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1.3 Theme or Abstract 
 
 

The first part of my project deals with finding out the possible reason for the failure of 
rudders. This essentially involves a linear static analysis and leads to the question of dynamic 
amplification. I have tried to answer the question of modelling the rudder in water, which 
brings us to the concept of added mass. I have proposed a new way or method for the 
modelling of added mass and added mass moment of inertia. 

 
 
The second part is a kind of parametric analysis on the variation of rudder Eigen 

frequency as a function of the Torsional stiffness due to the steering gear and also as a 
function of the depth of immersion of the rudder in water. 
  
 

A formula has been proposed to evaluate the first Torsional mode natural frequency of 
the rudder. This formula is verified for the case of two rudders also. 

 
 
The fourth part of my project is to find out the share of bending moment which the 

rudder trunk receives from the stock. I have done a non linear contact analysis which gives us 
the force and wherefrom we can get the moment. 

 
 
I hope that my work will be useful for people needing information on Rudder Structural 

strength calculation.  
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1.4 Environment 
 
 
 
 
 

Machine 

CPU Pentium III 800 MHz 

Memory 256 MB RAM 

Virtual Memory 1 GB of Hard disk 

 
 
 
 

Operating System 

Windows 2000 Professional, Service Pack 1 

 
 
 
 

Software Used 

EMRC NISA II version10 

Display III version 10 

Display IV version 10 
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1.5 Introduction to the Project 
 
We know the story of the battle between the biggest warships Minautur and Bismarck during 
the second world war. Bismarck being the latest from the German stable and Minatoou the 
biggest in the Royal Navy of Britain. Bismarck sank minatur in hours but suffered some 
damages in its rudder. The ship was like an idle duck then. The fighter planes of the British 
had no difficulty in sinking Bismarck. Thus the rudder is the most vulnerable part of even the 
most powerful ships. 
 
 My project also deals with the rudders and to find out the reasons for the possible 
failure of the rudders and in particular for the rudder of a certain class of RO-RO ships. The 
failure of the rudders was experienced at the Flensbergur Shiffbau Gesselshaft for their new 
series of Fast RO-RO ships. The rudders experienced crack at two different points as shown 
in the picture. 
 

1. This crack at the rudder trunk around the area where it is in contact with the rudder 
stock. 

 
 

2. The second crack was a 1.5m long one near the point where the rudder stock is 
connected to the rudder plate. The general view of the crack is shown below. 

 

 
 

The whole purpose of my project is to investigate the possible reasons for the failure and 
if possible to suggest some improvements. I hope the reader might enjoy going through the 
report as I enjoyed making it. 
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2. Ship and Rudder Data 
 

2.1 Ship Data 
 

 

2.1.1 Ship 717 General Data 
PRINCIPAL DIMENSIONS 
Length  (overall) ca. 193.00 m     

Length  (betw. 
perpendiculars) ca. 182.39 m     

Breadth   26.00 m     
Depth   16.70 m     
Draught (design) 5.70 m     
Draught (summer load) 6.45 m     
TRAILER DECKS 
3 decks, 180 Trailer (each 13,6 m long) 
DEADWEIGHT 
(design) abt. 7,060 t     
(Summer load) abt. 9,830 t     
KINDS OF CARGOES 
Road trailers, General Ro-Ro cargo, Mafi trailers 
LANE METERS 
  Tank Top Main Deck Upper Deck Top Deck 
Total 3.214 
Meters 

485 m 955 m 1,130 m 644 m 

DECK LOADS 
Uniform load 3 t/qm 2 t/qm 2 t/qm 1,6 t/qm 
Mafi Trailer 60 t 60 t 60 t ---- 
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2.1.2 Speed & Engine 

SPEED & F.O. CONSUMPTION 

Service Speed 21,6 Knots 
(10 % sea margin; 90 % MCR at design 
draught 5,70 m, 800 KW load on shaft generator) 
Max. Cruising Range abt. 8.500 sea miles 
Consumption 60,9 t/day 

MAIN ENGINE 

Two ( 2 ) 4-Stroke Medium Speed Diesel Engines 
M.C.R. 2 x 8.100 KW x 500 r.p.m. 
Fuel Oil 380 cst at 50° C 

AUXILIARY ENGINES 

Auxiliary Diesel Engines 2pcs 1.500 KW 
Shaft Generators 2pcs 2.000 KVA 
Generators (Diesel driven) 2 sets  1.800 KVA 
Em. Generator (Diesel driven) 1 set 450 KVA 

STEAM HEATING PLANT 

Oil Fired Boiler 1 pc. 2.000 kg/h 
Exhaust Gas Boiler 2pcs 1.000 kg/h each  

 
 

2.1.3 Cargo Equipment  

CARGO ACCESS EQUIPMENT  

Access ramp aft     1 pc. 18,00 m x 15,0 m + 1,5 m flap 
Internal fixed ramp  1 pc. main deck to upper deck 
Internal fixed ramp  1 pc. main deck to lower deck with watertight cover  

CARGO HOLD VENTILATION  

20 times in harbour during loading/discharge 
10 times at sea  

REEFER PLUGS  

60 pcs ( 10 KW / 32 A )  
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2.1.4 Gear Boxes & Propeller 

GEAR BOXES, PROPELLER 
 
Two ( 2 ) gear boxes and two ( 2 ) controllable pitch propellers 
5.0 m diameter high skew design , 4 bladed, 125 rpm  
 
STEERING EQUIPMENT 
 
Steering gear of rotary vane or ram type, max rudder angle 45° 
1 Bow Thrusters, 1.400 KW, controllable pitch propeller  
 
HEELING AND STABILISATION EQUIPMENT 
 
2 heeling pumps, capacity 2 x 1.250 qm/h 
1 pair of flume roll stabilisation tanks 

 
 

2.1.5 Complement 

 1 owners cabin 
 2 captains class cabins 
 2 chief officers class cabins 
 6 officer class cabins 
15 crew cabins 
 6 driver cabins  
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2.2 Rudder Data 
 
2.2.1 Material of Rudder 
 
 

The main structures of the rudder are made of NV- 36. The material properties are tabulated 
below. 
 
 

Nominal Stresses NV- 36 

σb 490 N/mm2 

σf 355 N/mm2 

f1 1.39 
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2.2.2 Rudder Plate (Drawing) 
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2.2.3 Skeg for the Rudder (Drawing) 
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3. Finite Element Model 
  
3.1 Modelling and Model Description 
 
 The process of making the model is the most important and challenging part of the 
entire project. The modelling is important because, unless the model is capable of 
representing the physical conditions stated below would the result got from the analysis have 
any physical relevance. The conditions are stated below 
 

• The resemblance of the model in geometry to the physical situation.  
• The applied restraints against motion (Displacement Boundary Conditions). 
• The applied loading conditions and the load distributions (Force Boundary Conditions). 

 
The difficulty in exactly representing the physical conditions due to the limitations of 

finite element methods can be overcome by the proper and ingenious use of some elements, 
symmetry conditions or the use of certain materials of fictitious properties. 

 
In a static analysis the importance should be given to. 
 

1. The stiffness of the model should adequately represent the stiffness in the structure or 
in a better sense the stiffness distribution (some part of the structure may be 
excessively stiff compared to the other parts) of the model is of the paramount 
importance. 

