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Summary 

When a ship operates in waves, the ship moves with 6 degrees-of-freedom, and a propeller 

at the stern of the ship cannot avoid moving due to the ship motion. Therefore, it is important 

to analyse the propulsion performance while considering the ship motion in waves for efficient 

ship operation. The pitch motion of the ship has a dominant effect on the variation of the 

propeller performance and results in sinusoidal pitch motion of the propeller. In this study, a 

numerical analysis was done using a KP458 model propeller with a diameter of 10 cm, which 

was designed for the KLVCC2 body plan. The propeller performance was calculated using 

computational fluid dynamics (CFD) at several constant tilt angles. Numerical simulations were 

then conducted with sinusoidal pitch motion in several conditions of varying pitch angle. The 

variations of the thrust and torque of the propeller in sinusoidal pitch motion were compared 

with the results obtained in constant tilt angles.  

Key words: CFD; Propeller performance; Sinusoidal pitch motion; Tilt angle 

1. Introduction 

Traditionally, ships have been optimized for calm water operation. Many studies have 

been carried out on the resistance and propulsion performance of ship in calm water. However, 

the International Maritime Organization (IMO) introduced the Energy Efficiency Design Index 

(EEDI) in 2013 to regulate the emissions of greenhouse gases from ships. Therefore, studies on 

the added resistance due to ship motion in waves have been of interest. Many studies on the 

optimization of the hull form to improve the operational efficiency were carried out, and new 

design concepts for the bow of ship were proposed as the results. However, just a few studies 

have been conducted on the propulsion performance of ships with periodic motion in waves. 

 A ship operating in waves has very complex movements. Particularly, the propeller 

attached on the ship astern can experience surface piercing and air ventilation due to pitch and 

heave motions. As a result, the propulsion efficiency could be reduced due to the loss of thrust 

and torque. 
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Air ventilation is a phenomenon where 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 [1, 2]. Kempf [3] was a pioneer in the study of ventilation according to the 

revolution and immersion depth. Shiba [4] researched the phenomenon with different propeller 

shapes. Koushan [5] presented experimental results on the effects of ventilation of a propeller 

in an open-water test at constant revolutions and different immersion depths under the bollard 

condition. Kozlowska et al. [6] presented mechanisms of the air flow phenomena of a propeller, 

which were classified according to the immersion depth and the occurrence of a vortex funnel. 

They compared the results with a previously reported thrust reduction estimation equation and 

experimental results. Kozolowska et al. [7] suggested a complementary estimation formula that 

depends on the advance coefficient and immersion depth. 

Studies haves also 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 [8~10]. Another study looked at the open-water characteristics and the load on the 

shaft axis for a propeller with sinusoidal heave motion [11~12]. 

However, there have been just a few studies on a propeller or thruster with sinusoidal 

pitch motion, even though they also have pitching motion in wave condition. Studies have been 

conducted on azimuth thrusters, and the forces acting on the shaft of the propeller with a yaw 

angle with respect to the propeller advance direction. Amini and Steen [13], Li et al. [14], and 

Shamsi and Ghassemi [15] studied the changes in the thrust and torque in an oblique flow of a 

propeller moving left and right. When the thrust and torque change varying in a small range of 

angles (-10° to 10°), they did not show a significant difference within the error range of the 

measured values. However, the thrust and torque increased at a larger angle as the advance 

coefficient increased and as the angle gradually increased.  

This paper examines the changes in performance of a propeller due to pitch motion. To 

confirm the reliability of the numerical analysis method, a validation was done with propeller 

open water (POW) test results from the National Maritime Research Institute (NMRI). A 

numerical analysis was then performed using POW test characteristics at three immersion 

depths and five tilt angles to study the effects on the propeller performance. A propeller with 

sinusoidal pitch motion was then studied using numerical analysis. Finally, the performance of 

the propeller and the flow structure around it were investigated. 

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 9.86m and 4 blades. Table 1 shows the specifications. The propeller geometry used in the 

numerical analysis is shown in Figure 1. 

2.2 Calculation conditions 

The commercial CFD program STAR-CCM+ 12.06 was used for the numerical analysis. 

This numerical simulation study was performed and verified through comparison with model 

test results. The first calculation was carried out by varying the immersion depth and advance 

coefficient with respect to the tilt angle (-10°, 0°, 10°) and sinusoidal pitch motion (-10~10°). 

