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Abstract 

Ship's rudder is normally fully immersed under the water at the stern. However, the rudder is partially exposed 
above the water surface in ballast conditions. The prediction of maneuvering ship motion in ballast conditions 
conventionally does not take account of such rudder expose. There has been also little research on rudder force in 
such condition. In this paper, the authors performed rudder open test in several rudder exposing condition, using a 
large scale of rudder model. Then the following results are obtained. 
1) In the prediction of rudder normal force, the actual immersing rudder area and the effective rudder aspect ratio 

that is twice value of geometric one should be used taking account of the miler effect of water surface. 
2) However, in case of the water that falls down from the face side to the back side when the rudder is slightly 

immersed, the above effective aspect ratio makes over estimation of rudder normal force coefficient. 
3) When the rudder top is exposed above the water surface, stall phenomenon does not appear, and the maximum 

lift coefficient significantly increases. 
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1．Introduction 
When the cargo ship is empty or partially loading 

condition, the ballast water shall be loaded to keep the 
propeller immersion. In such loading condition, the rudder 
top is often exposed above water surface. Although this 
condition may introduce different rudder force from that 
of fully immersed rudder, it has been used for the 
prediction of maneuvering motion that the rudder force 
coefficient is the same as that in the full load condition. 
This background may come from the idea that the rudder 
will be almost immersed due to the stern wave or the 
rising water surface by the sailing condition, though the 
rudder is exposed above water surface when the ship is 
not sailing. However, the rudder is usually still exposed 
on the water surface when sailing in the ballast condition.  

 

As for the research about these condition, little work can 
be seen, though the steering force is very important for the 
prediction of the ship maneuverability. 

Based on the above background, the authors try to 
clarify the characteristics of the rudder force when the 
rudder top is exposed above the water surface for the 
purpose of estimating the maneuvering performance in a 
ballasted condition. For this purpose, detailed model 
experiments were conducted on various immersed 
conditions including fully enough immersed condition 
using a large model rudder. The measured results and 
characteristic of the rudder force are shown, and also the 
prediction method of the rudder force is prosed here. 
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2．Model Experiment 
2.1 Rudder model 

The rudder model was made as a simple rectangular 
profile and the aspect ratio (=H/c, H: rudder height, c: 
chord length) of 1.25. The maximum thickness ratio (=t/c, 
t: maximum thickness of rudder) was 0.194. The principal 
dimension is listed in Table 1. The rudder section was 
applied the standard rudder section described in the Ship 
Design Handbook(2). The section shape is shown in Fig.1. 
For the purpose of another research that is comparing the 
difference between conventional rudder and high-lift 
rudder, the rudder pintle of the model was placed at a 
position 37.5% of the chord length (rudder length) from 
the leading edge, which is slightly over-balanced than 
usual. In order to stimulate the turbulence, #100 
sandpaper with a width of 18mm was attached around the 
8% chord length from the leading edge. The photograph 
of the rudder model is shown in Fig.2. 

 
Table 1  Dimension of rudder model. 

Rudder height H  m 0.300 
Rudder length (=chord length) c m 0.240 
Pintle from leading edge  a m 0.090 
Rudder area AR m2 0.072 
Thickness ratio t/c   0.194 
Aspect ratio Λ=H/c  1.25 

 

 
Fig.1  Rudder model section (unit:mm). 

 

 

Fig.2  Rudder model. 

 
Fig.3  Co-ordinate system. 

 
2.2 Experimental method 

The experiment was carried out in the towing tank of 
the Faculty of Fisheries Sciences, Hokkaido University. In 
this experiment, the rudder shaft was connected to the 3-
component type force gauge that was attached to a 
rotating and elevating device, and the horizontal rudder 
force components (tangential force FT, normal force FN 
and moment MP) were measured by the force gauge. The 
coordinate system is shown in Fig.3. The immersion was 
set to the following 5 conditions as shown in Fig.4. 
(1) fully immersed (rudder top is 0.3m under W.L.) 
(2) immersed rudder height dR=0.30m (rudder top is W.L.) 
(3) dR=0.25m (rudder top is 0.05m over W.L.) 
(4) dR=0.20m (rudder top is 0.10m over W.L.) 
(5) dR=0.15m (rudder top is 0.15m over W.L.) 

 
Fig.4  Immersion of rudder model. 

