Sixth International Symposium on Marine Propulsors
smp’19, Rome, Italy, May 2019

A Numerical Study on the Propeller Performance
by the Ship Motion in Regular Head Waves
Yoon-Ho Jang, Myeong-Jin Eom, Hyun-Woo Shin, Kwang-Jun Paik
Department of Naval Architecture and Ocean Engineering, Inha University, Incheon, Republic of Korea

ABSTRACT

A propeller at the stern of a ship cannot avoid moving due
to the ship motions in waves. Especially, the pitch and
heave motions of the ship result in the periodic motion of
the propeller and have a dominant effect on the variation of
the propeller performance. The accurate prediction of the
propulsion performance considering a ship motion in
waves is required to evaluate the satisfaction of the
minimum required power. In this study, numerical
simulations were performed using a KP458 model
propeller with the dimeter of 10 cm, which was designed
for the KVLCC2. The propeller open water performance
was calculated using computational fluid dynamics at
various advance coefficients with different immersion
conditions. The ship motions applied to these simulations
were obtained from the simulation of KVLCC2 operating
in a regular head wave, λ/L=1.6. The motion of the ship
was then applied to the periodical motion of propeller.
Firstly, the variations of thrust and torque of the propeller
with the periodic heave and pitch motion were
investigated, and then the effect of ship motion on the
propulsion performance was analyzed. Finally, the
possibility of estimating the variation in thrust and torque
of the propeller in the wave was suggested.
Keywords
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1 INTRODUCTION

Traditionally, ships have been optimized for calm water
operation. When the efficiency of the engine is increased
by minimizing the capacity of the engine among the
methods for improving the operational efficiency of the
ship, the minimum horsepower required to maintain the
maneuverability in the actual sea may not be satisfied. The
International Maritime Organization (IMO) specifies the
minimum required power in waves in the interim guideline
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to ensure that the ship does not lose maneuverability over
the waves. However, since the propulsion performance
coefficients in the calm water are used to estimate the
minimum required power in waves, it is necessary to carry
out a more accurate study considering the waves.
A ship operating in waves has 6-degree-of-freedom
motion. Particularly, the propeller attached on the ship
astern is predominantly influenced by the pitch motion and
the heave motion. Due to the movement of the ship, the
velocity distribution of the fluid flowing into the propeller
plane and the relative phase of the propeller to the
incoming velocity are changed, and the changed phase
causes the change of the thrust and the torque of the
propeller. As the ship moves closer to the free surface,
thrust and torque reduction can be occurred because of the
propeller interacts with the free surface. The distance
between propeller and the free surface can cause airventilation and surface piercing, resulting in substantial
loss of thrust and torque.
Air ventilation is a phenomenon that a propeller interacts
with the free surface and pulls down air when it operates
beneath the free surface. This phenomenon depends on
many conditions, such as the propeller loading, advance
speed, and the distance from the propeller to the free
surface (Paik 2017). Kempf (1933) was a pioneer in the
study of ventilation according to the revolution and
immersion depth. Shiba (1953) researched the air
ventilation phenomenon with different propeller shapes.
Kozlowska et al. (2009) presented mechanisms of the air
ventilation phenomena of a propeller, which were
classified according to the immersion depth and the
occurrence of a vortex funnel. And Kozolowska et al.
(2017) presented a supplemental estimation equation with
advance coefficient and immersion depth.
Studies have been carried out on the performance
estimation of a propeller that experiences periodic waves
based on the relationship with the free surface and air
ventilation phenomena (Faltinsen et al. 1981, Minsaas et
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al. 1987, Koushan et al. 2009). Other studies looked at the
open-water characteristics and the load on the shaft axis for
a propeller with sinusoidal heave motion (Koushan 2006,
Koushan 2007).
Some studies have been carried out for the azimuth thruster
on the propulsion performance evaluation of the propeller
rotating in the yaw direction and the force acting on the
shaft (Amini & Steen 2011, Shamsi & Ghassemi 2013, Li
et al. 2015). In recent years, researches have also been
carried out on wake and performance changes for
propellers tilted in the pitch direction (Felli et al. 2018, Yao
2015).
In this paper, the propeller open water (POW)
characteristics considering the ship 's motion in waves
were conducted. The advance coefficient was set to 0.5
considering the design speed of KVLCC2. Numerical
analysis was performed at two different draft conditions.
The performance of a propeller varying over one period is
shown in terms of the mean thrust change for estimating
minimum power in a wave and the change in angular
variations of thrust and torque of one blade. This
propulsion performance change is explained by the change
of immersion depth according to the heave motion, the
change of propeller tilt angle, and the change of advance
coefficient according to pitch motion. And the possibility
of the estimation method for the propulsion performance
and the forces acting on a single blade in waves are
suggested.

