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ABSTRACT  

This paper presents a calculation method for characteristics 

of propeller with energy saving duct in steady shipôs wake. 

The method is based on a QCM (Quasi-Continuous vortex 

lattice Method). The QCM method has been highly 

appraised in this field, because of its simplicity, and 

especially of its reasonableness in obtaining proper solution 

for various types of propellers. 

In this paper, authors describe how to apply QCM to the 

calculation for characteristics of propellers with energy 

saving duct and show some calculated results in steady 

shipôs wake. The authors also studied on the mechanism of 

interaction between the propeller and the energy saving duct. 
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1 INTRODUCTION 

With increased attention of international movement against 

global warming, the energy saving is required in 

shipbuilding industry. The various energy saving devices 

have been developed. It is important to estimate the 

performance of ship equipped with these devices in ship 

design. However, the location and shape of device is 

different in every type of ship, and to determine the optimal 

location and shape with experiment is difficult due to the 

scale effect.  

In this study, the authors have developed a new calculation 

method using QCM for characteristics of propeller with 

energy saving duct in steady shipôs wake. This duct is a 

stern duct type energy saving device. Figure 1 shows the 

target energy saving duct in this study.  

QCM is a numerical method for the lifting surface theory, 

which was developed by Lan (1974) originally to solve 

planar wing problems. Since its development, it has been 

successfully applied to estimation of the thrust and torque of 

various propellers in a uniform and non-uniform inflow 

(Hoshino, 1985 and Nakamura, 1985). Hanaoka (2014) 

evaluated the performance of propellers with energy saving 

ducts in uniform flow. However, in ship design, it is 

important to evaluate the performance of those propellers in 

the shipôs wake.  

Therefore, the authors have developed an unsteady 

calculation method for evaluating the propellers with energy 

saving dust in non-uniform flow. In this calculation, a 

hydrodynamic pitch which is determined by a rigorous 

lifting line theory is introduced for a trailing vortex model 

of propeller. 

The authors present calculation results using developed 

method to the propeller with various energy saving ducts in 

shipôs wake. Furthermore, the authors also have studied on 

the mechanism of interaction between the propeller and the 

energy saving ducts. 

 

 
 

Figure 1: Photo of model ship installed propeller with 

energy saving duct (Kawashima, 2014). 
 

2 COORDINATES SYSTEMS FOR PROPELLER WITH 
ENERGY SAVING DUCT 

In QCM, discrete vortex distributions are arranged on the 

mean camber surface based on the semi-circle method (Lan 

1974). These singularities should satisfy the boundary 

condition that the normal velocity is zero on the mean 

camber surfaces. 

Consider a propeller rotating with a constant angular speed 

 ͘( 2 ȟ  n is a number of propeller revolutions.). The 

direction of the rotation is counter-clockwise in the view of 

Fig. 2. The propeller operates in a non-uniform flow with 

the velocity ȟ ȟ of an unbound, 

incompressible, and inviscid fluid. The propeller consists of 



K-blades which have the same shape and are placed 

symmetrically around the axis of the rotation. 

 

 

 
 

Figure 2: Coordinate Systems of propeller with energy 

saving duct. 
 

As shown in Fig. 2, the space coordinate system 

, the propeller coordinate system 

, and the duct coordinate system 

 are introduced. Note that the subscript  and 

 denote the propeller and the duct, respectively. The 

cylindrical coordinate system  and 

 are also introduced for convenience. 

The angular coordinate  and  is measured clockwise 

from the z-axis when viewed in the direction of positive . 

Then, the cylindrical coordinate system  can be 

transformed into the Cartesian coordinate system 

 as 

 
ȟ sinȟ cos (1) 
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Ɠ
 
Ɠ
ȟ tan1 Ⱦ   

The above equation is completed in the propeller and duct 

coordinates.  

The propeller is rotating clockwise around the X-axis when 

looking forward. Then the space coordinate system 

 is transformed into the propeller coordinate system 

 at any instant  by the relations 

 
 (2) 

 cos͘ sin͘   (3) 

 sin͘ cos͘   (4) 

as shown in Fig.2. 

