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ABSTRACT  

Typical cavitation patterns of semi spade rudders have 

been investigated by means of model tests and CFD-

analysis at two model scales. Besides cavitation 

observations on a semi spade rudder in scale 33.5 High-

Speed-Video recordings and Particle-Image-Velocimetry 

(PIV) measurements have been carried out here. By 

means of these results a partial rudder in scale 4 has been 

modeled in the vicinity of the pintle and it has been 

investigated in the HYKAT by a constant angle of 

incidence. 

Together with the results of model tests and extensive 

RANS flow analysis the typical flow and cavitation 

pattern of semi spade rudders could be identified. 

Generally the flow through the vertical gap at the pintle 

tends to create separation and vortex structures when 

passing the gap outlet.  

The highly unsteady gap flow pattern causes cavitation 

with erosive character. The self induced fluctuations and 

separations suffice already to create this cavitation 

pattern, even without the inflow variation due to a running 

propeller! 
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1 INTRODUCTION 

Erosion damages on semi spade rudders of large container 

vessels and fast RoPax-ferries are often faced problems of 

ship owners and yards. A typical erosion pattern in the 

way of the pintle can be seen in Fig. 1. Besides bubble 

cavitation on the rudder surface, gap cavitation on semi 

spade rudders is known to be erosive and responsible for 

erosion damages. To the contrary of sheet cavitation, 

these cavitation patterns are strongly dependent on 

Reynolds-number or scale effects. In cavitation tests at 

usual model scales, where rudders have a size like a letter 

sheet of paper and a gap width of 1-2mm, these patterns 

might be not well reproduced and  observable in detail.  

 

Within the national research project RUKAV these 

erosive cavitation patterns on the pintle of semi spade 

rudders and their scale effects have been investigated 

therefore at a usual model scale and a very large scale. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Erosion pattern at the pintle 

 

The first model tests have been performed in the HYKAT 

with a rudder behind a complete ship model including 

propeller in usual scale 33.5. The HYKAT is the large 

hydrodynamic and cavitation tunnel of the HSVA. Its test 

section is 11m long, 2.8m wide and 1.6m high. Besides 

cavitation observations, High-Speed-Video recordings 

and Particle-Image-Velocimetry (PIV) measurements 

have been carried out. Particularly these PIV-

measurements of the velocity distribution were necessary 

to describe the propeller slip stream as the environment of 

the rudder. These measurements have been used for the 

second model test, in order to derive the proper boundary 

conditions for a very large partial rudder model of a semi 

spade rudder in scale 4 ! (but without ship and propeller).  

 

We focused on an operating condition based on ballast 

draught at 27 kts, which represents up to the year 2008 a 

typical journey of a container vessel between Europe/USA 

and Asia. 

 

2  MODEL TESTS ON A SEMI SPADE RUDDER, λλλλ=33.5 

The horizontal components of the velocity distribution are 

measured at cavitation free conditions in several 

horizontal planes. Fig. 2 shows the principal sketch of the 

PIV-devices and the partial rudder installed in the 

HYKAT. A water flooded acoustic chamber underneath 

the test section is divided from the test section by a 

horizontal Perspex-window (gray). The camera (blue) has 
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been mounted on a moveable device and could be focused 

onto the target via remote control. The laser has been 

positioned outside of the test section on port side, where it 

spawned a horizontal laser plane through the vertical 

perspex observation window (gray). The camera pointed 

upwards and recorded the velocity field inside the laser 

plane (green) on port side. The vertical position of the 

laser planes have been varied and focused at the draught 

marks on the rudder. 

 

Figure 2 : Installation of partial rudder and PIV-devices 

 

Small particles inside the water (seeding) are necessary 

for the PIV-measurements. The amount of seeding inside 

the 1500 m³ tunnel water would be tremendous and its 

cleaning after the tests would be beyond the scope of the 

project. Therefore we used small air bubbles as particles, 

which have been distributed into the water by a gasing 

system lying upstream of the test section. As a 

consequence the resultant seeding distribution was not 

homogeneous and intense enough, in order to describe a 

complete instantaneous flow pattern by one single double-

picture recording.  

