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a b s t r a c t

This paper establishes an iterative calculation model for the hydrodynamic performance of propeller in
oblique flow based on low order potential based surface panel method. The hydrodynamic performance
of propeller is calculated through panel method which is also used to calculate the induced velocity. The
slipstream of propeller is adjusted according to the inflow velocity and the induced velocity. The oblique
flow is defined by the axial inflow velocity and the incident angle. The calculation results of an instance
show that the thrust and torque of propeller decrease with the increase of axial inflow velocity but
increase with the incident angle. The unsteadiness of loads on the propeller blade surface gets more
intensified with the increases of axial inflow velocity and incident angle. However, comparing with the
effect of axial inflow velocity on the unsteadiness of the hydrodynamic performance of propeller, the
effect of the incident angle is more remarkable.
© 2018 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

Nowadays, studies about the hydrodynamic performance pre-
diction of propeller are mainly carried out in straight flow. How-
ever, the flow around the propeller working at the stern can be very
complex, and scholars around the world have conducted extensive
researches. In these studies, the effect of oblique flow on the hy-
drodynamic performance of propeller has been the research focus.
The ship sailing in the sea won't be exempt from the effect from
oblique flow. What's more, when a propeller works at off-design
condition, like turning maneuver, the propeller is usually sub-
jected to oblique flow. With the development of electric propulsion
system, the podded propulsor has been widely applied to different
types of ships. The propeller of podded propulsor works in oblique
flow when the system has azimuth angles. Therefore, it's necessary
to have further research about the hydrodynamic performance of
propeller in oblique flow.

Up to now, some systematic studies on the hydrodynamic per-
formance of propeller in oblique flow have been carried out. The
behavior of propulsion system in oblique flow may affect the ship
manoeurability itself. Viviani et al. (2007) had a deep analysis of full
scale sea trial tests for a broad set of twin screw naval vessel, the
results showed that the propeller power demand during turning
circle manoeuvres increased up to 100% and 50% of the value in
straight inflow for the external (relatively to the center of the turn)
and internal propellers respectively. Kang et al. (2008) and Khanfir
et al. (2011) presented an alternative form of the Mathematical
Modeling Group (MMG)model, including the variousmodifications
needed to deal with the asymmetric behavior of shaftlines during
manoeuvres. The extensive experimental campaign results on a
free running model of a twin-screw ship were presented by
Coraddu et al. (2013). Different control strategies were adopted to
simulate the different simplified control schemes in these tests.
Ortolani et al. (2015a, 2015b) investigated the bearing radial load
developed by a propeller during straight ahead sailing, steady
turning and unsteady maneuvers in addition to the thrust and
torque. The studies were carried out by free running model tests at
outdoor maneuvering basin. The in-plane loads marine propellers
were strictly related to fatigue stress of the propulsive shaft
bearing, hull-induced vibrations and the dynamic response of the
ship while maneuvering. Dubbioso et al. (2017) tackled this issue
through URANS simulations and simplified propeller theories to
assess the correlation between inflow conditions and propeller
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loads.
Krasilnikov et al. (2009) used an unsteady RANS method to

investigate the propeller blade forces for a podded propeller
operating in pulling and pushing modes in oblique flow. The results
showed that the blades of pulling propeller experience comparable
amplitudes and the load levels at positive and negative heading
angles being mainly affected by the cross flow. Stettler (2004) and
Amini and Steen (2011) investigated the hydrodynamic perfor-
mance of the propeller of podded propulsor in oblique flow using
experiments and balde-element-momentum (BEM) method. The
results showed that the calculation results showed good agreement
with those of experiments and that the hydrodynamic forces and
moments generated by the propeller become considerably larger.
Amini and Steen (2012) thoroughly discussed the nature of the
transient loads in azimuthing propulsor by oscillatory tests of a
pod-propeller system and simplified theories. Xiong et al. (2013)
predicted the hydrodynamic performance of podded propulsor at
azimuth angles using the RANS formula based on the sliding mesh
method, and compared with experiment data. Shamsi and
Ghassemi (2013) studied the effects of oblique angles on charac-
teristics of podded propulsions. A RANS method with Moving
Reference Frame (MRF) was used in their study. The predicted hy-
drodynamic forces showed good agreements with experimental
data. Dubbioso et al. (2013) and Yao (2015) analyzed the hydro-
dynamic 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. Dubbioso et al. (2014) studied the pro-
peller performance at very high angle of incidence using k-ε and a
DES turbulence models. Shamsi and Ghassemi (2016) evaluated the
propulsive performance of marine propeller in zero incident angle
and investigated the performance of propeller at different incident
angles of oblique flow using RANS method.