The numerical analysis conditions for the tilted propeller are shown in Table 2. The pitching 

motion was applied with advance coefficients of 0.1, 0.3, 0.5, and 0.7, and h/D=2.0. 
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Fig. 1 KP458 propeller model 

Table 1 specifications of the propeller model (KP458) 

Diameter (mm) 100.0 

Scale ratio 98.6 

No. of blades 4 

P/D (mean) 0.690 

Ae/Ao 0.431 

Hub ratio 0.155 

Section NACA66 

Table 2 calculation conditions for tilted propeller 

h/D 2.0 1.0 0.5 

Tilt angle (°) -10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 

JA=0.1 ○  ○  ○ ○  ○  ○ ○  ○  ○ 
JA =0.3 ○  ○  ○ ○  ○  ○ ○  ○  ○ 
JA =0.5 ○ ○ ○ ○ ○ ○  ○  ○ ○ ○ ○ ○ ○ 
JA =0.7 ○  ○  ○ ○  ○  ○ ○  ○  ○ 

Figure 2 shows the concept of the numerical analysis model. The thrust values were 

measured with the x-axis pointing in the direction that the ship moves. All torque values were 

measured in the direction of the rotating shaft axis because it is related to the power from the 

ship’s engine. The conditions of the sinusoidal pitch motion were determined by considering 

the sea conditions and the body motion of the KVLCC2. Park et al. [16] and Kim et al. [17] 

studied the added resistance and ship motion of the KVLCC2. The pitch response amplitude 

operator (RAO) is dimensionless and determined by the ratio of the pitch amplitude, wave 

amplitude, and wave number, as shown in below  
𝜃

𝐴𝑘
=

𝜃 ×𝜆/𝐿

(𝐴/𝐿) ×360 
                                                                                                                 (1) 

The pitch angle (𝜃) depends on the wavelength (𝜆) and wave amplitude (𝐴). Therefore, the 

calculation conditions of the pitching range for the sinusoidal pitching propeller were selected 

as -10° to 10° based on the assumption that the pitching angle would be large enough if the 

wave conditions are severe. The period of the pitching motion was also determined by 

considering the wavelength and ship length. The period was set as 1 second to obtain a short 

wavelength in order to shorten the simulation times. Figure 3 shows the sinusoidal tilt angle of 

the pitching propeller used in the numerical analysis. 
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Fig. 2 The concept of the numerical analysis model 

 

Fig. 3 Sinusoidal tilt angle of the pitching propeller used in the numerical analysis 

 

2.2.1 Governing equations 

The continuity equation and incompressible Reynolds averaged Navier-Stokes (RANS) 

equations were used to consider the three-dimensional unsteady and incompressible viscous 

flows: 

𝑑

𝑑𝑡
∫ 𝜌𝑑Ω

Ω
+ ∫ 𝜌𝑢𝑖𝑛𝑖𝑑𝑆

𝑆
= 0                                                                                          (2) 

𝑑

𝑑𝑡
∫ 𝜌𝑢𝑖𝑑Ω

Ω
+ ∫ 𝜌𝑢𝑖𝑢𝑗𝑛𝑗𝑑𝑆

𝑆
= ∫ (𝜏𝑖𝑗𝑛𝑗 − 𝑝𝑛𝑖)𝑑𝑆

𝑆
+ ∫ 𝜌𝑏𝑖𝑑Ω

Ω
                                 (3) 

ρ and  𝑝 are the density and pressure, respectively, 𝑢𝑖 is the velocity tensor and 𝑏𝑖 is the tensor 

of body forces, and 𝜏𝑖𝑗 is the effective stress of the viscosity and turbulence, which is defined 

as follows using the dynamic viscosity 𝜇𝑒: 

𝜏𝑖𝑗 = 𝜇𝑒 [(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
]                                                                                     (4) 

The governing equations were solved using a finite volume method with a second order-

accuracy discretization technique provided by STAR-CCM +. 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 (Semi-Implicit Method for Pressure-

Linked Equations) algorithm. 

For the convection term, the total time derivative has to be modified to account for grid 

velocities. The total time derivative is expressed as the ALE (Arbitrary Lagrangian-Eulerian)  

formulation for a generic variable φ: 
𝐷𝜑

𝐷𝑡
=

𝜕𝜑

𝜕𝑡
+ ∇ ∙ [(𝑢 − 𝑥̇)𝜑]                                                                                                     (5) 

where 𝑥̇ is the grid velocity vector. 

2.2.2 Grid system 

Figure 4 shows computational domain and boundary conditions. Domain size is set as 4m 

× 3m × 6m (width × height × length). 
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Fig.4 Computational domain and boundary conditions 

An overset mesh technique was used to discretize the computational domain with several 

different grids that overlap each other. A surface remesher, prism layer, and trimmer mesh were 

applied to this grid system, which is shown in Figure 5. Figure 5 (a) shows a grid system in 

which the propeller is not tilted (θ=0°), and Figure 5 (b) shows a grid system for a propeller 

with a tilt angle (θ=10°). The grid system was made to be denser around the free surface to 

observe the complex flow structure near this area. The mesh elements of 1.4M were used for 

the rotating propeller block, and the mesh elements of 1.7M were used for the background, 

including the free surface. 

