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Abstract

In order to analyze the characteristics of propeller exciting force, the hybrid grid is adopted and the numerical prediction of KCS ship model
is performed for hullepropellererudder system by Reynolds-Averaged Navier Stokes (RANS) method and volume of fluid (VOF) model. Firstly,
the numerical simulation of hydrodynamics for bare hull at oblique state is carried out. The results show that with the increasing of the drift
angle, the coefficients of resistance, side force and yaw moment are constantly increasing, and the bigger the drift angle, the worse the overall
uniformity of propeller disk. Then, propeller bearing force for hullepropellererudder system in oblique flow is calculated. It is found that the
propeller thrust and torque fluctuation coefficient peak in drift angle are greater than that in straight line navigation, and the negative drift angle
is greater than the positive. The fluctuation peak variation law of coefficient of side force and bending moment are different due to various
causes.
Copyright © 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/).
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1. Introduction

Many times, propeller inevitably works in oblique flow
condition, such as operation conditions and sailing on irregular
currents. Also some of high speed displacement crafts, the
main axis of the host usually slopes downward, as well as
influence of navigation rake, which leads to propeller works in
oblique flow [1]. Oblique flow has a great effect on the per-
formance of the propeller, which will lead to a certain trans-
lation of the thrust and torque characteristic curve relative to
open water, resulting in a decrease of propeller efficiency.
Oblique flow also induces specific thrust reduction of the

propeller. In some severe steering process, the propeller torque
will be increased dramatically, more than 100% of the direct
steady state, or even more, see Coraddu et al. (2013). It is
more important that oblique flow aggravates the non-
uniformity of the wake field, which is very disadvantageous
to the propeller unsteady force. Therefore, the unsteady per-
formance of propeller in oblique flow has been one of the
concerns of researchers. Qiu (1999) analyzed the reason of the
transverse force of propeller in oblique flow, and its influence
on the ship maneuverability. Specific operation suggestions are
given for different working conditions so as to correctly
control the ship and avoid accidents. Chang et al. (2008)
studied the variety of propeller performance in stopping the
ship emergently. At this time, the propeller is in the non-
design condition with transverse flow component. As a
result, the propeller produces corresponding side force the ship
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has some yaw drift motion. Mauro et al. (2012) simulated the
steady turning performance of twin-screw ship by model test
and CFD. The results show that wake flow is unsymmetrical
distribution in the process of ship turning, indicating that the
two propellers work in different oblique flow environment.
Shamsi and Ghassemi (2013) analyzed characteristics of the
podded propulsor in azimuthing condition using Moving
Reference Frame (MRF) method. The results show that the
propeller thrust, torque and podded unit forces in azimuthing
condition depend on velocity advance ratio and yaw angle.
Under the application of overlapping grid technique, Dubbioso
et al. (2013, 2014) took E779A as the research object, the
numerical analysis of propeller performance at two different
inlet velocities and multiple oblique flow angles (10�e30�)
was carried out. The results show that the open water perfor-
mance in axial flow is in good agreement with the experi-
mental data. However, the performance in oblique flow cannot
be verified due to lack of experimental data. Zhang and Xiao,
2014 calculated propeller hydrodynamic of submarine model
with full appendages under the condition of oblique flow based
on the commercial software FLUENT. Calculation results
show that the thrust and torque of propeller decreases first and
then increases with the angle of attack increases. It provides a
method for the hydrodynamic prediction of propeller in the
study of submarine maneuverability. Yao (2015) investigated
the hydrodynamic performance of a marine propeller in obli-
que flow by RANS simulations on an open source platform e
OpenFOAM. A sliding grid approach is applied to compute
the rotating motion of the propeller. And the results show
generally agreement with experimental data under no or weak
cavitation condition. Ortolani et al. (2014, 2015) presented a
systematic study on the in-plane loads for a twin-screw ship by
free running model tests, considering both the steady and
transient phases. For the same twin-screw model, Dubbioso
et al. (2017) carried out a numerical study to correlate the
character of the bearing loads with the wake considering the
steady turning phase. Side forces developed by propellers are
critical to the design of POD systems.

