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ABSTRACT

The analysis of a propeller operating in off-design
conditions is one of the most attractive and challenging
topics in hydrodynamics, because of its close connections
with different aspects of underwater vehicle design and
performances.
The hydrodynamic characteristics of the KA4-70+JD7704
ducted propeller and new ducted propeller in oblique flow
is numerically simulated based on solving the Reynoldsaveraged Navier-Stokes equations in rotating and
stationary coordinate systems. Two incidence angles with
different baffle locations at different advance ratios are
considered, in order to analyze the propeller performance
during several off-design conditions. The main focus is on
hydrodynamic loads such as forces and moments that act
on the complete propeller; peculiar characteristics of
pressure distribution on the blade will be presented as
well.
Keywords
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1 INTRODUCTION

Propulsion system is one of the many subsystems in the
complex underwater vehicle system, propeller
performance is related to sailing distance, has the very
vital significance .
The ducted propeller improves the working environment
of the blade by using the airfoil shaped duct, and at the
same time the duct plays a certain shielding effect on the
noise generated by the blade. Therefore, the duct propeller
has large thrust, high propulsion efficiency, good noise
performance, and strong wave resistance. It is used as a
propulsion device for a variety of underwater vehicles.
A major focus of propeller research is to improve the
performance of various aspects of conventional propeller
to obtain new propellers that can meet specific needs,
while using computational fluid dynamics methods to

numerically calculate propeller flow fields to evaluate
propeller performance.

Figure 1. Deformable propeller with active rotating flaps

Chen Fanlong(2017) proposed a deformable propeller
with active rotating flaps which is shown in Fig.1. The
propeller has active rotatable flaps on the blade that are
mounted on the trailing edge of the blade and are driven
by a piezo actuator system to adjust the flap angle. This
will allow the propeller to operate under very complex
conditions. This integrated geometry reconstruction
technique may significantly improve propeller thrust and
efficiency when not under design condition. The
numerical simulation shows that the thrust and torque of
the deformable thruster increase with the increase of the
flap angle at a certain speed coefficient, and the efficiency
of the thruster is positive when the flap angle is positive.
An underwater vehicle may experience different offdesign scenarios during its operational life, like
maneuvering and crash stop, which completely change the
working regime of the propeller. In these cases, propeller
loads can increase abruptly with respect to those
experienced during the straight ahead motion, because of
complex flow field phenomena and interactions between
hull and propeller; moreover, in these circumstances,

additional forces and moments are generated which may
affect profoundly the dynamic response of the vehicle.
Numerical simulations (Mauro et al 2012) focused on the
steady turning phase of a twin screw naval vessel revealed
that, during the steady turn, the hull wake is asymmetric
with predominant large vortical structures caused both by
massive separation phenomena due to the cross-flow
velocity on the internal side, and by a relevant lateral
speed component (up to 30°) due to the combined swayyaw motion.
Dubbioso et al (2013; 2014) analyzed performance of a
marine propeller in oblique flow by RANS computations.
In their work the hydrodynamic forces acting on blades
and flow features around the propeller were obtained and
discussed in details. As a result of the non-symmetric
inflow condition, relevant in-plane loads, which are
usually not of concern in pure axial flow condition or in
hull-behind condition in straight ahead motion, are
generated by the propeller. In particular, in a common offdesign scenario of ship operation (i.e. maneuvering), these
components may increase up to 20% of the thrust and
40% of the torque, for the side force and in plane
moments (pitching and yawing), respectively.
Based on the concept of deformable propeller, this paper
proposes a deformable duct. The performance of
deformable ducted propeller set at incidence with respect
to the inflow is investigated by means of an approach
based on the numerical solution of the Reynolds averaged
Navier–Stokes equations. The selected propeller is the
four bladed Ka4-70+JD7704 model. The rotation of the
propeller with respect to the fixed background is handled
by Multiple Reference Frames.
The principal aim of the present work is to contribute to
the understanding of deformed ducted propeller behavior
during off-design conditions, with particular focus on the
in-plane loads acting on the propeller hub.
2 GEOMETRY AND NUMERICAL SETUP