 
2. The loading or the application of the nodal forces requires a similar care in a similar 

way. 
 

These factors were adequately taken into account while the FE model was made for 
the static analysis. I will try to explain the various features of the model by explaining each of 
the property. The AutoCAD drawing is attached. The property table is also given in the next 
pages. 

 
Property 1 to 11: 
 
 These represent the rudder stock. The part of the stock inside the bearings in the 
rudder plate is given the property 1 and the property of the elements goes on increasing as we 
go along the height in the rudder stock (fig.1). The elements of this property are essentially 
beam elements of NKTP 12. 
 
Property 15: 
 
 The bearings are the most important part of the modelling. These are the beam 
elements used to represent the increased stiffness of the part near the bearings. These are 
physically not present in the model. These help to avoid the use of difficult modelling using 
3d elements. It is these elements which make a rigid connection of the rudder stock with the 
rudder plate. They are 3d beam elements of NKTP 12 and is of circular cross section of 
diameter 20 mm. These dimensions are used so that the bearings remain really strong and 
rigid. The material of these elements is such that they don’t contribute to the mass 
distribution, that is to say that these elements have a material of zero density. 
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Property 16: 
 
 These are the 3d spar elements which are used to model the gap at the Skeg too. The 
Skeg is connected to the rudder stock via the rudder trunk and the rudder oscillations are 
transmitted or arrested by the rudder trunk by means of these elements. They are 3d spar 
elements of NKTP 14 and is of circular cross section of diameter 20 mm. These dimensions 
are used so that they remain rigid and doesn’t have much deformation. The material of these 
elements are also of zero density. 
 
Property 20: 
 
 This is for most of the places the outer shell of the rudder plate. The elements are 
definitely 3d shell elements of NKTP 20. The nodal thickness is 15mm. 
 
Property 30: 
 
 This is the part of the outer shell which is quite near the bearing plates. This is also 
made of 3d shell elements of NKTP 20 . The nodal thickness is 20 mm. 
 
Property 40: 
 
 This is the end most part of the rudder plate. The elements are also 3d shell elements 
of NKTP 20. The nodal thickness is 25mm. 
 
Property 50: 
 
 This property represents the Ribs 1, 2, 3 & 4. The elements are also 3d shell elements 
of NKTP 20. The nodal thickness is originally 15 mm but to have a representative mass 
distribution I have used the nodal thickness value to be 14.95 mm. A detailed description of 
the process of finding the effective thickness is given under the next heading. 
 
Property 60: 
 

These are the ribs which are quite close to the bearings and they are the ones 
numbered 5 and 6. They are also of NKTP 20 and nodal thickness 25 mm but effective 
thickness is 24.95 mm. 
 
Property 70 & 80: 
 
 The property 70 represents the top most rib and the property 80 represent the bottom 
most rib. This is also of 3d shell elements of NKTP 20 and of nodal thickness 20 mm. 
 
Property 90: 
 
 The rib no. 7 and this is of a different effective nodal thickness of 14.95 mm and is 
also made of elements of NKTP 20. 
 
Property 100: 
 
 The plates of the Web No. 3. The effective nodal thickness is 19.95 mm and is also 
made of 3d shell elements. 
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Property 110: 
 
 The top most and the middle plate in the Webs 1 and 2. The effective nodal thickness 
is given by 24.95 mm and is also made of 3d shell elements of NKTP 20. 
 
Property 120: 
 
 The bottom most plate in the Webs 1 and 2. The effective nodal thickness is given by 
14.95 mm and is also made of 3d shell elements of NKTP 20 
 
Property 130: 
 
 This is the plate that is just above the bearing region and is welded to the ribs. The 
nodal thickness is 75 mm and is also a 3d shell element of NKTP 20. 
 
Property 131: 
 

Like the property 130 this is the plate that is just below the bearing region and is 
welded to the ribs. The nodal thickness is 30 mm and is also a 3d shell element of NKTP 20. 
 
Property 140: 
 
 This represents the part of the web near the bearing region. They are much thicker 
compared to the other plates used in the analysis. These 3d shell elements of NKTP 20 have a 
nodal thickness of 155 mm. 
 
Property 150: 
 
 This is the 3d shell elements of nodal thickness 90 mm which are present in the outer 
shell of the rudder plate just beside the rudder bearings. 
 
Property 200: 
 
 This is the property of the elements which comprise of the outer shell of the bulb. 
They are also 3d shell elements of NKTP 20 and of nodal thickness15 mm. 
 
Property 201: 
 
 This represents the 3d shell elements of NKTP 20 which constitute the extended 
portion of the Rib 4 and which strengthens the bulb in the rudder plate. The nodal thickness is 
15 mm. 
 
Property 202: 
 
 The transverse stiffener which stiffens the bulb and which is circular in shape is also 
of NKTP 20 and nodal thickness is 9mm. 
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Property 210: 
 
 This is made of 3d shell elements of NKTP 20 and has a nodal thickness 20mm. This 
represent the outer shell at the point where the cut due to the rudder being made ice class. 
 
Property 220: 
 
 This is the property of the elements of NKTP 20 and has a nodal thickness of 15 mm 
and represents the curve portion of the rudder plate near the bottom right corner.  
 
Property 270 and 280: 
  
 Property 270 represent the elements of outer plate of  the Skeg in the front part of 3d 
shell elements of NKTP 20 and nodal thickness 20 mm.  The property 280 represents the 
elements of outer plate of the Skeg in the back part of 3d shell elements of NKTP 20 and 
nodal thickness 25 mm. 
 
Property 290: 
 
 The webs in the Skeg in the transverse directions of thickness 15 mm and NKTP 20. 
 
Property 310: 
 
 The webs in the Skeg in the longitudinal direction of 3d shell elements of nodal 
thickness 15 mm. 
 
Property 300: 
 
 The stiffeners in the oblique directions connected to the rudder trunk and are made of 
plate elements of NKTP 20 and nodal thickness 20 mm. 
 
Property 320: 
 
 These are the stiffeners from trunk to shell in longitudinal direction and these have a 
nodal thickness of 15 mm and of NKTP 20. 
 
Property 330 and 340: 
 
 The property 330 represent the bottom plating of the Skeg in the aft and is a 3d shell 
element of nodal thickness of 25 mm and the property 340 represent the bottom plating of the 
Skeg in the fore and is a 3d shell of nodal thickness 50 mm. Both of them is of NKTP 20. 
 
Property 350, 360 and 370: 
 
 These are also of 3d shell elements of NKTP 20 and in the case of property 350 we 
have the top portion of the rudder trunk of 20 mm thickness. Property 360 is the rudder trunk 
middle part of 60 mm thickness. Property 370 is the rudder trunk bottom part and is of nodal 
thickness also 60 mm. 
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3.2 Model for Dynamic Analysis 
  
 Dynamic Analysis or Eigenvalue analysis involves a new dimension, the dimension of 
mass. Thus the model should adequately represent both the mass as well as the stiffness 
distribution in the model. It was at this point that I had some problems. The model I used for 
static analysis was good at representing the stiffness of the model. The addition of certain 
elements as in the case of the elements at the bearings caused large change in the mass 
distributions. Their dimensions are comparatively large and the mass introduced by these 
elements caused an error in the whole mass distribution. This problem was solved by adopting a 
model which has two different types of materials. 
 