2 NUMERICAL ANALYSIS CONDITIONS
2.1 Propeller Geometry

The KP458 propeller model was designed by the Korea
Research Institute of Ships and Ocean Engineering
(KRISO) for a KVLCC tanker ship. The full-scale
propeller has a diameter of 9.86 𝑚 and 4 blades. Table 1
shows the specifications. The propeller geometry used in
the numerical analysis is shown in Figure 1.

Table 1: Main particulars of the model propeller (KP458)
Diameter

100mm

Scale ratio

1/98.6

No. of blades

4

Hub ratio

0.155

P/D (mean)

0.69

Ae/Ao

0.431

Section

NACA66

Rotation

RH

The governing equations were solved using a finite volume
method with a second-order-accuracy discretization
technique. The SST k-ω turbulence model was used for the
turbulence model, which computes the k-ω turbulence flow
inside the boundary layer and the k-ε turbulence model
outside the boundary layer together. The pressure-velocity
coupling was implemented using the SIMPLE (SemiImplicit Method for Pressure-Linked Equations)
algorithm. A VOF (Volume of Fluid) method was used to
observe the interaction with the free surface generated by
the rotation of the propeller. The numerical techniques
used in this study were performed using STAR-CCM +
13.02, a commercial CFD program.

2.3 Simulation Condition and Grid System
2.3.1 Simulation Condition

In the case of a ship having pitch and heave motions in
regular head wave, the origin of the motion is located on
the longitudinal center of gravity of the ship. In particular,
the propeller attached on the astern of a ship moves as
shown in Figure 2. The heave motion affects only the zaxis movement of the propeller, but pitch motion affects
not only the angle of the propeller but also the movement
in the x- and z-axis directions. This phenomenon affects
the propulsive performance by changing the flow velocity,
the angle of attack and the distance from the free surface to
the propeller. Therefore, basic researches have been carried
out to estimate the performance of the propeller attached
on the ship astern through various factors such as
immersion depth, heave motion, pitch motion, and change
of advance coefficient. The range of motion for each
condition was set based on the RAO of KVLCC2 vessel in
the regular head wave, assuming severe conditions and set
the propeller motion, as shown in Table.2.

Figure 1: Model propeller (KP458)

2.2 Governing Equations

The continuity equation and Reynolds averaged NavierStokes (RANS) equations were used to consider the threedimensional unsteady and incompressible viscous flows.

Figure 2: Coordinate system and motion in waves

Table 2: simulation conditions and grid system
Variables

Concept of model

Simulation condition

Grid system

h/D=0.5, 1.0, 2.0
Tilt angle

J=0.1, 0.3, 0.5, 0.7
angle=-10˚, 10˚
h/D=0.5, 1.0, 2.0
J=0.1, 0.3, 0.5, 0.7

Pitch
motion
Figure 3: Concept of pitching
propeller

angle=-10˚~10˚
Grid number: 3.1M

T=1s

h/D=2.0, 1.0, 0.5

Immersion
depth

Figure 6: grid system for the fixed
center of propeller (Grid 1)