 

Under this circumstances a high number of samples was 

necessary to obtain an average for periodical flow patterns 

at particular propeller blade positions φ. Up to 100 

measurements have been taken, in order to evaluate the 

necessary number of samples to describe a periodical flow 

pattern almost complete. It turned out, that already 50 

samples lead to the necessary flow field representation, 

see Fig. 3. The pictures show the vertical vorticity 

distribution ωz between rudder and propeller in 

homogeneous inflow U0 of a representative test case. 

They show how the missing field data are completed by 

increasing sample number. This particular way of 

performing PIV-Measurements under use of air-bubbles 

as seeding can bee regarded, at least to our knowledge, as 

new. 

 

 

 

Figure. 3:  Vorticity distribution ωωωωz at different sample 

numbers N 

2.1  Velocity Distribution 

The horizontal velocity components U, V in longitudinal 

(x)- and lateral (y)-direction respectively are measured in 

5 planes between rudder sole and propeller axis. Practical 

reasons have restricted the planes that could be reached 

above the propeller axis. Due to the corresponding lack of 

information in the way of the pintle, the propeller slip 

stream was approximated as axial-symmetric to achieve a 

complete slip stream representation from the 

measurements as input for the later tests with the large 

partial rudder. Accordingly the velocity components taken 

below the propeller axis were mirrored vertically along 

the height of the propeller axis (z=4.5m). From each 

velocity field, the components have been determined at a 

longitudinal position x=0.79R behind the propeller plane, 

which describes the rudder inflow on midship. This 

longitudinal position represents the position of the leading 

edge in the height of the pintle. The velocity components 

U, V have been transformed into magnitude 
22

VUVel += and angle ( )UV /tan 1−=α  

against mid ship (y/R=0) at 4 different propeller blade 

positions φ=0°/15°/30°/45° measured from the 12:00 

position. 

 

The velocity components have been normalized by the 

ship speed or undisturbed water speed inside the tunnel 

U0 and the lengths with the propeller radius R. Fig. 4 

shows  magnitude and inflow angle valid for the middle of 

the pintle z=7m with and without rudder at x=0.79R. 

These values are valid for the propeller blade position 

φ=0°. Under absence of the rudder, the cavitating 

propeller hub vortex disturbed the measurements and the 

velocity evaluation between y/R=0 and -0.2. Therefore 

this range has been faded out for the post processing and 

no velocities are available in this range. If the rudder was 

present, the hub vortex passed along the starboard side 

over the rudder surface and did not affect the 

measurements, which have been done on port side. Due to 

the missing velocity information near mid ship, the 

nominal inflow to the rudder (w/o rudder) can only be 

approximated under guidance of the results with rudder, 

which represent the total velocity field including its own 

inductions. 

U0 
tip vortices 

rudder profile rudder profile 



Figure 4:  Horizontal velocity distribution in the way of the 

pintle, x=0.79R 

 

The influence of the rudder (green) onto the flow field can 

be seen in Fig. 4 by the reduced magnitude Vel/U0 near 

mid ship y/R=0 in comparison to the values valid w/o 

rudder (red). The inflow angle α is smaller at mid ship 

w/o rudder than with rudder. At y/R=-0.6 the influence of 

the propeller tip vortex can be seen by the rapid change of 

the angle α.  

An inclination angle of about 10°-13° and a velocity 

increase of 45% have been derived from the measured 

velocity distribution to represent the velocity field in the 

propeller slip stream at the height of the pintle at a neutral 

rudder angle (without rudder setting). 

 

3 MODEL TESTS ON A SEMI SPADE RUDDER, λλλλ=4 

The partial rudder model has been manufactured from 

synthetic material to a scale of 4, it has a mean chord 

length of 1.9m and a height of 1.5m. Fig. 5 shows the 

whole rudder (gray) in full scale and its partial model 

(blue). The colored lines show the velocity magnitude 

(red) and its inflow angle against mid ship (green), that 

would represent the propeller slip stream. 