What's more, Politis (2004) and Lee and Kinnas (2005) have
used the Boundary Element Method (BEM) to solve the unsteady
motion of a propeller in oblique flow. The free wake model was
adopted. Although the free wake model is more close to the real
wake, the calculation is difficult to converge and the calculation
cost is huge. The rigid wake has been proved valid for the perfor-
mance prediction of propeller and can capture the flow velocity on
the propeller disc accurately in spite of the deficiency in simulating
the flow field downstream the propeller. What's more, the rigid
wake has the advantages such as rapid convergence, simple
establishment and so on (Hou et al., 2015). The rigid wake is
adopted in this paper.

This paper aims to have a comprehensive investigation about
the hydrodynamic characteristics of marine propeller in oblique
flow based on low order potential based surface panel method.
Firstly, the effect of the panel number on the calculation accuracy is
analyzed and the optimal panel number used in the following
calculations is determined. Then, the hydrodynamic performance
of propeller in oblique flow is calculated at axial design condition.
At last, the effects of the axial inflow velocity and incident angle on
the hydrodynamic performance of propeller are studies systemat-
ically. This work will provide a reference for the design of propeller
which is susceptible to oblique flow.

2. Theoretical methods

2.1. Panel method description

We consider a lifting body whose boundary is vUB in a single,
closed fluid domain U with outside boundary vU∞ as shown in
Fig. 1. vUWþ, vUW� denote the upper face and lower face of the
wake boundary respectively. The total boundary vU is defined as

the union of vUB, vU∞, vUWþ and vUW�. The undisturbed inflow
velocity is V0, the unit normal vectors n! on vUB and vU∞ are ori-
ented into U. The fluid is assumed to be incompressible and
inviscid, and the flow is considered to be irrotational. Define P as a
variable point within U, and Q as a fixed point located on vU. The
perturbation velocity potential 4 at point P is the solution of the
following Laplace equation:

V24ðPÞ ¼ 0 (1)

Applying Green's theorem, the perturbation velocity potential
can be expressed as follows:

4p24ðPÞ ¼
Z

vU

�
4ðQÞ vGðP;QÞ

vnQ
� GðP;QÞ v4ðQÞ

vnQ

�
dS (2)

where G denotes the Green's function. In the case of unbounded
three-dimensional fluid domain, G is given as:

G ¼ GðP;QÞ ¼ 1
RðP;QÞ (3)

with RðP;QÞ being the distance between points P and Q . 2 in
equation (2) has values as follows:

* 2 ¼ 1, if P lies in the flow field, but not on vU,
* 2 ¼ 1=2, if P lies on vU,
* 2 ¼ 0, if P lies within vU.

Taking into account the boundary conditions:

V4ðQÞ/0; as vU∞/∞ (4)

v4ðQÞ
vnQ

¼ �V
!

0$ n
!

Q Q2vUB (5)

Furthermore, the wake surface is considered as an infinitely thin
domain where both sides of the surfaces coincide. Kinematic and
dynamic conditions in the wake imply that there is not any flow
and pressure jump across the wake surface vUW :

Fig. 1. A lifting body in a closed fluid domain with inflow velocity V0.
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D
�
v4ðQÞ
vnQ

�
vUW

¼
�
v4ðQÞ
vnQ

�
vUWþ

�
�
v4ðQÞ
vnQ

�
vUW�

¼ 0 (6)

ðDpÞvUW
¼ ðpÞvUWþ � ðpÞvUW� ¼ 0 (7)

Taking into account the above boundary conditions, Eq. (2) can
be rearranged as:

4p24ðPÞ ¼
Z

vUB

�
4ðQÞ v

vnQ

�
1

RðP;QÞ
�
þ �

V
!

0$ n
!

