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ABSTRACT

A novel numerical procedure for predicting
rudder manoeuvres of a ship sailing in moderate
regular waves is thoroughly described and validated
with available experimental data. Only the mean ef-
fects of the waves are taken into account. The tech-
nique is purely based on RANS simulations of captive
model tests in calm water and in waves and uses a
mathematical model for determining the mean hy-
drodynamic forces and moments acting on the ship
during the manoeuvres. The comparison of predicted
and measured turning circle tests in regular waves
show a very promising agreement.

INTRODUCTION

The permanent goal of reducing the installed
power and exhaust gases of ships, along with IMO
regulations regarding the Energy Efficiency Design
Index (EEDI), has led to safety considerations with
regard to minimum power requirements to ensure a
reasonable manoeuvrability in waves. For this rea-
son, the prediction of manoeuvring in waves has got
more relevance in ship design and several research
projects have started on this subject in recent years.
The present paper describes a numerical prediction
technique developed in the scope of the German
project PerSee and the European project SHOPERA
at the Technical University Berlin. In order to simu-
late rudder manoeuvres of a ship sailing in moderate
seaways a mathematical model of Abkowitz type has
been extended for taking mean wave forces and mo-
ments into account. This approach solely considers
the mean effect of the waves, disregarding first or-
der forces, which should not have a significant global
influence on the resulting trajectories. This assump-
tion sounds reasonable as far as the encountering fre-
quencies do not become excessively small, which can
hardly occur when sailing in adverse conditions with
small installed propulsion power and thus low for-
ward speed.

OUTLINE OF NUMERICAL PROCEDURE

For manoeuvring prediction of displacement
surface ships, it is usual to disregard dynamic
changes of sinkage and trim during the manoeuvres.
The motion equations of the ship, considered as a
rigid body, result from the momentum and angular
momentum equations. When written in four degrees
of freedom in the hybrid Cartesian coordinate system
that follows the ship motions, excepting roll, they
read:
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The velocity components of the ship’s origin
along the (horizontal) x- and y-axes are denoted by
u and v, whereas ψ and ϕ are the heading and roll
angles. The mass of the ship is m and the known
coordinates of the centre of mass and moments of in-
ertia referred to the ship fixed coordinate system are
denoted by xG, zG, Ixx, Iyy, Izz and Ixz. The ship
has been assumed to be symmetric regarding y = 0,
see Figure 1. Note that in practice we often assume
Iyy = Izz and Ixz = 0 for simplicity, and thus the
third and fourth equation become more compact.

Of course, heave and pitch can be significant
in waves and in fact they lead to additional inertial
terms disregarded in Equation 1 but we recall that
we are going to include the mean wave effects only,
and the corresponding mean inertial contributions
will be contained there, see below.



The right hand sides in Equation 1 are the
longitudinal and (horizontal) transversal force com-
ponents (X,Y) and the longitudinal and (vertical)
transversal moment components (K,N) along the
axes of the hybrid system. Knowing the hydrody-
namic forces and moments acting on the ship, it is
straightforward to integrate these coupled differen-
tial equations numerically in time in order to simu-
late manoeuvres.

According to the idea mentioned above, we
split the forces and moments in a component stem-
ming from calm water and a component stemming
from the waves:

X = Xc +Xw

Y = Yc + Yw

K = Kc +Kw

N = Nc +Nw

(2)

The calm water part of the forces acting on the ship
can be modelled with usual hydrodynamic coeffi-
cients, which can be determined by means of virtual
PMM tests as explained in Cura Hochbaum (2006)
and will be shown below.

Since only the mean effect of the waves on
the manoeuvres is going to be taken into account, the
corresponding part of the forces (and moments) rep-
resents the time averaged values of the second order
forces acting on the ship for the considered “quasi-
static” situation consisting of a given encountering
angle α, wave length λ and forward speed u, see Fig-
ure 1. Thus, besides the limitation of the proposed
procedure regarding the encountering frequency (or
period) made above, there is an additional restric-
tion regarding rapid heading changes. If the vessel is
sailing with moderate yaw rates, which implies slow
changes in the encountering angle α with a given sin-
gle long crested wave, the vessel will experience sev-
eral encounters with the “same wave” at each head-
ing during the manoeuvre and the idealisation is ex-
pected to be reasonable.
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Figure 1: Coordinate system and wave direction.

