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ABSTRACT  

This paper presents calculation method of tip vortex 

cavitation including super cavitation near the tip. Also it is 

expanded to the calculation method of pressure fluctuation 

induced by these cavitations. The method is based on a 

simple surface panel method “SQCM” which can calculate 

the propeller performance accurately. In the calculation of tip 

vortex cavitation, the modified Rankine vortex model is 

applied to the tip vortex segment in order to calculate the 

velocity and pressure field which are needed to decide the 

cavity volume. Tip vortex cavitation is expressed by circular 

cylinder around the vortex segment and the radius variation 

after shedding from tip can be solved by Rayleigh equation. 

On the other hand, the calculation method of local super 

cavitation near the tip applies bubble tracing method. The 

initial radius of bubble is decided by the sheet cavity 

thickness at the trailing edge and the radius variation can be 

solved by Rayleigh equation as well as tip vortex cavitation. 

Present methods are incorporated in the calculation methods 

of sheet cavitation (Kanemaru et al. 2009) and pressure 

fluctuation by the sheet cavitation (Kanemaru et al. 2011) 

which were presented at smp’09 and smp’11. This paper 

shows the calculated results regarding cavitation pattern, 

pressure fluctuation etc. comparing with published 

experimental data and calculated results in the case of only 

sheet cavitation. 
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1 INTRODUCTION 

A marine propeller generally operates in an unsteady flow 

field by the ship wake. When cavitation occurs, the unsteady 

cavitation produces the considerable pressure fluctuation on 

ship stern, which causes the hull vibration and structural 

damage. Therefore, it is very important to predict the 

pressure fluctuation in the propeller design stage. 

It is known that the amplitude of pressure fluctuation induced 

by a spherical bubble varying own volume with time is 

proportional to the second time derivative of the volume. 

Pressure fluctuation induced by a cavitating propeller has a 

similar characteristic. Because of that, the prediction method 

requires high accuracy about the time variation of cavity 

volume and cavity shape. Also the practicality is very 

important in order to apply the method as the propeller design 

tool. 

We presented the calculation methods of propeller cavitation 

at smp’09 (Kanemaru et al. 2009) and pressure fluctuation 

induced by the cavitation at smp’11 (Kanemaru et al. 2011). 

These methods are based on a simple surface panel method 

“SQCM” which was developed by Kyushu University (Ando 

et al. 1998). The feature of the cavitation calculation is that 

the cross flow component around blade tip is taken into 

consideration in free streamline theory which solves the sheet 

cavity shape theoretically. Owing to it, the calculation 

method of pressure fluctuation can treat the sheet cavity 

shape accurately and get the reasonable results. We shall 

refer to Kanemaru et al. (2009) as “the previous paper I” and 

Kanemaru et al. (2011) as “the previous paper II” in this 

paper. 

However, these methods treat only sheet cavitation. 

Although the excitation by the sheet cavitation is 

predominant in the fluctuating pressure, tip vortex cavitation 

should be considered for the accurate prediction including 

the higher order frequency components in case these 

components cause serious problem. Several studies have 

been made on the theoretical tip cavitation model such as Lee 

(2002) and Szantyr (2007). 

In this study, we expand our prediction method treating only 

sheet cavitation to the method including tip vortex cavitation. 

Also we study the undeveloped local super cavitation near 

the tip which remains unsolved in the previous papers I and 

II. We name this cavitation ‘tip super cavitation’ in this 

papar. The present new models are incorporated in these 

previous methods. The calculated results of cavity volume, 

cavitation patterns, fluctuating pressure are shown about two 

propellers of Seiun-Maru-I and these results are compared 

with the published experimental data and the calculated 

results treating only sheet cavitation. 