Figure 2. The deformed KA4-70+JD7704 ducted propeller
with baffle at 180°

The translational motion of the shaft shell then controls a
set of nested deflector to reach a state of extension and
retraction, thereby varying the total area of the deflector.
The deflector relies on the strength of its own material
rather than the force of the drive mechanism to resist the
impact of the water flow, thus ensuring that the
deformation can still work reliably under conditions of
small driving force.
In this paper, the model is simplified. The Ka470+JD7704 ducted propeller is still used as the basic duct
propeller, but the specific deformation structure is
neglected. A rigid and constant thickness baffle is added
to the duct to represent the new type of duct propeller.
The specific method is to install a baffle with a height of
45mm, a width of 80mm and a thickness of 5mm on the
inner wall 20mm away from the rear end of duct. The
performance of various aspects of the simplified
deformable ducted propeller is analyzed.
1. Shaft shell

2.1 Research Object

In the present work the main idea is to achieve a
deformation of the ducted propeller by extending a baffle
on the duct, and obtain a new type of ducted propeller.
This study is used to analyze its hydrodynamic
performance.

2.3. The spiral lifting rod

In this paper, the KA4-70+JD7704 ducted propeller is
selected as the basic research object for propeller
modeling which is shown in Figure 2.

10. Wedge for fixing

The duct of deformed ducted propeller is shown in Figure
3. Since the duct has a larger volume relative to the blade,
the size of the deformation mechanism is more extensive,
and the structural strength can be improved to ensure the
stability of the deflector. The spiral lifting rod and the
shaft shell are used together as the transmission
mechanism, and the rotary motion is converted into the
telescopic movement of the spiral lifting rod.

4. Transmission shaft
5. Reduction gear
6. Electric motor
7.8.9. Nested deflector

Figure 3. Schematic diagram of deformation mechanism
2.2 Numerical Setup

In order to simulate the internal and external flow fields
of the ducted propeller during the open water test, the
numerical calculation first needs a suitable calculation
domain. The calculation domain is a cuboid coaxial with
the ducted propeller. It has a length of 14D and a diameter
of 6D with the propeller diameter D, the inflow domain
length is 4D and the length of the slipstream domain is
10D. As shown in Figure 4.

Figure 4. Open water calculation domain

To simulate the rotation of the propeller blades, the entire
flow field is divided into two computational domains: the
blade rotation domain and the outer flow field calculation
domain. The rotation domain of the blade is a calculation
domain of rotation, the rotation speed is the same as the
rotation speed of the blade, and the calculation domain of
the external flow field is a static calculation domain.
Based on the shape of the ducted propeller, the multiblock structured grid is generated with high quality for the
external static domain, and an unstructured grid that can
better describe the blade shape is generated for the inner
rotating domain. An axial H-shaped grid is generated
around the propulsion device. A radial O-shaped grid
corresponds to the interface of the rotating domain.
An encrypted boundary layer grid is generated on the
surface of the hub, the duct and the blade to accurately
simulate the low Reynolds number boundary layer flows.
Considering the complicated flow of the blade tip, the
blade tip clearance has a great influence on the
performance calculation of the propeller. The encryption
zone is set on the grid around the blade tip clearance. The
grid details are shown in Figure 5.

case, in order to investigate and characterize the global
behavior of the propeller efficiently and accurately. The
propeller has been tested for two different advance
coefficients J = U/nD, covering a relatively broad set of
incidence angles (up to 30°). Furthermore, computations
on the deformed duct have also been performed for the
two conditions that may be more representative of a
maneuvering scenario, namely J = 0.55 at 10° and J = 0.4
at 30°. The former case is typically met during the firsts
instants of the manoeuvre; after the first phase, reduced
speed and coupled sway-yaw motion cause the propeller
to operate at low advance coefficient and at high
incidence with respect to the mean flow. Figure 6 shows
the inertial frame of reference adopted for the numerical
simulations: the x axis, pointing downstream, coincides
with the propeller axis of rotation; z axis is directed
upward and the y axis follows the right hand rule.

Figure 6. inertial frame of reference

The rotational speed of the propeller has been kept fixed
to a value of 450 rpm; the different values of
the advance coefficients J are obtained by changing the
resultant inflow velocity U; the oblique flow conditions
have been achieved by varying the resultant angle of
attack in the horizontal plane x-y, namely setting
u=Ucosβ and v=Usinβ.
The turbulence intensity is set to 5%, and the outflow
boundary is defined as the pressure outlet boundary
setting to 0pa; the solid wall property is set to no slip
wall, the outer cylinder is set to far field condition. The
interface between different subdomains uses multiple
reference frames.

