rotor
domain. Like the stator domain, it is closer to the blade tip, the
pulsating pressure changes more sharply in the end of the rotor
domain. The BPF and 2BPF in the rotor domain is significantly larger
than the stator domain and other flow fields.

Fig. 15 e, f shows the variation laws of the pulsating pressure of
the monitoring points in the stator domain. Compared with the
rotor domain, the degree of change is relatively small. In terms of
axis position, the peak of pulsating pressure of P6 is much larger
than P7. Due to the fluid has a certain tangential velocity and radial
velocity after passing through the rotor domain, and there is a
certain degree of unevenwake flow, so the stator domain has sharp
pulsation. The closer to the rotor area, the greater the pulsating
pressure. In terms of radial position, the pulsating pressure rela-
tionship of the monitoring point is P6>P15> P16, which indicate
that the closer to the blade tip position, the greater the pulsation
pressure, but the degree of change is not large.

As shown in Fig. 15 g, h, the fluctuation of the pulsating pressure
of P8 point which is closer to the rotor domain is relatively large,
and the changes of the P9 and P10 points in the far field region are
relatively small, but the frequency-domain variation values of the
three points (P8, P9, P10) are much smaller than the variation
values of the stator domain and the rotor domain. It shows that the

flow field changes relatively smoothly after passing through the
rotor domain and the stator domain, and the closer it is to the rotor
domain, the greater the change.

In order to compare the fluctuations of the pulsating pressure in
different advance ratio more clearly, the time-domain values of
pulsating pressure in different advance ratio are transformed by
FFT, and then the peaks of the pulsating pressure are drawn into a
histogram shown as Fig. 16. It can be seen from Fig. 16 that with the
increase of the advance ratio, the pulsating pressure of all moni-
toring points increases, and the trend of change is consistent. The
P3, P4 and P6 points are closer to the rotor domain than other
points (P7, P8, P15, P16, P17 and P18), and the peak value of the
pulsating pressure is relatively large, while the P7, P8, P15, P16, P17
and P18 points is far away from the rotor domain, and the peak
value of the pulsating pressure is relatively small. In the axial po-
sition, the peak value of the pulsating pressure of the front end of
the stator domain change relatively large than the back end of the
stator domain, which is due to being closer to the rotor domain. In
the radial position, due to the presence of the duct, it is the closer to
the blade tip, the stronger the dynamic and static interference. So
P6 is closest to the blade tip, and the pulsating pressure changes
most sharply. P16 is closest to the blade root, and the pulsating
pressure changes most stably. Due to the presence of the duct, it is
the closer to the blade tip, the stronger the dynamic and static
interference.

5.4. Analysis of PJP fluctuating pressure in different oblique flow
angles

To analyze and compare the variation laws of the fluctuating
pressure in different oblique flow angles, only P3, P4, P6, P8 point
are selected for analysis and comparison. In Fig. 17, it shows that
with oblique flow angle increasing, the pulsating amplitude of
fluctuating pressure decreases for P3 point, P4 and P8 point.
However, the pulsating amplitude of pressure increases with the
increase of the oblique flow angle at point P4 point. Meanwhile, the
Axis Passing Frequency (APF) change intensely when b ¼ 30�.The
fluid in the rotor domain is fully developed and the influences of
the duct led to the fact that the pulsating amplitude increase with
the oblique flow angle increase. As the oblique flow angle increases,
the flow of the rotor domain becomes more intense. The increase of
the oblique flow angle causes the axial velocity decrease, which
causes the pulsation pressure decrease in the stator domain and the
inlet of rotor.

Fig. 18 shows the peak of fluctuating pressure in different obli-
que inflow. In general, at a lower oblique flow angle (0�e20�), the
amplitude of the pulsating pressure decreases with the oblique
flow angle increases at the axial position (P3,P4,P6,P8 point).-
Compared with the case the oblique flow angle is 20�, the ampli-
tude of the pulsation pressure becomes larger when b ¼ 30�, which
is because the flow becomes more complicated in the condition of
high oblique flow angle. And the effect of the duct for the fluid is
reduced. At the front end of the stator domain, the amplitude of the
pulsating pressure varies significantly at different oblique flow
angles, which is the closer to the rotor domain. At the back end of
the stator domain, the amplitude of the pulsating pressure is stable
at different oblique flow angles. Similarly, there will be large fluc-
tuations in the case of high oblique flow angles 30�.