 

2 CALCULATION METHOD 

2.1 Outline 

SQCM (Source and QCM) uses source distributions (Hess & 

Smith 1964) on the propeller blade surface and discrete 

vortex distributions arranged on the mean camber surface 

according to QCM (Quasi-Continuous vortex lattice Method) 

(Lan 1974), which is well known as one of  lifting surface 

methods. The formulation of SQCM is described in the 

papers (Ando et al. 1998, Kanemaru et al. 2009). In the 

previous papers I and II, we applied SQCM to the calculation 

method of unsteady propeller sheet cavitation and pressure 

fluctuation induced by the cavitation. 

First of all, the unsteady cavity shapes at each time step is 

calculated according to the previous paper I. In the 

calculation, the initial radius and the time variation of tip 

vortex cavitation and tip super cavitation are calculated as the 

new part. These results are preserved as the data for the next 

step. 

Next, the pressure fluctuation on the hull surface is calculated 

according to the previous paper II and the present new part 

which calculates the components of tip vortex cavitation and 

tip super cavitation using the octagonal cylinder segments 

consisting of source panels with the time variation of the 

radius. 

In this paper, the calculation methods of the added parts are 

presented. 

 

2.2 Modeling of Tip Vortex Cavitation 

In order to make the tip vortex cavitation model, first of all, 

the tip vortex has to be defined by one vortex line. In the case 

of lifting surface method or panel method, the tip vortex 

means the vortex arranged at the most tip side on the wake 

sheet according to the spanwise division of the propeller 

blade. In this case, the tip vortex intensity can be replaced by 

the circulation at the most tip side section element. However 

this circulation does not make sense as actual tip vortex, 

because this vortex intensity is affected by the number of 

panel in the spanwise direction and the panel division method. 

Generally the intensity is too small to express the realistic tip 

vortex. It is said that the actual tip vortex is formed by free 

vortices merging near the tip wake. Namely the tip vortex 

intensity can be replaced by the circulation at more inside 

section element from blade tip.  

However it is too difficult to express this phenomenon by a 

theoretical wake deformation model. In this paper, we refer 

an experimental data by Oshima et al. (1997) which was 

measured the tip vortex intensity using LDV. According to 

the data, the intensity can be expressed by the circulation at 

0.95R (R: radius of propeller) section (Figure 1). Needless 

to say, it depends on the propeller, the working condition and 

so on. To develop the exact model for the vortex intensity is 

one of our future works. 

 

Figure 1: Modeling of tip vortex on wake sheet 

Next, the calculation method of induced velocity by tip 

vortex is needed. The induced velocity on the vortex line 

becomes infinite in potential flow theory. Because of it, tip 

vortex cavitation surely generates and this phenomenon is 

unreasonable. Actually the center of vortex has finite 

negative pressure, so the model which expresses this 

phenomenon is needed (see Figure 2). 

 
Figure 2: Pressure in vortex core (Left) 

Figure 3: Vortex segment (Right) 

 

But it is impossible to know the pressure and make the 

realistic model. Szantyr (2007) uses the 2-dimensional model 

which can express the finite negative pressure at center of 

vortex. We refer this approach but we try to make 3-

dimensional model by modifying Biot-Savart law (Equation 

(1)). The induced velocity vector v


 at point P  due to 

each vortex segment (see Figure 3) can be expressed as: 
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Here d  is the distance between vortex line and P , 0r is 

the radius of vortex core. The size of 0r  has to be expressed 

using the thickness of boundary layer at tip. For simplicity, 

we use approximate model presented by Schliching (1979) 

as: 
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Here c  is the chord length at a blade section (0.95R), Re  

is the Reynolds number defined by c  and the inflow velocity 

at the section. If P  is outside of vortex core,   equal to 1, 

namely, Equation (1) is the original Biot-Savart law. If P  is 

inside of vortex core, Biot-Savart law is modified in order to 
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express the finite negative pressure at the center of vortex. In 

this case, P  is shifted to the projected point mP  on the 

circular cylindrical surface by 0r  as Equation (3). On the 

other hand, d  is decided by actual position. 
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Here P


 and mP


 are the position vectors P  and mP . 

