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INTRODUCTION

The propeller is located at the stern of a ship where the 
inflow current is non-uniform due to boundary layer and wake 
formation. The propeller produces axial thrust from the engine 
power transmitted to it through a shaft. One of the augmentation 
tools for increasing thrust is the use of PBCF at the end of the 
hub, which causes to eliminate the hub vortex. The harmful 
effect of the hub vortex is twofold, firstly, it reduces the 
efficiency of the propeller and secondly, the rudder is exposed 
to corrosion because it is located downstream of the propeller 
where cavitation takes place.

Studies show that the performance of the propeller will 
degrade around the end portion of the hub. The vortices formed 
on the propeller’s hub reduce the efficiency. The strength of 
the vortices depends on the axial load distribution on the 
propeller, and the geometry of the hub. The fins on the hub 
reduce cavitation of the hub and as a result the hydro-acoustic 
noise is reduced. In addition, the fins increase the efficiency 
of the propeller, especially in the case of controllable pitch 
propellers [1]. 

The effect of hub on hydrodynamic performance of the 
propeller is significant. There is some practical research on 
the hub size of the USS Barbey. In 1978, Wind [2] proposed 
a criterion for minimum hub diameter and suggested that 
the hub diameter of this ship should be increased from 1320 
mm to 1500 mm. He anticipated that the efficiency decreases 

proportionally to the decrease in surface area of the propeller’s 
disc. The larger hub has greater hydrodynamic effect on blades 
and has to be considered in design process. A comparison 
between the efficiency of these two design situations gives 
important results.

Hess [3] employed source and dipole distribution for 
modeling blades and source distribution for modeling hub. 
In this study the lift force is displaced from intersection of 
the hub and blade to axis of rotation. This means zero angle 
of circulation in hub. In other words an extra strip from hub 
surface to hub center transfers a dipole with constant strength 
equal to the strength of the first strip on the blade. The hub 
vortex is formed along the axis of rotation and the vortex power 
is equal to sum of the power of all dipoles transferred from all 
blades. In 1991, considering the noise due to loading in stable 
conditions, Glegg showed that the hub effect on radiated noise 
of propeller in downstream is substantial [4]. In a research 
performed in 1992 on controllable pitch propellers it was shown 
that in addition to the pressure distribution in sections near the 
blade root the hub also affects the performance of the propeller 
in open-water condition [5]. According to the results obtained 
by Liu in 1995, in ordinary hubs of small diameter, which are 
mainly used in constant pitch propellers and surface ships, the 
effect of hub on hydrodynamic forces of the propeller such as 
thrust and torque, is not remarkable [6].

In 2009, Cai et al. [7] applied source and dipole singularities 
to analyze the propellers having nozzle including the effect of 
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the hub. An iterative procedure was used to consider the effect 
of hub and blades on each other. In each step, hub and blades 
were independently analyzed with the influence of adjacent 
body considered in inflow velocity.

Now, the energy-saving propeller boss cap fins (PBCF) 
have been ordered for 2000 vessels worldwide. The PBCF is 
an energy-saving device attached to the propellers of vessel. It 
breaks up the hub vortex generated behind the rotating propeller 
(Fig. 1). Research and development studies on the PBCF started 
in 1986, and sales began the following year. Since then an 
increasing number of ship owners, mainly in Japan, began to 

adopt the system. In 1988 Ouchi first introduced it with the aim 
of increasing the efficiency and reducing energy loss due to 
hub vortex formation. Such vortex contains vapour bubbles that 
when burst, cause noise, corrosion and vibration in the system. 
By using fins, the vortices flowing on the hub are weakened and 
therefore the kinetic energy of rotational current is retrieved 
[9]. Ouchi et al. [10-12], during 1989 and 1992, extended 
and performed both numerical and experimental research on 
PBCF. They concluded that PBCF has significant effect on 
the energy saving. It not only causes to avoid the hub vortex 
but also increases the efficiency and reduce fuel consumption. 
Junglewitz reported that the use of PBCF results in hub vortex 
reduction and in consequence 2 to 5% increase in the efficiency 
[13]. Hsin et al. [14] presented a design procedure for a PBCF 
with the use of computational fluid dynamics (CFD).