Q
� 1
RðP;QÞ

�
dS

þ
Z

vUW

D4ðQÞ v

vnQ

�
1

RðP;QÞ
�
dS

(8)

where D4 is the velocity potential jump on the wake surface vUW .
The propeller surface and wake sheet is discretized with hy-

perboloidal panels. A constant source and a constant dipole are
then distributed on each panel. For unsteady calculation, the inte-
gral equation (8) is solved at each time step, and time-dependent
terms are updated at the next time step. Eq. (8) can be dis-
cretized as follows:

XNP

j¼1

ai;j4jðnÞ þ
XNR

m¼1

Wi;m;1D4m;1ðnÞ ¼ RHSiðnÞ; i ¼ 1;2;…;NP

(9)

RHSiðnÞ ¼
XNB

Z¼1

XNP

j¼1

bZi;js
Z
j ðnÞ �

XNB

Z¼2

XNP

j¼1

aZi;j4
Z
j ðnÞ

�
XNB

Z¼2

XNR

m¼1

XNW

l¼1

WZ
i;m;lD4

Z
m;lðnÞ

�
XNR

m¼1

XNW

l¼2

WZ
i;m;lD4m;lðnÞ

where NB is the number of a propeller blades. For each blade, NC is
the number of chordwise panels, NR is the number of spanwise
panels, NP ¼ 2� NC � NR is the total number of a blade panels, and
NW is the number of chordwise panels in the wake. The influence
coefficients aZi;j and bZi;j are defined as the potentials induced at
panel i by unit (constant) strength dipole and source distributions,
respectively, located at panel j on blade Z. The wake influence co-
efficients WZ

i;m;l are defined similarly. The definitions of the influ-
ence coefficients are given in the dissertation of Hsin (1990).

The induced velocities can be obtained by differentiating the
resulting velocity potential, v!inðpÞ ¼ Vfp and the pressure distri-
bution is calculated by using Bernoulli's equation. The hydrody-
namic performance coefficients of propeller can be defined as
follows:

Ja ¼ Va

nD
; KTi ¼

Ti
rn2D4

KQ ¼ Q
rn2D5; h ¼ KT

KQ

Ja
2p

where Ti denote the force in i direction, i ¼ X; Y; Z denote the axis
of the Cartesian coordinate system. Q represents the torque of

propeller, KQ denotes the torque coefficient, KT is the thrust coef-
ficient, KT ¼ � KTX , h is the propulsive efficiency, n and D are the
propeller rotational speed and diameter, Va and Ja represent the
axial inflow velocity and the axial advance coefficient respectively.

2.2. Slipstream adjustment of propeller in oblique flow

The slipstream of propeller working in oblique flow will have
notable skew rather than trail directly behind the propeller. The
incident angle of oblique flow is j, and the horizontal skew angle c

and vertical skew angle q are used to define the skew condition of
propeller slipstream, as shown in Fig. 2. The horizontal skew angle
c is defined as the angle between the positive X axis and the pro-
jection of the slipstream on the O-XY plane, and the vertical skew
angle q is defined as the angle between the slipstream and the O-XY
plane. With the same methodology, the incident angle j is the
angle between the positive X axis and the oblique inflow velocity in
O-XY plane. c and q can be calculated as follows:

c ¼ tan�1
�
V0 sin jþ uyi
V0 cos jþ uxi

�
(10)

q ¼ tan�1

0
B@ uziffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðV0 cos jþ uxiÞ2þ
q �

V0 sin jþ uyi
�2

1
CA (11)

where uxi, uyi and uzi represent the spatial averaged values of the
induced velocities uxi, uyi, uzi generated by the propeller on its disc.
The spatial averaged values uxi, uyi and uzi are calculated through
Eq. (12).

uxi;yi;zi ¼
1

p
	
R2 � R2h



ZR

Rh

Z2p

0

uxi;yi;zirdfdr (12)

where Rh and R denote the hub and propeller radius respectively.
In the process of calculation, the slipstream of propeller is

adjusted according to the incident oblique flow. At each iterative
step of calculation the induced velocity generated by propeller at
propeller disc and the slipstream skew angles are calculated, then
the slipstream is adjusted until the slipstream is stable and the
hydrodynamic performance parameters (KTX and KQ ) converge. For

Fig. 2. Schematic diagram of propeller slipstream adjustment in oblique flow.
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the unsteady calculations of hydrodynamic performance of pro-
peller in oblique flow, the propeller rotates 6� for one time step in
this paper. Therefore, the propeller completes one revolution in 60
time steps.