 

(b) Tilt angle (𝜃) = 0° 

 

(c) Tilt angle (𝜃) = 10° 

Fig. 5 Grid system for a tilted propeller under a free surface/ 

3. Results and discussion 

3.1 Validation 

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 = √𝑉𝐴
2 + (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 numbers 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 advance coefficients of 0.1, 
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0.3, 0.5, and 0.7. A verification was then performed through comparison with the POW test 

results from the NMRI. 

The torque and thrust 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. The coefficients of the thrust and torque provided by the NMRI 

and the present numerical analysis are shown in Table 3. Figure 6 shows a graph of the POW 

performance according to the advance coefficient. 

Table 3 Comparison of POW characteristics between the NMRI and present CFD results 

𝐽𝐴 
NMRI (EFD) Present (CFD) Error rate (%) 

𝐾𝑇 10𝐾𝑄 𝐾𝑇 10𝐾𝑄 𝐾𝑇 10𝐾𝑄 

0.1 0.265 0.288 0.263 0.282 0.96 1.80 

0.3 0.199 0.234 0.197 0.230 1.10 1.50 

0.5 0.117 0.161 0.118 0.163 -1.01 -0.99 

0.7 0.034 0.078 0.031 0.076 10.20 2.53 

 

Fig. 6 Comparison of POW characteristics 

3.2 POW performance at different tilt angles 

The performance of the propeller was estimated while considering only the tilt angles 

without the influence of the free surface. To achieve this, a POW test was carried out with 

h/D=2.0 and tilt angles of -10°, -5°, 0°, 5°, and 10°. The axis direction in which the thrust was 

measured was aligned with the x axis. The torque axis of the numerical simulations was changed 

according to the tilt angle because the torque was measured about the shaft axis. 
 

  

Fig.7 Comparison of thrust (left) and torque (right) coefficients according to the tilt angle (h/D=2.0) 
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Figure 7 presents the changes in the thrust and torque coefficients according to the tilt 

angle at each advance coefficient. The thrust coefficient tended to decrease as the angles 

increased at advance coefficients of 0.1 and 0.3. At advance coefficients of 0.5 and 0.7, however, 

the thrust coefficient tended to increase as the angles increased. The torque coefficient gradually 

increased as tilt angle and advance coefficients increased.  

These results seem to be due to the difference of the measuring axis of the thrust and 

torque. The thrust and torque magnitudes depend on the advance coefficient. When the 

propeller has a tilt angle, the advance coefficient decreases and causes an increase in the 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 is assumed that the tilt angle is not a dominant factor in the propeller 

performance. 

3.3 Propeller performance at different immersion depths 

The propeller performance was compared according to the immersion depth from the free 

surface, and numerical analyses were carried out at three tilt angles (-10°, 0°, 10°), 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). The 

performance of the propeller is reduced by the interaction with the free surface as the propeller 

approaches the free surface. The dynamic pressure and volume fraction results were compared 

using three different immersion depths and two different advance coefficients, as shown in 

Figure 8. 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 at lower advance coefficient.  
 

 Suction side Pressure side 

h/D=2.0 

    

h/D=1.0 

    

h/D=0.5 

    

 (a) 𝐽𝐴 = 0.3 (b) 𝐽𝐴 = 0.5 (a) 𝐽𝐴 = 0.3 (b) 𝐽𝐴 = 0.5 

Fig.8 Comparison of the free surface and dynamic pressure according to advance coefficient and immersion 

depth (the free surface is plotted with 0.5 volume fraction of air)  

 

The dynamic pressure on the suction side decreases when the blade starts to interact with 

free surface at h/D=1.0 and h/D=0.5. Each of the blades has different dynamic pressure 
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according to its location. The magnitude of the pressure of the blade at the top was lower than 

that of the blade at the bottom position due to the interaction with free surface, and the pressure 

difference was greater at lower advance coefficients. The change in pressure distribution due to 

the interaction with free surface persists after the propeller blade passes top position. 

Figure 9 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 and torque 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. It is possible to explain this by the pressure 

change on the suction side, as shown in Figure 8. 

 

       

Fig.9 Comparison of the angular variations of nondimensionalized thrust (left) and torque (right) of one blade 

according to the immersion depths and advance coefficients (θ=0°). 

 

Figure 10 shows the POW characteristics with different immersion depths and tilt angles. 

The thrust coefficient and torque coefficient at h/D=1.0 are similar to those at h/D=2.0. At 

h/D=0.5, the thrust and torque more decreased at low advance coefficient than that of h/D=2.0. 

This is due to surface piercing and air ventilation, which can be observed in Figure 8. 
 