Note that the procedure can be used for sea-
ways as well, superposing the loads due to the indi-
vidual wave components according to a given energy
spectrum, see Faltinsen (1990). The mean values
of the forces due to a single wave of given length
and direction are obtained from RANS simulations
as shown in the corresponding section below.

After the mean wave forces are obtained,
their dependence on wave length and encountering
angle can be modelled. This procedure has been de-
scribed in Uharek and Cura-Hochbaum (2015). Due
to the periodic behaviour of the mean force traces
(mirrored at 180◦) on the wave encountering angle,
a Fourier series expansion is used to approximate
this functional relationship. By assuming that the
Fourier coefficients depend on the non-dimensional
wave length λ′ = λ/Lpp and making a polynomial
approach for these coefficients, the functional depen-
dence on the wave length is captured as well:
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The force F ′ in Equation 3 denotes either
Xw, Yw, Nw or Kw of Equation 2, made non-
dimensional with (ρgζ2

wLpp) or (ρgζ2
wL

2
pp), ρ being

the water density, ζw the wave amplitude and Lpp
the ship length. Note that according to Figure 1,
α=180◦ −µ, being µ the usual encountering angle.

Since all forces have been divided by the
squared wave amplitude, the non-dimensional forces
can be considered independent of the wave amplitude
as long as it does not become too large. In case of a
low approach speed, the absolute speed loss during a
manoeuvre is small, leading to a rather moderate in-
fluence of the forward speed on the mean wave forces.
For higher approach speeds, the dependence of the
mean forces on speed can be captured by generating
coefficient sets at various speeds and interpolating
the forces.

The numerical simulations needed for de-
termining all hydrodynamic coefficients mentioned
above, those corresponding to calm water as well as
to waves, are performed with an updated version of
the RANS code Neptuno, Cura Hochbaum and Vogt
(2002). The code uses a finite volume method to
solve the governing equations on a ship fixed, block-
structured grid with non-matching interfaces. Pres-



sure and velocities are coupled by means of the SIM-
PLE algorithm (Patankar and Spalding (1972)) and
the turbulence is modelled with the standard k-ω
model from Wilcox (1993). The free surface is cap-
tured using a two-phase level set method, see Os-
her and Sethian (1988) and Sussman et al. (1994).
A body force model is used instead of the propeller
during the virtual captive tests. Hereby a force dis-
tribution in a certain region of the grid does approx-
imate the effect of the (disregarded) propeller on the
flow, depending on the current velocities at the pro-
peller plane, see below. Contrary to Equation 1, ship
motions are predicted with Neptuno by solving the
motion equations in six degrees of freedom (without
simplifications) together with the RANS equations.

In the following sections, the individual com-
ponents of the prediction method will be described
in more detail for the concrete case of the DTC, a
very large single screw container ship, and the pro-
cedure will be used to predict manoeuvres in regular
waves from different directions. The main dimen-
sions of the DTC are shown in Table 1. The results
are compared with ship model tests performed at the
experimental facilities of MARINTEK.

Table 1: Main dimensions of DTC

full scale model scale

Lpp 355 m 3.98 m
Bwl 51 m 0.57 m
T 14.5 m 0.16 m
∀ 173467 m3 0.2452 m3

cB 0.66
U 6 kn 0.327 m/s
GM 5.1 m 0.057 m
Fr 0.052
Re 1.1 109 1.3 106

DERIVATIVES FOR CALM WATER

In order to determine a complete set of ma-
noeuvring derivatives for calm water for the DTC,
virtual captive model tests have been performed at
model scale.

Since the approach speed for all measured
manoeuvres was chosen at a rather low speed of 6
knots, it was decided to simulate the virtual tests to
determine the calm water coefficients without tak-
ing the water free surface and related effects into ac-
count. The grid was built using the commercial soft-
ware GridPro and has a cylindrical zone with equal

Figure 2: Grid for computations in calm water.

cell distribution for including the body forces in the
propeller region, highlighted with blue lines in Fig-
ure 2, and a rudder box, indicated in red. For each
considered rudder angle, a particular grid was gener-
ated within this box and included in the global grid
using non-matching interfaces.