Figure 5. External and internal calculation domain grid
details

Three different mesh resolutions are considered, in order
to get a rigorous evaluation of the numerical simulation
accuracy.In Table 1. the different mesh resolutions
comparison are reported.
Table 1. different mesh resolutions comparison
10million error 5million error 3million error 1million error
Kt 0.1951

-

0.1891 -3.08% 0.1839 -5.7% 0.1819 -6.8%

Kq 0.0348
η 49.01%

-

0.0339 -2.63% 0.0452 29.7% 0.0589 68.9%
48.62% -0.80% 35.63% -27.3% 27.05% -44.8%

According to the comparison, numerical computations
have been carried out with the 5 million grid for each

The RANS method is combined with the SST k-ω
turbulence model to simulate the steady flow field of the
ducted propeller. The finite volume method is used for the
discretization of the control equation. The first-order
Euler post-interpolation format is used for time
dispersion, the hybrid difference method is used for
spatial dispersion, and other variables are discretized in
the second-order upwind style, and SIMPLEC algorithm
is used. Platform MPI local parallel mode on Multiple
computational cores is used to increase the speed of
iteration.
3 RESULTS

This paper focus on forces and moments generated by the
ducted propeller at different incidence angle. Meanwhile
pressure distribution on the several representative blade
sections will be presented to study the essential features
of the phenomenon.

Figure 7. Comparison of Cp at blade section r/R=0.4

To facilitate the analysis of the calculation results, the
relevant physical variables are nondimensionalized as
shown in Table 2.
In the table, V for the flow speed, n for the rotating
speed, D for the propeller diameter, ρ for the fluid
density, Ti for the thrust of the ducted propeller, Qi for
the torque of the ducted propleller, QBi for the torque of
the blade, where i = x; y; z indicate the axis of the inertial
frame of reference.
Table 2. definition of dimensionless physical variables
physical variables
Advance coefficient
Propeller thrust coefficient
Torque coefficient
Open water efficiency

definition
U
nD
Ti
KTi =
ρ n2 D4
Qi
KQi =
ρ n2 D5
J KTx
=
⋅
η
2π KQBx
J=

3.1 Hydrodynamic Loads

Propeller performance with original duct in oblique flow
has been simulated and results are listed in Table 3 in
terms of dimensionless coefficient of propeller forces,
moments and efficiency.
The behavior of the ducted propeller is qualitatively
similar for the two advance coefficients: both thrust and
torque increase with incidence angle, moreover, relevant
forces and moments are generated in the propeller plane
due to the unsymmetrical inflow conditions. In particular,
the x axis propulsive components, namely thrust ( KTx )
and torque ( K Qx ), increase up to 26.8% and 1.9%,
respectively, for the advance coefficient of 0.55, and up to
16% and 2.1% for the advance coefficient of 0.4. As for
the in-plane loads, the most relevant component of the
resultant force lies in the horizontal plane and is oriented
in the same direction of the incoming flow, whereas the
vertical force is much smaller. However, It is noteworthy
that pitching and yawing moment generated in the
horizontal and the vertical plane, the increasing rate of
yawing moment is much more higher than the other,

Figure 8. Comparison of Cp at blade section r/R=0.6
Table 3. Ducted propeller loads
β°

KTy

KTz

K Qx

K Qy

K Qz

η

J=0.4
0 0.2775
10 0.2819
20 0.2982
30 0.3221
J=0.55

0.0002
0.0471
0.0959
0.1397

0.0002
0.0020
0.0035
0.0050

0.4011
0.4013
0.4049
0.4096

0.0018
0.0370
0.0709
0.0987

0.0004
0.2144
0.4401
0.6746

0.4392
0.4459
0.4676
0.4991

0
10
20
30

0.0004
0.0768
0.1429
0.2017

0.0003
0.0022
0.0044
0.0061

0.3393
0.3400
0.3413
0.3456

0.0013
0.0408
0.0833
0.1233

0.0001
0.2488
0.5095
0.8268

0.4864
0.4995
0.5348
0.6053

KTx

0.1891
0.1946
0.2092
0.2398

when the incidence angle reaches 20°, the yawing
moment is already bigger than the torque ( K Qx ), which
means the duct protect the working environment of blades
so that K Qx doesn’t change dramatically ， while the
impact on the duct causes a huge yawing moment. It can
be seen that as a function of incidence angle the propeller
efficiency has different trend for the two advance
coefficients; it is analyzed that moving from the light
loading condition to the high loading condition, the