J=0.1, 0.3, 0.5, 0.7

h/D=0.5~2.0
Heave
motion

J=0.3 0.5
Figure 4: Concept of heaving
propeller

T=1s
Immersion depth
intermediate1(full load -2.2m)

Ship motion

intermediate2(full load -4.6m)
Figure 5: Concept of propeller
with ship motion

Figure 7: grid system in which the
center of a propeller changes (Grid
2)

T=1.414s
J=0.5

The ship motion was applied using the result by Shin et al.
(2018). The study was carried out using KVLCC2, the
design target of KP458 with 1/100 scale ratio. wave height
and length were fixed at 0.06m and λ / L = 1.6, respectably.
The heave and pitch motions of ship were obtained and
used for this simulation. The data of heave and pitch
motion of the ship obtained by numerical analysis were
Fourier transformed. The data obtained by the numerical
analysis and the equation expressed by the sine function are
compared in Figure 8.

Figure 8: Comparison of Heave and pitch motion between
raw data and calculated equation

Grid number: 3.6M

If the draft varies according to the loading condition of the
ship, propeller may interact with the free surface resulting
in the change of propeller performance. In order to prevent
this, the ship operated in the state of maintaining the stern
trim in actual operation. The modified draft influences the
ship 's motion, but in this study, the ship' s motion is fixed
by using the motion of full load condition while the
propeller immersion depth is changed.
2.3.2 Grid System

In this study, an overset mesh technique was used to
discretize the computational domain with several different
grids that overlap each other. Overset mesh is a technique
often used in the interpretation of moving objects and are
suitable for representing three overlapping complex
movements. The mesh around the propeller was applied
with the trimmer mesh method considering the free
surface. In the case of the prism layer, the dimensionless
wall function is set to be smaller than 1 in all areas of the
propeller.
The grid system used in the numerical analysis is divided
into two cases according to the calculation conditions. In
the case of numerical analysis in which the propeller moves
up and down, a finer grid was applied especially in the z
direction, considering the extent to which the propeller

moves with motion. Also, the meshes were concentrated
around the free surface to observe the flow near the free
surface. Figure 6 and 7 show the grid systems used for each
numerical analysis.

lower advance coefficients. The coefficients of the thrust
and torque provided by the NMRI and the present
numerical analysis are shown in Table 3.

3.2 Validation of Propeller Motion
3 VALIDATION
3.1 Validation of Grid System

The characteristics of the POW performance were
compared with the KP458 results presented by the NMRI
to validate the numerical analysis. The Reynolds number
was calculated at 0.7R based on the blade chord length and
relative flow rate, 𝑉𝑅 = √𝑉𝐴2 + (0.7𝜋𝑛𝐷)2 , as
recommended by the International Towing Tank
Conference (ITTC). The propeller rotations from the
NMRI results and the present simulation were 43.62 rps
and 32.55 rps, respectively. The Reynolds number were
2.07 ⨯ 105 and 1.93 ⨯ 105 at 𝐽𝑎 =0.5. A numerical
analysis of the KP458 operating without the free surface
was carried out with the advance coefficients of 0.1, 0.3,
0.5, and 0.7. A verification was performed through
comparison with the POW test results from the NMRI as
shown in Figure 9.

The motion of the propeller was implemented by the
accurate ship movement based on the center of gravity of
the ship. First, the center of gravity of the vessel was set to
zero and the components were divided by the coordinates
of the x axis and z axis when the propeller moved. Positions
of the x-axis direction and the y-axis direction over time
were illustrated by using numerical analysis and formula
and are compared in Figure 10. As a result, it was
confirmed that there is a considerably good agreement
between numerical analysis and formula.