Overall, there are some shortfalls in the calculation and
research at present: (a) Most of the calculations do not include
the effect of free surface and the propellererudder disturbance
and the calculation conditions are too ideal, (b) Most of the
research focuses on calculating the hydrodynamic perfor-
mance of the propeller in oblique flow, and propeller bearing
force is not concerned. Obviously, it is highly necessary and
practically significant to perform numerical prediction studies
on propeller bearing force based on a “hull-
epropellererudder” system in oblique while considering the
free surface.

Our group (Wang et al., 2016) have developed some
research findings of propeller bearing force based on a full-
scale hullepropellererudder system. In this study, KCS ship
and KP505 propeller are used as the study objects. We are
calculating the hydrodynamics performance of bare hull and
“hullepropellererudder” system in different oblique flow
angles, investigating the effects of oblique flow angle on
resistance and maneuverability, analyzing how the exciting

force caused by propeller is changing according to different
oblique angles.

2. Mathematic base

2.1. Governing equation and turbulence model

Fluid flow is governed by physical conservation laws. Basic
conservation laws include law of conservation of mass, law of
conservation of momentum and law of conservation of energy.
As the medium in our calculation, water, is an incompressible
fluid whose heat exchange is little enough to ignore, only the
mass conservation equation and the momentum conservation
equation are solved. Detailed formulae are given in literature
(Karim et al., 2014). The turbulence model for our calculation
is an SST model frequently used in calculating propeller hy-
drodynamic performance. This model effectively integrates
the merits of both k� ε and k� u models can well simulate
complex flows in the presence of flow separation and strong
adverse pressure gradients. All simulations are performed in
Fluent.

2.2. VOF model

The essential of Volume of Fluid (VOF) (Wang, 2014)
method is to determine the free surface by investigating the
fluid-grid volume fraction function in the grid cells and trace
the variation of the fluid rather than the particle movement on
the free surface. As long as the value of the function on each
grid of the flow field is known, the movement interface can be
traced.

The entire computational domain is defined as U; the main-
phase fluid domain is defined as U1; the secondary-phase fluid
domain is defined as U2. VOF defines such a function:

uð x!; tÞ ¼
�
1; x!2U1

0; x!2U2
ð1Þ

Besides, in the flow field composed of two non-intersoluble
fluids, the velocity field of the fluids is recorded as V

!¼ ðu; vÞ.
The function u conforms to:

vu

vt
þ u

vu

vx
þ v

vu

vy
¼ 0 ð2Þ

On each grid Iij, the integer of uð x!; tÞ on the grid is defined
as Cij. We get the VOF function:

Cij ¼ 1

DVij

Z
Iij

uð x!; tÞdV ð3Þ

The VOF function also conforms to Eq. (2):

vC

vt
þ u

vC

vx
þ v

vC

vy
¼ 0 ð4Þ

Obviously, when C ¼ 0, the fluids in the grids are all
secondary-phase fluids; when C ¼ 1, the grids are filled with
main-phase fluids; when 0 < C < 1, the grids containing fluid
interfaces become interface grids.
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3. Calculation modeling

3.1. Calculation object

Our study object is a KCS container ship, modeled at the
reduced scale of 31.6. The propeller that goes with the ship is
a KP505 propeller. The full-scale parameters are given in
Table 1.