Then the pressure is calculated by the Bernoulli equation 

from outer side to vortex center and checked whether it is 

lower than the vapor pressure or not. The maximum distance 

when the pressure is lower is the radius of tip vortex cavity 

segment TR . The inner area of TR  is regarded to be 

cavity which can be expressed by the circular cylinder. Once 

the tip vortex cavitation occur, it is assumed that TR  of the 

each segment varies according to the Rayleigh equation as: 
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Here, t  is time, n  and D  are the number of revolution and 

the propeller diameter, )(tCpn  and n  are the pressure 

coefficient on the surface of cylindrical segment and 

cavitation number as: 

22

0

2

1
Dn

ptp
tCpn






)(
)(  (5) 

22

0

2

1
Dn

pp v
n




  (6) 

Here, )(tp , 0p  and vp  is the averaged pressure on the tip 

cavity surface, the static pressure in the undisturbed inflow 

and the saturated vapor pressure.   is the density of the fluid. 

 

2.3 Modeling of Tip Super Cavitation 

The authors presented the calculation method of super 

cavitation (Kanemaru et al. 2009) in the case of steady 

propeller cavitation. However it is impossible to get the 

stable and reliable results in the case of unsteady super 

cavitation using the same method. The reason is that it is very 

difficult to get the solution of undeveloped super cavitation 

which means small super cavitation a little longer than chord 

length. Neglect of this cavity might be one method, but the 

considering volume is important for pressure fluctuation 

problem. 

In this study, we apply the bubble tracing method at the part 

of super cavitation as shown in Figure 4. Yamaguchi et al. 

(1982) presented the method in the cavity collapsing region 

near the end of the partial sheet cavitation. Present method is 

similar to it, but this treatment is applied to only the tip super 

cavitation. The tip super cavity is expressed by circular 

cylinder segment around shed vortex line. The initial bubble 

radius ),( 1tRB  is decided by the thickness of sheet cavity 

end at trailing edge )(.. tET . 
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The ),( tRB  (  : the number of shed vortex segment from 

the trailing edge, 1 means the position number at T.E.) is 

assumed to vary according to the Rayleigh equation as well 

as tip vortex cavitation model as: 
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Here )(tCpn  is the pressure coefficient at the center of 

segment as the representative point of tip super cavitation. 
This equation is numerically solved by two levels of time 

steps as presented by Szantyr (2007). The first level time step 

T  is related to the propeller angular step   as: 

nT /./ 0360  (9) 

Our method gives small  (1 deg.) enough to calculate 

unsteady sheet cavitation, but it is not enough for the 

Rayleigh equation to calculate tip super cavitation. Because 

of it, t  is given as the second level time step as: 

Tt  010.  (10) 

)(tCpn  on the second level time step t  is taken by the 

liner interpolation which uses the calculated results by the 

first level time step T . 

As the results of our calculation models, propeller cavitation 

is expressed by the combination of sheet cavitation, tip 

vortex cavitation and tip super cavitation as shown in Figure 

5. 

 
Figure 4: Combination of cavitation models 

 
Figure 5: Three types of cavitation models 



 

2.4 Calculation Method of Pressure Fluctuation 

The calculation method of pressure fluctuation induced by 

sheet cavitation is described in the previous paper II. In this 

section, the calculation method regarding the added 

cavitation is presented. The calculation methods of pressure 

fluctuation induced by tip vortex cavitation and tip super 

cavitation are the same. These cylindrical cavity surfaces 

obtained by 2.2 and 2.3 are expressed by octagonal cylinder 

segments in order to arrange source panels. Our final target 

is that the zero normal velocity condition is imposed on these 

surfaces, blade surface and sheet cavity surface, 

simultaneously. However this method has enormous 

difficulties because the matrix to solve the boundary 

condition is much bigger than that of the case of sheet 

cavitation only. In order to simplify it, the zero normal 

velocity condition is given on each independent segment 

(See Figure 6) as: 

0 TT nV


 (11) 

TV


 is the total velocity vector on the surface of tip vortex 

cavity and tip super cavity. Tn


 is the unit normal vector on 

the cavity surface. TV


 is expressed as: 

mTSTT VVV


  (12) 

Here STV


 is the inflow on the cavity surface by the time 

variation of CR  as: 
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CR  is the radius of the segment, TR  or BR . nt  is the 

time step number. mTV


 is the induced velocity by source 

panel on an octagonal cylinder segment. mTV


 is expressed 

as: 
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Here i  is the panel number of the segment,   is the source 

strength of the panel and iC


 is the induced velocity vector 

due to the unit strength source panel.  