Fig. 3 shows the geometry of the energy saving duct, in 

which  represents the diameter of the duct. The duct 

geometry has a uniform shape of a cross section. Then, the 

duct coordinate system  can be 

transformed into the space coordinate system  

as 

 
 (5) 

 
 (6) 

 
 (7) 

Where  is the distance between center of propeller and 

the leading edge of the duct  is an attack angle of the 

duct and  is the chord length of the duct. 

 

 
 

Figure 3: Geometry and coordinate of the energy saving 

duct. 
 

3 NUMERICAL METHOD BASED ON QCM 

3.1 Numerical Models of Propeller 

The propeller blades and the duct profile are assumed to be 

thin. The hubs and shafts of the propellers are neglected. 

The propeller blades and the duct are represented by the 

distribution of bound vortices on the mean camber surfaces. 

The bound vortex distribution represents the load acting on 

the surfaces. According to Kelvinôs theorem of vorticity 

conservation, the free vortices shed downstream from the 

bound vortices. Due to the shedding free vortices, horseshoe 

vortices are generated on the mean camber surfaces. 

In this calculation method, the positions of loading point 

and control point are determined Kanemaruôs method 

(2009). The mean camber surface is divided into  

segments in the spanwise direction and divided into  in 

the chordwise direction. Here we introduce  axis whose 

origin locates at the leading edge and is extended to the 

trailing vortex surface along the mean camber surface. The 

radial coordinates r of the loading and control points on the 

propeller blades are defined as 



 
ȟ

1

2 ȟƑ ȟ

ƒ

Ɠ ȟƑ

ȟ cos ȟ  

(8) 

 

ȟ

1

2 ȟ ȟ ƒ  (9) 

 
ȟ

Ɠ ƒ

Ɠ ƒ
ȟ ƒȟƓȟỄȟ ƒ (10) 

Where ȟƑ  and ȟ are the radius of the propeller and 

the hub, respectively. The position of the bound vortex 

ȟ  and control point ȟ on the mean camber 

surface are expressed by the following equations. 
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3.2 Numerical Models of Duct 

In same ways of the propeller, the mean camber surface of 

duct is divided into  segments in the circumferential 

direction and divided into  in the chordwise direction. 

The position of the bound vortex ȟ  and control point 

ȟ on the duct mean camber surface are expressed by 

the following equations. 
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3.3 Numerical Models of Trailing Vortex 

The free vortices shed from the bound vortices are 

considered to leave from the trailing edge and flow into the 

slipstream with the local velocity at the position. In this 

method, a hydrodynamic pitch which is determined by a 

rigorous lifting line theory is introduced for a trailing vortex 

model of propeller. This trailing vortex model has been 

used by Hanaoka (1969) and Koyama (1975). The 

effectiveness has been shown in their research. The 

hydrodynamic pitch is expressed by the following equation 

 

͘ Ⱦ
  (19) 

Where  is a propeller advance velocity,  is an 

averaged induced velocity in the x-axial component and 

 is an averaged induced velocity in tangential 

component. Fig. 4 shows the shapes of the trailing vortex 

sheets used in the present calculations. 

 

 
 

Figure 4:  Perspective views of the trailing vortex sheets 

leaving from the first propeller blade. 
 

For the duct, the trailing vortex sheet leaves the trailing 

edge of the duct and remains straight along the -axis. 

Thus, the duct trailing vortex is cylindrical with -axis as 

the center line. This model for the trailing vortex is same as 

that used in Yuasa (1980). Fig. 5 shows the shapes of the 

trailing vortex sheets used in this calculation. 

 

 



 
Figure 5: Perspective views of the trailing vortex sheets 

leaving from energy saving duct. 
 

The vortices are assumed to be shed from the trailing edge 

with uniform spatial interval. Fig.6 shows the illustration of 

the shed vortices in case of the propeller and duct. 

