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Abstract. Appropriate dimensioning of the electric drives belonging to the steering gear of a
ship is based on the maximum values of the torque applied on the rudder’s shaft. Evaluation of
the moment may be done in several ways. The paper presents a method based on dimensionless
coefficients given as diagrams. To express analytically the diagrams resulted from
experimental studies, we use a digitization stage followed by an interpolation process based on
spline functions. The output data of this stage consist of the spline functions coefficients stored
in text files using the CSV format. An original application was developed, program which
considers a general balanced rudder with a parameterised balance ratio and two directions of
motion, ahead and astern. The output data of the application is the moment applied on the
rudder’s shaft with respect to the angle of attack for the both directions of motion. We plan to
continue the study by considering a general shape of the rudder, in this case being required a
new algorithm. The results of the new approach may be tested using the output data of this
study.

1. Introduction

The rudder is the main element of the manoeuvring equipment of a ship. It is useful to steer the ship,
i.e. to maintain the direction of the ship and to turn it, if necessary. The ship manoeuvring system is
very important in ports, straits, channels and in heavy traffic areas. The steering system failure may
have terrible consequences; therefore, it is considered paramount for the ships’ safety. The rudder is
remotely controlled from the wheelhouse aka the ship’s bridge, using an electrical drive system, [1]
[2] [3]. A rudder consists of a vertical plate and the rudder’s vertical shaft located in the longitudinal
plane of symmetry of the ship hull. The rudder may be powered hydraulically or electrically. By
rotating the rudder, the pressure of the water stream produced by the ship’s motion is applied on the
rudder’s plate. The rudder is connected to the ship hull through the shank, therefore the pressure
applied on the rudder is producing the ship’s turn. To rotate the ship rudder with a given angle, a
certain torque may be applied on the vertical shaft. The according force is usually produced by an
electrical motor that is connected to the rudder by the use of a transmission mechanism, which may be
either mechanical, or hydraulic. The rudder’s angle has a given range for both ship’s motions, i.e.
ahead or astern. The dimensioning of the electrical motor which powers the steering system as well as
its parameters in running conditions are depending on the force and the torque applied on the rudder’s
shaft. It results that the calculus of the force and torque is important, along time being developed
several methods to evaluate these values, with respect to the number of rudders, the shape of the
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rudder, the position of the propeller and other criteria. In this way, this topic was approaches in books,
[4] [5] and a series of scientific papers, [6] [7] [8].

2. Actual solutions
Let us denote by & the angle between the rudder’s vertical plane and the ships’ motion direction. The

water pressure force on the rudder’s plate, R,, is projected with respect to two system of axes, as it is
presented in the following figure.

R —
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Figure 1. Forces applied in the centre of pressure, A, on a rudder during the ship manoeuvring.

The first system of axes is positioned with respect with the ship’s motion direction and by
projecting the pressure force along these directions, it results the R, drag force and the Ry lift force

along the portside or starboard transversal directions, where:

R =R;+R!. (1)

The second system of axes is positioned with respect to the rudder’s direction and its perpendicular
direction. By projecting the pressure force along this system, it results the R force which is useful to
deduce the torque applied on the vertical shaft and the tangential force, T , for which we have the

relation:
R =, R2+T2. )

From the previous figure there may be deduced the following relations:

R=R,-sin(a)+R, -cos(a), 3)
T =R, -cos(ar)-R, -sin(a). (4)
According to the Wing Theory, the normal force is:
2
R=[C,-cos(a)+C, sin(a)}] p- A;/ \ (5)

where C, is a dimensionless coefficient of the R, lift force, C, is a dimensionless coefficient of the

y

R, drag force, V is the ship’s speed [%J, A is the rudder’s area [m2 ], p s the sea water density,

p=1025 k%3 .
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The values of the Cy and C, coefficients depend on the rudder’s ratio of width to length (aspect

ratio), 1, the relative thickness, t , the angle of attack, « , and others.
The results of the experimental research studies were used to present diagrams of the C, and Cy

coefficients for rudders of various aspect ratios and for a wide range of aerodynamic shapes. These
coefficients are experimentally measured and they are expressed as diagrams, as it is presented in the
following figure. They depend on the hydrodynamic characteristics of the rudder, the relative
dimensions of the rudder, the rudder angle and others.
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Figure 2. C,, C and C coefficients for two case studies.