Figure 10: The position of x-axis (top) and z-axis (bottom)
according to the periodic motion

Figure 9: Comparison of propeller open water (POW)
characteristics

The thrust and torque in the simulation show good
agreement with the NMRI’s experimental data at all
advance coefficients with an error rate of 1-2% except for
𝐽𝑎 =0.7, which has small thrust and torque compared with

4 SIMULATION RESULTS
4.1 Effect of Immersion Depth

The propeller performance was compared according to the
immersion depth from the free surface, and numerical
analyses were carried out at four advance coefficients
(𝐽𝑎 =0.1,0.3,0.5,0.7), and three immersion depths of water
(h/D=2.0, 1.0, 0.5). Figure 11 shows the Comparison of

Table 3: Comparison of POW characteristics between NMRI and present CFD
NMRI (EFD)

Present (CFD, Grid1)

Present (CFD, Grid2)

J

KT

10KQ

KT

10KQ

KT

10KQ

0.1

0.2654

0.2876

0.2629 (0.95%)

0.2824 (1.84%)

-

-

0.3

0.1994

0.2335

0.1972 (1.12%)

0.2300 (1.48%)

0.1949 (2.31%)

0.2284 (2.23%)

0.5

0.1173

0.1614

0.1185 (-1.01%)

0.1632 (-1.10%)

0.1185 (-1.01%)

0.1632 (-1.10%)

0.7

0.0341

0.0780

0.0300 (10.36%)

0.0760 (2.63%)

0.0306 (11.44%)

0.0760 (2.63%)

POW characteristics according to the immersion depths.
The performance of the propeller is reduced by the
interaction with the free surface as the propeller approaches
the free surface. When the propeller is closer to the free
surface, the interaction with the free surface is stronger.
The interaction with the free surface also increases
according to the advance coefficient.

Figure 12 presents the angular variation of the thrust and
torque according to the immersion depth and advance
coefficients. The thrust and torque were nondimensionalized with the average thrust on one blade at a tilt
angle of 0° and h/D=2.0. As the immersion depth
decreases, the fluctuation of the thrust and torque
depending on the angle increases. At h/D=0.5, the thrust
suddenly decreases at around 300° and tends to recover
70°. A lower advance coefficient also results in greater loss
of thrust. In the case of h/D=1.0, which is shallower than
h/D=2.0, losses of approximately 1% occurred in the thrust
and torque. The thrust and torque change according to the
position of the propeller.

4.2 Effect of Heave motion

Figure 11: Comparison of POW characteristics according to
the immersion depths

The pitch and heave motion of the ship cause the propeller
to move up and down. The propeller moving up and down
changes the distance to the free surface and vertical inflow
velocity (z-velocity). In this study, the effect of each
component occurred by the heave motion on propeller
performance was studied. The variations of immersion
depth and encounter period were considered as the model
ship of 1/100 scale operating in the wave which have
0.06m of wave height and λ/L=1.6 of wave length. And 1
second of period (T=1 sec.) and the range of immersion
depth between h/D=0.5~2.0 were applied to this
simulation.

Figure 13: Comparison of KT and 10KQ with vertical inflow
velocity and h/D variation according to the time step

Figure 12: Comparison of the variations of thrust and torque
of one blade according to the immersion depths and advance
coefficients

The variations of the immersion depth, z-velocity, thrust
and torque according to the time step are shown in Figure
13. In the case of t=0.5, 1.5 and 2.5 sec., the immersion
depth reaches 0.5 and the magnitude of z-velocity becomes
maximum at t=0.25, 0.75, 1.25, 1.75, 2.25, 2.75 sec. It was
confirmed that the variation of thrust and torque according
to time step are sensitively changed according to the