 

The inflow angle achieved by an inclined adjustment of 

the partial rudder represents the mean value from the 

velocity distribution determined at propeller blade 

positions φ=0°/15°/30° and 45° with the small rudder 

behind the ship model. Inside the propeller slip stream a 

vertical variation of inflow velocity (angle and magnitude) 

leads to a span wise variation of loading,  see Fig. 5. Due 

to the constant inclination of the rudder inside the tunnel 

and its homogeneous inflow, the parts far from the pintle 

(where the inflow condition is derived for) face a higher 

loading than inside the real propeller slip stream. To 

account for this higher over all loading at the partial 

rudder, the smallest inclination angle (10°) has been 

chosen out of the nominal flow field. 

 

To allow an artificial vertical load variation, a gap of 50 

mm has been applied between rudder and tunnel 

lid/bottom, which allows a pressure exchange versus 

rudder sole and top. This avoids an almost 2-dimensional 

flow pattern, and to some extent simulates the natural span 

wise load variation caused by the propeller slip stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Partial rudder (blue) in relation to the whole 

rudder (gray) 

 

Figure 6:  Partial rudder installed in the HYKAT 

Fig. 6 shows the partial rudder installed under the lid of 

the Planar Motion Mechanism (PMM) inside the 

HYKAT. The draught marks are valid for full scale and 

they are used for orientation purpose. The rudder horn 

was fixed to the lid, whereas the rudder blade was coupled 

to the PMM by a steel construction in order to allow 

rudder settings during the tests. To simulate the neutral 

rudder angle the partial rudder was installed with an 

inclination of 10° with respect to the longitudinal tunnel 

axis. Besides this neutral angle, a rudder blade angle of 5° 

to starboard has been investigated, which can be regarded 

as relevant for erosion, since it represents the maximum 

angle typically used by an autopilot for course keeping.  

 

For practical reasons, the port side has been treated as the 

suction side, which represents a left handed propeller. The 

PIV-results show a velocity increase of about wPintle=45% 

versus ship speed Vs (Va/Vs=1.45) in the way of the 

-10

-5

0

5

10

15

20

25

30

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

a
lp

h
a
 [
d
e
g
.]

y/R

phi=0 w/o rudder
phi=0 with rudder

0.6

0.8

1

1.2

1.4

1.6

1.8

2

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

V
e
l/
U

0

y/R

phi=0 w/o rudder
phi=0 with rudder

0

2

4

6

8

10

12

14

-5 -4 -3 -2 -1 0 1 2 3 4 5

-40 -20 0 20 40

H
e

ig
h
t 
A

b
o
v
e

 B
a
s
e

 L
in

e
 z

 [
m

]

x [m], Vel/U0

alpha [deg.]

Height Propeller Tip

Height Propeller Sahft

8.0m

7.5m

7.0m

partial rudder

0

2

4

6

8

10

12

14

-5 -4 -3 -2 -1 0 1 2 3 4 5

-40 -20 0 20 40

H
e

ig
h
t 
A

b
o
v
e

 B
a
s
e

 L
in

e
 z

 [
m

]

x [m], Vel/U0

alpha [deg.]

Height Propeller Tip

Height Propeller Sahft

8.0m

7.5m

7.0m

partial rudder
Mean Values Vel/U0

Mean Values alpha



pintle. Accounting for a 12% blockage effect of the partial 

rudder in the test section the relation of the undisturbed 

inflow velocity inside the tunnel U0 and the ship related 

velocities Vs, Va read as follows: 

 

Va = U0/(1-0.12)  Va = Vs*(1+0.45) (1) 

U0 =Va*(1-0.12)=Vs*(1+45)*(1-0.12) = Vs*1.28 (2) 

 

Table 1 shows the achievable Reynolds-numbers and gap 

widths at the different scales. The Reynolds-numbers refer 

to the local velocity Va in the way of the pintle. At scale 

33.5 only 5% of the full scale Reynolds-number can be 

achieved, whereas at scale 4 it is already 39%. 