3.2. Calculation conditions

There are two methods to simulate the oblique flow. One is
to adjust the angle of the ship model, and the other is to adjust
the velocity component. The latter one is chosen in this
article. Only one kind of calculation model is needed in
different calculation conditions and the method saves the
mesh partition time and avoids the error because of the mesh
difference. The calculation of the bare hull oblique navigation
includes four working conditions, and the drift angle b are
respectively 0�, �5�, �10� and �15�. The calculation of
propeller bearing force for ‘hullepropellererudder’ system in
oblique flow includes five conditions, and the drift angle b are
respectively 0�, ±5� and ±10�. The propeller performance
changes with the drift angle because the blades experience a
different tangential flow for positive and negative prescribed
value of b. So the positive and negative drift angle should
be considered separately. The positive and negative defini-
tions of drift angle are shown in Fig. 1. Here, Va is the axial
velocity; Vt is the tangential velocity and U is the inlet
velocity.

3.3. Establishment of computational domain and setting
of computational parameters

The flow field computational domain is: the inlet is 1LPP
from the bow; the outlet is 2LPP from the stern; the side and
the bottom are both 1LPP from the hull surface as illustrated in
Fig. 2. The inlet includes an air velocity inlet and a water
velocity inlet, which are identical. The outlet is set as a
pressure outlet. The User Defined Function (UDF) is loaded to
simulate the pressure varies with depth of water. The vertical
pressure of the outlet varies according to Eq. (5).

p¼
�
p0 z� T
p0 þ r*g*ðz� TÞ z<T

ð5Þ

Here, p0 is an atmospheric pressure; r is the density of water;
g is the gravitational acceleration; z is the vertical coordinate;
T is the draught. The upper boundary of the flow domain is
defined as a symmetry plane; the surface, side and bottom of
the hull are all defined as a nonslip wall. Sliding mesh method
is used for the steady transient calculation of propeller rotation
movement. The time step is taken as Dtm ¼ 0:0001 s for
model-scale calculation and the blades rotate 0.34� at each
time step. VOF method is used to trace the free surface.
SIMPLEC method is used for pressureevelocity coupled
iteration.

3.4. Grid division

In our calculation, hybrid grids are used. The entire grid
division is performed on ICEM. As the large stern curvature of
contraction makes it difficult to divide structured grids, a small
part of the flow domain at the stern is divided into non-
structured grids to save grid division. All the rest of the
ship, including the propeller, is divided into hexahedron
structured grids. The structured grids are connected to the non-
structured grids by interface. Information is transferred in the
flow field by interface interpolations.

In numerical calculation, the model-scale has the same grid
topology as the full-scale. The hull surface grids are shown in
Fig. 3(a). The only differences are the thickness of the first
layer of grids and the number of grid nodes in the three di-
rections. Generally, it is suitable to limit the model-scale Yþ
to the recommended 60, corresponding to which the thickness
of the first layer of grids is 0.8e1 mm. The thickness of the
first layer of grids in the structured part can be defined directly
with parameters, while that of the non-structured part at the
stern has to be determined by adding layers of prism grids, as
shown in Fig. 3(b). Details of the propeller grids are illustrated
in Fig. 3(c). Another noticeable thing is that, when dividing
computational grids, more grids should be given to the bow
and stern of the hull where flow field varies dramatically. To
better capture the free surface, more grid nodes have to be
given near the free surface to provide higher grid resolution.

Table 1

Main parameters of KCS ship and KP505 propeller.

KCS container ship KP505 propeller

LPP (m) 7.2786 Diameter (m) 0.25

Draught (m) 0.3418 No. of blades 5

Wetted surface (m2) 9.438 Boss ratio 0.167

Reynolds No. 1:4� 107 Area ratio 0.7

Froude No. 0.26
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4. Calculation result analysis

4.1. Validation of calculation method

Three cases of grid were applied to grid sensitivity analysis.
The number of grid and calculation results is listed in Table 2.
Comparing with the Experiment Fluid Dynamics (EFD), when
the whole grid number achieve to 6.87M, the CFD results

agree well with the EFD. So the Case2 was applied in the
subsequent calculations. The comparison between EFD and
CFD for wake and velocity contours is shown in Fig. 4. The
wave contours show that the values and position of the peaks
and troughs are consistent between EFD and CFD, especially
in the bow position. The calculated velocity contour also
agrees well with the EFD's. Overall, the calculation method is
accurate and satisfactory.