The test matrix for all virtual static tests
is shown in Table 2. At first, some computations
were performed to determine the propeller revolu-
tion rate at model self propulsion point (MSPP). The
propeller revolution was then kept constant during
all virtual tests. Since the DTC has a twisted rud-
der with a costa bulb, an asymmetric behaviour was
expected. All rudder deflection tests were therefore
performed to port and starboard up to 35◦. This re-
sults in 11 tests for the straight ahead motion. These
11 rudder angle tests were performed for three addi-
tional drift angles (β = −10◦, 10◦, 20◦), three ad-
ditional yaw rates (r′ = rL/u = −0.35, 0.35, 0.7)
and three additional forward speeds (-50%, -25% and
+25%), resulting in a total number of 110 static tests.
Due to the large metacentric height (GM), no tests in
heeled condition were necessary in the present case.

Table 2: Matrix for virtual static PMM tests

rudder angle 11
drift / rudder angle 3 x 11 33
yaw rate / rudder angle 3 x 11 33
surge speed 3 x 11 33
total 110
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Figure 3: Pressure distribution on the blades and
axial body force distribution on the propeller disk.

In addition to the static tests, five dynamic
tests were computed mainly to determine hydrody-
namic coefficients depending on accelerations, i.e.
added masses and moments of inertia. Due to the
small longitudinal speed, the motion period was
chosen to 50s to avoid memory effects during the
harmonic virtual tests. The computed tests were:
one pure surge test with a non-dimensional ampli-
tude of û′ = û/u0 = 0.2, one pure sway test
with v̂′ = v̂/u0 = 0.5, one pure yaw test with
r̂′ = r̂L/u0 = 0.7 and two combined sway/yaw tests
with v̂′ = −0.4, r̂′ = 0.7 and v̂′ = 0.4, r̂′ = 0.4.

Especially for forces due to rudder deflec-
tion, it is important to take the propeller effect on
the flow into account. This effect is approximated
with a new developed body force model based on
RANS simulations of ’oblique open water tests’ for
the considered propeller at different angles of inci-
dence computed in advance.

As explained in Cura Hochbaum et al.
(2016), the calculated pressures and shear stresses
on the blades of the propeller for each given advance
ratio and angle of incidence are transferred onto the
propeller disk and averaged over one propeller rev-
olution. Figure 3 shows a snapshot of the pressure

distribution on the blades of the DTC propeller in
uniform flow at an incidence angle of 30◦ (from port
side) and advance ratio 0.7 and the corresponding
averaged axial force per unit area on the propeller
disk. The blue regions at the propeller blades cor-
respond to low pressures on the suction side and to
high axial forces on the disk in red. The compu-
tations have been performed using the open source
toolbox OpenFOAM.

The axial and transversal forces per unit
area in each point of the polar mesh on the propeller
disk are stored in a database for several advance ra-
tios and incidence angles. This is used later on to de-
termine the body forces in the propeller region during
the RANS simulations of captive tests, depending on
the current inflow to the propeller plane.
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Figure 4: Side force and yaw moment determined
with real propeller, body forces and experiments.



The accuracy of the body force model is sur-
prisingly good. The model has proven to yield a
very satisfactory agreement with experiments when
applied for the propeller in behind condition during
virtual manoeuvring tests. Figure 4 shows the non-
dimensional side force and yaw moment on a medium
size container ship in oblique towing condition at
drift angles ranging from −20◦ to 20◦ combined with
diverse rudder angles. The results using the present
body force (BF) model are compared with those ob-
tained by Yao (2015) considering the real propeller
and with experiments from HSVA. There is almost
no difference between them. Further, the calculated
forces and moments agree reasonably well with mea-
surements for all drift and rudder angles. At least
for determining coefficients for manoeuvring predic-
tion, it does not seem to be worthwhile to take into
account the rotating propeller, which would be ex-
tremely time consuming.

Some interesting flow details from the per-
formed virtual tests can be observed in the following
two figures. Figure 5 shows the flow separation at
the rudder, deflected to δ = −35◦, during a rudder
angle test at straight ahead condition. The horizon-
tal cut plane is coloured with the axial velocity, blue
corresponding to high values. The separation zone
at the rudder and the propeller effect on the flow are
clearly visible. The propeller disk has been coloured
with the axial body force distribution and the rudder
with the calculated pressure distribution, red corre-
sponding to high values in this case. Figure 6 shows
the velocity distribution in the propeller plane during
an oblique towing or static drift test with β = 20◦.
The flow is strongly accelerated and rotated by the
body force distribution. The interaction between the
“propeller” and the vortex on the leeward side (right
hand side) can clearly be seen.