3. Results and discussions

The method proposed in this paper is used to analyze the hy-
drodynamic performance of DTMB P4119 propeller in oblique flow,
and the main parameters of DTMB P4119 are given in Table 1. The
axial inflow velocity Va and the incident angle j are used to define
the oblique flow. This paper focuses on the effects of the axial
inflow velocity and the incident angle on the hydrodynamic per-
formance of propeller. The present work can be divided into four
parts. The first part refers to the analysis about the effect of the
panel number on the calculation accuracy and gives the optimal
panel number used in the following calculations. The second part
focuses on the evaluation of the propulsive performance of pro-
peller at Ja ¼ 0.833 and j¼ 10�. In the third part, the hydrodynamic
performance of propeller is investigated at different axial inflow
velocities with j¼ 10�. At last, the effect of the incident angle of
oblique flow on the hydrodynamic performance of propeller is
studied. In all calculations, the rotational speed n of propeller is a
constant which is 10 rps in this paper.

3.1. Determination of optimum panel number

In order to study the effect of the panel number of P4119 pro-
peller on the calculation accuracy of the hydrodynamic perfor-
mance, the hydrodynamic forces of P4119 are calculated at pure
axial flow condition. The panel arrangement of P4119 and the
slipstream of key blade are given in Fig. 3. The blade has the same
panel number along the chordwise and spanwise directions in this
paper (i.e., NC¼NR). The hub is discretised using 35 axial panels and
8 circumferential panels per hub segment, and the panels of hub
are rearranged according to the panel arrangement of the blades.
This section focuses on the effect of the panel number of blade on
the calculation accuracy of hydrodynamic performance.

The calculations are carried out in pure axial flow condition for
six different panel numbers of blade. The results at Ja¼ 0.5, 0.833
and 1.1 are given in Fig. 4. The experimental data is from the
research of Jessup (1989). The horizontal axis of Fig. 4 plots the
panel numbers and the vertical axis represents the relative errors of
the calculation results of the thrusts and torques. TExp and QExp

represent the experimental thrust and torque; TCal and QCal are the
calculation results of thrust and torque. Fig. 4 shows that the
relative errors are smaller at design condition (Ja¼ 0.833), while
those at Ja¼ 0.5 and Ja¼ 1.1 are relatively bigger. This is mainly
because that the slipstream of propeller has obvious deformation at
heavy condition and that the blades of propeller have obvious flow
separation at high inflow condition. Therefore, the flow fields
around the propeller are much complex at low or high inflow
conditions. The method used in this paper is not able to settle the
problem totally for its limitation.

Overall, the calculation errors decrease with the increase of
panel number, and the calculation accuracy is stable when the
panel number is greater than 17� 17. In order to strike a balance
between the computing time and the calculation accuracy, the
propeller blades are discretised using 17 chordwise panels and 17
spanwise panels in the following calculations.

3.2. Calculation result at axial design condition

In this section, the hydrodynamic performance of propeller at
the axial design advance velocity (Va ¼ 2.54m/s) is calculated, and
the incident angle j of oblique flow is 10�. The slipstream of pro-
peller is adjusted using the method proposed in this paper, and
Fig. 5 gives the stable slipstream of propeller in oblique flow as well
as the helical vortex filament shed from the key blade tip without
considering the effect from the induced velocity. Vh represents the
transversal inflow velocity, and V0 denotes the inflow velocity of
oblique flow. It can be known that the slipstream is elongated
significantly when the induced velocity is considered. The hori-
zontal skew angle c is 9.1� slightly smaller than the incident angle.
What's more, as the mean of the induced velocity along Z direction
is small, the vertical skew angle q is �0.74�. The slipstream of
propeller inclines downward slightly, as shown in Fig. 6, the vertical
skew can be neglected. Fig. 7 gives the time-averaged induced ve-
locity of propeller on the propeller disc over one revolution. The
velocity contour represents the ratio of the axial induced velocity
uxi to the axial inflow velocity Va, and the arrows imply the cross
induced velocities non-dimensionalized by Va. The cross induced
velocity is the resultant velocity of the transversal and vertical
induced velocities. It can be known that the induced velocities on
the right side of the propeller disc are significantly greater than
those on the left side. The cross induced velocities on the right side
are mainly along the disc tangential direction while those on the
left side skew to the right slightly. This situation makes the mean of
transversal induced velocities positive and that of induced vertical
velocities negative.

Unlike the propeller working in straight flow, the hydrodynamic
performance prediction of propeller in oblique flow is an unsteady
problem. Fig. 8 gives the thrust, torque as well as the propulsive
efficiency of the key blade of propeller over one propeller revolu-
tion. The key blade rotates clockwise from Yþ (viewing from

Table 1
Main parameters of DTMB P4119.