Fig. 1. The positive and negative definitions of drift angle.

Fig. 2. Selection of computational domain and setting of boundary condition.

Fig. 3. Computational grid for numerical self-propulsion KCS ship.
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4.2. Results analysis of bare hull in oblique flow

4.2.1. Hydrodynamics performance of bare hull in oblique
flow

The coefficient of resistance, side force and yaw moment of
bare hull are calculated at different drift angle. And we apply
dimensionless method to all force and moment with the
following substitutions.

CX ¼ X
1
2
rV2L2

pp

; CY ¼ Y
1
2
rV2L2

pp

; CN ¼ N
1
2
rV2L2

pp

ð6Þ

Here, CX is the resistance coefficient; CY is the side force
coefficient and CN is the yaw moment coefficient. X and Y are
respectively the hydrodynamics force along with the x, y di-
rection, and N is the yaw moment. Lpp is the length between
perpendiculars; V is the ship velocity; r is the density of water,
as 998.2kg=m3.

The variation of resistance coefficients with drift angle is
shown in Fig. 5(a). The resistance coefficient increases with
the larger of drift angle. The resistance growth rate is slow in
the range of 0e5�, while the resistance increased rapidly in the
range of 5�e10�, and the resistance growth slowed again in the
range of 10�e15�. There are various reasons for the increase
of the hull resistance. Firstly, when the drift angle becomes
larger, the area of incidence flow is increased and the bow
wave is more intense as shown in Fig. 6, means, if the drift
angle is becoming larger, the friction resistance is increased.
The variation of wet surface area with drift angle is shown in

Table 2

The grid numbers and calculation results.

Description No. of cells Resistance Thrust Moment

Ship Pro. Whole Fs=N T=N M=N M

CFD Case1 3.63M 2.46M 6.87M 91.22 57.79 2.56

CFD Case2 2.57M 1.74M 4.31M 91.26 57.70 2.57

CFD Case3 1.82M 1.23M 3.05M 93.31 56.10 2.61

EFD e 90 59.9 2.53

Error 1 1.36% 3.52% 1.19%

Error 2 1.40% 3.67% 1.58%

Error 3 3.68% 6.34% 3.16%

Fig. 4. Comparison between CFD and EFD.
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Fig. 5. The variation with different drift angles.

Fig. 6. The pressure contour with different drift angles.
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Fig. 5(b). Secondly, as the drift angle becomes larger, the bow
wave is more serious, even more water on deck, which makes
the wave-making resistance will also have significant growth.
What's more, in the case of drift angle, fluid separation is more
serious around the hull flow field and a large number of
vortices shed from the hull resulting in the increase of viscous
pressure resistance. When the angle continues to increase, Vt
gradually increased, while the Va greatly reduced as shown in
Fig. 1. Therefore, the hull resistance growth slowed again in
the range of 10�e15�.

The side force coefficient and yaw moment coefficient are
shown in Fig. 6, both of them are increased with the increase
of drift angle, and the growth rate is proportional to the drift
angle. So it will slow down the growth of hull resistance.

The horizontal force coefficient and the yaw moment co-
efficient are shown in Fig. 5(c) and (d). Both of them increase
with the larger of drift angle and the growth rate is propor-
tional to the drift angle.

4.2.2. The free surface calculation results
With different drift angle, the hull free surface wave con-

tour and three-dimensional waveform are shown in Figs.
7e10. The Fig. (a) is 2-D overhead view, while the Fig. (b)
is the 3-D view looking from stern and bottom. Comparing
waveform data, we can find out the following rules.

(1) When there is no drift angle, the wave-making is sym-
metrical, and the waveform is regular. With the increasing
of the drift angle, the broadside waveform of two side
gradually began to show the difference obviously.