immersion depth. The thrust and torque of J=0.3 show
more drastic decrease than those of J=0.5. At J=0.5, the
variation in h/D=2.0 to 0.5 and the variation of propeller
performance at h/D=0.5 to 2.0 are similar in all three
periods (0~1, 1~2, 2~3 sec.). At J=0.3, there are a tendency
to different from cycle to cycle. Especially, the tendency of
the first and second periods at J=0.3 is different from that
of J=0.5. The thrust and torque reduction when the
propeller moves in an upward direction shows a linear
shape, but it has irregular or lower thrust and torque when
it moves downward. In Figure14, the velocity and volume
fraction of water according to time step at J=0.3 are
compared. Figure 14 (a), (b) and (c) indicate the immersion
depth h/D=1.02, 0.5 and 1.02, respectably. Figure 14 (a)
and (c) are at the same immersion depth, but the propeller
moves to opposite direction. When the propeller is closer
to the free surface, the interaction with the free surface is
stronger. As clearly shown from Figure 13, even though
Figure 14 (a) and (c) are at the same immersion depth,
Figure 14 (c) has significant decrease of the thrust and
torque because of air ventilation phenomenon.

performance was carried out with the advance coefficient
J=0.1, 0.3, 0.5, 0.7 and the immersion depth h/D=2.0, 1.0,
0.75, 0.6, 0.5, 0.4, 0.25 by Eom et al. (2018). It is suggested
that the thrust and torque values can be estimated according
to the immersion depth. Figure 15 shows the comparison
between Eom et al. (2018) and present study. The results
of present study show similar tendency with those of Eom
et al. (2018). At J=0.3, it is observed that as the immersion
depth is changed from h/D=0.5 to 2.0, the variations of
thrust and torque show difference between each period.
This is due to the occurrence of irregular air ventilation
phenomenon. In addition, it is confirmed that the influence
of z-velocity is insignificant in terms of average propeller
performance because the thrust and torque of numerical
analysis in the case of having motion are as same as those
of without heave motion.

(a) t=1.3 sec.

(b) t=1.5 sec.

(c) t=1.7 sec.
Figure 14 Comparison of free surface profile and x-velocity
contour according to time step

It shows that the effect of the immersion depth is important
component to predict the propeller performance in regular
head wave. Numerical analysis on the propeller

Figure 15: Comparison of thrust and torque according to
immersion depth at three different advance coefficients for
the with and without motion

Figure 16 presents the variation of the thrust and torque
according to the immersion depth and advance
coefficients. The amplitude of fluctuation steadily
increases as time passes from t/T=0 to 0.25. As the angular

variations of thrust and torque on one blade show
insignificant change between h/D=1.0 and h/D=2.0 in
Figure 12, the increase of fluctuation amplitude is due to
the z-velocity. However, as the propeller reaches closer to
the free surface, the fluctuation amplitude of thrust and
torque becomes more severe.

has a tilt angle, the relative advance coefficient generated
by propeller tilt angle decreases, and it causes an increase
of thrust and torque. However, in the case of the measured
thrust, the thrust is reduced as the angle increases at a lower
advance coefficient because it is aligned in the x-axis
direction. When the propeller has a tilt angle, the thrust and
torque coefficients change by 1% according to the advance
coefficients. It can be concluded that the tilt angle is not a
dominant factor in the propeller performance.
A numerical analysis of the sinusoidal pitch motion was
also carried out while changing the advance coefficient at
different immersion depth. Figure 17 shows the
comparison of the thrust and torque coefficients obtained
with and without pitch motion in different immersion
depths. In the case of the h/D=2.0 and 1.0, all the values of
the pitching propeller show good agreement with those
obtained from the tilted propeller within error range
considered as numerical error. At h/D=0.5, the thrust and
torque coefficients of pitching propeller show severe
fluctuation in lower advance coefficient. It is because the
interaction between free-surface becomes strengthen and
the case with pitch motion shows continuous change
according to time variation. However, the mean value of
with motion is almost same as without pitch motion.