viscous effects increase with different speed in
comparison to the pressure effects. At the highest J,
efficiency increase with the incidence angle because the
pressure effects increase faster than the viscous effects,
whereas at the lowest J, efficiency tend to rise slow shows
that pressure effects increase a little faster than the
viscous effects.
Pressure field description of the deformed ducted
propeller in next section will provide a finer overview and
a further support of the different hydrodynamic behavior
of the representative blade sections at both advance
coefficients.
3.2 Pressure Distribution

In order to provide a better description of the pressure
field developed for the two advance coefficients, the
pressure coefficient distribution of blade sections at
r/R=0.4, r/R=0.6 and r/R=0.8 (representative of the root,
middle and tip portion of the blade, respectively) during a
revolution are compared in terms of Cp = p / (0.5ρU 2 ) . in
Figure 7, Figure 8, Figure 9. It needs to be pointed out

Figure 9. Comparison of Cp at blade section r/R=0.8

that blade positions are represented in the frame of
reference shown in Figure 6.

When the blade is at θ = 90°, it is in the lowest loading
condition and this is shown by the relatively small

intensity of the pressure on its surface; on the contrary,
when it comes to θ = 270° the pressure intensity is highest
on relevant portion of the both sides of the blade.

component impacting on the blade section and the local
incidence.

The pressure distribution further explains the nature of the
in-plane loads (in the hub frame of reference) developed
by a propeller working in oblique flow: the different
pressure distributions along the vertical axis generate the
positive side force and pitching moment; on the other
hand, the pressure distribution along the horizontal axis
generates the vertical force and the yawing moment.

When the baffle is added, the pressure distribution has
changed, the pressure of pressure side of the blade rise
when the blade is near the baffle, and the lower
coefficient has higher increment, whereas the suction side
is not strongly affected. However, at the downstream of
the baffle, i.e. 90° after the baffle’s circumferential
location, the negative pressure on the suction side is
slightly reduced.

Figure 7 shows that the blade section at r/R=0.4 at both
advance coefficient experiences a negative angle of attack
during the complete cycle, as it is evident by the change
in sign. The extent of the overlapping portion reaches a
maximum at θ = 90°,the overlapping shrinks at θ = 270°.
This phenomenon is mainly caused by the transverse
component of flow which modifies the transverse

Blade section r/R=0.6 at J = 0.55 confirms a similar
behavior, i.e. pressure sign inversion at the leading edge;
however, the extent of the inverted sign region of Cp is
substantially reduced. At J=0.4, the section always works
at positive incidence. The pressure increment near the
baffle become higher, and the downstream blade is
slightly affected.

Finally, Figure 9 shows the behavior of the blade section
r/R=0.8. At both loading conditions, the section works at
positive incidence angle, as confirmed by the absence of a
change in the sign of the pressure on the back and suction
side of the blade; however, it should be noticed that at
both advance coefficient, the section develops similar
pressure and suction load at the leading edge. The
pressure increment near the baffle is even higher, and the
the suction peak is greater up to one order of magnitude
than the stagnation pressure on the face.
4 CONCLUSIONS

The Ka4-70+JD7704 ducted propeller with a baffle in
oblique flow conditions has been investigated by means
of solving the Reynolds-averaged Navier-Stokes
equations; in particular, a relatively wide range of angle
of incidence (up to 30°) has been considered for two
propeller loading conditions, namely at moderate (J =
0.88) and at medium–high (J = 0.6) loading. The focus
has been mainly centered on the behavior of the propeller
in terms of global loads. As a result of the non-symmetric
inflow condition, relevant in-plane loads, which are
usually not of concern in pure axial flow condition or in
hull-behind condition in straight ahead motion, are
generated by the propeller. In particular, in a common offdesign scenario of ship operation (i.e. maneuvering), these
components may increase up to 26.8% of the thrust and
1.9% of the torque, for the side force and in plane

moments (pitching and yawing), respectively. The
pressure distribution over different representative blade
sections further supported the comprehension of force
generation.
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