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ABSTRACT  

It is indispensable to estimate correctly the blade spindle 

torque when designing a CPP (Controllable Pitch 

Propeller) as well as the propeller thrust, torque and 

efficiency.  Although there are many research papers on 

blade spindle torque in non-cavitating conditions, the 

number of the papers is far from enough. It is still difficult 

to say that blade spindle torque in cavitating conditions 

has been fully studied. There are very few papers on it 

due to difficulties to measure the blade spindle torque 

with high accuracy at tank tests. Under the circumstances, 

it is more desirable for propeller designers to establish 

computational methods considering correctly cavitation 

effects on blade spindle torque in order to design optimal 

CP propellers. 

In this paper, the approach using the advanced CFD 

(Computational Fluid Dynamics) technique was used in 

order to compute correctly the blade spindle torque 

among others. The computed results were extensively 

evaluated in comparison with the measured data. As the 

first phase, the CFD computations in uniform flow were 

carried out for two kinds of CPP models with different 

number of blades by varying the propeller thrust loadings 

and cavitation numbers parametrically. Compared with 

the results from the cavitation tests, it is found that the 

computed blade spindle torques agree well with the 

measured ones as well as the propeller thrusts and the 

propeller torques. Also from both the computed and 

measured results, the author discusses in this paper the 

cavitation effects on the blade spindle torques in higher 

propeller thrust loadings and lower cavitation numbers in 

open water situations. 
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1 INTRODUCTION 

Controllable Pitch Propellers (CPP) are very useful 

propulsion device for many types of vessels such as 

ferries, RO/ROs, ROPAXs, shuttle tankers, military 

vessels and others. When designing a CPP, it is very 

indispensable to estimate correctly the blade spindle 

torque as well as the propeller thrust, torque and 

efficiency. Although there are many research papers on 

the blade spindle torque in non-cavitating conditions, the 

number of the papers is far from enough (Boswell et al 

1975, Pronk 1980, Ito et al 1984, Jessup et al 2009, Dang 

et al 2012 and Funeno et al 2013). It is still difficult to 

say that the blade spindle torque in cavitating conditions 

has been fully studied. There are very few papers on it 

due to difficulties to measure the blade spindle torque 

with high accuracy at tank tests. Recently Liu et al (2015) 

have published a paper on sheet cavitation effects on the 

blade spindle torque of a CPP. It provided very valuable 

discussions on the cavitation effects with the experimental 

approach, but no discussion with any numerical methods 

has been accomplished. Under the circumstances, it is 

more desirable for propeller designers to establish 

computational methods considering correctly cavitation 

effects on the blade spindle torque in order to design 

optimal CP propellers. Thereby, the author has 

investigated the possibilities to estimate correctly the 

calculation method of the blade spindle torque in 

cavitating conditions in open water situations, as the first 

step, by using an advanced viscous CFD (Computational 

Fluid Dynamics) technique. The computations were 

carried out for two types of CPP models with the four and 

the five blades by varying the propeller thrust loading and 

cavitation number parametrically. Compared with the 

measured data from the cavitation tests, it is found that 

the computed blade spindle torques agree well with the 

measured ones as well as the propeller thrusts and the 

propeller shaft torques within the practical allowable error 

band. From both the computed and the measured results, 

the author discusses in this paper the cavitation effects on 

the blade spindle torques especially in the higher propeller 

thrust loadings and the lower cavitation numbers in open 

water situations. 

In the following chapters the computational method is 

described in more detail. In the next chapter the 

measurements are described briefly. In the successive 

chapters the results are discussed and the conclusions are 

drawn. 

2 COMPUTATIONAL METHOD 

2.1 General 

The governing equations to solve are the steady RaNS 

(Reynolds-averaged Navier-Stokes) equations and the 

mass continuity equation for incompressible viscous fluid. 



The equations were discretized based on the finite volume 

method to fulfill conservation of momentum and mass for 

all the minute cells and solved numerically by using the 

SIMPLE method. The effect of turbulence was introduced 

by the mathematical turbulence model of the k-ω/SST 

two equations with the wall functions for high Reynolds 

numbers. The effect of propeller rotation on the flow field 

was considered by the multi-reference frame method, 

which introduces centrifugal forces and Coriolis forces in 

a relative coordinate system fixed on a rotating propeller 

as body forces in the solved RaNS equations. The effects 

of free surface and gravity were neglected. 