Parameters Value

Diameter(m) 0.305
Number of blade 3
Hub ratio 0.2
Disc ratio 0.6
Pitch ratio (0.7R) 1.084
Blade section NACA66 (mod)

Fig. 3. Panel arrangement of P4119 and the slipstream of key blade.
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downstream). It can be known from Fig. 8 that the forces generated
by the key blade changes with the angular position in oblique flow.
The thrust of the key blade has the maximum value right below the
propeller shaft (90�) and the minimum value above the propeller
shaft (260�) respectively. The thrust of the key blade has a
decreasing tendency on the port side and has an increasing ten-
dency on the starboard side. This situation is mainly caused by the
transversal component in Y direction of the oblique flow. Fig. 9
gives the tangential component of the transversal velocity on the
propeller disc. The tangential velocities are symmetric about the O-
XY plane. What's more, the tangential velocities have the same
value in the radial direction and change circumferentially. Fig. 10
gives the velocity polygon right below the propeller shaft (90�)
and that above the propeller shaft (260�), the induced velocities are
omitted in the velocity polygons. According to the tangential ve-
locity distribution in Fig. 9 and the velocity polygons depicted in
Fig. 10, the attack angle at 90� is maximum and that at 260ºis
minimum. The torque of key blade has the same changing tendency
with the thrust, but has a delay of two time steps. The propulsive
efficiency of the key blade of propeller decreases first and then

increases over one revolution of propeller.
In order to get a better insight into the nature of the hydrody-

namic forces generated by the blades of propeller over one revo-
lution in oblique flow, Fig. 11 gives the contour plots of pressure
distributions on the pressure side and suction side of the key blade
at four different angular positions (i.e., 4¼ 0�, 90�, 180�, 270�). The

Fig. 4. Calculation errors of hydrodynamic forces of DTMB P4119 at pure axial flow conditions.

Fig. 5. Slipstream of propeller in oblique flow.

Fig. 6. Helical vortex filament shed from the key blade tip (looking from upstream).

Fig. 7. Induced velocities of propeller on the propeller disc.

Fig. 8. Thrust and torque of the key blade over one revolution (Ja ¼ 0:833, j ¼ 10�).
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pressure is non-dimensionalized by ðp� p0Þ=ð0:5rV 2
a Þ, where p0 ¼

0 is the reference pressure. As shown in Fig. 11, the pressure in-
tensity on the blade surface changes with the angular position. The
pressure intensities on both sides of the key blade at 4¼ 90� are
lowest, and the pressure intensities at 4¼ 270� are highest. This
result is different from that given by Dubbioso et al. (2013, 2014).
The works of Dubbioso show that the pressure intensity on pres-
sure side of the key blade at 4¼ 90� is greater than that at 4¼ 270�.
This situation can be ascribed to the difference between the pro-
peller studied in this paper and that of Dubbioso.

What's more, the pressure distribution on the suction side of the
key blade changes more significantly comparing with that on the
pressure side. Therefore, the blade has the minimum pressure
difference between the pressure side and suction side at 4¼ 270�

and has the maximum pressure difference at 4¼ 90�. For the two
horizontal positions, 4¼ 0� and 4¼ 180�, slight asymmetries in the
pressure distribution are evident on the suction side, and the
pressure difference between the pressure side and suction side at
4¼ 180� is slightly smaller than that at 4¼ 0�. Overall, the pressure
distribution experienced by the key blade over one revolution is
consistent with the forces generated by the key blade given in
Fig. 8.

Fig. 12 gives the total thrust and torque of propeller over one
revolution. The thrust and torque have the same changing trend,
while the torque has somewhat delay comparing with the thrust. In
general, the changing amplitudes of the propeller forces are much
smaller than those of the key blade. The overall unsteadiness of the
hydrodynamic performance of DTMB P4119 at Ja ¼ 0:833, j ¼ 10�

can be ignored.

3.3. Axial inflow velocity

The hydrodynamic performances of DTMB P4119 in oblique
flows having different axial inflow velocities are calculated. The
incident angle of oblique flow keeps 10�. For better understanding
about the effect of the axial inflow velocity of oblique flow on the
hydrodynamic performance of propeller, the hydrodynamic per-
formance of propeller in straight flow is also calculated. Fig.13 gives
the hydrodynamic characteristic curves in oblique flow and those in
straight flow. As the propeller rotates unsteadily in oblique flow,
Fig. 13 gives the time-averaged values of calculation over one rev-
olution. The results are obtained for a range of axial advance co-
efficients from 0.5 to 1.0. It can be known that the hydrodynamic
characteristic curves of propeller in oblique flow change in line
with those in straight flow. The thrust and torque of propeller in
oblique flow are larger than those in straight flow, and the dis-
crepancies increase with the increase of axial advance coefficient.