 

Table 1 : Scale dependent Reynolds-numbers and gap 

widths 

scale λλλλ 33.5 4 1 

gap width [mm] 1.5 12.5 50 

Va [m/s] 9.08 7.95 20.1 

Rn(Va) 2.0E6 1.5E7 3.8E7 

% 5% 39% 100% 

The ship speed related cavitation number needs to be 

modified in order to account the velocity increase inside 

the propeller slip stream as follows: 
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The huge dimension of the rudder model was a big 

challenge in both manufacturing and testing. The inclined 

rudder for example generated lift forces up to about 70 

kN ! These forces had to be conducted safely into the 

structure of the rudder and the tunnel. 

 

3.1 Results 

At a local cavitation number σVa equivalent to full scale 

the rudder shows strong sheet cavitation at the leading 

edge of horn and blade, even in neutral position. This 

cavitation pattern is unrealistic compared to to the pattern 

on the rudder within the propeller slip stream in usual 

scale and to full scale observations. The reason is 

probably an even too high inclination angle 10° of the 

partial rudder. Due to time constraints, no realignment of 

the rudder could be realized, but the cavitation could be 

reduced to a sufficient degree by increasing the ambient 

pressure inside the tunnel. 

 

The exaggerated leading edge sheet cavitation is 

attributed to the wall effects, which are locally different 

on port side and starboard side. In the relations of the 

velocities (U0, Vs, Va) only the volume blockage effect 

was accounted for. Due to the inclination of the rudder the 

blockage effect is most pronounced at the leading edge. 

On port side the wall acts as a nozzle onto the leading 

edge and on starboard side it acts as a diffusor. Both leads 

to a higher „effective“ angle of attack and to exaggerated 

cavitation mainly at the leading edge. One further effect 

will be the missing flow contraction within the propeller 

slip stream. Due to the presence of the port side tunnel 

wall, the flow is forced to have the same inclination far 

from the rudder center line. This should tend to increase 

the velocity and pressure gradient in stream wise direction 

and the corresponding separation in the way of the pintle. 

 

Figs. 7, 8 show sketches of the cavitation pattern on port 

side for rudder angles β=0° and 5° (artificially increased 

tunnel pressure already accounted for). The left side 

shows the lower rudder profile. Besides the still 

exaggerated leading edge sheet cavitation, mainly 

cavitation due to separations dominated the pattern in the 

way of the pintle and downstream of it. These separations 

induced small-scale vortical cavitation. At both rudder 

angles the cavitation behavior coincides acoustically and 

visually very well with the experience of full scale 

cavitation observations, even without propeller inflow. 

The vortical cavitation emanated at and out of the gaps. 

During the condensation process further downstream, 

when the cavities implode, they hit the blade surface and 

induced strong vibrations. This cavitation pattern 

produced a typical sound like a crack of a whip in the air. 

 

 

 

 

 

Figure 7:  Sketch of cavitation pattern, ββββ=0° 

 

 

U0   α=10° 



Figure 8:  Sketch of cavitation pattern, ββββ=5° 

 

 

 

 

 

 

 

Figure 9:  Predicted cavitation by vapor volume fraction 

c=0.2, ββββ=5° 

The observed sheet cavitation is artificial but nevertheless 

it is worth to take a look onto it, since it represents 

cavitation at high Reynolds-number. At β=0° the leading 

edge sheet cavitation was clear and stable, where its extent 

diminished near top and sole. This indicates the existence 

of the load variation due to the pressure exchange at the 

gaps and the related gap vortices. Additional the shear 

layer at the tunnel lid will decrease the velocity nearby. 

When the rudder blade was set 5° to starboard, the sheet 

extended much and lost its clear and stable character at 

the trailing rim. Upstream of the pintle, it became cloudy 

and vortical, almost up to the leading edge. 

 

This effect is dominated by the sidewise extention of the 

horizontal gap between the scissor plates. On the blade 

leading edge, where the angle of attack is increased from 

10° to 15°, the character of the sheet cavity is quiet stable 

(Fig. 8). A sharp pressure peak still exists, or became 

even stronger. At the fixed horn directly above the scissor 

plates, were the angle of attack was still 10°, an additional 

camber was introduced due to the additional rudder angle. 