• One representing Steel 
 
• Another one resembling Steel in elastic properties but quite weightless. 

 
Thus the elements of the bearings and the spar elements at the Skeg were represented by this 
material which was quite mass less. This solved the problem of mass distribution. 
 

 
 
Actual Masses: 
 
Mass of the Rudder alone     : 9.180 Tonnes 
Mass of the Rudder Stock     : 6.425 Tonnes 

===========                                   
Total Mass       : 15.605 Tonnes 
 
 
Mass as Modelled (With the stock): 
 
Total Mass       :  15.257 Tonnes  
 
 
 
3.3 The Application of Boundary Conditions 
 
3.3.1 Rudder Skeg 
 

The topmost nodes of the skeg are assumed to be rigidly fixed with all the displacement 
and rotational degrees of freedoms restrained. 
 
3.3.2 Rudder Stock 
 

The topmost node is fixed so that there is no displacement or rotational degrees of 
freedom. The nodes which coincide with the region of the bearings with the steering gear are 
fixed against displacements but they are free to rotate. 
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Boundary Conditions



 

  

3.4 NISA Model Properties Quick Reference 

 
                  
  New Prop. Ids   Description   Dimensions (in SI)   Element Type   
                  

         

  Rudder Stock               
  1   The Beam Inside the Bearing.   0.258   Beam Elements   
  2   The 1st Beam connected to the Bearing   0.2675   Beam Elements   
  3   The 2nd Beam   0.2583   Beam Elements   
  4   The 3rd Beam   0.2398   Beam Elements   
  5   The 4th Beam   0.2213   Beam Elements   
  6   The 5th Beam   0.2028   Beam Elements   
  7   The 6th Beam   0.1843   Beam Elements   
  8   The 7th Beam   0.164   Beam Elements   
  9   The 8th Beam   0.15   Beam Elements   
  10   The 9th Beam   0.1575   Beam Elements   
  11   The 10th Beam   0.15795   Beam Elements   

              
  Outer Shell of the Rudder Plate           
  20   The Outer Shell of the Rudder   0.015   Shell Elements   
  30   The Shell close to the Bearing Plates   0.02   Shell Elements   
  40   The End Most Part of the Rudder   0.025   Shell Elements   

              
  Ribs               
  50   Ribs 1,2,3,4   0.01495   Shell Elements   
  60   Ribs near the bearings (Ribs 5,6)   0.02485   Shell Elements   
  70   Top-most Rib   0.02   Shell Elements   
  80   Bottom-most Rib   0.02   Shell Elements   
 90  Rib 7 (diff dimension)  0.01995  Shell Elements  



 

  

  Webs               
  100   All the Plates in Web 3   0.01995   Shell Elements   
  110   Top-most and the Middle Plate in Web 1&2   0.02495   Shell Elements   
  120   Bottom-most Plate in Web 1&2   0.01495   Shell Elements   

              
  Bearings               
  15   Beam in the Bearings      Beam Elements   
              
  140   Web near the bearing   0.155   Shell Elements   
  150   Outer shell near the bearing   0.09   Shell Elements   

              
  Bulb               
  200   The Outer Shell of the Bulb   0.015   Shell Elements   
  201   The Extended Rib 4 of the Bulb   0.015   Shell Elements   
  202   The Transverse Circular Stiffener   0.009   Shell Elements   

              
  Skeg               
              
  16   Spar to Mimic the action of Rudder Trunk   0.01   3 D spar   
              
  270   Front Plating of the Skeg   0.02   Shell Elements   
  280   Back Plating of the Skeg   0.025   Shell Elements   
  290   Webs in the Skeg   0.015   Shell Elements   
  300   Stiffeners from trunk to Shell in Obliqe Directions   0.02   Shell Elements   
  310   Webs in the Longitudinal Directions   0.015   Shell Elements   
  320   Stiffeners from trunk to Shell in Long. Direction   0.015   Shell Elements   
  330   Bottom Plating of the Skeg in the Aft   0.025   Shell Elements   
  340   Bottom Plating of the Skeg in the Fore   0.05   Shell Elements   
  350   Rudder Trunk Top Part   0.02   Shell Elements   
  360   Rudder Trunk Middle Part   0.06   Shell Elements   
  370   Rudder Trunk Bottom Part   0.06   Shell Elements   



 

  

  Cut               
              
  210   Slanting Cut at the Left Top Corner   0.02   Shell Elements   
              
  Curve               
              
  220   Curved Portion at the Bottom Right Corner   0.015   Shell Elements   
              
              
  Torsional Spring             
              
  500   Torsional Spring   -   3D Torsional Spring   
              
              
  Mass Elements             
              
  250   Mass Elements   -   3D Mass Elements   
              



 

  

 
 

 
 
 
 
 

3.5 NISA Model Materials Quick Reference 

 
                 

  Matl. Ids   Description   
Density 
(kg/m3)   

Young’s 
Modulus   

Shear 
Modulus   

Poisson’s 
Ratio   

Thermal 
Coeff.   Prop Ids.   

                                  

                          

  1   Normal Steel   8000   2.10E+11   8.08E+10   0.3   1.70E-05   
1,2,3,4,5,6,7,8,9,10,11,270, 

280,290,300,310,320,330, 340,350,360,370,380   

                          

  2   Normal Steel   8000   2.10E+11   8.08E+10   0.3   1.70E-05   
20,30,40,50,60,70,80,90,100,110,120,130,131, 

140,150,200,201, 202,210,220   

                          

  3   Massless   0   2.10E+11   8.08E+10   0.3   1.70E-05   15.16   
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4. Static Analysis 
 
 The static analysis was done on the rudder model. The distribution of forces and 
moments is an important thing in this type of analysis. The forces and moments in this case is 
found out from the Germanischer Lloyd rule book. The calculations are shown below. 
 
4.1 Force Calculation 
 
Rudder force is got from the following formula. 
 
 

tR KKKKvACForceRudder ......132 321
2==  N 

 
 

where 
 
v  = Cruising speed of the vessel. 
  

= 21.7 knots for the Ro-Ro vessel. 
 
A  = Total movable area of the rudder. 

 
= 14.4 m2 for the Ro-Ro vessel. 
 

K1 = Coefficient depending on aspect ratio (
tA

b2

=Λ  = 1.6 ) 

 = ( )
3

2+Λ  = 1.2 for our case. 

 
K2 = Coefficient depending on the type of the rudder. 
  

= 1.1 in the case of NACA profiles. 
 
K3 = Coefficient depending on the location of the rudder. 

 
= 1.0 in the case of the rudder of RO-RO ship the rudder is in the 

propeller stream. 
Kt = 1.0 normally 
 

Thus substituting the values in the above equation gets us the following value of rudder 
force. 

 
 

Rudder Force  =  1181500 N 
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4.2 Torque Calculation 
 

The rudder torque is calculated in a similar way from the rule book formula given by. 
 

rCTorqueRudder R. QR ==   Nm 
 

where 
 
r = c.(a - kb). 
 
a   = 0.40 for ahead condition as in our case. 
 
c = mean breadth of the rudder. 
 = 3m. 
 
kb = Balance factor and is given by 
 = 0.08 

 
Thus the rudder torque is calculated to be. 