Fig. 9. Tangential velocity distribution caused by oblique flow on the propeller disc.

Fig. 10. Velocity polygons of propeller right below the propeller shaft (90�) and above the propeller shaft (260�).

Fig. 11. Pressure distributions on the key blade at four angular positions at Ja ¼ 0:833 and j¼ 10� .

L. Hou, A. Hu / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 119e130124



What's more, the propeller has the same propulsive efficiency in
oblique flow and straight flow at Ja¼ 0.7. The propeller has higher
propulsive efficiency in oblique flow when Ja< 0.7; however, the
propulsive efficiency of propeller is higher in straight flow when
Ja> 0.7 and the efficiency discrepancy increases with the increase
of axial advance coefficient. At the design axial advance coefficient
(Ja¼ 0.833), the time-averaged thrust in oblique flow has an in-
crease of 6.8% compared with that in straight flow, and the time-
averaged torque has an increase of 8.8%. Therefore, the propulsive
efficiency in oblique flow decreases by 1.3% compared with that in
straight flow.

Table 2 gives the iterative time steps needed for the hydrody-
namic forces convergence of propeller at different axial inflow ve-
locities of oblique flow. The results show that the time steps
decrease with the increase of axial inflow velocity. The decrease
rate of time steps at low inflow condition is higher than that at high
inflow condition. This is mainly because that the propeller has
stronger disturbance (higher induced velocity) at the propeller disc
under heavy load condition (low inflow condition), and the slip-
stream needs more adjustments.

Fig. 14 gives the thrust and torque of the key blade over one
revolution for the cases of Ja¼ 0.5, 0.7, 0.9 and j¼ 10�. It is observed
that the hydrodynamic forces change with the angular position;
both of the thrust and torque of the key blade decrease obviously
with the increase of advance coefficient. Similar to the results at
axial design condition, the hydrodynamic forces have the
maximum values right below the propeller shaft and the minimum
values above the propeller shaft. What's more, the changing am-
plitudes of the thrust and torque over one revolution increase
significantly with the increase of advance coefficient. In other
words, for the propeller studied in this paper, the unsteadiness of

the hydrodynamic performance of the key blade becomes more
evident with the increase of axial inflow velocity when the incident
angle is definite.

Fig. 15 gives the pressure distributions of the key blade at
Ja¼ 0.5, 0.7 and 0.9 respectively. It can be seen that the key blade
has similar pressure distribution trends at different axial inflow
velocities. Overall, the pressure on the blade surface decreases with
the increase of axial inflow velocity. At heavy condition (Ja¼ 0.5),
the differences among the pressure distributions of key blade at
different angular positions are not obvious. However, the pressures
experienced by the key blade at different angular positions are
more different with the increase of axial inflow velocity. Comparing
with the situation that the key blade is at 4¼ 270�, the key blade at
4¼ 90� has bigger pressure difference between the pressure side
and suction side, and this phenomenon becomes more significant
with the increase of axial inflow velocity when the incident angle is

Fig. 13. Hydrodynamic characteristic curves in oblique flow (j¼ 10�) and straight
flow.

Table 2
Time steps needed for calculation convergence at different axial inflow velocity.

Ja 0.5 0.6 0.7 0.8 0.9 1.0

Times steps 840 660 480 360 240 240

Fig. 14. Thrust and torque of the key blade over one revolution (j¼ 10�).

Fig. 12. Hydrodynamic forces of DTMB P4119 over one revolution.
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definite.
Fig. 16 gives the overall thrust and torque of DTMB P4119 over

one revolution. It can be known that the unsteady changing am-
plitudes of forces increase gradually with the increase of axial
inflow velocity. The changing amplitudes of the propeller forces are
small values comparing with those of the key blade.

In addition to the axial forces, this paper also gives the trans-
versal and vertical forces of the key blade, as shown in Fig. 17. It can
be known from the above analysis that the thrust (KT ) decreases
with the increase of advance coefficient, however, the mean values
of transversal force (KTY ) and vertical force (KTZ) become larger
slightly, and the discrepancies are not as obvious as those of axial
forces. The transversal forces change in line with the axial forces,
but the vertical forces decrease first and then increase. Unlike the
axial forces, the changing amplitudes of transversal forces and
vertical forces decrease with the increase of inflow velocity.