The SPD (Ship Propeller Design) software code has been 
prepared by Ghassemi (the first author) and employed to the 
various propulsors such as propeller-rudder system (PRS) [15], 
high-skewed propeller [16], contra-rotating propeller [17] 
and surface piercing propeller [18], underwater vehicle under 
surface and submerged conditions [19]. In this code BEM is 
employed to perform the hydrodynamic analysis of marine 
propellers of all types. In June 2011 at the Second International 
Symposium on Marine Propulsors in Hamburg, Germany, the 
UK BMT Defence Services presented a paper reporting on 
‘a before and after’ speed test on an Aframax ship operated by 
a major firm. This showed energy saving of about 4% [20].

In this article, the presence of the fins in induced downstream 
effects of the propeller is analyzed. The performance of the fins 
at the end of the hub is evaluated by changing two parameters: 
the angle of installation of the fin on the end of the hub and 
the phase angle between propeller and the fin. In addition, the 
effect of hub diameter and its conical angle which are common 
parameters in hydrodynamic design of hull and propeller, 
is studied. The following sections are organized as follows: 
modeling the PBCF is explained in Sec. 2, governing equations 
are described in Sec. 3, numerical results and discussions 
are presented in Sec. 4. Finally, the conclusions are given in 
Sec. 5. 

MODELING THE PBCF

In geometrical design of PBCF the following points have 
to be noted [11]: 
- The number of fins should be equal to the number of blades 

of the propeller.
- The phase difference between the cross-section of the blade 

root and the fins varies from -20 to 30 degrees.
- The diameter of the fins should not exceed 33% of the 

propeller’s diameter.
- The leading edge of the fins is located between the roots of 

two adjacent blades.

The first point is because each fin has to reduce the wake 
of one blade. The inflow velocity, rotational speed (rpm) of 
the propeller and the angle of attack of blade cross section 
determines the second point. In formulating Point 3, it is noted 
that increasing the surface area of the fins produces torque and 
reduces the efficiency of the propeller, therefore a limitation 
on diameter is imposed. Total impact of the wake due to the fin 
surface is considered in Point 4. Including all these parameters 
into design procedure is rather complicated. In this research 
a technique was attempted to construct a model of PBCF with 
the use of the above-mentioned points. Fig. 2 shows a model 
of PBCF with trailing vortex wake. The total number of the 
elements is the summation of elements on blades, hub and Fig. 1. Hub vortex disappears after the installation of PBCF [8]
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fins. The total numbers of elements are equal to 8500, i.e. 
2400 located on blades, 2400 on fins and 3500 on the hub. 
The main parameters of the propeller and the fin are listed in 
Tabs.1 and 2. 

Tab. 1. Main dimensions of the propeller

Parameter Value

Number of blades 4

Diameter [m] 1.0

Pitch ratio (at 0.7R) 1.084

Expanded Area Ratio (EAR) 0.5

Skew [deg.] 10

Rake [deg.] 6

Direction of rotation Clockwise

Propeller type MAU

Tab. 2. Main parameters of the PBCF

Parameter Value

Number of fins 4

Diameter [m] 0.33

Angle of installation variable

Chord of fin variable

Direction of rotation clockwise

Fig. 2. The PBCF model along with trailing vortex wake

GOVERNING EQUATIONS 

As assumed, the flow is considered inviscid, incompressible 
and irrotational around the body. The assumptions lead to 
a boundary value problem for the velocity potential with the 
Laplace equation satisfied in the fluid domain.

∇2Φ(x, y, z) = 0                          (1)

The potential equation is an elliptical equation and for its 
solution, we need to define Φ on the boundary or its derivative 
∂φ/∂n in the perpendicular direction to the boundary. On the 
surface of the body, velocity component perpendicular to the 
element boundary should be zero. Therefore, the Neumann 
boundary condition called kinematic boundary condition could 
be used. This states that the total velocity normal to surface 
is zero. 

(2)

where:
 – the normal vector of the surface. 

The thickness of the wake surface is assumed zero. 
The normal velocity difference and the transverse pressure 
difference is zero, although the potential difference could be 
present.

(3)

For the lifting bodies in steady state, the potential difference 
in transverse direction to the wake surface, is equal to the 
circulation around the body and is constant along the streamline 
on the wake surface.

(Δφ)onSw = φ+ – φ–                          (4)

To uniquely determine the circulation on the trailing edge of 
the blade, the Kutta condition is used. Generally, this condition 
states that the flow velocity remains constant at the trailing 
edge of the blade. 

|∇φ|T.E. < ∞                                (5)

On the external control surface, in the case that this surface 
is located at infinite distance from the body, the disturbance 
velocity created by the body should vanish.