5.5. Analysis of pressure and velocity distribution

Fig. 19 a, b shows the velocity contours in the rotor blade tip
regionwith different b (0� and 20�). From Fig. 19 a, b, it can see that
the velocity close to the leading edge of the blade tip is higher than
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Fig. 15. The pump-jet propulsor fluctuating pressure time domain curve and frequency domain curve (J¼ 1.18, b ¼ 20�).
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that close to the trailing edge. There is a difference of the tip regions
in velocity distribution under different oblique flow angles. The
low-velocity region is mainly concentrated on the trailing edge
without affecting the velocity distribution of the blade tip at b ¼ 0�.
However, the low velocity region is significantly increased, and
even extends to the rear of the adjacent blade tip. This is mainly due
to the relatively large transverse velocity and vertical velocity when
b ¼ 20� than the pure axial flow (0�).The flow is more complicated
during oblique flow, which is disadvantageous for pump-jet
propulsor.

From Fig. 20, it can learn the pressure distribution of the rotor
blade in different oblique flow angle (0�, 20�). Meanwhile, it shows
the pressure contours of different vertical surfaces when J¼ 1.18.
The distance between different vertical surfaces is shown in Fig. 20.
From Fig. 20, it can be seen that the pressure gradient gradually
decreases with the distance of different vertical surfaces increases,
at the same time, as the oblique flow angle increases, the pressure
decreases and the fluid will accelerate. There has a bigger pressure
difference between the pressure side and the suction side at b ¼ 0�

than the oblique flow angle b ¼ 20�.Due to the transverse force and

Fig. 16. The peak of fluctuating pressure in different advance ratio.

Fig. 17. Frequency-domain curve of fluctuating pressure coefficient of P3, P4, P6 and P8 in different oblique inflow.
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the vertical force increase when the oblique flow angleb ¼ 20�, the
low pressure region on the pressure side can increases. When the
oblique flow angle is 0�, the surface pressure distribution of the
rotor blade is relatively uniform, and the pressure gradient is small.
However, the difference of the rotor blades pressure distribution
between different blades is greater, and the non-uniformity of the
flow field is more obvious when b ¼ 20�.

6. Conclusion

In this study, the SST k� u turbulence model and sliding mesh
technology based on RANS method have been adopted to simulate
the exciting force and hydrodynamic of the pump-jet propulsor in
different oblique inflow angle (0�,10�,20�,30)and different advance
ratio (J¼ 0.95,J¼ 1.18,J¼ 1.58). In order to ensure the accuracy of
calculation, this study uses fully structured grid and full channel
model simulation. Meanwhile, in order to verify the accuracy of the
numerical simulation method, a classical skewed marine propeller
E779A with different advance ratio J has been carried out, the nu-
merical calculation value is in good agreement with the experi-
mental value.

The exciting force of pump-jet propulsor in different advance
ratio is analyzed. By learning the variation law of bearing force of
the single rotor blade over one revolution in different J when b ¼
20�, which can be seen that the circumferential position of the
peaks and troughs of the thrust and torque has not changed when
the advance ratio is increased. However, the pulsation amplitude of
the thrust and the torque of the rotor blades increase, which is the

main cause of the exciting force of the propeller. This is mainly due
to the increase of the rotational speed causes the tangential velocity
to increase, which resulting in the lateral unsteady load of the blade
increase. A series of measure points in flow field are arranged to
monitor the change of fluctuating pressure. From the time domain
curves and frequency domain curves (FFT) can study that the closer
to the blade tip position, the greater the pulsation pressure in the
radial position, and the closer it is to the rotor domain, the greater
the pulsation pressure in the axial position. And it shows that the
peak of fluctuating pressure the monitoring points in Blade Passing
Frequency (BPF) is largest, the duple blade frequency (2BPF) is
much smaller than the BPF and pulsating amplitudes of other fre-
quency can basically be neglected. The BPF and 2BPF in the rotor
domain is significantly larger than the stator domain and other flow
fields.

The exciting force of pump-jet propulsor in different oblique
inflow angle (0�,10�,20�,30�) is analyzed. The pulsation amplitude
of the vertical force and torque coefficient, transverse force and
torque coefficient decreases with the oblique inflow angle in-
creases. For the degree of change, the change degree of vertical
force and torque, and the transverse force and torque is much larger
than axial force and torque. This is mainly due to the increase of the
oblique inflow angle, which leads to the increase of the lateral
unsteady load of the rotor blades. Unlike the key rotor blade, the
vertical and transverse forces of the single stator blade also change
periodically. The amplitude of the pulsating pressure decreases
with the oblique flow angle increases at a lower oblique flow angle
(0�e20�), while the amplitude of the pulsation pressure becomes

Fig. 18. The peak of fluctuating pressure in different oblique inflow.

Fig. 19. Velocity contours in the rotor blade tip region with different b (b ¼ 0� ,left; b ¼ 20� ,right).

C. Qiu et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 102e115 113



larger when b ¼ 30�.
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