3.4. Incident angle of oblique flow

This section investigates the effect of the incident angle of
oblique flow on the hydrodynamic performance of propeller, and
the axial inflow velocity is always 2.54m/s (Ja¼ 0.833). The inci-
dent angles of oblique flow are changed from 0ºto 45� with
5ºincrement. Fig. 18 gives the calculation results of thrust, torque as
well as the propulsive efficiency of propeller versus the incident

angle j of oblique flow. It can be seen that the thrust, torque and
propulsive efficiency of propeller all increase gradually with the
increase of incident angle. This means that the propeller has higher
propulsive efficiency with bigger incident angle when the axial
inflow velocity is given.

Table 3 gives the iterative time steps needed for the hydrody-
namic forces convergence of propeller at different incident angles
of oblique flow. The results show that the time steps increase with
the increase of incident angle. This is mainly because that the skew
angles of slipstream become larger with the increase of incident
angle, and the induced velocities on the propeller disc get more
non-uniform. Fig. 19 gives the induced velocities of propeller on the
propeller disc at j ¼ 0�, 15�, 30�, 45ºand Ja¼ 0.833. It can be seen
that the incident angle of oblique flow has significant effect on the
induced velocity distributions. When the incident angle is zero, the
induced velocity distributions are axisymmetric.When the incident
angle is not zero, the disturbance of propeller on the starboard side
is stronger than that on the port side, and the difference is more
obvious with the increase of incident angle. The propeller has
strong disturbance vortex lower right at j ¼ 30�, 45�, and the cross
induced velocities are cluttered in this region. Overall, the cross
induced velocities on the right side are mainly along the disc
tangential direction while those on the left side skew to the right
slightly.

Fig. 20 gives the thrust and torque of the key blade of propeller

Fig. 15. Pressure distributions on pressure side (side) and suction side (right) of the key blade at four angular positions at Ja¼ 0.5 (up), Ja¼ 0.7 (middle) and Ja¼ 0.9 (down).
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over one revolution at j ¼ 0�, 15�, 30�, 45ºand Ja ¼ 0.833. The key
blade rotates clockwise from Yþ (viewing from downstream). The
thrust and torque of the key blade have the same changing ten-
dency. The changing amplitudes of the thrust and torque increase
with the increase of incident angle. The thrust and torque have
maximum values right below the propeller shaft, however, the
minimum values of the thrust and torque appear on the port side
and deviate from the 12 o'clock position (270�) gradually with the
increase of incident angle. The forces of the key blade even have
negative values above the propeller shaft with the increase of
incident angle, in other words, the propeller blades can generate
resistance as the propeller rotates in oblique flow. The appearance
of resistance of propeller blade is due to the fact that the effective
attack angle of blade section is negative.

Fig. 21 gives the pressure distributions of the key blade at j ¼
15�, 30� and 45� respectively. The axial inflow velocity is a con-
stant, Ja¼ 0.833. The pressures on the key blade at 4¼ 270� in-
creases with the increase of incident angle, and the increase rate of
the pressure on the suction side is higher than that of the pressure
on the pressure side. At j ¼ 45�, the pressure on the suction side is
obviously higher than that on the pressure side of the key blade at
4¼ 270�. This means that the key blade just generates resistance at
4¼ 270� (j ¼ 45�). This is mainly because that the transversal
inflow velocity increases with the increase of incident angle when
the axial inflow velocity is fixed, the effective attack angle of the

Fig. 16. Total axial forces of DTMB P4119 over one revolution.

Fig. 17. Forces in Y and Z directions of key blade over one revolution (j ¼ 10+).

Fig. 18. Hydrodynamic forces of propeller versus incident angle of oblique flow
(Ja¼ 0.833).
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blade section is negative when the incident angle of oblique flow
increase to an extent, see Fig. 10(b). The result is in accordance with
that given in Fig. 20. On the contrary, the pressures on the key blade
at 4¼ 90� decreases with the increase of incident angle, and the
decrease rate of the pressure on the suction side is higher than that
of the pressure on the pressure side. Therefore, the changing am-
plitudes of forces increase with the increase of incident angle.