∇φ → 0 {S∞ → ∞}                         (6)

THE BOUNDARY ELEMENT METHOD

The boundary value problems of velocity potential outside 
the body surface could be converted to an integral equation:

(7)

Equation (7) is the second- type Fredholm integral equation 
for the variable φ, since ∂φ/∂n is known on the surface of the 
body. The potential difference in transverse direction through 
the wake surface is equal to the potential difference of the top 
and bottom surfaces of the blade at the trailing edge. Discretizing 
the equation (7) results in a linear system of equations with the 
variable φ. The surface velocity and, as a result, the pressure 
on the surface of the body could be obtained by numerical 
differentiation of the calculated potential distribution. R(p;q) 
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is the distance of the point p (x, y, z) from the point q(ξ, η, ζ). 
It is expressed as follows.

(8)

The induced velocities in a field point p outside the body 
surface, is obtained by the gradient of the velocity potential φ.

(9)

CALCULATION OF THE HYDRODYNAMIC 
PERFORMANCE 

By using finite difference method, the potential derivatives 
in radial direction and along chord length could be determined 
and the velocity distribution on the propeller’s surface could 
be computed. The criteria for evaluating the performance 
of a propeller are: thrust coefficient, torque coefficient and 
efficiency which are determined according to tangential 
velocity distribution on the surface. 

(10)

The element area, normal vector components (nx,ny,nz), 
coordinates of the center of the element (x,y,z) and number 
of blades (Z) are the geometrical parameters which influence 
the thrust and torque of the propeller in potential flow. For 
determining the viscosity effects, its drag coefficient is 
determined experimentally:

(11)

Total thrust and torque are the sum of viscous component 
and potential components. 

(12)

Finally, the hydrodynamic characteristics of the propeller 
can be defined as:

(13)

where:
ρ – density of water,
υ – kinematic viscosity, 
n – rotational speed of the propeller
D – diameter of the propeller.

NUMERICAL RESULTS AND DISCUSSION

Effect of hub diameter

In this section the effect of increasing hub diameter with 
respect to propeller diameter is investigated for constant 
- diameter and adjustable - diameter propellers. The relative 
percent change of the hydrodynamic coefficients with and 
without hub is obtained from the following equation: 

(14)

Fig. 3 shows the relative percent change of the propeller 
coefficients versus hub ratio. In the first case, the diameter 
of the propeller is constant while the diameter of the hub is 
increasing. In the second case, the diameter of the hub and 
propeller has been increased with the same ratio. The results 
show that the hub effect will reach its minimum at a certain hub 
ratio. On the other hand, the percent change in hydrodynamic 
coefficients is equal in both cases. The reason that percent 
change remains constant in the two cases is that the expanded 
area ratio, the number of blades, pitch of the propeller and 
hub ratio have remained constant. Comparing the change in 
circulation distribution in radial direction due to change in 
hub ratios, it could be seen that in case of low hub ratio, the 

Fig. 3. Relative percent change of the propeller coefficients versus hub ratio
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respectively. In the case of constant diameter, due to decrease 
in the space between the root and tip of the propeller, the thrust 
and torque decrease, but in the case of variable diameter, this 
space is increasing with a constant factor and it seems logical 
that the output curves of the propeller are ascending.

effect of hub is limited to the radial cross-sections near to the 
root but with increasing hub ratio, the outer cross-sections also 
become affected. 

Thrust and torque changes with different hub ratios in cases 
of constant and variable diameter are shown in Figs. 4 and 5, 

Fig. 4. Thrust change with different hub ratios 
for constant and variable diameter cases

Fig. 5. Torque change with different hub ratios 
for constant and variable diameter cases

Fig. 6. The effect of hub on efficiency change for constant and variable diameter cases
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In the constant diameter case, the hub has significant effect 
on propeller’s efficiency such that the order of the polynomial 
proportional to efficiency change has risen by two (Fig. 6). In 
the variable diameter case, although the hub has changed the 
performance of the propeller, the order of the polynomial has 
not changed.

Effect of the conical angle of hub

The conical angle may change from zero to 15 degrees 
at three different hub ratios. Fig. 7 shows the change in 
hydrodynamic coefficients versus conical angle of hub at two 
hub ratios (0.2 and 0.4). At both hub ratios, when the conic 
angle of the hub increases, the change in the hydrodynamic 
coefficients increases. In the case of 0.3 hub ratio, the thrust 
and torque coefficients increase more while the efficiency is 
changed slightly. 