Here the resultant pressure distribution became flat and 

changes the sheet cavity stability. Since the horn had an 

almost free edge, when the rudder was set by 5°, the 

pressure exchange and the vorticity production increases 

at the horizontal gap between horn and blade, which 

changes the flow pattern significantly. 

Fig. 9 shows the iso-surface of the predicted vapor 

volume fraction c of 0.2 (20% vapor / 80% water) at 5° 

rudder angle, which indicates sheet cavitation on the horn 

and blade leading edge. The calculations have been 

performed with the RANSE solver Comet, in a grid 

domain with about 6Mio cells applying the cavitation 

model of Sauer. The extent of the predicted sheet 

cavitation is smaller compared to the observations. Since 

the main scope of the CFD-analysis was to concentrate 

onto the gap flow and its cavitation behavior, the grid 

resolution was mainly refined in this region, whereas less 

focus was put onto the leading edge. It is expected, that 

the under predicted sheet cavitation is caused by this 

relatively coarse grid resolution. On the other hand, the 

grid resolution was still not high enough, to describe the 

vortical cavitation at the gaps and in the separation zone 

downstream of the pintle.  

 

The cavitation pattern in the way of the pintle is 

dominated by global vortex structures, which are created 

along and inside the gaps. The corresponding flow and 

cavitation pattern is created even in homogeneous and 

steady inflow. Additional local vortical cavitation 

appeared due to separation, which is highly unsteady even 

at steady inflow conditions. The coincidence of the 

cavitation behavior in the way of the pintle with full scale 

experience, shows the applicability of the simplified 

representation of the propeller slip stream (at least) in the 

way of the pintle. Further it shows, that the unsteady and 

inhomogeneous flow of the propeller slipstream has no 

dominant influence onto the flow- and cavitation pattern 

at the pintle. So one important issue is, that the highly 

unsteady flow pattern and its vortices at the gaps will 

cause the main contribution to the cavitation and to its 

erosive character. The self induced fluctuations and 

separations suffice already for this cavitation pattern, even 

without the inflow variation due to a running propeller. 

 

Figs. 10a, 10b show the cavitation pattern at the pintle at 

β=0° valid for two different ambient pressures. Besides 

the (clear) visible cavitation due to separation, two 

distinct and dominant vortices could be observed (Fig. 

10a. For visualization purpose the ambient pressure inside 

the tunnel was increased further, until almost solely the 

two dominant vortices remained, each at the upper and 

lower third of the pintle height (Fig. 10b). These vortices 

cavitated stable and persistent even at high ambient 

pressure. Both vortices showed a left handed sense of 

rotation, when looking upstream. 

 

 

 

 

 

 

 

 

 

Figure 10a:  Cavitation at the pintle, ββββ=0° 

U0  α+β=15° 
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Figure 10b:  Cavitation at the pintle, ββββ=0°, increased 

pressure 

The numerically predicted flow inside the vertical gap 

behind the pintle is shown in Fig. 11 by stream lines. The 

right figure shows the orientation and the observation 

direction downstream onto the blade behind the pintle, 

which is removed for visualization reasons. The stream 

lines indicate the vortical flow, which is created, when the 

cross flow inside the gaps hits onto the encountering main 

flow on port side. These vortices correspond very well to 

the afore mentioned dominant vortices, in Fig. 10. Since 

these both vortices are created by the characteristically 

(global) flow between gap and main flow, these vortices 

are very intense and therefore well predicted by the 

computations. The equal sense of rotation is not captured 

by the computations, which is not understood up to now. 

 

 

 

Figure 11:  Predicted gap flow at the pintle, ββββ=5° 

 

The calculations could identify the mechanism of the 

vortex production, but not their cavitation. Nevertheless 

this is an example of fruitful cooperation between 

experimental and numerical methods. Here we can use the 

great advantage of the visualization possibilities of the 

CFD results. They explore very well, how the global gap 

vortices are created. 