 
Figure 6: Octagonal segment of cavity 

 

This simple calculation might not express the complicated 

phenomena sufficiently, but as our first step, the purpose is 

that we know the relation between these cavity volume 

variations and the pressure fluctuation induced by these 

cavitations. After confirming that this method obtain the 

reasonable results, we will advance to the next step which 

means the calculation considering the boundary condition on 

all panels including the blade surface and cavity surface. 

The pressure on the hull surface is expressed as the following 

pressure coefficient pK  in order to compare the calculated 

results with experimental data: 
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Also the fluctuating pressure is expressed as the difference 

from the time mean value pK  as: 

ppp KKK   (16) 

Furthermore the fluctuating pressure is expressed in terms of 

Fourier coefficients as: 








1i
iKiKpp iKKK ))(cos(  (17) 

iKpK  : amplitude of i-th blade frequency component of 

pressure fluctuation 

iK  : phase angle of i-th blade frequency component of 

pressure fluctuation 

K  : total numbers of blade 

 

3 CALCULATED RESULTS 

3.1 Calculation of Cavitation 

The validation of the calculated unsteady sheet cavitation by 

our method has already presented in the previous paper I. In 

this section, the calculated results by the above described 

method are presented. Seiun-Maru-I conventional propeller 

(CP) and highly skewed propeller (HSP) are adopted in order 

to compare to the experimental data at SRI (Kudo et al. 

1989). Table 1 shows the principal particulars and Figure 7 

shows the panel arrangements of these propellers. In order to 

save the computation time, the calculation of cavitation is 

performed for only the key blade and other blades are 

calculated by QCM without cavitation and with coarse 

paneling. 

Figure 8 shows the wake distribution measured by Kudo et 

al. (1989) which is applied in our calculation. The advance 

coefficient J  is adjusted in the calculation so that the 

calculated and experimental thrust coefficient TK  match 

to each other. 
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Table 1: Principal particulars of propellers (Seiun-Maru-I) 

NAME OF PROPELLER CP HSP 

DIAMETER (m) 0.22095 0.2200 

NUMBER OF BLADE 5 5 

PITCH RATIO AT 0.7R 0.95 0.944 

EXPANDED  AREA  RATIO 0.650 0.700 

HUB RATIO 0.1972 

RAKE ANGLE (DEG.) 6.0 -3.03 

BLADE SECTION MAU Modified SRI-B 



 

  

Figure 7: Panel arrangements for cavitation model 

(Seiun-Maru-I propellers) 

 

 

Figure 8: Measured wake distribution at the propeller plane 

                 (Kudo et al. 1989) 

 

Figure 9 shows the cavity volume of tip super cavitation with 

regard to both CP and HSP comparing with calculated results 

by only sheet cavitation and experimental data. The 

experimental data include the blade surface cavity only, 

namely sheet cavity. Regarding sheet cavity volume, the 

calculated results can express the each characteristic of CP 

and HSP as shown in the previous paper I. Here the volume 

of tip super cavitation is focused. The volume is not so small 

comparing with sheet cavity volume. In the case of CP, the 

maximum volume reaches about a half of sheet cavity 

volume. The result suggests that the tip super cavitation must 

not be ignored in the prediction method of pressure 

fluctuation. 

