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ABSTRACT  

Interest in fossil energy depletion and global warming 

has increased in recent years. The International Maritime 

Organization (IMO) has been gradually applying 

indicators related to energy efficiency for newly 

constructed ships from 2013. In particular, the Energy 

Efficiency Design Index (EEDI) represents the amount of 

carbon dioxide emissions generated during the 

transportation of 1tonne of cargo per mile, and it should 

be reduced by 30% by 2025, beginning with a 10% 

reduction in January 2013. As a result, research is 

continued to improve hull form and propulsion systems to 

reduce EEDI worldwide. For the propulsion system, 

research has been conducted for a long time to improve 

the propulsion performance by establishing a compound 

propulsion system. 

 The compound propulsion system can be classified as pre 

device, main device, and post device. (Carton, 2015) Pre-

swirl stator and Mewis duct, etc. are known to be 

somewhat more effective in pre device, and high-

performance special propeller, contra rotating propeller 

and duct propeller are known to be effective as main 

device. Although the performance varies depending on 

the ship types, the approximate energy reduction effect is 

known to be about 3 to 4%. In addition, twisted rudder, 

rudder bulb and fin are known to be effective as post 

device. The performance of rudder has been improved by 

modifying the shape of the rudder or by installing an 

additive such as a fin or bulb. 

 This study deals with the Kappel Propeller (Forward 

type) and Tip Rake Propeller (Backward type) which are 

known as newly developed propeller concept. In the 

Kappel propeller the tip is located on the suction side of 

the propeller, the transition between the blade and the tip 

is smooth, the tip is hydro-dynamically loaded and it is 

designed so as to contribute to the generation of lift and 

thrust. It should be noted that in the CLT propeller, 

contrary to Kappel propellers, the end plates are unloaded 

and operate as barriers, avoiding the communication of 

water between the pressure and the suction side of the 

blades, allowing to establish finite load at the tip of the 

blade. (G. Gennaro, et al., 2012) Both propellers are from 

Tip Fin Propeller concept that originally came from 

winglet which is widely used in aircraft. Winglets reduce 

the induced drag by weakening the vortex at the wing 

accordingly lead to a higher efficiency (Ha, et al., 2014). 

In other words, the two propellers have the principle of 

preventing the three-dimensional effect of vortex by 

reducing the fluctuating pressure changes at the wing tips. 

However, the comparison of the performance and the 

design techniques of the above two types propellers is less 

known (Yamasaki, et al., 2013). The parametric study for 

the optimum rake shape has been conducted in the present 

study. The performance of the finally optimized 

propellers was verified by CFD and model tests. 

 

 

Figure 1 Kappel Propeller (Left), CLT Propeller (Right) 

  

THE DESIGN OF TIP RAKE PROPELLER BASED ON 

POTENTIAL ANALYSIS 

 KP505 which has been designed for KRISO container 

ship was selected as the reference propeller. This 

propeller is widely used for academic and comparative 

purposes as its performance and geometry are opened 

called as KCS. This propeller might be proper for the 

present comparative study because no radial rake was 

applied. Rake was applied to the reference propeller by 

adopting the parameters as the starting radii, the 

maximum rake size, and the rake application type 

(backward and forward). 

 The starting points of rake distribution were selected as 

0.4R, 0.5R and 0.6R and along to the blade tip. If the 

starting point is earlier than 0.4R or after 0.7R, it is very 

difficult to induce the rake effect actually. 



 The maximum rake variation is from 1% to 10% of the 

propeller diameter. If it is larger than 10%, the profile of 

the propeller has excessive curvature and very difficult to 

be continuous along radii. Figure 2 represents the radial 

distribution of the rake applied to the propeller design of 

the forward type and backward type respectively. The 

rake shape along radii was designed as a sine curve. 

Figure 2 Rake distributions depending on radius 

 

Numerical analysis of the propeller open water 

performance is performed using KPA4 that is a potential- 

based propeller analysis program. Potential-based 

numerical analysis has been used commonly in the study 

of the open water performance of the propeller (Kim, et 

al., 1993; Kim & Lee, 2005). The KPA4 has been 

developed based on the VLM (Vortex Lattice Method). 

The diameter of the model propeller for POW analysis is 

250mm and the propeller rotation speed is 16rps. The 

analysis was performed with J=0.05 to J=1.00 at an 

interval of 0.05. 

 The computed POW efficiency of the propellers were 

compared at designed KT/J
2
=0.4725 as shown in Figure 3. 