 

3.4 Calculation of Induced Velocity 

These induced velocity vector are expressed as 
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Where 

 = induced velocity vector due to the bound vortex of 

unit strength on the mean camber surface 

 = induced velocity vector due to the free vortex of 

unit strength on the mean camber surface 

 = induced velocity vector due to the spanwise shed 

vortex of unit strength in the trailing wake 

 = induced velocity vector due to the streamwise 

trailing vortex of unit strength in the trailing wake 

The induced velocity vector  due to each line segment of 

vortex is calculated by the Biot-Savart law. 

 

(a) Propeller 

 

 
 

(b) Energy saving duct 

 

 
 

Figure 6: Arrangement of vortex system 
 

If we define the segments of the ring vortex on the mean 

camber surface at time  and the ring vortex in the 

trailing wake as  and ̓ , the 

induced velocity vector due to the vortex model of the 

QCM theory is given by the following equation. 
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In this way, the velocity vector  around a propeller in 

the propeller coordinate systems and the velocity vector 

 around a duct in the duct coordinate systems are 

expressed as 
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Where ȟ  and  ȟ  are inflow vectors of propeller 

and duct respectively.  

ȟ = induced velocity vector on the propeller due to 

the horseshoe vortex of the propeller. 

ȟ = induced velocity vector on the propeller due to 

the horseshoe vortex of the duct. 

ȟ = induced velocity vector on the duct due to the 

horseshoe vortex of the propeller. 

ȟ = induced velocity vector on the duct due to the 

horseshoe vortex of the duct. 

The boundary conditions at the control points on the mean 

camber surfaces of propeller and duct are that there is no 

flow across the surfaces. Therefore the equation of the 

boundary condition is given as follow: 
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Where  and  is the normal vector on the mean 

camber surfaces of propeller and duct.  

 

3.5 Calculation of Forces Acting on Propeller and Duct 

Forces acting on the propeller blades and the duct can be 

expressed as  

 
  (28) 

The force  acting on the bound vortex segments can be 

calculated by Kutta-Joukowski theorem as 
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where  is the fluid density and  is the bound vortex 

segment.  is the resultant velocity at the midpoint of a 

bound vortex segment.  is the segment vector of the 

bound vortex segment.  means the jump 

in tangential velocity across the camber surface and is equal 

to the strength of the vorticity . 

The viscous drag  can be expressed as 
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The viscous drag coefficient  is calculated empirically 

as (Nakamura, 1985). 

The thrusts and torque acting on the propeller and duct are 

calculated by 
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The thrust coefficients ȟ and ȟ  of the propeller 

and the duct and the total thrust coefficient  are defined 

by 
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Where Ⱦ͘2  ͯis the number of propeller rotation. 

Similarly, the torque coefficient  and  of the propeller 

are defined by 
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4 CALCULATION 

The authors select highly skewed propeller (HSP) of Seiun-

Maru-I in order to verify the present calculation compare 

the Hoshinoôs calculation results using panel method 

(Hoshino 1998a). Furthermore, the authors evaluated the 

propeller performance with various energy saving ducts in 

wake of Seiun-Maru-I to study on the mechanism of the 

energy saving ducts.  

Table 1 shows the principal particulars and Table 2 shows 

the test condition. Distributions of loading points and the 

control points on the mean camber surfaces of the propeller 

are shown in Fig. 7. Camber surface is divided into 15 

segments in the chordwise direction and 15 segments in the 

radial direction. 

The time step  is given by the following equation.  

 
Ⱦ360Ȣ0Ⱦ   

Where  is chosen as  = 10 degrees.  

Calculations are performed using the Seiun-Maruôs wake 

distribution (see Figure 8) given by the reference (Hoshino 

1998b). 

 

Table 1: Principal particulars of propellers (Seiun-Maru-I) 



Name of  Propeller HSP 

Diameter (m) 3.600 

Number of Blade 5 

Pitch Ratio at 0.7R 0.944 

Expanded are Ratio 0.7 

Hub Ratio 0.1972 

Rake Angle (deg.) -3.03 

Blade Section Modified SRI-B 
 

 

Table 2: Test Condition 

, Ship Speed (knots) 9.0 

, Rotation Speed (rpm) 90.7 

Ⱦ  0.851 
 

 

 

 
 

Figure 7: Distributions of the horseshoe vortices (blue 

lines) and the control points (red points) on the mean 

camber surfaces of the propeller. 
 