In order to conduct flow simulations around CP propellers 

in cavitating conditions, a cavitation flow model was 

introduced in concert with the momentum and mass 

transfer equations. In the CFD flow simulations, so-called 

a multi-phase flow model was utilized, in which the 

cavitation simulation was based on the modeling fluid 

density by phase change of water. But the actual phase 

change of water is a very complicated phenomenon in 

which the cavitation bubbles combine into one sheet 

cavity, or conversely the sheet cavities collapse into cloud 

cavitation or bubble cavitation due to flow instability. In 

this paper, in order to comprehend the phenomena from a 

macro viewpoint in a simplified model, the two-phase 

flow model was utilized with the Volume of Fluid (VOF) 

method in conjunction with the cavitation model 

suggested by Schnerr and Sauer (2001). Two input 

parameters were set for the model, the nuclei radius (=1.0 

(μm)) and the nuclei density (=1.0E+10 (1/m
3
)). The 

multi-physics CFD code, STAR-CCM+ by Siemens 

PLMS was adopted, which provides all the functions 

mentioned above. 

2.2 Propeller models and Grid generation 

The subject model propellers were both a 4- and 5-bladed 

CP propellers designed within the framework of the 

Wageningen C- and D-Series Propellers, a Joint Industry 

Project (JIP) (Dang et al 2012, 2013), with which the 

propeller open water tests were conducted in non- and 

cavitating-conditions at the Depressurized Wave Basin of 

MARIN in the Netherlands. Table 1 and Figure 1 show 

the principal dimensions and the photographs of the 

propeller models, respectively. Hereafter, the 4-bladed 

CPP model with expanded blade area ratio, aE=0.70 and 

the 5-bladed CPP model with aE=0.75 are abbreviated to 

“C4-70” and “C5-75” respectively. 

Table 1 Principal dimensions of C4-70 and C5-75 

Model propeller: C4-70 C5-75 

Diameter (m) 0.18430 0.20889 

Pitch ratio at 0.7R 1.4000 1.4000 

Expanded blade area ratio 0.7000 0.7500 

Number of blades 4 5 

Hub ratio 0.3147 0.3351 

The grid generation was accomplished through 3D-CAD 

data for both model propellers at the design pitch setting 

only, which were modeled for a propeller open water test 

unit including a blade, a boss, a boss cap and a tube 

covering a drive shaft. The unstructured grid method was 

used for the grid generation due to the complicated blade 

geometry with all polyhedral cells around the propeller 

models except near the blade surface where the prism 

layer cells were used. Nondimensional viscous length y
+
 

is close to 1 for the turbulence model. All the 

computational domains were constructed with only one 

blade model, so-called a sector form model due to the 

computation in propeller open water conditions. The 

locations of the outer boundaries were 4*D at the inlet 

plane, 10*D at the outlet plane and 5*D at the outer plane 

in radial direction from the center of the propellers, where 

D is the diameter of propeller. The periodic boundary 

conditions and the non-slip wall boundary conditions 

were imposed on the sector side boundaries and all walls 

of the blades and the others, respectively. The total 

number of cells was about 25 million per CPP model. 

Figure 2 shows one example of the global and the surface 

mesh of a CPP model used in the computations. 

Figure 1 Photographs of model propellers. 

(a) C4-70 (b) C5-75 

(a) Global mesh of C4-70 

(b) Surface mesh of C5-75 

Figure 2 Examples of global and surface mesh. 



2.3 Computational conditions 

All computations were in the model scale of propeller 

open water test conditions with the advance coefficient, 

J=0.1 to 1.3 and a constant propeller revolution-rate, 

n=900 rpm. In addition to atmospheric condition, the 

cavitation numbers, σn were set to 1.5, 2.0 and 2.5 

corresponding to the measured data. The forces and 

moments on the wall surface of the rotating parts were 

reduced to propeller thrusts T, propeller torque Q and 

blade spindle torque per blade QS in hydrodynamic 

components. The positive value of QS means a moment 

making the leading edges upward. The dimensionless 

coefficients were defined according to the following 

equations, 

𝐽 =  
𝑉𝑎

𝑛𝐷
 ,                                (1) 

𝐾𝑇 =  
𝑇

𝜌𝑛2𝐷4  , 𝐾𝑄 =
𝑄

𝜌𝑛2𝐷5  , 𝐾𝑄𝑠 =
𝑄𝑠

𝜌𝑛2𝐷5 ,          (2) 

𝜂𝑜 =  
𝐽∙𝐾𝑇

2𝜋𝐾𝑄
 ,                                (3) 

𝜎𝑛 =  
𝑝−𝑝𝑣

1
2𝜌(𝑛𝐷)2 ,                                (4) 

where, Va: advance speed, ρ: fluid density, p: static 

pressure at propeller center and pv: vapor pressure. 