Figure 16: Comparison of the thrust and torque on one blade
according to immersion depth at three different advance
coefficients for the with and without motion

4.3 Effect of Tilt Angle and Pitch Motion

The pitch motion of the ship causes the propeller to have a
tilt angle. Numerical analyses of the propeller were carried
out with fixed tilt angles and a pitch motion with a period
of 1 second.
Firstly, the performance of the propeller was estimated
while considering the tilt angles with different immersion
depth. To achieve this, a POW test was carried out with
h/D=2.0, 1.0 and 0.5 and tilt angles of -10°, -5°, 0°, 5°, and
10°. The reference axis direction in which the thrust was
measured was aligned with the x-axis. On the other hand,
the reference axis for torque in the numerical simulations
was changed according to the tilt angle because the torque
was measured about the shaft axis.
Figure 17 (a) presents the changes in the thrust and torque
coefficients according to the tilt angle at each advance
coefficient. The thrust coefficient tends to decrease as the
angles increases at advance coefficients of 0.1 and 0.3. At
advance coefficients of 0.5 and 0.7, however, the thrust
coefficient tends to increase as the angles increases. The
torque coefficient gradually increases with the increase of
tilt angle and advance coefficients. The similarity of this
tendency is shown in different immersion depth and shown
in Figure 17 (b) and (c).
These results seem to be due to the difference of the
reference axis of the thrust and torque. When the propeller

As a result, the immersion depth is the most dominant
factor in thrust and torque coefficients. In the case of the
tilted propeller, changes in the immersion depth result in
1% changes in the thrust and torque. This numerical value
is not a significant enough to change the POW curve.
However, it should be considered to estimate the correct
value for the POW performance in wave conditions.
Figure 18 presents the angular variation of the thrust
according to the tilt angle and advance coefficients at
different immersion depths. The thrust and torque are
nondimensionalized with the average thrust on one blade
at a tilt angle of 0° and h/D=2.0. In the case of h/D=2.0 and
1.0, thrust fluctuation has similar tendency with each other.
However, the maximum thrust can be observed in different
blade location according to the propeller tilt angle. When
the blade locates in near the 0°, thrust of -10° tilted
propeller is high, which causes the wake velocity to
increase partially on the top side. When the blade locates
in near the 180º, thrust of 10° tilted propeller is high, which
causes the wake velocity to increase partially on the bottom
side. It seems that a different angle of attack on the
propeller affects the propeller performance according to
the blade location.
In the case of h/D=0.5, the thrust of 10° tilted propeller
more decreases around the 50° blade angle in both J=0.3
and 0.5. This is because when the propeller has 10° tilt
angle, the suction side of the propeller faces to the free
surface and it makes more interaction between free surface
and propeller. However, the thrust of 10° tilted propeller
soon is recovered around 120° blade angle, overtaking the
thrust of -10°. It means that the average thrust can be
considered as almost same.

(a) h/D=2.0

(b) h/D=1.0

(c) h/D=0.5

Figure 17: Comparison of the thrust and torque coefficients obtained with and without pitch motion in three different
immersion depths
4.4 Effect of Ship Motion

(a) h/D=2.0

(b) h/D=1.0

(c) h/D=0.5
Figure 18: Angular variations of the thrust on one blade
according to tilt angle and advance coefficient

To study the variations of thrust and torque considering
heave and pitch motions together, the ship motion was
applied to the propeller motion in this study. The variations
of thrust and torque during one period are compared with
the data of J=0.5 at POW curve in Figure 19. To explain
the tendency of the averaged thrust and torque, advance
coefficient and immersion depth are presented together on
the Figure 19. The component derived through the ship
motion such as z-velocity and propeller tilt angle are not
included because those are not a dominant factor in terms
of the averaged thrust and torque. For each condition, the
range of propeller location are allocated approximately
h/D=0.7~1.8, and h/D=0.46~1.56, respectively. The
variation of the other components is the same for both
conditions. In both cases, the variation of thrust and torque
tend to be similar, but the thrust and torque decrease more
rapidly at the lower immersion depth. As shown in Figure
15 presents the relationship between heave motion and
advance coefficient, a significant drop occurs at h/D=0.6.
However, the other components are still effective on the
propeller performance because thrust and torque values are
slightly reduced even though the immersion depth
increases after t/T=0.2. On the other hand, the thrust and
torque values still increase even though the immersion
depth decreases after t/T=0.7. The change in the advance
coefficient of the propeller due to the x-axis velocity varies
from 0.492 to 508. Considering the POW curve, the thrust
coefficient differs up to 0.006 and the torque coefficient
differs up to 0.005. As shown in Figure 19, the variation of