Fig. 7. Change in the performance coefficients along 
with increasing the hub angle

Analyzing the performance of PBCF 

In this section, besides analyzing the hydrodynamic effect 
of the fin, the change in its geometrical parameters is studied. 
Generally, the effect of the fins is to reduce the induced velocity 

which in turn reduces the hub vortex. Here, the effect of the 
fin at the end of the hub and the effect of its position and angle 
on the induced velocity is examined.

A. Overall analysis of the PBCF
PBCFs are not considered thrust producing devices. Their 

purposes are to reduce and distribute hub vortex into bigger 
core at the downstream where it is spread out. Fig. 8 shows 
axial induced velocity contour at downstream position, x/RPBCF 
= 0.5, with and without fins. It may be seen that the fins caused 
significant reduction in maximum induced velocity and more 
uniform distribution of induced velocities. 

Fig. 8. Axial induced velocity contour at downstream position, x/RPBCF = 0.5

The change in induced effects of the propeller in axial 
direction is shown in Fig. 9. Without fins, the induced effects 
are conveyed downstream with a certain period. This periodic 
feature is related to the formation of flow near the end of the 
hub, which is proportional to propeller’s rotational speed. 
Installing fins at the end of the hub minimizes these effects.

The most important effect of the fins is reduction of 
negative or backward components of the induced effects in 
axial direction. As the distance from the propeller increases 
the effects become reduced. 

B. Effect of phase difference between the blade and fin
Fig. 10 shows the change in phase difference between the fin 

and propeller. The fin should be so placed that its leading edge 
lies between two blades, so that it has the best performance. 
This is analyzed by changing the phase difference between the 
fin and the blades. Fig. 11 shows the change in axial component 
of the induced velocities as the angular position of the fin is 
changing (phase difference of π/14 and 6π/14) at the axial 
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distance of x/RPBCF = 0.5 from the end of the propeller. By 
changing the angular position of the fin, the negative component 
of the induced velocities has increased more.

Fig. 10. The change in phase difference between the fin and propeller

C. Effect of fin installation
Angle of installation is one of the geometrical parameters 

of the fin, which is related to the pitch angle. The change in the 
angle of installation of the fin is plotted in Fig. 12 for two pitch 

Fig. 9. Axial induced velocity contour (with and without fins)

Fig. 11. Change of the axial component of the induced velocity at downstream position, x/RPBCF = 0.5

ratios of 1 and 2. Fig. 13 shows the axial induced velocity at 
the two pitch ratios. In these calculations, we were seeking the 
effect of the angle on the axial induced velocity. The greater the 
angle or pitch the greater the effect of induced velocity.

Fig. 12. The change in angle of installation of the fin

Fig. 13. Axial induced velocity of the propeller at two pitch ratios of fin
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CONCLUSIONS 

In this article, the effect of hub and PBCF on hydrodynamic 
performance has been studied.

From the numerical results the following conclusions can 
be drawn:
- By increasing the hub ratio, thrust will be reduced and 

torque increased,which causes the efficiency to decrease.
- In a propeller with constant diameter, increasing the hub 

ratio has a significant effect on its performance. This change 
in performance could be minimized if the diameter of the 
propeller is increased proportionally to the hub diameter. 

- At each hub ratio, increasing the conical angle of the hub 
has no effect on efficiency of the propeller.

- Placing the fins at the boss causes the downstream induced 
effects of the propeller to decrease and makes downstream 
flow more uniform. 

- The fins reduce the negative component of the induced 
effects of the propeller and have only a slight effect on the 
components in the direction of the flow.

- The angle of installation of the fin and its phase difference 
against the propeller are two important items to be 
considered in geometrical modeling of the fin, which, 
if chosen incorrectly, could significantly degrade its 
performance.

NOMENCLATURE

C – chord length at each radius
Cf – friction coefficient
Cp – pressure coefficient
D – propeller’s diameter
J – Jaccobian transform
J – advance velocity ratio
KT – thrust coefficient of the propeller
KQ – torque coefficient of the propeller
 – normal vector of the surface

P/D – pitch-diameter ratio
Q – total torque of the propeller
QPot – potential component of the propeller torque
QVis – viscous component of the propeller torque
rh – hub radius
Rn – Reynolds number at radius r
SB – blade surface
Sw – trailing wake surface
T – total propeller thrust
TPot – potential component of the propeller thrust
TVis – viscous component of the propeller thrust
VI – inflow velocity to the propeller

 – total tangential velocity on propeller’s surface
Z – number of blades
ΔSi – surface area of each element
Φ – total velocity potential
φ – perturbation velocity potential
φin – inflow velocity potential
η – propeller efficiency
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