  
 

Rudder Torque = 1134240 Nm 
 

4.3 The Application of Rudder Forces and Torque 
 
 The rudder forces and Torques are applied as shown in the figure in the next page. The 
forces are applied at the points where the ribs are welded into the shell and at the point of the 
intersection of the webs and the ribs. The forces are more or less the same magnitude. The 
distribution of forces is done in such a way that the  moment due to the force in effect gives 
the Rudder torque. This is quite a difficult task and hence the rudder torque applied is such 
that it is more than the value stated according to the rule book. The applied values of the total 
rudder force and rudder torque are given below. 
 
 

Total Applied Rudder Force    = 1181458 N 
 
Total Applied Rudder Torque  = 1261971 Nm 
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Force Distribution. 
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Views showing 

Resultant Displacement. 
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Views showing 
X Displacement. 
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Views showing 
Y Displacement. 
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Views showing 
Z Displacement. 
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Views showing 
Sxx Stresses. 
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Views showing 
Syy Stresses. 
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Views showing 
Szz Stresses. 
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Views showing 
Maximum Shear Stresses. 
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Views showing 
1st Principal Stresses. 
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Views showing 
von Mises Stresses. 
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4.4 Results from Static Analysis 
 

In all cases, the calculated stresses are within the permissible values as per the GL Rules 
from the Material Chosen. Increased local stresses exceeding the permissible stresses result 
from the fact that the program “EMRC-NISA” shows hot-spots (partly overstressed areas 
from model influence) at the boundaries. 
 
4.5 Inferences from Static Analysis 

 
The results of the static analysis proved that the failure stresses is much higher than the 

stresses that was found out in the model. The question of the rudder failing in case of such an 
event is dismissed altogether. The reason now may be attributed to fatigue and this is proposal 
is also rejected due to the fact that the rudders of ships which are quite new were having the 
problems. Thus the possible reason for the failure of the rudder is attributed to dynamic 
amplification due to the propeller stream. The propeller as we know is rotating at a constant 
rpm for most of its working time. The propeller in our case is a controllable pitch propellers 
and these rotate at the same rpm. 
 



 

 41  

5. Eigenvalue Analysis 
 

5.1 Rudder in Air Eigenvalue Analysis 
 

The model was subjected to an Eigenvalue analysis. There were many things that I had 
to take care as to the modelling part and some of them are stated below. 
 
1. Not only the stiffness but the mass distribution of the model should very well represent 

that of the rudder. To verify the equivalence of the mass distribution. I had to first isolate 
the rudder plate from the skeg and then do an Eigenvalue analysis in NISA as a result of 
which I could get the total mass of the rudder plate and then compare with the real case. 
This showed some flaws in our modelling of the rudder bearings. 

 
• The bearings were made extremely stiff which very well represented the stiffness of 

the model but made the mass distribution go really hay-way in the model. 
 
• The lighting holes in the webs and frames in the rudder plate could have caused the 

difference in mass. I had to replace the properties of these plates with their effective 
thickness. 

 
2. The density of the material plays a very important role here. I made sure that the proper 

densities were input to the program. This option gave a possible solution to the problem 
stated above. I adjusted the material property of the bearings so that the mass distribution is 
unchanged. I had to introduce some elements with “density = 0” so that the mass 
distribution is representative. 

 
5.2 Results for Rudder in Air Eigenvalue Analysis 
 

Calculated Variation of Frequencies:  

Frequency (Hz)  
Torsional Mode Lateral Mode Longitudinal Mode 

 

6.06 16.19 15.32 
 
 
The above model is representative of the rudder behaviour in air but the physical 

situation is not that. The rudder for most of its life is under water and hence the problems have 
to be dealt for the case of rudder in water. 
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5.3 Rudder in Water (Modelling of Added Masses) 
 
 This is apparently the trickiest part in the whole business. The following are the 
questions raised by this with regard to the finite element modelling. 
 

• The quantity of the added mass. 
• The distribution of the added mass. 
• How to interpret the results of the modelling. 

 
As seen in the last session the most important modes of rudder oscillations are 
 

• Torsional. 
• Lateral Bending. 
• Longitudinal Bending. 

 
Various methods have been thought of and proposed for that matter to the natural 

frequencies of the rudder in water the second being the most important and relevant case. The 
usual method of modelling is to find the added mass of the rudder using the empirical 
formulae and then this mass is either uniformly distributed along the nodes of the rudder plate 
or to distribute it on the ribs of the rudder in a finite element model and then to do an 
Eigenvalue analysis and obtain the frequencies of the analysis. 
 

This method is not satisfactory because of the following reasons. Here we assume that 
the added mass distribution is equal in all the directions, i.e. to say the added mass of the 
rudder is direction independent! But physically we can see or feel that the added mass is 
different if the rudder moves or vibrates in the lateral direction or in the longitudinal direction. 
This can be true with the Torsional mode also but we don’t have a feel for the added mass 
moment of inertia which the rudder experiences. We should also note that for  a rudder with 
the rudder stock not exactly at the centre the Torsional modes are the most prominent. So the 
idea of using the same added mass for all the modes seems to be unreasonable and this 
method is not correct. 
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5.4 Formulae Available for Added Mass of a Rectangular Plate 
 

The most commonly used formula for a rectangular plate is of the form. 
 
 

4
*

2 LBC
M sw ××××

=
πρ
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4 LBC
MI sw ××××

=
πρ

 

 
 

Where 
 
M* is the Added Mass 
MI* is the Added Mass Moment of Inertia. 
 
C is the constant got from the formula given in the next page. 
 
?sw  is the density of sea water. 
 
B is the Depth of the Plate. 
L is the Breadth of the Plate. 
 

 In the case of a rudder which is partially immersed in water then there is another factor 
which is to be multiplied into the added mass. So the equations become. 
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5.5 Proposed New Method: 
 

I have tried to deal with the problem in a better way which is given below. In NISA 
we have the facility of defining mass elements (NKTP = 30) with a connectivity of 1 node 
and having six property of mass parameters Mx, My, Mz, Ixx, Iyy, Izz. My idea or proposal 
consists of doing the analysis in two parts. 
 
5.5.1 Part I 
 

Here we do the analysis only such a way that we define a mass element such that its 
property is different in different directions. In our case say the whole of added mass in the 
lateral direction is calculated and then the number of nodes is also found and then the added 
mass per node for the lateral direction is found out. In a similar way the added mass per node  
for the longitudinal direction is also found. Now we have to define the mass element or 
property in such a way that the properties in the longitudinal and lateral directions are defined 
as mentioned above and to leave the rest of the property to be zero. We do analysis for this 
condition. 
 
5.5.2 Part II  
 

Here we do the analysis only such a way that we define a mass element such that its 
property is different in different directions. In our case say the added mass moment of inertia 
in the axial direction is calculated assuming the same coefficient from the formulae and then 
the no. of nodes is also found and then we have the added mass moment of inertia per node 
for the Torsional mode. Now we have to define the mass element or property in such a way 
that the moment of inertia is as defined by the method mentioned above and to leave the rest 
of the property to be zero. We do analysis for this condition. 

 
The reason why we cannot have a mass element with the 3 properties together is 

because the mass in x and in y direction itself causes an added inertia in the axial direction 
and this will affect the Torsional mode also. But this difficulty is solved if we find the 
Torsional mode alone. 
 