Because the experimental studies were run for the A, aspect ratio, the previous coefficients must be

adjusted for the real aspect ratio, A, , using the relations:

2
C, =C, +* [i—i], ©
o A A
C 1 1
—aq +573. .| = _ =
o, =04 + - (ﬂz 21} (7

while the C, and C,, coefficients are not modified.
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Usually, a NACA hydrodynamic profile is denoted NACAOO0XY, this means that the profile in
question is a NACA profile, having t = 0.XY .

The moment on the rudder shaft must be known in order to design the electrical component of the
steering equipment. In this way, the calculus schemes in the following figure are used to deduce the
moment arm of the R pressure force.
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Figure 3. Calculus scheme used to deduce the lever arm of the R pressure force for a ship moving
ahead and astern in two cases: ordinary rudder and balanced rudder.

For a rectangular shape ordinary rudder, the moment on the rudder’s shatft is:

Mg =R-X, (8)

where X=X b is the distance from the centre of pressure, A, to the rudder’s shaft, when the ship

moves ahead.
The location of the centre of pressure is modifying with respect to « , the attack angle. Let us

define a dimensionless coefficient, Cp , related to the location of the centre of pressure:

C,=—+ ©9)

The values of the centre of pressure coefficient, C . are experimentally measured for various

p b
aspect ratios, with respect to the attack angle, ¢ . For the cases presented in figure 2, the variation of

the Cp coefficient is expressed as a diagram. The distance from the leading edge of the rudder to the

centre of pressure is X b = Cp -b, with respect to the current direction of motion. By the use of the

(8) and (9) relations it results the moment:

My =R-C,-b (10)

applied on the ordinary rudders’ shaft.
For the balanced rudders, the shaft is located at distance b, with respect to the front edge of the

rudder and the moment is computed using the lever arm X = X, —b,, i.e.

p

My =R-(C,-b-b,) (11)
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By replacing (3) in (10), it results:

. AV?
M, :[Cy-cos(a)+CX-sm(a)]-p- > .C,b. (12)
Let us define the C,, dimensionless coefficient as:
H M shft
C, = [Cy -cos(a)+C, -sm(a)]»Cp = (13)
P a2
2
and the previous relation becomes:
A-V?
Mg =Cq-p-b- 5 (14)

C,, is designated the moment’s coefficient and it expresses the moment’s modification with

respect to « , the attack angle. This coefficient is also experimentally measured and it is also given as
diagrams. However, between the dimensionless coefficients there is the relation (13) which connects
them.

For a balanced rudder, the moment applied on the rudder’s shaft is computed using the relation

A-V?

Mg =p-b- '(Cm_ fa'k)a (15)

where f, =C, - cos(a)+C, -sin(a) and k = A is the balance ratio, for which A, is the area of the
A

balanced region, while A is the total area of the rudder.

If the ship moves astern, the centre of pressure has a different location, as it is presented in figure 3,
and the moment applied on the rudder’s shaft is computed using one of the relations:
° for an ordinary rudder
A-V?
(f,-C,,) (16)

Mgy = R'(b_xp):p'b‘
° for a balanced rudder

A-V?

Mshft:R'(b_Xp_b.l):p'b' '[fa'(l_k)_cm]' (17)

The calculus relations of the moment applied on the rudder’s shaft were verified starting from the
basic aspects of the theory. Once implemented, various tests were run, the results being also
extensively verified.