(2) Due to the attack of cross flow, the high pressure zone at
hull bulbous bow move to the port, which results in
enhance of wave-making and large peak at port. At the
ship bow starboard, the corresponding position of low
pressure area is taken place by the original high pressure
zone wave-making weakened. When the drift angle is
�10� and �15�, there is even a larger trough. The pressure
difference between port and starboard plays a role in side
force.

(3) The larger the drift angle, the bigger the horizontal ve-
locity component. The fan-shaped plane angle of ship

wave on the port side is gradually reduced, while the angle
is gradually increased on the starboard side. Considering
Fig. 1, there will be a horizontal velocity component to-
wards to starboard when the drift angle is negative. And it
is the horizontal velocity component that makes the height
contour drift to starboard, especially, there also appeared
lateral peak and trough at stern at �15� drift angle, which
will have an effect on the resistance and maneuverability.

4.2.3. The flow field calculation results
The axial and tangential flow fields have a great influence

on the hydrodynamic performance and bearing force of pro-
peller. We focus on analyzing the distribution of axial velocity
(shorthand for Va) and tangential velocity (shorthand for Vt) at
different drift angle, and the contours are shown in Fig. 11.
The looking direction in Fig. 11 is rear view and its coordinate
system is same with Fig. 8. When the blade is right above, the
angle is defined as 0�, as shown in Fig. 12. Without consid-
ering the hub, there are some differences around the hub in the
velocity field. The Fig. 11 shows that the axial flow field and
tangential wake field are no longer symmetrical distribution
with different drift angle, respectively showing the following
law.

(1) The contour of Va shows that the port flow accelerates then
velocity contour closes to the hull, while the starboard
flow slows down then the velocity contour sticks out.
Meanwhile, the minimum Va position offset to starboard,
which may result in a corresponding offset of the
maximum thrust position of blade.

(2) The contour of Vt shows that the 0 velocity tangential
contour is located in the longitudinal section of the ship
hull with 0� drift angle. When there is a drift angle, the
velocity contour has a clockwise rotation because of the
internal rotation bilge vortex. The negative Vt area in-
creases, and closed velocity contour appears in the right
bottom of the propeller disk.

On the whole, the larger the drift angle, the worse the
overall uniformity of the propeller disk flow field. There is a

Fig. 7. The free surface at 0� drift angle.
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mirror image relationship of velocity distribution between the
positive and negative drift angle.

Fig. 13 compares the circumferential distribution of Va and
Vt at different drift angle. It is indicating that under the straight
line navigation Va is distributed symmetrically, while Vt is
distributed anti-symmetrically. However, the axial and
tangential wake flow are asymmetric with different drift an-
gles. Especially in the range of 0e180�, the velocity fluctua-
tion is larger, which supports the contour distributions showing
in Fig. 11. It is analyzed that is related to fluid separation
around the hull flow field, and a large number of vortices shed

from starboard, which results in the worse uniformity of the
range of 0e180� at propeller plane.

4.3. The calculation results of exciting force in oblique
flow

4.3.1. Analysis of propeller bearing force
When calculation becomes stable, the propeller loads

within approximately 2 cycles (0.2 s) are recorded and plotted
into time domain curves as shown in Fig. 14. The hydrody-
namic performance of propeller will be greatly changed under

Fig. 8. The free surface at �5� drift angle.

Fig. 9. The free surface at �10� drift angle.

Fig. 10. The free surface at �15� drift angle.
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Fig. 11. Contour of non-dimensional Va and Vt at propeller plane at different drift angle.
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the integrated action of the oblique flow and the propeller
rotation direction. The fluctuation curves of single blade thrust
and torque coefficients during rotation cycle at different drift
angle are shown in Fig. 15.

When the drift angle is negative, the total fluctuation curve
of thrust and torque is similar to that of the 0� drift angle, but
the difference is as follows.