Figure 5: Pressure on rudder, velocity in a cut
plane and axial body force on propeller disk.

Figure 6: Velocity distribution in the propeller
plane in steady oblique motion with β = 20◦.

In order to check the uncertainty of the com-
putational results, selected cases have been calcu-
lated on grids of different resolution, ranging from
1.1 to 2.5 million cells, as shown in Figure 7 for the
rudder. As in previous cases, the grid convergence
behaviour has shown to be quite satisfactory. Fig-
ure 8 shows the obtained forces and yaw moment on
three grids for the DTC in forced straight ahead mo-
tion with rudder deflected 35◦ to port. Note that not
only the changes between grids are getting smaller,
but that the largest difference between results on the
coarse and the fine grid is smaller than 5%.

In addition, some of the calculations for
determining rudder angle depending hydrodynamic
coefficients and some drift angle dependent forces
have been repeated with another RANS code, a cus-
tomized solver for determining hydrodynamic coef-
ficients using the open source toolbox OpenFOAM.
Both codes were run on the same structured grid.
Figure 9 and Figure 10 compare the computed non-
dimensional forces and the yaw moment. Disregard-
ing X ′, the general agreement is very satisfactory.

Figure 7: Different surface grids on the rudder
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Figure 8: Dependence of calculated global forces
and yaw moment on grid resolution.

The offset of the axial forces obtained with
OpenFOAM simulations (green) in Figure 9 is ex-
plained by the fact that these have not been per-
formed exactly for the propeller revolutions corre-
sponding to the self propulsion point. The grey
traces, obtained without considering the propeller ef-
fect (w/o BF), show the very strong influence of the
body forces on the predicted forces. The larger dis-
crepancies ofX ′ for different drift angles using Open-
FOAM (green) and Neptuno (blue) in Figure 10 are
most probably due to the different turbulence mod-
els used, k-ω SST and standard k-ω, respectively.
Additional static drift computations performed with
OpenFOAM using the k-ω model yielded the red
trace for X ′ in Figure 10, which is much closer to
the one obtained with Neptuno, although the wall
functions are different in both codes.

The hydrodynamic coefficients depending
exclusively on motion parameters are determined by
Fourier analysis of the dynamic tests. Rudder angle
dependent coefficients are determined by multilinear
regression of the forces obtained from the static vir-
tual tests shown in Table 2. The lines in Figure
11 show the reconstruction of the non-dimensional
global side force and yaw moment for all combina-
tions of yaw rate and rudder angle using these
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Figure 9: Rudder dependent forces computed with
and without propeller effect and two RANS codes.

0 5 10 15 20 25

β [ ◦ ]

−1.0

−0.9

−0.8

−0.7

−0.6

−0.5

X
′ ·1

0
′3
 [
-]

0 5 10 15 20 25

β [ ◦ ]

−2

0

2

4

6

8

10

Y
′ ·1

0
′3
 [
-]

0 5 10 15 20 25

β [ ◦ ]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
′ ·1

0
′3
 [
-]

Neptuno OpenFOAM OpenFOAM k-ω

Figure 10: Drift angle dependent forces computed
with two RANS codes.
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Figure 11: Calculated (symbols) and modelled
(lines) side force and yaw moment.

coefficients. As can be seen, the rather simple math-
ematical model used, with coefficients up to third
order, is able to predict the values in all situations
quite well.

All computations are performed on a single
core using a grid with 1.3 million cells. The aver-
age computation time for the static cases was 13.5
hrs. Due to the very large number of cases to be
computed, there is no disadvantage in using a scalar
RANS code. All computations can be performed si-
multaneously overnight on a PC cluster of a few hun-
dred cores. The dynamic cases were computed using
10 SIMPLE iterations and 2500 time steps per mo-
tion period. The computation time was 60 hrs per
motion period.