 

Fig.10 Comparison of POW characteristics according to the immersion depths and tilt angles of the propeller 
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The changes in the thrust and torque coefficients according to immersion depth and tilt 

angle show similar tendencies to the simulation data at h/D=2.0. However, the magnitude of 

the thrust and torque at h/D=0.5 are more reduced as the angle increases than in the previous 

data measured at h/D=2.0. Figure 11 shows that the Q-criterion at 10° and -10° at h/D=0.5 is 

larger than that at 0°. This occurred because when the propeller has a tilt angle, the lower water 

level causes more severe interaction with the free surface, resulting in high vorticities of the 

tilted propeller. However, as mentioned, the increase in the coefficient according to the tilt angle 

is too small to show significant effects. 

 

h/D=2.0 

   

h/D=1.0 

   

h/D=0.5 

   

 (a) -10deg (b) 0deg (c) 10deg 

Fig.11 Comparison of Q-criterion (50), x-axis velocity and free surface according to the immersion depths and 

tilt angles at 𝐽𝐴 = 0.5 

 

In Figure 11, when there is no angle, the velocity profile of the propeller wake is the same 

at the top and bottom sides of the propeller. However, the upper wake becomes stronger and 

the lower wake becomes weaker at -10°. This phenomenon is opposite at 10°. Figure 12 presents 

the angular variation of the thrust according to the tilt angle and advance coefficients at different 

immersion depths. The thrust is 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 h/D=1.0, thrust fluctuation had 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 located in near the 0°, thrust of -

10° tilted propeller was high, which causes the wake velocity to increase partially on the top 

side. When the blade located in near the 180°, thrust of 10° tilted propeller was 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. 

3.4 POW performance in sinusoidal pitch motion 

Figure 13 shows the change of the propeller operating conditions due to ship motion. Both 

the tilt angle and immersion depth change due to the pitch motion. To observe the effect of the 

only tilt motion on the POW performance, the tilting propeller was modeled for the numerical 

simulation. 
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(a) h/D=2.0 

 

(b) h/D=1.0 

 

(c) h/D=0.5 

Fig.12 Angular variations of the thrust of one blade according to the tilt angle and advance coefficient. 

 

  

Fig. 13 Coordinate systems for a ship (left) and a propeller (right) operating with pitch motion in waves 

 

A numerical analysis of the sinusoidal pitch motion was carried out while changing the 

advance coefficient at different immersion depth. Figure 14 shows the comparison of the thrust 

and torque coefficients obtained with and without pitch motion in different immersion depth. 
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(a) h/D=2.0 

     

(b) h/D=1.0 

     

(c) h/D=0.5 

Fig. 14 Comparison of the thrust and torque coefficients obtained with and without pitch motion 

 

In the case of h/D=2.0 and h/D=1.0, all the values of the pitching propeller show good 

agreement with those obtained for the tilted propeller within error rate 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 interaction between propeller and free-

surface is become strengthened and the case of with pitch motion shows continuous change 
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according to time variation. However, the mean value of with motion is almost same as without 

pitch motion. 

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.  

4. Conclusions 

The purpose of this study was to examine a method for the estimation of propulsion 

performance in waves. The performance of a propeller moving periodically with the movement 

of the ship was estimated, by comparing and analyzing the POW characteristics through 

numerical analysis of a propeller that forms a tilt angle under a free surface. All numerical 

analyses were carried out with a KP458 propeller and compared with POW characteristics from 

the NMRI. The Reynolds number used in the calculations was around 2.07 ⨯ 105 in  𝐽𝐴=0.5 to 

have the same conditions as the NMRI data. 

The POW performance was compared with the performance of a tilted propeller in deep 

immersion depth (h/D=2.0), and then the effect of the immersion depth (h/D=2.0, 1.0, 0.5) was 

examined in the tilted state. Finally, sinusoidal pitch motion was applied to the propeller, and 

the results were compared with the data of the tilted propeller. 

In the case of the tilted propeller, the numerical analysis did not produce a significant 

change in the thrust and torque coefficients when the angles at greater depths were varied from 

-10° to 10° at 10° intervals. However angular variations of thrust and torque fluctuate severely 

when the propeller gets more tilt angle. It should be considered to prevent the erosion of shaft, 

noise and vibration. 

In the case of the tilted propeller at different immersion depths, the tendency of the POW 

characteristics followed the measured POW tendency at various immersion depths. When the 

free surface and the propeller tip were in close contact (h/D=0.5), the changes in the thrust and 

torque coefficients were slightly different compared with the measured data at h/D=2.0. 

The sinusoidal pitching propeller showed good agreement with the tilted propeller results 

with 1% error. The effect of the sinusoidal pitch motion was insignificant. Future research will 

be done on superposed motion of the propeller, which is a combination of sinusoidal heaving 

motion and pitching motion. The results could help to consider the real motion of a ship in 

waves. 
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