The final interpretation of the result is what is important. We have to isolate the modes 
containing the Lateral and Longitudinal modes in the first part and to get the frequencies in 
each of the case. In a similar way we have to find the Torsional mode in the part II and then 
find its frequency in that case. The final case I would say is a tabulation of the appropriate 
valid modes from each calculation. 
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5.6 Results from Old Method 
 

Vibration Modes by the previous proposal of adding the same mass property. 

Height ( b ) Breadth (L) b / L C M* (kg) No. Nodes M* per node. Frequencies ( Hz ) 

              1 2 3 4 5 6 

             

4,8 3 1,60 0,435 24205,09 1956 12,37 2,53 7,3 8,75 33,59 33,79 40,49 

 
 

5.7 Results from Proposed New Method 
 
5.7.1 Part I 
 

For Lateral Vibration Modes. (Y Direction)     

Case No. Height (b) Breadth ( L ) b / L C M* No Nodes M* per node. 

                

1 4,8 3 1,60 0,435 24205,09 1956 12,37 

For Longitudinal Vibration Modes. (X Direction)    

Case No. Height (b) Breadth ( L ) b / L C M* No Nodes M* per node. 

                

1 4,8 0,78 6,15 0,1525 2206,28 1956 1,13 
 
 

Calculated Variation of Frequencies: 

Case No. Under WL( b )   Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 2,57 8,2 13,73 

 
5.7.2 Part II 

 
For Torsional Vibration Modes. (ZZ Direction)    

Case No. Under Wl( b ) Breadth ( L ) b / L C MI* No Nodes MI* per node. 

        

1 4,8 3 1,60 0,435 17427,67 1956 8,91 

 

Calculated Variation of Frequencies: 

Case No. Under WL( b )  Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 6,06 15,32 16,19 

 
5.7.3 Final 
 

Final Calculated Variation of Frequencies. 

Case No. Under Wl( b )   Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 6,06 8,2 13,73 
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5.8 Inferences from Eigenvalue Analysis 
 
 

The first inference we can draw is that there is a good chance of resonance for the case 
of the lateral mode vibrations. 
 
 
The propeller frequency is  = 125 rpm x 4 blades 
 
    = 8.33 Hz 
 

The ship for most of its sea time travels with a propeller rpm which is stated above but 
the ship even for some hours can travel with a propeller rpm which is lower than the above 
stated value too. 
 

Thus I would attribute the formation of cracks due to resonance. The crack no. 1 can 
be attributed to the dynamic amplification of the stresses at that point due to the lateral 
oscillations. The rudder plate is excited by resonance and the stresses in the plate are 
transferred to the skeg and in this context the rudder trunk is mainly affected.  
 

The crack no. 2 can be attributed to the dynamic amplification of the stresses at the 
stiffeners near the connection of the rudder stock to the rudder plate. The shape of the crack 
reveals that the angle is around 45° which shows that the crack most probably is a Torsional 
one. Thus I would suggest that this crack is attributed to the resonance of the rudder in the 1st 
natural mode of vibration. This might have happened when the ship would have travelled with 
a propeller rpm lesser than its usual value. 

 
 

1 

2 
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6. Parametric Studies 
 

I did some studies on the dependency of the frequency of the rudder on certain 
parameters. 
 

6.1 Torsional Stiffness of the Steering Gear as the Variable 
 
In the above analysis I have assumed that the steering gear is of infinite stiffness and 

that assumption is not correct. One good method is to associate an equivalent Torsional spring 
constant at the restraint. This study is based on the variation of the first natural frequency as a 
function of the Torsional spring constant at the restraint. 

 
A Torsional spring was defined with one node at the end of the stock and the second 

node which is fully restrained. 
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6.2 Results on the Variation of Torsional Spring Constants 
 

The results are tabulated as given below. 
 

 

Analysis No. 
  

Torsional Spring Constant Frequencies (Hz) 

1 100 0.2 

2 10000 0.277 

3 5.00E+04 0.47 

4 1.00E+05 0.63 

5 5.00E+05 1.32 

6 1.00E+06 1.82 

7 1.00E+07 4.26 

8 1.00E+08 5.77 

9 1.00E+09 6.03 

10 1.00E+10 6.057 

11 Full Restraint 6.06 
 
 
 

The results are shown as a graph in the following page. We can see that for really high 
and low values of the spring constants we have negligible change in the Torsional Natural 
Frequency. 

 
When we have experimental data which substantiate the finite element analysis, We 

can find out the actual order of the spring constant to be assumed in similar finite element 
analysis for a later date. 
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6.3 Graph showing the Variation with Torsional Spring Constant 

Variation of First Natural Frequency of the Rudder of MOD Ship with Torsional Spring Constant at the end of Rudder Stock.
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6.4 Water Level at the Rudder as the Variable 
 

In the parametric study discussed below I have done analysis for conditions for the 
various depths of immersion of the rudder, using the method I proposed and then the result is 
tabulated in the following tables. I have found out the first 6 modes of the rudder oscillations. 
I have also done a comparison by the old method too. 
 
6.4.1 Depth Cases 1, 2, 3, 4, 5

5 2 1 4 3 
Cases 
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6.4.2 Properties of the Mass Elements 
 

     
Part I     
     
Lateral Vibration Modes. (Y Direction)     
        
Case No. Under Wl( b ) Breadth ( L ) b / L C M* No Nodes M* per node. 

                
        
1 4,8 3 1,60 0,435 24205,09 1956 12,37 
2 4,18 3 1,39 0,465 3296,48 1703 1,94 
3 3,05 3 1,02 0,545 2057,03 1212 1,70 
4 1,83 3 0,61 0,67 910,38 624 1,46 
5 1,02 3 0,34 0,775 327,15 393 0,83 
6 0 3 0 0 0 0 0 
        

Longitudinal Vibration Modes. (X Direction)    
        

Case No. Under Wl( b ) Breadth ( L ) b / L C M* No Nodes M* per node. 
                
        
1 4,8 0,78 6,15 0,1525 2206,28 1956 1,13 
2 4,18 0,78 5,36 0,165 304,13 1703 0,18 
3 3,05 0,78 3,91 0,22 215,89 1212 0,18 
4 1,83 0,78 2,35 0,335 118,35 624 0,19 
5 1,02 0,78 1,31 0,4675 51,31 393 0,13 
6 0 0,78 0 0 0 0 0 

 
Part II     
        
Torsional Vibration Modes. (ZZ Direction)    
        

Case No. Under Wl( b ) Breadth ( L ) b / L C MI* No Nodes MI* per node. 
                