Two representative pictures from High-Speed-Video 

recordings are shown together with an erosion picture in 

Fig. 12. The recordings are taken with a frame rate of 

1000 pictures per second and a shutter frequency of 494 

µs. The pictures represent the cavitation behavior at the 

upper and lower corner of the pintle. 

 

 

 

 

 

 

Figure 12:  Cavitation (ββββ=0°) (left) and erosion pattern 

(right) 

Almost no sheet cavitation can be seen behind the vertical 

gap on the rudder blade (upper picture). Cavitation on the 

rudder surface is only induced indirectly when vortices 

passed across the gap. The upper picture shows a stream 

wise cavitation extent up to approx. 4cm behind the 

vertical gap, which correlates well with the erosion pattern 

(right picture), indicated with (H). 

 

A cavitating vortical sheet at the lower scissor plate is 

visible in the lower picture, where the full scale rudder 

shows paint removal (F). Due to the cross flow in the 

horizontal gap, a cavitating vortex sheet is created and 

visible right behind the thickest point of the pintle. It is 

still not rolled up to a discrete vortex and is therefore 

more diffuse and responsible for the spacious paint 

removal (G). The rudder blade is set to STB to allow the 

view onto a part of the pintle, which is normally hidden in 

the gap. The long erosion pattern at (I) correspond to the 

downstream paths of both dominant vortices. This might 

be a hint, that also these vortices exist and cavitate also in 

full scale, on both sides (port- and starboard side).  

 

3.2 PIV-Measurements 

To visualize the flow pattern, which is responsible for the 

cavitation characteristic, PIV-measurements have been 

carried out in the way of the pintle at the partial rudder. 

Figs. 13-18 show the velocity distribution as vectors and 

colored by magnitude. These figures show the velocity 

components in horizontal planes at 7.0m and 7.5m above 

basis at 0° and 5° rudder angle. Areas in dark blue 

indicate points where no velocity values exists or where 

they have been faded out during post processing, since 

they showed doubtful velocity values. Besides the area of 

the blade and the pintle (lower part) these points are 

located mainly in the vortex cores, where the velocities 
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were very high. This pragmatic procedure is applied in 

order to ease the graphical display possibility, but it needs 

to be kept in mind, when studying the velocity 

distributions. 

The figures show the upward pointed view on port side. 

Representative flow patterns at a particular time step are 

shown in Figs. 13, 14. The pattern is dominated by 

several vortices, which have also been seen as cavitating 

vortex structures in Figs. 10, 12. In order to express the 

flow field in a stationary manner, without such strong 

fluctuations, 100 measurements at different time steps 

have been averaged to one “quasi steady” mean flow field, 

see Figs.15 - 18. 

 

 

 

 

 

 

 

 

 

 

Figure 13:  Momentary values of velocity components, 

Z=7.5m, ββββ=0° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14:  Momentary values of velocity components, 

Z=7.5m, ββββ=5° 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:  Mean values of velocity components, Z=7.0m, 

ββββ=0° 

 

 

 

 

 

 

 

 

 

 

 

Figure 16:  Mean values of velocity components, Z=7.0m, 

ββββ=5° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17:  Mean values of velocity components, Z=7.5m, 

ββββ=0° 
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Figure 18:  Mean values of velocity components, Z=7.5m, 

ββββ=5° 

It is obvious, that there exists a strong horizontal cross 

flow in the vertical gap, which leaves the gap on the 

suction side of the rudder (port) and hits onto the 

encountering main flow. In every picture the cross flow 

velocity has about the same magnitude Vel/U0=0.8 

(green). Behind the gap at the rudder blade a separation or 

recirculation zone exists with corresponding low 

velocities or even upstream directed flow. At neutral 

position, halfway of the pintle (7.0m) the separation zone 

has a greater extent than above at 7.5m, which shows, that 

the cross flow has a greater influence onto the main flow 

at 7.0m than at 7.5m. This corresponds to the numerical 

result in Fig. 11, which shows a concentrated cross flow at 

7.0m and a more vortical flow at the edge near 7.5m. 