the thrust and torque according to the advance coefficient
shows a similar magnitude of fluctuation on the thrust and
torque varying with the motion during one period.

immersion depth at the advance coefficient of 0.5 in
Figure. 15. The trend were divided into three sections
according to its change rate. The trend equations are as
follows

𝐾𝑇,𝐷

−0.6781(ℎ/𝐷)2 + 0.8308(ℎ/𝐷) − 0.1381 (ℎ/𝐷 < 0.6)
={
0.0028(ℎ/𝐷) + 0.1146 (0.6 ≤ ℎ/𝐷 < 1.4)
0.1185 (1.4 ≤ ℎ/𝐷 < 2.0)

10𝐾𝑄,𝐷

−0.8591(ℎ/𝐷)2 + 1.0462(ℎ/𝐷) − 0.1566(ℎ/𝐷 < 0.6)
={
0.0014(ℎ/𝐷) + 0.161(0.6 ≤ ℎ/𝐷 < 1.4)
0.163(1.4 ≤ ℎ/𝐷 < 2.0)

In order to reflect both the effects of the two variables, the
thrust and torque variation due to the advance coefficient
and the thrust and torque variation due to the immersion
depth are shown below.
∆𝐾𝑇,𝐽 = 𝐾𝑇,𝐽 − 𝐾𝑇,𝐽=0.5
∆10K Q,J = 10K Q,J − 10K Q,J=0.5
∆𝐾𝑇,𝐷 = 𝐾𝑇,𝐷 − 𝐾𝑇,𝐽=0.5
∆10𝐾𝑄,𝐷 = 10𝐾𝑄,𝐷 − 10𝐾𝑄,𝐽=0.5
Figure 19: The variations of thrust coefficient and torque
coefficient according to the periodic motion

A propeller at the stern of a ship can experience
complicated motion because of the heave and pitch motion
of ship. Complicated motion can be divided into
approximately four components: immersion depth, tilt
angle, x-velocity and z-velocity. Throughout the research
on the propeller with heave, pitch and ship motion, it is
confirmed that especially the variation of immersion depth
and advance coefficient are the most dominant component
in terms of averaged thrust and torque in ship motion.

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐾𝑇 = ∆𝐾𝑇,𝐽 + ∆𝐾𝑇,𝐷 + 𝐾𝑇,𝐽=0.5
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 10𝐾𝑄 = ∆10𝐾𝑄,𝐽 + ∆10𝐾𝑄,𝐷 + 𝐾𝑄,𝐽=0.5
Fig. 20 compare the thrust and torque changes derived from
the equation and the changes in thrust and torque obtained
from the numerical analysis. And the results obtained by
the numerical analysis showed good agreement with each
other.

In this paper, with consideration of each component
relationship, estimating the propulsion performance in
complicated motion was conducted, and then propeller
open water performance was estimated in J=0.5. Since the
motion of the propeller is centered on the center of gravity
of the hull, knowing the period and amplitude of the pitch
and heave motion of the ship during the wave can represent
the positional coordinates of the propeller center axis. The
change of the position of the central axis of the propeller
can show the change of the immersion depth (z-axis
position change), the velocity change in the x-axis
direction, the velocity change in the z-axis direction and
the tilted angle of the propeller. First, the change of the
thrust and the torque due to the change of the advanced
coefficient is derived by using the trend line of the POW
curve in Fig. 9, and the trend formula of the POW curve is
as follows.
𝐾𝑇,𝐽 = 0.0854 𝐽3 − 0.2394 𝐽2 − 0.0854 𝐽 + 0.2896
10𝐾𝑄,𝐽 = −0.1187 𝐽3 − 0.0756 𝐽 2 − 0.2158 𝐽 + 0.3049
In order to consider the effect of the immersion depth, we
used the thrust and torque variation according to the

Figure 20: comparison of the variation of thrust and torque
between numerical analysis and equation.