        
1 4,8 3 1,60 0,435 17427,67 1956 8,91 
2 4,18 3 1,39 0,465 1799,92 1703 1,06 
3 3,05 3 1,02 0,545 597,98 1212 0,49 
4 1,83 3 0,61 0,67 95,27 624 0,15 
5 1,02 3 0,34 0,775 10,64 393 0,03 
6 0 3 0 0 0,00 0 0 



 

 53  

6.5  Results on the Variation with Water Level 
 
 

 

Calculated Variation of Frequencies 

Part I    

Case No. Under Wl( b )   Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 2,57 8,2 13,73 

2 4,18 4,73 13,47 15,03 

3 3,05 5,16 13,8 15,04 

4 1,83 5,56 14,51 15,08 

5 1,02 5,86 15,34 15,19 

6 0 6,06 16,19 15,32 

     

Part II    

Case No. Under Wl( b )   Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 6,06 15,32 16,19 

2 4,18 6,06 15,32 16,19 

3 3,05 6,06 15,32 16,19 

4 1,83 6,06 15,32 16,19 

5 1,02 6,06 15,32 16,19 

6 0 6,06 16,19 15,32 

     

Final    

Case No. Under Wl( b )   Frequency (Hz)   

    Tors. Mode Lat. Mode Long. Mode 

1 4,8 6,06 8,2 13,73 

2 4,18 6,06 13,47 15,03 

3 3,05 6,06 13,8 15,04 

4 1,83 6,06 14,51 15,08 

5 1,02 6,06 15,34 15,19 

6 0 6,06 16,19 15,32 
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Vibration Modes by the previous proposal of adding the same mass property  

Case No. 
Under Wl  

( b ) 
Breadth ( 

L ) b / L C M* No Nodes M* per node.     
Frequencies ( 

Hz )       

                1 2 3 4 5 6 

              

1 4,8 3 1,60 0,435 24205,09 1956 12,37 2,53 7,3 8,75 33,59 33,79 40,49 

2 4,18 3 1,39 0,465 3296,48 1703 1,94 4,7 12,43 13,44 54,06 54,22 62,68 

3 3,05 3 1,02 0,545 2057,03 1212 1,70 5,13 12,87 13,78 57,11 57,44 65,27 

4 1,83 3 0,61 0,67 910,38 624 1,46 5,52 13,58 14,5 58,78 59,14 68,53 

5 1,02 3 0,34 0,775 327,15 393 0,83 5,86 14,49 15,34 59,52 59,95 70,19 

6 0 3 0 0 0 0 0 6,06 15,32 16,19 60,48 60,59 71,28 
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6.6 Graph showing the Variation with Water Level 

V a r i a t i o n  o f  N a t u r a l  F r e q u e n c y  w i t h  r e s p e c t  t o  t h e  d e p t h  o f  R u d d e r .
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6.7 Inferences on the Variation with Water Level 
 

In the above graphs note the following interesting things. 
 

• The Torsional Mode Frequency doesn’t change with the water depth. This seems very 
interesting. From the physical feel the inertia of the system in the Torsional mode is 
increased but that doesn’t seem to affect the Torsional mode Eigenfrequency at all. 

 
• The Longitudinal Mode crosses the Lateral Mode for very low water levels. Thus we 

can see that in the condition of the rudder in water the Lateral mode of vibration is 
more pronounced. 
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7. Empirical Formulae 
  
 It becomes much easier for an engineer if he can know the value of the critical 
parameters which are important or affect the object he is building. It becomes very important 
for him to have a first hand idea of the values of these at the design stage itself so that he can 
alter the design if necessary. I have tried to find out the formulae for the two main modes of 
rudder vibrations that is the Lateral Mode and the Torsional Mode. 
 
7.1 Lateral Mode Formula 
 

During the preliminary design stages it is very useful if we find out a method to 
calculate the natural frequencies so that the design can be altered even before it is built.  
 

There is an already available formula to evaluate the First Lateral Mode Frequency. 
This is as given in the next page. 
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where ? is given by 
 
? = 1.6  for  d/D=0.5 
? = 1.0  for  d/D=1.0 
 
and interpolate linearly for the other values. 

 

( ) ( ) tonnes
a

BbmmM st 






 +++=
2

2
" .

48
11.  

 
m” is got from the formulae for added mass. 
mst is the steel mass of the rudder plate. 
B is the height of the rudder. 
b is the height of the waterline from the bottom of the rudder. 
a is the effective C.G. of the rudder from the second bearing. 
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Where 
 
ast is the distance of C.G. of rudder plate from the 2nd bearing. 
a” is the distance of the centroid of area from the bearings. 

 
I verified the formula for the rudders of AIDA and MOD. The results are as given 

below. 
 
 

7.2 Results and Inferences from the Lateral Mode Formula 
 

Lateral Mode  

From Formula From FE Analysis  Error % 
   
MOD Rudder     

8.75 9.09 -3.74 
AIDA Rudder    

8.34 8.20 1.70 
 
 

The above formula is sufficient for a first hand estimation of the first lateral mode 
natural frequency. 
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7.3 Torsional Mode Formula 
 

This formula is valid for a rudder, which is asymmetric about the lateral direction. And 
in this case we have lateral mode as the first natural mode. When there is an asymmetry about 
the longitudinal direction then the moment of inertia is increased and then the Torsional mode 
is the most predominant one.  

 
I tried to find out a method or a formula by which we can easily find out the first mode 

in the case of an asymmetry. Thus I have tried to derive a formula which will give the first 
Torsional Natural Frequency. 

 
This is as given below. 
 

I
K

f =  

 
For a very general case, here K represents the Stiffness of the rudder and I represent 

the Inertia of the rudder. 
 

In the case of Torsional oscillations we have the stiffness of the rudder stock 
contributing to the stiffness of the rudder as a whole. And for a circular shaft the stiffness is 
given by. 

 

Tl
JGK .=  

 
Where G is the Shear Modulus and 
 

32
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J
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For a cylindrical stock. And thus we have. 
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M is the moment of inertia in this case and we can get it using the formula. 
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Where M is the mass of the rudder plate and L is the breadth of the rudder and x is the offset 
of the C.G. of the rudder plate from the stock. And this is written as 
 

cMI .=  
 

Substituting the values we can write the first Torsional frequency as. 
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Now we have to identify a suitable D and lT so that the frequencies match. 
 
This part of my project deals with verification of these formulae for the case of the 

rudders built by the company I was working for and to identify as to which characteristic 
value to be substituted for the above said quantities. I could do the verification for only 2 
rudders. 

• Rudder of MOD. 
 
• Rudder of AIDA. 

 
The following pages give a brief description of the work I did with regard to this. As the 

first step I tried to identify the relevant characteristic Diameters (D) and Lengths (lT). Then I 
tried to find out the Torsional natural frequency using all combinations of these Diameters 
and Lengths. I made use of the analysis already done on the rudder of AIDA. 
 

7.4 Calculations 
 
 

Application of Torsion Formula 

Characteristic Diameter.  
 

Symbol Description MOD AIDA 

D1 Smallest Diameter. Of the stock. 0.300 0.228 

D2 Diameter. At the Bearing 2. 0.535 0.583 

D3 Effective Diameter. 0.381 0.411 

D4 Average Diameter. 0.355 0.371 

D5 Average Diameter. At the Bearing 1 0.317 0.228 

    

Characteristic Length.  
 