The basic model for calm water, consisting
of hydrodynamic coefficients, which reflect the influ-
ence of all motion and steering parameters on the hy-
drodynamic forces and moments acting on the ship,
has proven to perform satisfactorily for several ap-
plications as shown in the SIMMAN workshops, see
Cura Hochbaum et al. (2008) and Cura Hochbaum
and Uharek (2014).

MEAN WAVE FORCES

For the computation of wave forces acting
on the hull, a new grid including the free surface has
been created. Since the free surface is moving rel-
ative to the heaving and pitching ship, a spreading
of the cells in the vertical direction at the inlet and
outlet of the computational domain is necessary for
an adequate resolution of the free surface. Figure 12
shows a slice at the centre plane of the ship. The red
lines show the position of the free surface for pitch
angles θ = ±1◦.

All waves are computed on the same grid,
thus the resolution was chosen sufficiently high as to
ensure a good quality even for the smallest wave with
non-dimensional length and amplitude λ′ = 0.3 and
ζ ′ = ζ/Lpp = 0.004. The resolution on the finest
grid was 23 to 80 cells per wave length in longitu-
dinal direction and 5 to 10 cells per wave height in
vertical direction, depending on the wave considered.
The domain extends 1 Lpp towards inlet and port
side and 2.5 Lpp towards outlet and starboard side.
The waves are generated at the boundaries in front
and at the port side of the ship. To damp the re-
flections at the opposite side and outlet the grid was
expanded and additional damping terms have been
added to the right hand sides of the RANS equations
as well.

Figure 13 shows the quality check for a head
quartering wave from port side with λ′ = 0.75,
α = 45◦ and ζ ′ = 0.0075. The blue trace shows
the free surface elevation along a longitudinal ver-
tical cut at the side of the ship 0.65Lpp towards
the incoming waves, where the wave elevation is ex-
pected to be undisturbed at an early point of the
simulation. The black dashed trace represents the
Airy theory. As can be seen, the loss of wave ampli-
tude is quite small in this case and the wave length
is predicted very accurately in the range of interest
−0.5 < x/Lpp < 0.5. Far behind the ship, the grid
expansion leads to (aimed) considerable damping.

Figure 12: Spreading of the computational grid to
account for pitch motion in waves.
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Figure 14: Grid dependence of longitudinal force,
heave and pitch motions.

To check the grid dependence of the solution,
some cases have been computed on two additional
grids. Figure 14 shows time traces of the longitudi-
nal force, as well as of the heave and pitch motions
for λ′ = 1.0, α = 0◦ and ζ ′ = 0.01. The grey trace
was obtained on a grid with 680.000 cells, the green
trace with 2.15 million cells and the blue one on a
grid with 5.5 million cells. As can be seen, the accu-
racy of the results on the medium grid would be

Figure 15: Implemented virtual spring system.

already sufficient for this relative long wave. How-
ever, since shorter wave lengths are also considered,
all computations were carried out on the fine grid.

In the numerical simulations, the ship is
completely free to heave and pitch, while roll is com-
pletely suppressed. The mean surge, sway and yaw
motions are weakly prescribed using a virtual spring
system. The implemented system resembles the one
used in the towing tank of the Technical University
Berlin and consists of two nested slides, which allow
the motion in longitudinal and transversal direction,
see Figure 15. Note that not only hydrodynamic
forces but also the spring forces have to be considered
at the right hand sides of the motion equations.

The computations were performed for 36
cases with non-dimensional wave lengths ranging
from λ′ = 0.3 to 1.0. The encountering angle has
been varied from head to following waves in steps of
22.5◦. Especially following waves are hard to gen-
erate with a field method due to the long time they
need to develop and propagate into the domain when
generated just at the boundaries. To improve this,

Figure 16: Snapshots of free surface elevation for
waves from different directions with λ′ = 0.75.



proper source terms have been added to the RANS
equations in a certain region surrounding the ship.
Figure 16 shows the free surface elevation for the
computations with λ′ = 0.75, ζ ′ = 0.0075 and four
different wave directions. The generated waves show
the desired features.

The computations are performed using 500
time steps per wave period and 10 SIMPLE iterations
on a single core. The computation time is approxi-
mately 70 hrs per period on the grid with 5.5 million
cells. This small time step has been chosen to en-
sure an appropriate quality of the wave even for the
shortest considered wave length of λ′ = 0.3. Since
the averaged forces are very small compared to the
first order forces (see Figure 17) and can be influ-
enced by very small reflections with high period as
well as by motions at the natural frequency of the
whole system, several wave periods are needed for
accuracy.