(1) When the drift angle is negative, it appears a small trough
around the 50� and there is a large peak around the 140�.
According to the velocity field of propeller disk in Fig. 13,
the Va increases within the 0�e50�, and the Vt variation is
small, which leads to the decrease of attack angle, so there
is a small thrust trough. Within the 50�e140�, on the one
hand, because of the bilge vortex, it appears closed Va
contour. On the other hand, the propeller is a right-hand
propeller, and the negative Vt is opposite with respect to
blade rotation. The velocity polygon of blade profile is
shown in Fig. 16. Here, ur is linear velocity of propeller;
Va is the axial velocity, and it is perpendicular to ur; U0 is
resultant velocity, that's the actual inlet velocity of pro-
peller; a is the attack angle of the blade section. From the
velocity polygon it can be known that the increase of the
negative Vt will make a increase. Therefore, there is a

large thrust peak under the combined influence of the
above two aspects.

(2) The maximum thrust and torque position are changed with
different drift angle. The maximum thrust and torque
occur at about 0� (at the top according to Fig. 15), because
Va is lower at b ¼ 0� (according to Fig. 11). The point of
maximum thrust moves to 140� due to the growth of the
bilge vortex. When the drift angle is �5�, the thrust at
0� position is similar to 140� position, while the thrust of
the 140� position is much greater than the 0� position with
�10� drift angle. According to Fig. 13, Va at 0� position is
similar to that at 140� position with b ¼ �5, while Va at
140� position is smaller than that at 0� position with
b ¼ �10�.

(3) The minimum thrust and torque position is offset by a
certain angle along the clockwise direction. The minimum
thrust position is around 260� without drift angle, it is
around 280� with �5� drift angle, and it is around 300�

with �10� drift angle. It is indicated from Fig. 13 that the
port Va field changed little at different negative drift angle.
So the clockwise rotation of Vt plays a great role of the
offset of minimum thrust and torque position.

When the drift angle is positive, the fluctuation curve of
thrust and torque are quite different from the 0� drift angle.
Especially at the 10� drift angle, the fluctuation curve is
reversed. The maximum value of the thrust and torque appear
at about 0� position, while the minimum value appears at
about 130� position. At blade position 0�, when the drift is
positive, the flow is directed from the right to the left, for
example, referring to Fig. 12. Therefore, Vt is opposite (even if
relatively small as it can be observed by Fig. 16) with respect
to the blade rotation and acts to increase the incidence. From
blade position 0� to 130� the load reduces because the wake is
deflected towards the left side of the hull and Va increases. On
the other hand, the value of Vt gradually decreased, which
results in the decrease of attack angle of blade section.
Therefore, the thrust of the blade will be continuously reduced
until it is close to the minimum value.

Fig. 12. Rotation angle definition.

Fig. 13. Comparison of wake velocity at different drift angle.
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Fig. 14. The time histories fluctuation curves of propeller loads at b ¼ 0�.

Fig. 15. Fluctuation curves of key-blade thrust and torque coefficient at different drift angle.

Fig. 16. Velocity polygon diagram.
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The time-average values of bearing loads coefficient at
different drift angle is shown in Fig. 17. Fig. 17(a) and (d)
shows that the time-average values of thrust and torque co-
efficients have the same distribution law. Compared to the
straight line navigation, the coefficient is smaller at positive
drift angle, but it is larger at negative drift angle. Because the
effect of the negative cross flow Vt is opposed to blade rotation
for a longer excursion of the blade in the lowest half of the
disk. It is found from Fig. 18 that the hull resistance increased
significantly at the positive drift angle. Because the positive Vt
is consistence with the rotation velocity of the propeller, which
will result in larger thrust deduction and larger resistance
augment. So the hull resistance increased significantly at the
positive drift angle.

Fig. 17(b) and (e) shows that the time-average values of
horizontal force coefficient and horizontal bending moment Fig. 18. Time-average values of hull resistance at different drift angle.