L1 Length of the Stock. 4.934 5.122 

L2 Length between the Bearings 3.191 4.070 

L3 Length between D1 and C.G. 5.360 5.470 

L4 Length of the Rudder Plate 4.800 5.200 

L5 Total Length of the Rudder + Stock. 8.000 8.710 
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7.5 Results from Torsional Mode Formula   
 

For MOD Ship 
     
 Mass of the Rudder Plate = 9.1 Tonnes  
 Breadth of Plate = 3.00  
 Offset from the C.G. = 0.28  
     
 C = 0.83  
 Freq. From NISA = 8.480  
     

Case No. Diameter Length (m) Frequency (Hz) Error (%) 
 X Y Z  
     

D1L1 0.3 4.934 6.581419705 -22.4 
D1L2 0.3 3.1905 8.184455378 -3.5 
D1L3 0.3 5.36 6.314467974 -25.5 
D1L4 0.3 4.8 6.672653005 -21.3 
D1L5 0.3 8 5.168614793 -39.0 

     
D2L1 0.535 4.934 20.93074283 146.8 
D2L2 0.535 3.1905 26.02884156 206.9 
D2L3 0.535 5.36 20.08176217 136.8 
D2L4 0.535 4.8 21.22089007 150.2 
D2L5 0.535 8 16.43763077 93.8 

     
D3L1 0.381 4.934 10.61517184 25.2 
D3L2 0.381 3.1905 13.20070808 55.7 
D3L3 0.381 5.36 10.18460539 20.1 
D3L4 0.381 4.8 10.76232203 26.9 
D3L5 0.381 8 8.3364588 -1.7 

     
D4L1 0.355 4.934 9.215815759 8.7 
D4L2 0.355 3.1905 11.46051099 35.1 
D4L3 0.355 5.36 8.842009182 4.3 
D4L4 0.355 4.8 9.343567722 10.2 
D4L5 0.355 8 7.237496437 -14.7 

      
D5L1 0.317 4.934 7.348447608 -13.3 
D5L2 0.317 3.1905 9.138308183 7.8 
D5L3 0.317 5.36 7.050384135 -16.9 
D5L4 0.317 4.8 7.450313643 -12.1 
D5L5 0.317 8 5.770988133 -31.9 
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For AIDA Ship 
     
 Mass of the Rudder Plate = 9.9 Tonnes  
 Breadth of Plate = 3.325  
 Offset from the C.G. = 0.396  
     
 C = 1.078  
 Freq. From NISA = 9.090  
     

Case No. Diameter Length (m) Frequency (Hz) Error (%) 
 X Y Z  
     

D1L1 0.228 5.122 3.135570255 -65.5 
D1L2 0.228 4.07 3.517540596 -61.3 
D1L3 0.228 5.47 3.034189212 -66.6 
D1L4 0.228 5.2 3.111964622 -65.8 
D1L5 0.228 8.71 2.404513643 -73.5 

     
D2L1 0.535 4.934 17.59035566 93.5 
D2L2 0.535 3.1905 21.87483665 140.6 
D2L3 0.535 4.401 18.62509552 104.9 
D2L4 0.535 4.8 17.8341976 96.2 
D2L5 0.535 8 13.81431006 52.0 

     
D3L1 0.381 4.934 8.921071246 -1.9 
D3L2 0.381 3.1905 11.09397559 22.0 
D3L3 0.381 4.401 9.445846767 3.9 
D3L4 0.381 4.8 9.044737386 -0.5 
D3L5 0.381 8 7.006023454 -22.9 

     
D4L1 0.355 4.934 7.745041738 -14.8 
D4L2 0.355 3.1905 9.631500702 6.0 
D4L3 0.355 4.401 8.20063818 -9.8 
D4L4 0.355 4.8 7.852405461 -13.6 
D4L5 0.355 8 6.082447116 -33.1 

      
D5L1 0.317 4.934 6.175691325 -32.1 
D5L2 0.317 3.1905 7.679903781 -15.5 
D5L3 0.317 4.401 6.538971871 -28.1 
D5L4 0.317 4.8 6.261300316 -31.1 
D5L5 0.317 8 4.84998237 -46.6 
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We take the combinations of Characteristic Lengths and Diameters and then select the 
combinations where the error is less than a fixed percentage. In my case I have taken 2 limits. 
 
 

MOD AIDA 

Within 10% error. 

D1L1 D4L5 
D1L3 D5L1 
D1L4   
D5L3   

Within 15% error. 

D5L5 D5L4 
D4L5 D5L5 
D5L1   
D5L4   

 
The combinations within allowable errors in the case of both the rudders are selected 

from the above set and they are given below. 
 

Good Combinations 
  

Maximum % Error 
  

D4L5 11.69 

D5L1 13.4 

D5L5 13.85 

D5L4 14.97 
 
 

7.6 Inferences on the Validity of the Torsional Formula 
 
 The best result was got for the combination of average diameter and the total length. 
But these don’t seem to have physical significance. So we have. 
 
 The best characteristic diameter is the average diameter at the first bearing. 
 
 The best characteristic length is the total length of the rudder including the plate. 
 

The formula was found valid for a first hand approximation for the Torsional 
frequency. And the dimensions of the average diameter at the bearings and the total length are 
easily known to us in the beginning of the design process itself. Thus this formula I hope will 
be helpful to someone interested in getting the Torsional frequency. 

 
The formula can be made better if we have something like a correction factor being 

added to the frequency. Lack of sufficient data prevents me from doing a better analysis. 
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8. Contact Analysis of Rudder Trunk and Rudder Stock 
 

8.1 Introduction to Contact Analysis 
 

Inside the rudder trunk we have the rudder stock passing through it. During the 
process of manoeuvring when huge lateral forces acts on the rudder plate the rudder stock 
acts as a beam which bends under this force. Thus there is some bending moment on the 
rudder stock. A part of the rudder stock is transmitted to the rudder trunk which is in contact 
with the rudder stock through a bushing of the material called Thordon. 

 
There are large forces acting on the rudder trunk and especially the Thordon 

bushing. It was my inquisitiveness for Non linear problems which made me do a Nonlinear 
Contact Analysis on this problem and to find out the stress distribution. The people in the 
company where I did my project had designed the rudder trunk so that the nominal contact 
pressure on the bushing is around 10-20 MPa. They wanted to verify the validity of the 
design which was based purely on the basis of empirical relationships. 

 
This analysis is a nonlinear one involving a contact and thus have contact surfaces 

and contact elements. 
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8.2 Model Descriptions 
8.2.1 Rudder Stock 
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8.2.2 Rudder Trunk 
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Bottom View of the Rudder Trunk.
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8.2.3 Rudder Stock with Rudder Trunk 
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8.2.4 Contact Surfaces and Contact Elements 
 

The most important part of this contact analysis is the definition and identification of 
the contact surfaces and contact elements. These are important because unless they are 
defined properly the answers can be wrong. Special care should be given to the identification 
of master and slave surfaces. 

 
I defined the contact surface 1 to be the surface formed from the innermost nodes of 

the rudder trunk bushing which is made of a substance called Thordon. The contact surface 2 
is defined by the outermost nodes of the rudder stock lining. 

 
The contact element is defined in such a way that the master surface is the Surface id 

1 and the slave surface is the Surface id 2. 
 