8.4   15.3    20.2   23.3  19.0 

c =240 a =90 

δ FT MP 

dR 

H 

c 
a 

FN 

U 

(5) dR =0.15m 
(4) dR =0.20m 
(3) dR =0.25m 

(1) fully immersed 

0.30m 

(2) dR=0.30m 

W.L. 



101 
 

 

Fig.5  Arrangement of model test. 
 
Towing speed was set to 1m/s (Re=2.4×105) that 

becomes slightly over the critical Reynolds number. 
When performing with (1) condition, the hydrodynamic 
force of immersed rudder shaft was additionally measured 
and subtracted from the measured rudder force. An 
example of the photograph is shown in Fig.5.  

 
3．Results and Analysis 

The measured FT and FN are shown in Fig.6 in non-
dimensional values by the following forms using the 
immersed rudder area ARi (=c×dR) at each depth. 
Obviously, ARi in the fully submerged state of (1) is the 
same as the conventional rudder area AR (=c×H). The 
location of center of rudder normal force xP can be 
obtained by dividing MP by FN, and made non-
dimensional by the chord length c. The horizontal axis of 
each figure is rudder angle δ.  
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From the above non-dimensional force coefficients, lift 
coefficient CL and drag coefficient CD can be obtained by 
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1) Rudder tangential force FT 
F'T is shown in the upper figure of Fig.6. According to 

the coordinate system, the negative value of F'T denotes 
the resistance. In the fully immersed condition, FT around 
0° of rudder angle is negative due to the frictional 
resistance of the rudder, but it turns to the positive side 
beyond 10°, though CD in Fig. 7 shows still on the 
resistance side. At the rudder angle of around 23°, F'T 
suddenly turns to the minus side when the lift stalls. After 
that, FT is gradually increasing to the plus side as the 
rudder angle increases. At the rudder angle of 90°, CD is 
represented by F'N and it reaches about 1.2.  
 

 

 

 
Fig.6  Measured rudder force components and acting 

point for various immersed condition. 
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Fig.7  Measured CL and CD for various immersed condition. 

 
 

Condition (2) dR=0.30m         (face side)               (back side) 

 
                                                     
Condition (3) dR=0.25m        (face side)               (back side) 

 
 
Condition (4) dR=0.20m        (face side)               (back side) 

 
 
Condition (5) dR=0.15m        (face side)               (back side) 

 
Fig.8  Photographs of wave profiles during experiments for various immersed condition 

(rudder angle=15°). 
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When the water depth of rudder becomes shallower and 
the rudder top exposes above water surface, the F'T around 
zero rudder angle increases to the resistance side. This 
may come from the wave making resistance of rudder. 
Froude number at the zero-rudder angle becomes 0.65, 
that is considerably large value. Meanwhile, F'T at the 
large rudder angle becomes almost the same as that of the 
fully immersed condition. 
2) Rudder normal force FN 

As shown in the middle figure of Fig.6, the rudder 
normal force in the fully immersed condition increases 
almost linearly up to the rudder angle of 15°, however the 
increase slows down beyond that, and a stall phenomenon 
appears near 23°. In the characteristic of CL shown in 
Fig.7, it increases again after stall, reaches the maximum 
around 40° to 50°, and then approaches zero toward 90°. 
On the other hand, when the water depth becomes 
shallower and the rudder top exposes above water surface, 
a remarkable stall phenomenon does not appear at any 
water depth. The maximum value of CL becomes larger 
than that of the fully immersed condition. When the 
rudder angle is 50° or more, CL becomes almost the same 
characteristic regardless of the immersed rudder depth. 

As for the calculation of the rudder normal force, the 
following Beufoy’s formula (2) is classic and widely used. 

258.8 sinN RF A U δ=    (3) 

This characteristic is plotted by a dotted line in the 
middle figure of Fig.6, where it can be seen the predicted 
F'N agrees with measured one beyond the stall angle. It is 
confirmed that this formula is still available for the rough 
prediction of FN in the wide range of rudder angle. 
3) Location of center of rudder normal force xP 

The location of the center of rudder normal force xP 
may not affect the prediction of maneuvering ship motion, 
however it is important for the design of rudder pintle 
since the rudder torque depends on the distance between 
the rudder pintle and the center of rudder normal force. 
The measured location of the center of rudder normal 
force are plotted in the lower figure of Fig.6. From this 
figure, the following characteristics are pointed out. For 
xP in fully immersed condition is about 17% of chord 
length in front of the rudder pintle when rudder angle is 
within 15°. Beyond this angle, it gradually moves 
backward, and jumps about 10% of chord length at the 

stall angle 23°. From this angle, it moves backward, and 
reaches 15% of the chord length at 90°. For xP when the 
water depth of rudder is shallower, it is located about 10% 
of chord length behind that of the fully immersed 
condition within the small rudder angle, and beyond the 
rudder angle of 30° or more, it gradually reaches almost 
the same as that of the fully immersed condition. 