Fig. 17. Time-average values of unsteady bearing force at different drift angle.
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coefficient have the same distribution law. The horizontal
force coefficient has a linear relationship with the drift angle.
This shows that the propeller working at stern appears hori-
zontal force, the magnitude of the force increases with the
larger of the oblique angle, which will have an important in-
fluence on the ship maneuverability. In addition, when the
positive drift angle is larger, the horizontal bending moment
coefficient increases rapidly, which is very unfavorable to the
strength of the blade.

Fig. 17(c) and (f) shows that the time-average values of ver-
tical force coefficient and vertical bending moment coefficient
have the same distribution law. The coefficients are negative at
positive drift angle, and it is opposite at negative angle.

In order to analyze the frequency domain values of the
unsteady bearing force, the time histories of thrust and torque

are transformed by fast Fourier transform (FFT). The column
chart is obtained from the fluctuation peak of blade frequency
(BPF) and double blade frequency (2BPF) as shown in Fig. 19.
The data shows that there is no direct relationship between the
fluctuation peak and time-average value.

(1) For thrust and torque coefficient, it can be found that the
fluctuation peak with drift angle is larger than straight line
navigation and negative drift angle is larger than positive
drift angle for both BPF and 2BPF. It indicates that
the larger the drift angle, the more non-uniform the flow
field, which makes the thrust and torque fluctuate more
intense.

(2) The variable regularity of peaks coefficients of side force
and horizontal bending moment are similar. At BPF, the

Fig. 19. The fluctuation peak of unsteady bearing force at different drift angle.
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fluctuation peak is gradually increased from negative drift
angle to positive drift angle. It is analyzed that the side
loads are related with cross flow. And negative drift angle
is coincidence with the propeller rotation, which reduces
the disturbance of wake field, while positive drift angle
shows the opposite effect on wake field. 2BPF peak
decreased a lot comparing with BPF. And 2BPF peak is
bigger at negative drift angle.

(3) At BPF, the fluctuation peak of vertical bending moment
coefficient is minima without drift angle, and the peak at
positive drift angle is slightly greater than that at negative
drift angle. It is caused by the inhomogeneous wake
flow field. In other words, the more non-uniform the flow
field, the larger the peak of vertical bending moment
coefficient.

4.3.2. The analysis of propeller-induced fluctuating
pressure

The fluctuation pressure measurement points are arranged
referring to Fig. 20 and the time-average data of propeller-
induced hull surface pressure in different drift angle is moni-
tored. The time-average of pressure coefficients in different drift
angle are shown in Fig. 21. In the case of a fixed drift angle, the
relative relationships of the measurement point basically agree
with that straight line navigation. Only P1 and P3 have changed
greatly, which is mainly related with the direction of transverse
flow. According to Bernoulli equation, P3 is an upstream mea-
surement point at negative drift angle and the velocity around it
is faster. Therefore, the bigger negative drift angle, the lower
pressure of P3 and the higher the pressure of P1. It is just the
opposite at positive drift angle. For the same measuring point,
except P1 and P3, the pressure increases with the increase of
absolute value of the drift angle. One explanation could be the
decrease of positive flow component.On the other hand,with the
increase of the drift angle, the hull blockage effect on the
transverse flow is more obviously. Both of them make the
pressure of measuring points increase.

In each monitor point, the blade frequency and double blade
frequency peak coefficients at different drift angle are listed in
Fig. 22(a)e(e). It is indicated that all blade frequency pressure
peak andmost of double blade frequency pressure peak at a drift
angle are bigger than the straight line navigations'. Due to the
different positions, each measurement point has its own

regularity. Because the double blade frequency is the small
quantity compared with the blade frequency, so only the blade
frequency peak is drawn in Fig. 22(f), which is to compare the
variation regularity of each measurement point. It is shown that
the peak coefficient variation regularity of each point at a
different drift angle is consistent with the straight line naviga-
tions'. Only P1 at negative drift angle and P3 at positive angle
have great fluctuation. The reason is that although the time-
average pressure of P1 is bigger at negative angle, but it is not
in the upstream position and the flow disturbance is weak, so the
pressure fluctuation peak decreases obviously, the situation of
P3 at positive drift angle is roughly the same as P1's.