Fig. 22 gives the overall thrusts and torques of DTMB P4119 over
one revolution at j ¼ 15�, 30� and 45�. Considering that the gaps
among the hydrodynamic forces for different incident angles are
big, the double coordinate system is adopted, the calculation results
at j¼ 15� and j¼ 30� correspond to the left side of coordinate and
that at j¼ 45� corresponds to the right side. The results show that
the changing amplitudes of forces of propeller increase sharply
with the increase of incident angle. The unsteady fluctuations of the
hydrodynamic forces at j¼ 15� can be neglected comparing with
those at j ¼ 30� and 45�. The hydrodynamic forces of propeller
have significant fluctuations as the working environment of pro-
peller deteriorates seriously at j ¼ 45�. The results, combined with
the results given in Fig. 16, indicate that the effect of the incident
angle on the unsteadiness of hydrodynamic performance of pro-
peller is more significantly comparing with the axial inflow
velocity.

The above analyses about Figs. 18 and 22 show that the increase
of the propulsive efficiency of DTMB P4119 has coincided with a

sharp increase in the unsteady fluctuations of the hydrodynamic
forces with the increase of incident angle. What's more, the strong
unsteady loads on the blade surface may bring a series of problems
like cavitation, vibration and noise when the incident angle of
oblique flow is big.

The transversal and vertical forces of the key blade at j ¼ 0�,
15�, 30� and 45� are given in Fig. 23. When the incident angle is
zero, the transversal forces are vertically unti-symmetric while the
vertical forces horizontally unti-symmetric. When the incident
angle is not zero, the forces are no longer symmetric, and this sit-
uation is more obvious with the increase of incident angle. The
transversal forces in Y direction have maximum values right below
the propeller shaft and have obvious local peaks in the region above
the propeller shaft when the incident angle is greater than 15�.
Compared with the transversal forces, the vertical forces in Z di-
rection are mainly negativewhen the incident angle is not zero. In a
word, the results of this section are in consistent with those
concluded by Dubbioso et al. (2014) and Yao (2015). The above
analysis shows that the unsteadiness of the loads on the propeller
surface gets more significant with the increase of incident angle.
Combining with Fig. 17, it can be found that the effect of incident
angle on the transversal and vertical forces is more significant
comparing with that of the axial inflow velocity.

4. Conclusions

This paper establishes a theoretical iteration model for the hy-
drodynamic performance calculation of a propeller working in
oblique flow based on low order potential-based surface panel
method. The slipstream of propeller is adjusted according to the
inflow velocity and the induced velocity. The oblique flow is
defined by the axial inflow velocity and the incident angle. Through

Table 3
Time steps needed for calculation convergence at different incident angles of obli-
que flow.

j(�) 0 10 20 30 40 45

Times steps steady 300 420 660 840 900

Fig. 19. Induced velocities on the propeller disc.
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case study the conclusions can be summarized as follows:
In the oblique flowwith the incident angle being a constant, the

thrust and torque of propeller are increased significantly comparing
with those in straight flow, and this increment becomes more
obvious with the increase of axial inflow velocity. For the propeller
studied in this paper, in case of the incident angle certainly, the

propeller has higher propulsive efficiency in oblique flowwhen the
axial advance coefficient is less than 0.7. However, the propulsive
efficiency of propeller is higher in straight flowwhen axial advance
coefficient is greater than 0.7, and the efficiency discrepancy in-
creases with the increase of axial inflow velocity. The hydrody-
namic forces of propeller change with angular position, and the
unsteady changing amplitude of propeller forces increase gradually
with the increase of axial inflow velocity. Overall, the changing
amplitudes of total forces of propeller are small values comparing

Fig. 20. Thrusts and torques of the key blade over one revolution.

Fig. 21. Pressure distributions on pressure side (side) and suction side (right) of the key blade at four angular positions at j¼ 15� (up), j¼ 30� (middle) and j¼ 45� (down).

Fig. 22. Total axial thrusts and torques of DTMB4119 over one revolution.
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with those of the key blade.
In case of the axial inflow velocity certainly, the thrust, torque

and propulsive efficiency of propeller increase gradually with the
increase of incident angle. In addition, the propeller blades may
generate resistance with the increase of the incident angle. The
changing amplitudes of the overall thrust and torque of propeller
show that the effect of incident angle of oblique flow on the un-
steadiness of hydrodynamic performance of propeller is more
significantly comparing with the axial inflow velocity.

Unlike the propeller working in straight flow, the hydrodynamic
performance prediction of propeller in oblique flow is unsteady
problem. The unsteadiness of the load on the blade surfaces of

propeller gets more noticeable with the increases of axial inflow
velocity and incident angle. The unsteady loads may further cause
problems like vibration, cavitation and noise.
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