3. Discussion
The previous calculus relations were used in order to create an algorithm which outputs the value of
the moment applied on the rudder’s shaft.

The diagrams of the C,, Cy and Cp dimensionless parameters were digitized, the result being

presented in figure 2. The points along each diagram were used to approximate the curve by the use of
the data processor presented in [9], based on spline functions.
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Figure 4. Output of the data interpolation processor.

As it is presented in the previous figure the results of the spline interpolation processor consist of:
an image of the interpolation solution, automatically generated code in C++, Java and GNU Octave
and a text file which uses the CSV format to store the main information regarding the spline functions.
In the next figure there may be noticed the following columns: index of the current interval, horizontal
coordinate of the left side of the current interval, horizontal coordinate of the right side of the current
interval, coefficients of the third degree polynomial function.
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3 3 10 15 -9.67E-06 0.000488 0.009566 0.065997
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5 | 5 20 22.5 -5.39E-05 0.000206 0.016465 0.200861
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3;10;15;-9.67147385501245e-006,;0.000488123345233134;0.00956587592020964;0.065997131
4;15;20;-9.15882481819129e-006;0.000343051237407947;0.013721748833415;0.12482066
5;20;22.5;-5.38826734348571e-005;0.000205668865135077;0.0164653493461302;0.200860832
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Figure 5. Interpolation data for the C, dimensionless parameter.
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As mentioned in [9] if a curve is divided in ¢ N ’ intervals, its approximation with spline functions
may be expressed as

N

()= 2 fH(x=x)-H(c-x, 2 )F[A (=% P +B (- x P4c -(x-x)+D ] a9

i=1
0,if x<0
1if x>0

The interpolation problem was solved using an original software based on GNU Octave.

The previously mentioned algorithm was implemented and it resulted a C++ code.

The input information is structured as case studies, for each case study being considered the
following sets of data: rudder’s geometry, range of the angles of attack, ship’s speed and the names of
the files where are stored the data regarding the spline functions which approximate of the
dimensionless coefficients.

The output consists of the values of the moment that loads the rudder shaft with respect to the
attack angle. The output data are stored in a text file using the CSV format, in this way being very easy
to create the diagrams and to do the interpretation of the output data by the use of a spreadsheet
application that may be found in any operating system.
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Figure 6. Screen shot of the original application.

As it was presented in [10], a method to easily develop computer based instruments is to use the
previously created libraries, in this case being created new C++ header files used to handle the spline
functions data. In this way, the new application was smaller, i.e. easier to control, and the library of
header files was extended. A screen shot of the application is presented in the previous figure. There
were used the MinGW compiler and the Eclipse environment.

The original application was run for several values of the balance ratio. There was considered that
the ship moves ahead with 20 knots and astern with 5 knots, the values of the speeds (in knots) being
given as an input data.
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The results are presented in figure 8. As it can be noticed in figure 2, Cp is not defined for

ae (0° ..5° ), therefore we had to solve an extrapolation problem for this range of values. However,
the maxim values of the moment which loads the rudder’s shaft are reached for significant larger
values of the attack angle.

There should be also mentioned that the dimensionless coefficients have different values for the
ahead, respectively astern direction of the rudder. However, the speed astern of the ship is very small
in comparison with the speed ahead and it is rarely used, in most cases for manoeuvring purposes.
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Figure 7. Diagram which presents the M ., moment applied on the rudder’s shaft with respect to the
«a angle of attack for various balance ratios.

4. Conclusions
The rudder is a significant component of the ship for navigation safety and transport efficiency, being
an important research topic over the years, [11]. The paper presents an original method based on
experimental data expressed in an analytical way, in order to compute the moment applied on the
rudder’s shaft. The values of the moment are used for the design of the electrical drives of the ship
steering gear.

At present the rectangular rudder case was solved, a future research direction being dedicated to the

rudders having an arbitrary shape. In this way, there may be developed another component of the
analytical general model of a ship.
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