4.3.3. The analysis of propeller-induced unsteady rudder
force

Working on the complex wake flow field of propeller, the
rudder resistance is periodic, which will result in the longi-
tudinal vibration of rudder. The rudder force is non-
dimensionalized according to Eq. (7).

Cx ¼ Fx

0:5rv2S
ð7Þ

Here, Fx is the rudder resistance, v is the ship speed and is the
wet surface area of rudder.

Fig. 20. The arrangement of fluctuation pressure measurement points.

Fig. 21. Time-average values of pressure coefficient in different drift angle.
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Fig. 22. The fluctuation peak of pressure coefficient in different drift angle.

Fig. 23. Propeller-induced unsteady rudder force.
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The time-average values of rudder resistance coefficient are
shown in Fig. 23(a). It is shown that the rudder resistance
decreases when drift angle is changing from �10� to þ10�. It
is indicated that rudder resistance will increase when trans-
verse velocity component is consistent with the propeller
rotation direction. If the direction is opposite, rudder resis-
tance will decrease. It is can be seen from Fig. 23(b), although
the time-average values of rudder resistance at positive drift
angle is reduced, its fluctuation peak is bigger than straight
line navigations'. In addition, the fluctuation peak at negative
drift angle is bigger than that at positive angle, which is
consistent with fluctuation peak of thrust and torque. The
maneuverability of rudder is not considered in this calculation
model that is the attack angle of rudder section is 0. In reality,
the attack angle of rudder will be correspondingly adjusted in
oblique flow, so the result of this paper is only a qualitative
reference.

5. Conclusions

The hydrodynamic performance of bare hull and the
exciting force performance of hullepropellererudder system
of KCS model are predicted in oblique flow. Based on the
comparative analysis of the frequency domain data of flow
field and exciting force, the following conclusions are
obtained.

(1) The coefficients of hull resistance, side force and yaw
moment constantly increase with the increase of drift
angle. Meanwhile, the wave pattern at different broadsides
gradually began to appear obvious difference. Because of
the attack of cross flow, the wave-making enhanced and
generated a large peak at port, and wave-making weak-
ened at ship bow starboard.

(2) The calculation results without drift angle are basically
consistent with the experimental results, which indicate
the calculation results are accurate and reliable. The axial
and tangential wake flow fields are no longer symmetrical
distribution with different drift angle and the bigger the
drift angle, the worse the overall uniformity of the pro-
peller disk flow field. There is a mirror image relationship
between the positive and negative drift angle.

(3) When the drift angle is negative, the total fluctuation curve
of single blade thrust and torque is similar to that of the
0� drift angle, and the difference is that the position of
peaks and roughs have greatly changed and the fluctuation
regularity are more complex. When the drift angle is
positive, the fluctuation curve of thrust and torque are
quite different from the 0� drift angle. Especially at the 10�

drift angle, the fluctuation curve is reversed.
(4) Both blade frequency and double blade frequency peak

coefficients of thrust and torque at a drift angle are bigger
than the straight line navigations' and the peak at negative
drift angle is bigger than that at positive angle. As to the
side force and bending moment coefficients, because of
their different causes, the fluctuation peak varies with the
changing of the drift angle.

(5) All blade frequency pressure peak and most of double blade
frequency pressure peak at a drift angle are bigger than the
straight line navigations'. The peak coefficient variation
regularity of each point at a different drift angle is consistent
with the straight line navigations'. Only P1 at negative drift
angle and P3 at positive angle have great fluctuation.

Our calculation conditions only include oblique sailing in
calm water. Based on these findings and investigate, our
Subsequent research will discuss the propeller unsteady
bearing force in oblique flow and waves.
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