The reason why the propeller does not have uniform thrust
and torque when it rotates is because of the variation of

distance from the free surface resulting in reinforced
interaction. In addition, when the case of a propeller moves
to one direction or a propeller has tilt angle, the variation
of thrust and torque on one blade shows different tendency
due to different angle of attack. In the case of interaction
with the free surface, the thrust and torque values are
minimized when the propeller is close to 0 degrees, and a
sinusoidal fluctuation is observed when the propeller has
tilt angle and z-velocity.
Figure 21 presents the variations of thrust and torque on
one blade, z-velocity and propeller tilt angle according to
the periodic motion. It is confirmed that the component of
force applied to a single blade has a dominant influence on
the immersion depth by comparing two different case:
intermediate 1 and intermediate 2. In addition, in the case
of intermediate 1 the variation of thrust and torque of the
propeller is minimized in the section near t / T = 0.2, 0.7 at
which the z speed becomes minimum. Notifying that the
tilt angle of propeller is only ±3°, it can be concluded that
the effect of the z-velocity is dominant.

that the variation of thrust and torque acting on the
propeller blade operating in the regular head wave can be
estimated from the ship motion.

Figure 22: Velocity vector diagram to convert the z-velocity
to relative angle

Figure 23: Comparison between the relative angle and the
variations of thrust and torque of one blade according to the
periodic motion

5 CONCLUSIONS

Figure 21: The variations of thrust and torque of one blade
according to the periodic motion

However, the z-velocity period and the fluctuation period
of the thrust and torque do not coincide completely, and
this is presumed to be caused by the propeller tilting angle.
As shown in Figure 22, the heave velocity and inflow
velocity are shown as a velocity vector diagram added the
propeller tilting angle under the idea that the effects of
heave velocity and propeller tilting angle are similar. In
Figure 23, the thrust generated by one rotation of a single
blade is shown as a relative angle, which is the sum of the
z-velocity and the tilted angle. Relative angle is as follow.
𝜃′ = 𝜃 + 𝛿
𝛿 = 180 ÷ π × tan(𝑉ℎ𝑒𝑎𝑣𝑒 ÷ 𝑉𝐴 )
The period of fluctuation of force is in good agreement
with the period of relative angle. It shows the possibility

The purpose of this study is to estimate the performance of
propeller as the movement of KVLCC2. The study on basic
components caused by ship motion was conducted to
estimate the difference in the thrust and torque of propeller.
The immersion depth, x-velocity, z-velocity and tilting
angle varies by heave and pitch motions of the ship. The
advance coefficient and immersion depth are dominant
factors in the variation of torque and thrust. It can barely
find thrust and torque in each advanced coefficient under
specific depth which is called limit depth. But above the
depth, the rapid decrease of thrust and torque can be
observed. The inflow velocity in propeller relatively
decreases due to the variation of x-velocity that caused by
pitch motion. And it causes the change of advance
coefficient, thrust and torque. The z-velocity and tilting
angle of propeller cause more variation thrust and torque in
each angle. In numerical research of propeller with motion
of the ship, the variation of thrust and torque is larger in
higher velocity and smaller in slower velocity. The way to
estimate force that acts on one blade by coupling z-velocity
and tilting angle is suggested. The further works are to
investigate about how three components in motions (xvelocity, z-velocity and angle between free-surface and
propeller) interact and affect to each other and what will
happen when propeller is near the free-surface.
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