Figure 17 shows the computed longitudinal
and side force and the yaw moment acting on the
ship for an incoming wave with a non-dimensional

Figure 17: Longitudinal and side force and yaw
moment (dashed lines show averages).

Figure 18: Free surface elevation and pressure
distribution for two head waves.

wave length of λ′ = 0.75, coming from α = 45◦ with
a non-dimensional amplitude of ζ ′ = 0.0075. The
two traces shown are the pure hydrodynamic force
in the hybrid coordinate system, resulting from the
integration of pressure and shear stresses on the sur-
face of the ship, and the (negative) spring force. The
difference between the two traces is due to inertial
terms. The average of these terms is zero for the
side force and yaw moment in this case (no roll), but
(even if hardly visible) has a significant influence on
the mean value of Fx due to heave and pitch. Since
these terms have been disregarded in Equation 1 they
are now included in the mean forces. Note that some
hardly damped low frequency oscillations in the nat-
ural frequency of the whole system are superposed
to the wave excited oscillations, especially in Fy.

In Figure 18 the computed pressure distribu-
tion and free surface elevation is qualitatively shown
for two different head waves. The picture on the
top shows a rather short wave with λ′ = 0.3 and
ζ ′ = 0.004. The dynamic pressure on the hull is
mainly due to the wave. The figure below shows a
longer wave with λ′ = 0.75 and ζ ′ = 0.0075. In
this case the dynamic pressure is not only due to
the wave, but also strongly influenced by a positive
pitch motion (bow upwards), which leads to a very
high negative pressure at the bow.

The three lines shown in Figure 18 are con-
tour levels of the signed distance function Φ, which
is used to separate the two phases water and air.
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Figure 19: Computed mean forces for wave length
λ′ = 0.28 compared with measurements.

The middle line is the position of the free surface at
the value Φ = 0. For the stability of the numeri-
cal method a smooth transition of the density and
viscosity between the two phases is needed. There-
fore a thin region has been defined, where density
and viscosity are interpolated between both fluids,
indicated by the two other lines. To prevent this
interpolation region from spreading, it is necessary
to reinitialize the function Φ, Cura Hochbaum and
Vogt (2002). As can be seen the interface could be
kept quite sharp during the computations.

To validate the computed mean forces, ad-
ditional computations have been performed for con-
ditions tested at MARINTEK with λ′ = 0.2815 and
ζ ′ = 0.01056. The results are shown in Figure 19. As
can be seen, the agreement of the non-dimensional
longitudinal and side force with the measurements
is acceptable. The difference observed in the yaw
moment could not be explained yet. The fact that
the virtual test setup does not completely agree with
the real tests does not explain this in our opinion.
Thus, further research is needed to check the accu-
racy of both, numerical and experimental results for
such short, steep waves.

The comparison of computed and measured
time traces for a wave with α = 30◦ and λ′ = 0.28

shows a very similar motion behaviour, see Figure 20.
It should be noted that unfortunately the measure-
ments have been shifted, so that the mean values of
the motions became zero. This was not done for the
numerical results, thus especially the heave motion
shows an offset mainly caused by dynamic sinkage.

After all the mean forces are computed, the
coefficients of the mathematical model can be calcu-
lated. Symbols in Figure 21 show the results of the
performed computations for nine encountering angles
(α) and four non-dimensional wave lengths (λ′).
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Figure 20: Computed time traces for α = 30◦ and
λ′ = 0.28 compared with measurements.
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Figure 21: Computed mean forces in waves
(symbols) and reconstructions (lines).

The lines in Figure 21 are the modelled
forces, using only the coefficients ani and bni from
the mathematical model. As can be seen, the model
is able to capture well the computed values.

Figure 22 shows qualitatively the result of
the mathematical model computed for wave lengths
between 0.25 and 1.0 (radial direction) and all en-
countering angles. It can be seen that the maximum
added resistance does not occur for the head wave
condition, but in quartering head seas. This fact
was already shown by other authors and confirmed
during model tests at HSVA by Valanto and Hong
(2015).