Based on these results, the optimal shape was selected for 

the two types of forward and backward propellers. The 

optimal was selected for the backward type which is the 

case of STP=0.4R and xG/D=0.02 was higher than the 

reference propeller as 2.15% and for the forward type, 

STP=0.5R and xG/D=0.03 is 3.35% higher. After the 

decided optimum rake has been applied to the propeller 

there was some non-smooth surface in the 3-D modeling. 

The discontinuity was observed as shown in Figure 4. 

Therefore the rake distribution was smoothly modified as 

shown in Figure 5. After the finally faired rake was 

applied the improvement of 1.9% by forward and 2.2% by 

backward was obtained respectively compared to the 

reference propeller which is shown in Table 3. 

 

 
(a) Forward Type 

 

 
(b) Backward Type 

 

Figure 3 Comparison of open water propeller efficiency 

based on potential 



 

 
Figure 4 Discontinuity of 3-Dimensional configuration 

 

 
Figure 5 Modified rake distributions depending on radius 

 

Table 3 Comparison of open water propeller efficiency 

based on potential 

 PP016(KP505) PP033(Forward) PP034(Backward) 

J 0.659 0.662 0.661 

ηO 0.614 0.626 0.627 

Diff. - 1.934% 2.207% 

 

THE MODEL TEST OF TIP RAKE PROPELLER 

 The aluminum model of the reference propeller (PP016, 

KP505) and the optimally selected forward type (PP033), 

backward type (PP034) were manufactured for the model 

test as shown in Figure 6. 

 
Figure 6 Model propellers 

 

The propeller open water test has been performed at 

interval of 0.05 of J from J=0.05 to J=1.00. According to 

the ITTC minimum criterion of Reynolds number for the 

POW test is 2×10
5
, however there might sometimes not 

be enough (Kim, et al., 1985). In the present study the 

lowest Reynolds number is more than 5×10
5
 shown in the 

Figure 7. 

 The open water efficiency of the three propellers is 

compared in the Table 4 where the backward type is 

1.28% higher and 0.264% higher than the reference 

propeller (KP505) at the same design point of KT/J
2
. The 

tendency of the efficiency gain is similar to the potential 

computation although there is a little quantitative 

difference. 

 

 
Figure 7 Reynolds number of each J in experiments 

 

Table 4 Comparison of open water propeller efficiency 

based on experiments 

 PP016(KP505) PP033(Forward) PP034(Backward) 

J 0.646 0.651 0.651 

ηO 0.607 0.608 0.614 

Diff. - 0.264% 1.280% 

 

 
Figure 8 Comparison of open water propeller efficiency 

based on experiments 

 

THE NUMERICAL ANALYSIS OF PROPELLER OPEN 

WATER PERFORMANCE CODE BY COMPUTATIONAL 

FLUID DYNAMICS 

 The numerical analysis code was performed on the 

optimal propeller for each type determined by the 

potential analysis. The target propellers for analysis are 

PP016 (KP505), PP033 (Forward type), PP034 

(Backward type). The configurations of propellers are 

shown in Figure 9. Local flow analysis for wing tip vortex 

was also carried out to confirm the hydrodynamic 



phenomena manifested by the application of rake at the 

wing tip by CFD analysis (Park, et al., 2011; Baek, et al., 

2014). The speed of revolution of the propeller as same 

the case of potential analysis was selected as 16rps. It was 

analyzed with a spacing of 0.2 from J=0.1 to J=0.9 and 

local flow investigation was performed at J=0.7. 

 

 
Figure 9 3-Dimensional modeling of the three selected  

Propellers 

 

Table 5 The POW performance for propellers of 3 types 

J KT 10KQ ETAO 

0.1 0.479 0.672 0.113 

0.3 0.386 0.558 0.330 

0.5 0.279 0.431 0.516 

0.7 0.173 0.303 0.637 

0.9 0.066 0.160 0.596 

(a) Reference Propeller (KP505) 

 

J KT 10KQ ETAO 

0.1 0.472 0.668 0.112 

0.3 0.384 0.561 0.327 

0.5 0.281 0.436 0.512 

0.7 0.175 0.308 0.635 

0.9 0.068 0.164 0.597 

(b) Forward Type 

 

J KT 10KQ ETAO 

0.1 0.480 0.672 0.114 

0.3 0.385 0.557 0.330 

0.5 0.278 0.429 0.515 

0.7 0.172 0.302 0.633 

0.9 0.065 0.158 0.586 

(c) Backward Type 

 