Figures 10 and 11 show the calculated cavitation patterns at 

each angular position of CP and HSP. It can be seen that the 

tip super cavitation occurs when the sheet cavitation reaches 

the blade trailing edge and the calculated phenomena of tip 

vortex cavitation are very stable comparing with those of tip 

super cavitation regarding both CP and HSP. The tip vortex 

cavitation of HSP vanishes in slipstream earlier than that of 

CP. 

 
Figure 9: Variations of cavity volume 
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Figure 10: Cavitation patterns of CP 

( TK =0.201, n =3.05) 

pz

py

W

Propeller Disk

Azy VV
pp
/

0.0 0.2

=0.1

0.6

0.2

0.3

0.4
0.5

0.7

-180 -90 0 90 180
0

1000

2000

3000

Angular Position (deg)

C
av

it
y
 V

o
lu

m
e
 (

m
m

3
)

   CP
KT=0.207
σn=3.06

(Sheet Cav.)
 Cal.
 Exp.

(Super Cav.)
 Cal.

   HSP
KT=0.201
σn=2.99

(Sheet Cav.)
 Cal.
 Exp.

(Super Cav.)
 Cal.



 

      
10 deg.   20 deg. 

      
30 deg.   40 deg. 

      
50 deg.   60 deg. 

      
70 deg.   80 deg. 

 

Figure 11: Cavitation patterns of HSP 

                   ( TK =0.201, n =2.99) 

 

3.2 Calculation of Pressure Fluctuation 

The detail of the validation regarding the calculation method 

of pressure fluctuation induced by sheet cavitation is 

described in the previous paper II. It notes that the pressure 

fluctuation obtained by the previous method includes the 

components of lift (blade load) and blade thickness in 

addition to the sheet cavity. The components of tip vortex 

cavitation and tip super cavitation (2.4) are presented in this 

section. In the calculation of pressure fluctuation, all blades’ 

cavitations have to be taken into consideration at the same 

time. Because of it, the cavity shape of key blade is applied 

to all other blades (Figure 12). 

Table 2 shows the principal particulars of Seiun-Maru-I and 

Figure 13 shows the panel arrangement of double body with 

propeller to replace the free surface to the positive mirror 

image. 

Figure 14 shows the viscous wake component used in this 

calculation. The previous paper II describes how to take the 

component from the experimental wake distribution (Figure 

8). 

Figures 15 and 16 show the fluctuating pressure at Point C 

(Figure 13) of CP and HSP. The fluctuating pressure pK  

consists of three component as: 

TSCpTVCpShCpp KKKK   (19) 

Here ShCpK  is the result by the previous paper II which 

includes the components of sheet cavity, lift and blade 

thickness. TVCpK  and TSCpK  are the components of tip 

vortex cavitation and tip super cavitation. The fluctuation of 

TVCpK  is very small because the section which decides the 

tip vortex intensity is constant (0.95R) as described in 2.2 and 

the intensity is constant. Also the variation of pressure field 

in slipstream is small. This means that )(tCpn  in Equation 

(4) is almost same to n  and the time variation is small. 

On the other hand, TSCpK  has large fluctuation in results 

of both CP and HSP. The reason is that the initial radius of 

circular cylinder cavity is decided at the blade trailing edge 

and the cavity is emitted from the blade surface to the 

slipstream where the pressure is not low. As the result, 

TSCpK  changes the fluctuating pressure obtained by the 

previous method. The tip super cavitation makes the 

momentary peak in total fluctuating pressures pK  

regarding the results of both CP and HSP. 

Figures 17 and 18 show the amplitude of pressure fluctuation 

of CP and HSP at point C. In these figures, the components 

from 1st order blade frequency to 4th one are shown and 

compared with experimental data (Kurobe et al. 1983) and 

the calculated results by the previous method. Overall the 

amplitudes by present method are larger than those by the 

previous method and the 1st blade frequency components are 

overestimated comparing with experimental data regarding 

both CP and HSP. However the higher order frequency 

components by the previous method are too small comparing 

with experimental data, while the present method can express 

these components to some extent. As the results, the 

calculated results by the present method are closer to the 

experimental data than those by the previous method. This 

denotes that the treatment of cavitation around blade tip is 

very important and more accurate model might be able to 

express the more realistic phenomena. In actual cavitation, 

sheet cavitation, tip vortex cavitation and tip super cavitation 

are not independent on one another. One of the targets is to 

consider the merged cavity in order to develop more accurate 

prediction method. 