As for the empirical formula to calculate the location of 
the center of rudder normal force, the following Joessel’s 
formula (2) is still widely used. 

 
0.195 0.305sinx c δ= +    (4) 

 
The calculated result is compared in the lowest figure 

of Fig.6 with the measured data. Since x in the above 
equation is defined from the leading edge of rudder and 
positive to the trailing edge, it is shown by a broken line 
with the rudder pintle as the origin and positive to the 
leading edge. From the comparison between Joessel’s 
formula and the measured result of the fully immersed 
condition, it is shown that it agrees well with the wide 
range of the rudder angle except around the stall angle. 

 
4．Effect of Rudder Immersion on the 

Gradient of Rudder Normal Force 
The above-mentioned measured F'N are approximated 

by the linear equations in the range of the rudder angle of 
-5° to 10° and the comparisons are shown in Fig.7 for each 
immersed condition. The approximated gradient of F'N 
that is denoted as fα are shown in the left column of Table 
3 and plotted in Fig.10 with marks against the effective 
aspect ratio of rudder. From this figure, the gradient 
generally varies with the aspect ratio. For the prediction 
of the gradient, the following Fujii’s formula (3) is widely 
used. This result is shown in Fig.10 and compared with 
the above measured gradients.  

 
( ) ( )Λ+Λ= 25.213.6αf    (5) 

 
From this figure, it can be seen that the gradient in the 
fully immersed condition that is shown by the ● mark is 
in good agreement. When the rudder top is exposed on 

 
Table 3  Comparison of fα , measured and Fujii’s form 

Condition Measured 
fα 

Geometric 
aspect ratio 

Effective 
aspect ratio 

Fuji's 
 fα 

Fully 
immersed 2.068 1.250  - 2.189  
dR=0.30m 2.779  1.250  2.500  3.226  
dR=0.25m 2.716  1.042  2.083  2.947  
dR=0.20m 2.510  0.833  1.667  2.609  
dR=0.15m 2.206  0.625  1.250  2.189  
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Fig.9  Measured rudder normal force coefficient within 

the small rudder angle. 

 
Fig.10  Derivatives of rudder normal force coefficient fα, 

measured and predicted. 
 

the water (dR=0.15m to 0.25m), the effective aspect ratio 
becomes twice larger than the geometric from the 
consideration of the mirror effect of the water surface (1). 
However, in case of dR= 0.30m where the rudder top is on 
the water surface, the above effective aspect ratio makes 
the gradient excessive large. This may come from that 
rising water on the face side overflows to the back side 
which makes the lift force smaller. Nevertheless, it can be 
said that eq.(5) plus effective aspect ratio roughly agrees 
with the experimental results.  

 

5． Conclusion 
To estimate the ship maneuverability in a ballast 

condition, rudder open tests were conducted to clarify the 
rudder characteristics when the top of the rudder is 
exposed above the water surface. The concluding remarks 
are summarized as the followings. 
(1) For the estimation of the rudder normal force when 

the top of the rudder is exposed on the water surface, 
the mirror effect of the water surface should be taken 
account in the aspect ratio for the calculation of the 
gradient of rudder normal force. It is necessary for 
the effective aspect ratio to use twice large value of 
the geometrical aspect ratio of the immersed part. 

(2) However, when the top of the rudder is close to the 
water surface, the rising water on the face side 
overflows to the back side, which may make the 
rudder normal force smaller. 

(3) It was also confirmed that when the top of the rudder 
is exposed above the water surface, the stall 
phenomenon does not appear remarkably, and the 
maximum lift coefficient becomes larger than that of 
fully immersed condition.  

The above conclusions are the feature as a 
nondimensional coefficient of the rudder force, however 
the dimensional lift forces are somewhat different. They 
are compared in Fig.11. For the dimensional lift force of 
dR=0.25m (20% of rudder height is exposed), the lift force 
of the small rudder angle is almost the same as the fully 
immersed condition, and the maximum lift force is larger 
than that of fully immersed condition, which means that 
such immersing condition is better as a rudder. 

 
Fig.11  Comparison of dimensional lift force. 
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