The maximum side force in short waves is
found at beam seas as expected. However, for in-
creasing wave length, it shifts towards head and fol-
lowing quartering seas. The side force in beam seas
becomes almost zero. The yaw moment does not
show such clear trends, but also has its maximum at
head quartering seas.

Figure 22: Modelled mean forces for different
wave lengths and encountering angles.



MANOEUVRES IN WAVES

After all hydrodynamic coefficients of the
expanded mathematical model are determined, any
rudder manoeuvre in a regular wave of given length,
earth-fixed direction and amplitude can be predicted
with negligible computational time. Note that, al-
though not shown here for simplicity reasons and not
validated yet, it is basically possible to consider ir-
regular waves, even short crested, using the present
procedure. For this purpose, the mean wave forces
and moments from the individual wave components
of the seaway are calculated using the respective non-
dimensional coefficients, multiplied by the squared
wave amplitude according to the given spectrum.

Turning circle tests with 35◦ rudder deflec-
tion to starboard in regular waves of non-dimensional
length λ′ = 0.686 and amplitude ζ ′ = 0.00282 have
been predicted for the DTC with an approach speed
of 6kn and compared with model tests from MARIN-
TEK, Spenger et al. (2016). Different to the model
tests, where the (constant) propeller revolution has
been adapted for each case to ensure the given mean
approach speed, all simulations have been performed
with a single hydrodynamic coefficient set, obtained
with a propeller revolution roughly corresponding to
the one needed in head waves. Thus, the propeller
loading and the rudder inflow did not completely co-
incide with the experiments. To resemble the bal-
ance of thrust and resistance in waves, the total lon-
gitudinal force was zeroed at the beginning of each
simulation.

Figure 23 shows the trajectories during turn-
ing circles starting at three different initial encoun-
tering angles, i.e. against, along and with the waves.
As reported by other authors already, e.g. Ueno et al.
(2003), Yasukawa and Nakayama (2009) and Seo and
Kim (2011), the turning circles are not just shifted by
the mean effect of the waves, but have also a signifi-
cant twist relative to the earth-fixed direction of the
incoming wave. The agreement of the computed re-
sults with the experiments is quite satisfactory. Both
the shift and the twist are predicted acceptably well.
The twist angle, being about 20◦ in clockwise sense
in the present case, does not depend on the initial
encountering angle but mainly on the wave length,
see below.

The times t90 and t180 taken for the ship
model to reach a heading change of 90◦ and 180◦ de-
pend on how the turning circle test starts as shown
in Table 3. All predicted times are in satisfactory

agreement with the experiments, the largest relative
errors being about 10%. Especially the measured
times t90 and t180 considerably increase compared to
head waves when starting the manoeuvre along to
the waves (turning into the waves) and when start-
ing in following waves. This may be due to the fact
that the propeller rate has been adapted according
to the decreasing added resistance at the starting
condition.

The relevance of Table 3 for judging ma-
noeuvrability in waves is questionable. There is no
standard definition for manoeuvring tests in waves
yet, and performing turning circles may not repre-
sent the best option in full scale, even if they yield
very useful information for validation purposes. It
would probably give more insight to perform all tests
at the propeller revolution needed for keeping a re-
quired certain forward speed in the worst condition,
independently from the resulting approach speed.

Table 3: Times during turning circle tests

approach
situation SIM EXP DIFF

head t90 50 s 46 s +9%
t180 96 s 94 s +3%

beam t90 54 s 52 s +5%
t180 105 s 103 s +2%

following t90 52 s 53 s -3%
t180 107 s 120 s -11%

The time traces of the non-dimensional for-
ward speed and the drift angle during the turning
circle tests mentioned above are compared with mea-
surements with the DTC model in Figure 24. The
agreement is again very encouraging. Broadly speak-
ing, the speed loss of about 60% and the mean drift
angle of about 20◦ are predicted well. Note that,
contrary to the computed traces, the experimental
time histories show the oscillations due to first or-
der wave forces. The first part of the turning circle
test starting against the waves has been enlarged and
the corresponding heading angles have been added
in Figure 25. The encountering frequency is always
high enough and its variation during the manoeuvre,
depending on the encountering angle and speed, is
relatively small, as has been assumed for the validity
of our procedure in the introduction.
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Figure 23: Simulated and measured turning circles
for three different earth-fixed wave directions.
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Figure 24: Simulated and measured time traces of
forward speed and drift angle during turning circles.
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Figure 25: Zoomed time traces of forward speed
and corresponding heading angles.
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Figure 26: Simulated turning circles in waves of
different lengths (top) and amplitudes (bottom).