When the rudder is moved by 5° the resultant flow pattern 

looks similar at both planes, except that at 7.5m already 

an upstream flow component exists near the rudder blade. 

Outside the neutral rudder position the flow pattern is 

dominated by the local gap flow and seems to be almost 

independent of the main flow characteristic further 

upstream. 

 

This pictures confirm the observations of the cavitation 

pattern at the pintle. The low velocities in the separation 

zone did not allow the pressure to fall below the vapor 

pressure and avoid therefore the onset of sheet cavitation. 

 

The cross flow in the vertical gap is partly responsible for 

the separation on the rudder and leads to the vortical an 

very instantaneous flow- and cavitation pattern, which are 

characteristic for semi-spade rudders. The ratio of cross 

flow velocity to main flow velocity on the suction side 

determines the degree of separation. A reduction of the 

cross flow by tightening the gaps, can lead to reduced 

separation on one hand side, but due to more attached 

flow it can lead also to sheet cavitation at the edges. 

 

4 SCALE EFFECTS 

Besides the visual differences in the flow- and cavitation 

behaviour between the two scales, also paint erosion tests 

have been carried out, to describe the degree of erosivity. 

The paint tests on both rudders lead to completely 

different results. At the small rudder model (λ=33.5) paint 

removal has been documented, which corresponded to 

both, the erosion pattern in full scale and to the cavitation 

pattern of the model tests. At the partial rudder (λ=4) no 

paint removal has been found, which could have been 

correlated to the observed cavitation pattern. 

 

The experience gained during the model tests are also 

confirmed by the paint erosion tests. It is expected, that 

the used rudder inclination of 10° (besides the unrealistic 

sheet cavitation on the leading horn edge) also leads to 

exaggerated separation at the pintle. This separation 

moved the main flow off the rudder surface. The 

cavitation (mainly the erosive acting condensation 

process) took place far from the rudder surface. The 

missing erosivity is not caused by the scale effect, but by 

the not fully comparable boundary- and flow conditions. 

 

5 CONCLUSION 

Typical cavitation patterns of semi spade rudders have 

been investigated by means of model tests and CFD-

analysis at two model scales. Besides cavitation 

observations on a semi spade rudder in scale 33.5 High-

Speed-Video recordings and Particle-Image-Velocimetry 

(PIV) measurements have been carried out here. These 

measurements defined the boundary conditions of the 

rudder within the propeller slip stream, which had to be 

used for the tests of the second model in scale 4. By 

means of these results a partial rudder has been modeled 

in the vicinity of the pintle and it has been investigated in 

the HYKAT by a constant angle of incidence of 10°. 

 

Together with the results of model tests and extensive 

RANS flow analysis the typical flow and cavitation 

pattern of semi spade rudders could be identified. 

Generally the flow through the vertical gap at the pintle 

tends to create separation and vortex structures when 

passing the gap outlet. The flow field in the way of the 

pintle might by divided into a global acting (almost 

steady) vortex field and into a highly unsteady vortex 

structure due to separations. The cavitation on the rudder 

surface was of indirect type, which means, that it was 

mainly induced by vortex structures due to separation.  

 

Since the erosion pattern at the pintle of the full scale 

rudder is almost identical on port and starboard side, the 

relevant flow field must be almost independent of the 

propeller induced horizontal velocity components! The 

pragmatic way of idealizing the complex rudder inflow by 

constant properties (velocity and inclination) suffices 

already to describe locally the typical flow and cavitation 
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pattern. Further improvements in rudder flow simulation 

are to be expected when the facility dependent boundary 

conditions are taken more precisely into account. 

So the main outcome is, that the highly unsteady gap flow 

pattern causes cavitation with erosive character. The self 

induced fluctuations and separations suffice already to 

create this cavitation pattern, even without the inflow 

variation due to a running propeller! 

The global flow field at the pintle and within the gaps 

could be identified and reasonable predicted by the RANS 

method. The small scaled vortex structures and the related 

vortex cavitation could not be predicted by the numerical 

method. 
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