 

 
Figure 12: Panel arrangements for pressure fluctuation 

model (Seiun-Maru-I propellers) 

 

Table 2: Principal particulars of full scale ship 

(Seiun-Maru-I) 
 Seiun-Maru-I 

LPP  (m) 105.000 

LWL  (m) 108.950 

B  (m) 16.000 

D  (m) 8.000 

d (design)  (m) 5.8000 

CB 0.576 

CP 0.610 

CM 0.945 

Lcb (%LPP) 0.66 

 

 
Figure 13: Panel arrangement of hull and propeller 

 

 
Figure14: Viscous wake distribution for input data 

 
Figure 15: Calculated fluctuating pressure at point C 

(CP) 

 

 
Figure 16: Calculated fluctuating pressure at point C 

(HSP) 

 

 
Figure 17: Amplitude of fluctuating pressure at point C 

(CP) 
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Figure 18: Amplitude of fluctuating pressure at point C 

(HSP) 

 

4 CONCLUSIONS AND FUTURE WORK 

In this paper, we present a calculation method for the tip 

vortex cavitation, tip super cavitation and pressure 

fluctuation induced by these cavitations on the hull surface 

using a simple surface panel method “SQCM”. Also these 

calculation models are incorporated in the previous methods 

which calculate the sheet cavitation and the pressure 

fluctuation induced by the sheet cavitation. The tip vortex 

cavitation and tip super cavitation are expressed by octagonal 

cylinder segment consisting of source panels. The time 

variation of cavity volume is decided by the Rayleigh 

equation. The fluctuating pressure is calculated by the source 

panels and the zero normal velocity condition on the each 

segment. The calculated results by the present method are 

compared with the results by the previous methods and 

experimental data.  

The present method can express the higher order frequency 

components of fluctuating pressure more accurately 

comparing with the previous papers I and II, especially 

owing to the tip super cavitation model. This means that tip 

super cavitation is very important for the accuracy of 

prediction method. On the other hand, tip vortex cavitation 

does not impact the fluctuating pressure on the calculation. 

Tip vortex cavitation and tip super cavitation should be 

treated exactly as merged model. 

The amplitude of higher order frequency components by the 

present calculation are still small comparing with the 

experimental data. However the present study shows that the 

exact treatment of cavitation around tip might contribute to 

the accuracy of prediction method. To develop more realistic 

model is one of our future works. 
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DISCUSSION 

Question from Evert-Jan Foeth 

I understand the diameter of the cavitating vortex core is 

based on the Rayleigh-Plesset Equation. Are you considering 

a vortex model to estimate the vortex core diameter? 

Authors’ Closure 

Thank you for your question. It is said that the vortex 

core radius depends on the boundary layer near the blade tip. 

We use Schlichting formula which considers the Reynolds 

number shown as Equation (2). However we think that the 

vortex core formation is not so simple. This is one of the 

issues we would like to work on as our next step. 

 

Question from Tom Van Terwisga 

Combined to the question raised by Prof. Kinnas, I have 

seen both connected and divided tip vortex cavity from a 

propeller tip. The difference between the two is to my 

opinion largely affected by the vortex cavity coming off the 

sheet cavity. The presented future work by the authors is 

therefore strongly recommended. 

Authors’ Closure 

Thank you for your question. We realize that sheet 

cavitation and tip vortex cavitation cannot be divided in the 

actual phenomena. In the present method, these cavitations 

are expressed as the combination of individual cavitation for 

simplicity. As our next step, we will treat these cavitations as 

one type cavitation in order to consider the interaction and 

simulate the realistic phenomena. 

 

 