The computed thrust coefficients KT were corrected such 

that the drag components of the boss cap were subtracted 

from the total computed propeller thrust according to the 

measuring procedure at the propeller open water tests. 

The drag coefficient of boss cap was set to 0.13. 

However, the torque coefficients and the blade spindle 

torque coefficients were computed without correction. 

3 MEASUREMENTS 

The measurements were conducted within the framework 

of the Wageningen C- and D-Series Propellers JIP (Dang 

et al, 2013). The test set-up to measure simultaneously the 

propeller thrusts, torques and blade spindle torques was 

used, which has a sensor for blade spindle torque placed 

inside the hub and connected directly to a key blade. A 

thrust/torque sensor installed inside a hollow shaft with a 

flange to mount the propeller hub. The measurement 

system was developed at MARIN and its performance 

was assessed extensively (Funeno et al, 2013). Figure 3 

shows a more detailed overview of the model propeller 

and the sensors. 

All blade spindle torques per blade were measured as 

hydrodynamic components obtained by subtracting the 

centrifugal components measured in air before testing in 

water from the total measured ones. 

The propeller open water tests were conducted by the 

quasi-steady method developed at MARIN (Dang et al, 

2012) with the model propellers C4-70 and C5-75 in non- 

and cavitating-conditions at the three cavitation numbers, 

σn=1.5, 2.0 and 2.5. Also the cavitation observations were 

carried out using two high speed video cameras from the 

viewpoints of both the suction and pressure sides at the 

same time. 

4 RESULTS AND DISCUSSION 

Varying propeller thrust loadings, namely, the advance 

coefficients and cavitation numbers, all the computations 

were carried out with the two propeller models in open 

water conditions. Figure 4 and 5 show the computed 

results compared to the results of the propeller open water 

tests with the 4-bladed propeller model C4-70 and the 5-

bladed C5-75, respectively. From these figures, for the 

overall range of J, all the computed results agree very 

well with the measured ones. However, around lighter 

propeller thrust loading conditions, in the higher J-values, 

the agreement of propeller efficiency seems to become 

somewhat less good for all cases.  

Next the computed cavitation patterns are compared with 

the results of the cavitation observations. In the following 

figures, all the computed cavitations are represented in the 

red iso-surface at void fraction = 0.5. Figure 6 shows the 

cavitation patterns for C4-70 at various cavitation 

numbers at J=0.4, a heavier propeller thrust loading 

condition. Figure 7 shows those for the same propeller but 

J=0.8, around the design operating point. No cavitation 

was observed in all the other cavitating conditions with 

the lighter propeller thrust loadings, for example, J=1.2. 

For the 5-bladed propeller C5-75, Figure 8 and 9 show the 

cavitation patterns at σn=2.5 and 1.5 at various propeller 

thrust loadings. The same as C4-70, there is little 

cavitation at the lighter loading conditions, for example, 

around J=1.0 for all the cavitation numbers as tested. 

From these figures, it can be seen that all computed sheet 

cavitation patterns agree very well with the observed 

ones. However, the observed tip vortex cavitation patterns 

are not reproduced mainly due to the shortage of the grid 

resolution around the regions of the tip vortex shed from 

the propeller blade tips. Judged from the good agreements 

of the propeller open water characteristics between the 

computed and the measured ones, the tip vortex cavitation 

might have little effects on the propeller performance. 

Figure 3 Detailed overview of propeller and three sensors 

(Funeno et al, 2013). 



 

(a) Atmospheric 

(b) σn=2.5 

(c) σn=2.0 

(d) σn=1.5 

Figure 5 Propeller open water characteristics of C5-75. 