The following additional simulated manoeu-
vres shed more light on the dependence of the turn-
ing circle test on the wave length and wave height.
All tests have been performed with a rudder deflec-
tion of 35◦ to starbord. The diagram on the top
of Figure 26 shows the influence of the wave length
on the twist angle. For the three wave lengths con-
sidered, λ/Lpp = 1.0, 0.75 and 0.5, the height has
been adapted to keep a constant wave steepness. As
can clearly be seen, the (clockwise) twist of the turn-
ing circles displacement regarding the wave direction
strongly increases with the wave length. It is also in-
teresting to note that the shift of the turning circles is
larger for the shorter waves, even if they have smaller
amplitudes due to the constant steepness. The dia-
gram on the bottom shows the dependence of the
shift of the turning circles on the non-dimensional
wave amplitude. The shift considerably increases
with the amplitude, while the twist angle remains
almost unchanged.

EQUILIBRIUM IN WAVES

A subset of the hydrodynamic coefficients for
manoeuvring prediction can be used also for deter-
mining the required rudder angle and corresponding
drift angle to ensure equilibrium under the mean ef-
fect of a regular wave of given length, direction and
height. Such a ’mean’ equilibrium situation, which
disregards motions due to first order forces, would
correspond to a ship sailing at a mean heading an-
gle, forward and drift velocity. The analysis of the
stability of such situations could give some insight
into the course keeping ability of the ship in waves.

Assuming that the balance in longitudinal
direction is ensured by the propeller thrust anyway,
it is only necessary to iteratively solve the following
equations in order to find the equilibrium situations:

Yvv0 + Yvvvv
3
0 + Yδδ0 + Yδδδδ

3
0+

+ Yvvδv
2
0δ0 + Yvδδv0δ

2 + Y ′W (α)ρgζ2
wLpp = 0

Nvv0 +Nvvvv
3
0 +Nδδ0 +Nδδδδ

3
0+

+Nvvδv
2
0δ0 +Nvδδv0δ

2 +N ′W (α)ρgζ2
wL

2
pp = 0

(4)

The needed rudder angle and the resulting
mean drift velocity have been denoted with δ0 and
v0. Equation 4 contains all linear and non-linear hy-
drodynamic coefficients of the side force and yaw mo-
ment depending on the the drift velocity and rudder
angle, indicated with indices v and δ. The mean wave
side force and moment for the encountering angle α,
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Figure 27: Maximum possible wave height in
waves of length λ′ = 0.687 from any direction.

according to Equation 3, have been denoted with
Y ′W (α) and N ′W (α). For each wave length and en-
countering angle, it may be interesting to determine
up to which wave amplitude or height can be sus-
tained with rudder angles δ ≤ 20◦ for instance. This
is shown in Figure 27 for the DTC sailing at 6 kn
in waves of length λ′ = 0.687. In this polar dia-
gram, the encountering angle has been depicted in
circumferential and the wave height in radial direc-
tion. The smallest allowed maximum wave height is
roughly Hw = 4 m for α ≈ 130◦.

CONCLUSIONS

The presented method for predicting rudder
manoeuvres in waves, based on RANS simulations
of captive model tests and taking into account mean
wave forces and moments, has shown to yield very
promising results for turning circle tests of a single
screw ship. Important features observed in experi-
ments, such as the shift of repeated turning circles
by the mean effect of the waves and the twist with re-
spect to the earth-fixed wave direction, are captured
well. The twist mainly depends on the wave length,
while the shift increases for shorter and higher waves.

Once the complete set of hydrodynamic co-
efficients has been determined, any manoeuvre can
be simulated in negligible computational time. With
minor changes, the method could also be used to pre-
dict manoeuvres in a seaway. Moreover, a subset of
the hydrodynamic coefficients allows for determining
the rudder and drift angle to achieve mean equilib-
rium in waves of given length, height and direction.

In order to judge the capabilities and the ac-
curacy of the described procedure more thoroughly,
further analysis and especially detailed experiments
for validation purposes are indispensable.
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