 

Contact Surface Parameters 

Surface ID Type Order Rev. Flag  

1 Shell 3 NO  

2 Shell 3 NO  
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Contact Surface 
 

 
 

Contact Elements 
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8.2.5 NISA Model Property Ids Quick Reference 
         

  New Prop. Ids   Description   Dimensions (in SI)   Element Type   
                  
              
  1   Rudder Stock All Parts Except Near Bearings.   0.258   Beam Elements   
  2   Rudder Stock Near Bearings.   0.2675   Beam Elements   
              
                  
              
  3   Rudder Trunk Bottom Outer.   0.2583   3D Elements   
  4   Rudder Trunk Top Outer.   0.2398   3D Elements   
  5   Rudder Trunk Top Inside.   0.2213   3D Elements   
  8   Rudder Trunk Top Most Shell.   0.2028   Shell Elements   
              
                  
              
  6   Thordon Bush.   0.1575   Beam Elements   
              
                  
              
  10   Contact Elements.   0.025   Contact Elements   
              

 
 

8.2.6 NISA Model Material Ids Quick Reference 
             

  Matl. Ids   Description   Density (kg/m3)   Young´s Modulus   Shear Modulus   Poisson´s Ratio   
  

                    
  1   Normal Steel   8000   2.10E+11   8.08E+10   0.3   

                    
  2   Normal Steel   8000   2.10E+11   8.08E+10   0.3   

                    
  3   Normal Steel   8000   2.10E+11   8.08E+10   0.3   

                    
  4   Normal Steel   8000   2.10E+11   8.08E+10   0.3   
                    

  6   Thordon   1000   4.40E+08   1.51E+08   0.45   
                    

  10   Contact Element   0   0.00E+00   0.00E+00   0   
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8.2.7 Displacement Boundary Conditions 
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8.2.8 Displacement Boundary Conditions for the Rudder Trunk 
 
 
 
 

 

 
Front View 

 
Total View  

Right View 
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8.2.9 Force Boundary Conditions 
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8.3 Parameters and the Values of Parameters in Contact Analysis 
 
 The problem of non linear contact analysis is as the name suggests a non linear one. The 
result and the convergence of the result depend upon the careful choice of the various parameters 
on which define the initial value of the problem lies. The parameters which are important and 
valid in our case are as listed below 
 
 

1. Penalty No. in Normal Direction. 
 
2. Penalty No. in Tangential Direction. 

 
3. Number of Time steps. 

 
4. Total Duration of the Event. 

 
The correct and efficient solution depends on the choice of these parameters. I have done 

quite a bit of trial runs and came across the set of values given below so that we get acceptable 
results. 
 
 
 
 

Parameter Value 

  

Penalty No. in Normal Direction 1e11 

Penalty No. in Tangential Direction 1e9 

No. of Time Steps 15 

Total Duration for the applied force / Event 1 sec 
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8.4 Verification of the Results 
 
 When we have a non-linear contact problem we have to check for the validity of the 
output we are getting. Thus the procedure of verifying the result and accepting the correct one 
involves a lot of thought and reviewing of the properties of the results. I will try to subdivide it 
into two classes. 
 
8.4.1 General 
 

1. The penetration of the slave nodes on the master surface shouldn’t be allowed. This can 
be checked by checking whether the displacement of the slave nodes + the gap is 
approximately the displacement of the master node. 

 
2. The warnings of ill conditioned matrix and – ve pivot etc shows instability in the model. 

If we are sure that the model has been properly made then most probably it is the problem 
with the parameters involved in the analysis. The results in such a case don’t guarantee 
the physical situations. 

 
3. As a general rule there should be a smooth distribution of stresses in the model. We 

cannot have an element having both the maxima of the compressive and tensional 
stresses. 

 
8.4.2 Problem Specific 
 

1. The load applied and the model itself is symmetric about the y axis and hence the kind of 
response expected is also symmetric. This is the first check. We should get a response 
which is at least nearly symmetric if not perfectly symmetric. 

 
2. We know that the bending in the rudder stock is similar to a beam bending so the stress 

contours in the z-z direction, Szz should run along the length of the stock. 
 
3. The pressure or the compressive stress at the point of contact of the trunk and stock that 

is in our case Syy should be of the order of 10 MPa to 20 MPa. This is the value we expect 
due to the design considerations and general experience. 
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8.5 Results of the Contact Analysis 
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8.6 Inferences from the Contact Analysis 
 

The contact analysis has been a long and time consuming especially with a lot of 3d elements 
in it. I had a further aim of finding out the percentage or ratio of the bending moment which is 
transferred to the rudder trunk from the rudder stock. The deficiency of time did not let me to do 
this part. 

 
The stress distribution in the rudder trunk bushing has shown that the nominal value of the 

normal pressure at the region of contact to be around the region for which it has been designed 
using the empirical relationships. 

 
The stress contours for the zz stresses shows the expected pattern also. 
 
I should infer from the analysis that the rudder trunk was properly designed and that the 

formula used for the purposes is good enough. 
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9. Conclusions 
 

9.1 A Retrospection 
 

First of all I hope I have done justice to the work I was entrusted. The main aim has been to 
find out the cause for the apparent crack formation in the rudder plate. I am quite happy that I have 
found a possible explanation and this I attribute to dynamic amplification. I have also digressed 
into a variety of other things which deals with the rudders. The analysis I have done has raised the 
questions as to the nature of the forces due to the propeller action, is it big enough to make a 
significant effect and does it actually happen. I want to say or reflect a few things I have thought 
about the project I have done 

 
1. The finite analysis above all has been a very complex one as far as the model is concerned. 

I don’t deny the possibility of the existence of any small errors which to a very small scale 
might have altered the results. 

 
2. A complete verification of the analysis is possible only by an experimental setup which 

will find out all the necessary things. 
 

3. I have also found out the formula for the first hand evaluation of the Torsional formula and 
this needs a rigorous check. 

 
4. The new proposed method for finding out the frequency of rudder in water also needs 

verification. Apparently it is better than the previous method but the truth needs to be 
known. 

 
5. The last analysis as to find the validity of the formula used for designing the rudder trunk 

was found to be good. I wanted to do a further analysis as to get the ratio of the bending 
moment transferred from the rudder stock to the rudder trunk. 
 

9.2 Reasons for Wrong Results if any 
 

In addition to the errors from my part as to the modelling like the use of unsuitable 
elements, the use of elements having very small aspect ratio, I don’t deny the impossibility of other 
errors which are not so obvious to me. 
 

There is a fair chance of errors arising due to the assumptions I have made during the Finite 
Element Analysis. 
 

Some assumptions which can result in wrong answers are. 
 

1. Torsional Spring constant of the Steering Gears. 
 

2. In adequate methods for finding out and distribution or representation of the added mass in 
the Finite Element Calculations. 

 
3. The Stiffness at the bearing which connects the rudder plate to the rudder stock. 

 
I have tried my level best to do justice to the above mentioned problems. 
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9.3 Suggested Improvements 
 

As an engineer it is my duty to not only to find out the reasons for the failure of a structure but 
also to suggest some ways of improving upon the design of the rudder so that the failure of it can 
be avoided. I hence propose some ways of solving this problem. 
 

1. A rudder made of composite materials. This is helpful because the entire mass of the model 
is considerably reduced and to this effect the natural frequencies is also raised. This idea 
may be acceptable when we can have a rudder with some parts of it made of composite 
material. 

 
2. Well increase in the length of the rudder trunk is a good method to stiffen the rudder itself. 

This can lead to a greater stress concentration in the rudder trunk. 
 

3. Increasing the rudder stock thickness is yet another idea but this increases the mass too. 
 

4. The rudder was over defined in many ways. This is one factor which increases the mass of 
the whole structure. The designing of the rudder, I think is should be given more 
importance. 

 
5. The clamping of the rudder motions is yet another solution. This can be achieved by the use 

of adequate bushings in the rudder trunk. 
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