(a) Atmospheric 

(b) σn=2.5 

(c) σn=2.0 

(d) σn=1.5 

Figure 4 Propeller open water characteristics of C4-70. 



  

(a) σn=2.5 

(b) σn=2.0 

(c) σn=1.5 

Figure 6 Cavitation patterns of C4-70 at J=0.4, observation 

(above) and computations (below). 

(a) σn=2.5 

(b) σn=2.0 

(c) σn=1.5 

Figure 7 Cavitation patterns of C4-70 at J=0.8, observation 

(above) and computations (below). 



 

Finally the cavitation effects on the propeller 

performance, especially the blade spindle torque is 

discussed below, using the computed and measured 

results for the two propeller models. Figure 10 shows the 

computed propeller open water characteristics at various 

cavitation numbers for C4-70 and C5-75. From the 

figures, it can be seen that the propeller performance, 

especially the blade spindle torques of the 5-bladed 

propeller C5-75, are more severely affected with 

decreasing cavitation numbers, starting from a higher J-

value compared to those of the 4-bladed propeller C4-70. 

Though many kinds of factors might cause the 

differences, it could be considered as one of the causes 

that the expanded blade area ratio per blade of the 5-

bladed propeller at 0.150 is somewhat smaller than that of 

the 4-bladed propeller at 0.175. Also the blade spindle 

torques of C5-75 have negative values with decreasing 

cavitation numbers and J-values, other than those of the 

C4-70, which have always positive values. Figure 11 and 
12 show the change of the propeller performance with the 

cavitation numbers and the J-values for C4-70 and C5-75, 

(a) J=0.2 

(b) J=0.6 

Figure 8 Cavitation patterns of C5-75 at σn=2.5, observation 

(above) and computations (below). 

(a) J=0.2 

(b) J=0.6 

(c) J=1.0 

Figure 9 Cavitation patterns of C5-75 atσn=1.5, observation 

(above) and computations (below). 



respectively. From these figures, it can be seen that the 

blade spindle torque of C4-70 changes less steeply with 

decreasing cavitation number than that of the C5-75. 

However, it should be noted that the blade spindle torque 

of C5-75 in a heavier loading condition, say J=0.2 in 

Figure 12-(a), reduces suddenly from a value at the 

atmospheric condition and settles on a value almost the 

same as in the cavitating conditions. Also the blade 

spindle torque of C5-75 at J=0.6 decreases more steeply 

with decreasing the cavitation number compared to the 

other propeller properties, namely, the propeller thrust 

and torque. 

5 CONCLUSIONS 

In order to investigate in detail the cavitation effects on 

the blade spindle torque of operating CP propellers, which 

have not been fully clarified yet in the past, and as the 

first phase to it, the CFD computations in propeller open 

water condition have been accomplished and validated on 

its accuracy compared to the results of the cavitation tests. 

As a result, the computed results, the characteristics and 

the sheet cavitation patterns agree very well with the 

measured ones, both quantitatively and qualitatively. It 

can be concluded therefore that the CFD computations are 

very useful to estimate the propeller performance, 

especially the blade spindle torques. The cavitation effects 

on the blade spindle torques of the two CP propellers have 

been discussed based on the results of the CFD 

computations and the cavitation tests, of which the 

absolute values reduce steeply with increasing propeller 

thrust loading and decreasing cavitation number. The 

same is for the propeller thrusts and the propeller torques. 

For the present investigation, it is shown that the 

reduction of the blade spindle torque depends strongly on 

the number of blades. These findings should be noted in 

the design of CP propellers as a basic information. 

In the future works, the cavitation effects on the blade 

spindle torque for optimally designed CP propellers 

should be investigated in more details in the following 

conditions: the non-uniform inflow conditions such as in 

the ship behind conditions, the transient response 

conditions (crash astern or turning maneuver in 

conjunction with off-designed pitch settings) and the 

other conditions. Also although the blade spindle torques 

in model scale are discussed as well as the propeller 

thrusts and torques in this paper, the performance in full 

scale should be investigated furthermore. 
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(c) J=1.2 

Figure 11 Change of propeller performance of C4-70 at 

various J-values and cavitation numbers. 

(a) J=0.4 

(b) J=0.8 

Figure 12 Change of propeller performance of C5-75 at 

various J-values and cavitation numbers. 

(b) J=0.6 

(c) J=1.0 

(a) J=0.2 