 
Figure 8: Wake velocity distribution of Seiun-Maru-I 

 

4.1 Verification of Present Calculation on Propeller 
without Duct 

Fig. 9 shows the calculated thrust and torque fluctuations 

acting on one blade of HSP comparing with the results of 

Hoshinoôs panel method (Hoshino, 1998b). It is found that 

the calculated results agree well with the Hoshinoôs results 

except for the angular position around ͈ 0 degree.  

 

 

Figure 9: Comparison of thrust and torque coefficients 

fluctuation. 
 

4.2 Study on Mechanism of Energy Saving Duct 

In order to investigate the mechanism of energy saving 

ducts, the authors evaluated the propeller characteristics 

with the energy saving duct in uniform flow. Furthermore, 4 

types of duct are evaluated in Seiun-Maruôs wake. Table 3 

shows the principal particulars of the energy saving ducts. 

Distributions of loading points and the control points on the 

mean camber surfaces of the duct are shown in Fig. 10. 

Camber surface is divided into 10 segments in the 

chordwise direction and 36 segments in the circumferential 

direction. The test condition and other treatments are the 

same in the case without duct described in 4.1.  

 

Table 3: Principal particulars of Energy Saving Duct 

Shape of a Cross Section NACA3C10 

Diameter :  (m) 0.9 

Length :  (m) 1.0 

Attack Angle :  (deg.) 

Duct A : ƑȢƑ   
Duct B : ƔȢƑ 

Duct C : ƔȢƑ   
Duct D : ƗȢƑ   

Distance of Between 

Propeller and Duct  
1.5 

 

 

(1) Calculation in Uniform Flow 

In the uniform flow calculation, duct A is used for the 

energy saving ducts. Comparison of the circulation 

distribution on one blade in the radial direction between w/o 

duct and with Duct A is shown in Fig 11. Fig.12 is shown 

the induced velocity on propeller surface due to the duct. It 

is found that the duct increases the inflow velocity on the 

propeller surface. Fig.11 shows the circulation on the 

propeller at the back of the duct is reduced. Fig.15 (a) 

shows the thrust of the duct in the uniform flow. From 

Fig.15 (a), the duct generates a drag in the uniform flow. 

Therefore, Duct A has no advantage for the energy saving 

in the uniform flow. 

 



 
 

Figure 10: Distributions of the horseshoe vortices (blue 

lines) and the control points (red points) on the mean 

camber surfaces of Duct A. 
 

 

Figure 11: Comparison G distribution of the one blade in 

the uniform flow between w/o duct and w/ Duct A. 



(a) Axial velocity 

 

(b) Radial velocity 

 

(c) Tangential velocity 

 
Figure 12: Comparison of induced velocity of propeller due to Duct A in the uniform flow.  

Dashed circles show the position of leading edge of duct.  
 

(a) Axial velocity 

 

(b) Radial velocity 

 

(c) Tangential velocity 

 
Figure 13: Comparison of induced velocity of propeller due to Duct A in the Seiun-Maruôs wake. 

Dashed circles show the position of leading edge of duct. 
 

 

(a) 0.3R 

 

(b) 0.4R 

 

(c) 0.5R 

 
 

(d) 0.6R 

 

(e) 0.7R 

 

(f) 0.8R 

 
Figure 14: Comparison of G distribution on one blade in the Seiun-Maruôs wake between w/o duct and w/ Duct A. 



(a) Duct A in the uniform flow (b) Duct A in Seiun-Maruôs wake 

  
  

(c) Duct B degrees in Seiun-Maruôs wake (d) Duct C in Seiun-Maruôs wake 

  
Figure 15: Thrust distribution of the various ducts in Seiun-Maruôs wake (Propeller angular position is 0 degree.). 

 

(a) Ductôs thrust coefficient (b) Total thrust coefficient 

  
  

(c) Torque coefficient (d) Efficiency 

  
Figure 16: Comparison propeller characteristics in terms of the attack angle of duct. 