 The analysis was performed using STAR CCM+ which is 

a commercial CFD program developed by CD-adapco. 
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 In the above equation, xi, ui, ρ and μ denote the 

rectangular coordinate system, velocity component, 

pressure, density and viscosity, respectively. The 

Reynolds Stress term in Eq. (2) is analyzed using κ-ε 

model. SIMPLE method was used for velocity pressure 

ductility and second order differential method was applied 

for calculation of convection term and diffusion term. The 

computation domain and boundary conditions considered 

in this study are shown in Figure 10. The motion of the 

flow analysis area is analyzed by the sliding mesh method, 

which is the same in the local flow analysis. The analysis 

condition used for CFD is shown in Table 6. 

 

 
Figure 10 Computational domain and boundary 

conditions 

 

Table 6 CFD analysis conditions 

Program Star CCM+ (Ver. 9.04) 

Governing equation RANS Equation 

Discretization Cell Centered FVM 

Turbulence model Realizable κ-ε model 

Velocity-pressure coupling SIMPLE Algorithm 

Rotation Method 
Sliding Interface Moving 

Mesh 

Cell Number 1,600,000 

 

 The open water propeller efficiency of each propeller is 

compared at the same KT/J
2
=0.4725 as in the case of the 

potential analysis results. The difference of open water 

propeller efficiency is -0.2% for the forward type (PP033) 

and -0.6% for the backward type (PP 034) compared with 

the standard propeller (PP016, KP505). This is 

summarized in Table 7 and Figure 11. The tendency of 

the computed results of the efficiency gain is different 

with the potential analysis as well as the experimental 

results. Actually there is almost no difference among 

them. If the results of model test and potential code are 



more reliable it is expected to investigate the reason of the 

present difference. The more detail capturing of tip vortex 

might be necessary for instant by increasing the mesh 

around the tip or changing the turbulence model. 

Although there might be still somewhat to improve the 

present CFD analysis the comparison of the tip vortex of 

three propellers has been done. 

 

Table7 Comparison of open water propeller efficiency 

based on CFD 

 PP016(KP505) PP033(Forward) PP034(Backward) 

J 0.669 0.670 0.668 

ηO 0.618 0.617 0.614 

Diff. - -0.2% -0.6% 

 

 
Figure 11 Comparison of open water propeller efficiency 

based on CFD 

 For the local flow analysis at the propeller blade tip, the 

size of the tip vortex of the backward propeller is smaller 

than that of the other two propellers. The vorticity 

magnitude is shown in Figure 12. The vorticity magnitude 

of the backward type propeller is a little weaker than 

those of the other two propellers. 

 
Figure 12 Vorticity magnitude (J=0.7) 

 

CONCLUSION AND DISCUSSION 

 Parametric study on tip rake propeller has been carried 

out based on KP505, the KCS propeller, as a parameter of 

the maximum size of rake and the starting point rake. The 

potential based analysis code was used for the present 

parametric study. The optimally selected two propellers of 

backward and forward type have an efficiency gain of 2.2% 

(backward) and 1.9% (forward) better than the reference 

propeller (KP505) in POW condition.  

The three propellers (reference, backward and forward) 

have been tested in POW condition to compare the 

performances experimentally. The tendency of the result 

are similar to that of the potential analysis which are 1.3% 

(backward) and 0.3% (forward) better than that of the 

reference propeller although the quantity is somewhat less 

than that of potential case. 

The CFD analysis has finally been applied to validate 

the performance of the three propellers. The computed 

results are different from the previous two cases (potential 

analysis and experiment). There are some efficiency even 

loss compared to the reference propeller although the 

percentages of that are not so large as -0.2% (forward) 

and -0.6% (backward). Although there is some 

discrepancy of efficiency in CFD analysis the tip vortex 

flow was investigated by the present CFD. The tip vortex 

strength of the backward type seem a little less than those 

of the other two propellers (Figure 9) which are similar 

result with the two results (potential based analysis and 

experiment). The more investigation about CFD analysis 

is expected probably by the variation of grid system, 

turbulence model, and so on.  

The present study is also expected to extend the study on 

pressure fluctuation and noise due to the tip vortex by 

changing the configuration of tip.  

 

 
(a) Reference Propeller (KP505) 

 

 
(b) Backward Propeller 

 



 
(c) Forward Propeller 

Figure 13 Comparison of results according to analysis 

method 
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