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ABSTRACT

The motions of semi-displacement ships travelling in astern seas are investigated. The focus is
on the vertical dynamic forces which should not be neglected at this speed range. A database of
dynamic forces acting on the ship depending on the running attitude and speed of the ship is
measured from fully captive model experiments and used to characterize their effect on numerical
simulations. A manoeuvring mathematical model using horizontal body axis, which allows for a
combination of seakeeping and manoeuvring models, taking into account high-amplitude motions
and memory effects, is used and the forces and motions are evaluated in six degrees of freedom in
time domain. The results are validated with semi-captive model experiments in waves for regular
following seas in three degrees of freedom. The effect of speed on transverse stability is discussed.
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1. INTRODUCTION

Over the last forty years, the number of
High-Speed Craft (HSC) has increased expo-
nentially. The increasing demand for speed in
marine surface vehicles, combined with the
technological advances have resulted in the
development of large HSC, capable of carrying
large number of passengers and cargo (Ritter &
Templeman, 1998). Due to economical
interests the general type of research for these
kind of ships are mainly focused on propulsion,
machinery,  lightweight  materials  and
hydrodynamically  efficient hull forms.
However if safety is of prime importance when
designing, building and operating HSC, the
dynamic behaviour in a seaway must be
assessed properly.

There is an increased awareness of safety
in marine community and the types of

dangerous situations a ship may be subject to
are well defined. Anecdotal evidence of the
way in which HSC behave in conditions such
as surf-riding, broaching and bow-diving has
given cause for concern in relation to passenger
safety (BMT, 2003). For astern seas, bench-
marks are set by ITTC based on experiments
with a fishing vessel and a container both
displacement ships (ITTC, 2002). Focus of
these experiments were unstable phenomena
like parametric-roll, surf-riding and broaching.
The critical speed was defined as
approximately Froude number 0.4 in pure
following seas where the wave is travelling
with the ship. It is reasonable to think that this
is the most dangerous situation for a ship
especially if travelling on a wave crest where
transverse stability is greatly reduced. What has
not been included by many is the effect of
dynamic forces as the speed increases.

While the dynamic stability for displace-
ment ships are concentrated on horizontal
motions, for high speed craft the initial interest



was for planing craft and vertical motions. This
is because the interest in high speed sea craft
has started with the seaplanes that can land to
sea with very high speed. The impact force
applied to the seaplane floats during landing
was a concern first as a structural problem
(Von Karman, 1921). Later the problem turned
to deal with the porpoising phenomenon, which
is a coupled pitch and heave motion that can be
seen in high speed at sea (Martin, 1978). As the
problem turned to ship motions as propulsion
mechanisms allowed ships to travel in those
speed regions, additional problems such as
corkscrew were seen (Katayama, 2002).

Because of navy’s demand for high speed
displacement ships, couple of series research
were performed in different countries and the
well known Series 64 and NPL series were
born (Yeh., 1965, Bailey., 1976). It was with
the NPL series that the speed induced
instability non-zero heel was reported and
interest in roll-induced instability for high
speed craft began (Marwood & Bailey., 1968).

Baba, Asai & Toki (1982) used a sway-
yaw-roll coupled motion model to investigate
roll-induced instabilities of high-speed semi-
displacement crafts and compared simulations
with experiments. They found that GM/U
rather than the hull forms has a major effect on
the roll-induced instability at high speeds.

Codega & Lewis (1987)'s case study of a
planing hull that goes unstable at high speed
unlocked many of the reasons why many
unstable phenomena happen at high speeds. They
referred to Yegorov et al. (1981) and stated that
until a high-speed boat reaches a purely planing
region the stability of the hull will decrease from
the static case. This is because the static
hydrodynamic forces have decreased but the
planing pressures have not been developed at the
bottom. Codega has underlined a very good point
that although the studies for high-speed hulls are
made for prismatic hulls only, which have
constant deadrise angle, this is not the case for
a practical boat. Although the bottom pressures
for prismatic craft are well defined, the bottom
pressures for craft with varying deadrise angle

are unknown. They performed systematic
experiments in full-scale to measure these
pressures. In the end they recommended that a
naval architect should avoid a high-speed,
round bilge boat with any appreciable amount
of deadrise because it will become transversely
unstable if driven fast enough.

The concentration of the major studies
being for head sea calculations is a very
convenient one because as the speed increases
to the planing range the encounter frequency in
following waves become negative and the ship
starts overtaking the waves. This however
happens generally after Froude number 0.7
where the craft has already developed a
running attitude due to speed. The effect of the
running attitude on transverse stability for this
speed region and heading in waves is, to the
author’s knowledge, uninvestigated.

The aim of this paper is to probe deeper to
the already known following seas instabilities
by focusing on the effects of vertical motions
and speed on the transverse characteristics of
the hull. An existing numerical program is
further developed to include the effect of
dynamic forces. Experiments are performed
following lkeda et. al. (1993) to obtain a
database of hydrodynamic forces by fully
captive model experiments. Vertical motions in
regular waves are also measured by semi-
captive tests to validate the numerical results.

2. MATHEMATICAL MODEL

The equations of motion are presented with
respect to horizontal body axes. External forces
are described with respect to this axis system in
the right hand side of the equations of motion.
The ship is assumed as a rigid body having six
degrees of freedom with no restriction on
motion amplitudes.

The relationships between coordinate
systems are shown in Fig. 1. It is seen that in
deriving the basic equations of motion, we
make use of three different coordinate systems.
First is an earth fixed system O-¢nd. The



second is the general body axes which is fixed
in the ship and the origin G located at the
center of gravity of the ship defined by G — xyz.
The third is the horizontal body axes fixed in
the ship with origin at G defined by
G-x'y'z'

In Fig. 1, X, y, Z represent kinematics; U, V,
w are linear velocities; p, , r are angular
velocities; and ¢, 6, Y are Euler angles of
rotations. Newton’s second law describes the
equation of motion for a ship having six
degrees of freedom and under the action of
certain external forces. The representation of
equations of motion in horizontal body axes are
derived in previous studies (Hamamoto & Kim,
1993 and Ayaz, 2003).
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Figure 1. Systems of Coordinates

The generalized form of equations of
motion is as follows:

m(V,+wxV,) =F

Q)
Hy +wxHg =G

where m is the mass of the ship, Hg is the
momentum about the center of gravity, @
angular velocity, V linear velocity and F and
G are the sum of all forces and moments
acting on the ship respectively. The resultant
equations are as follows considering force and
moment components:

m(U-VR) =X'
m(V+UR) =Y (2)
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where, X'Y',Z",K',M' and N' are surge, sway,
heave, roll, pitch and yaw external forces and
moments composed of forces due to waves,
speed and control systems. U, V, W are surge,
sway and heave linear velocities; Q, P, R are
roll, pitch and yaw angular velocities in the
horizontal body axes system; 1 _,I_,1 are roll,
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pitch and yaw moment of inertias respectively.
The external forces and moments in equations
of motion are represented as follows:

X'=-[[ pn,dS+X,+X,+X,

Y'= HS pn,dS + pU j ®,n,dS +Y, +Y,
I—><

z'=-[[ pn,ds+pU [ ®,n,dS 47,47,
rx
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rX
oK, @
M=H p(r xn,, )dS+pU | @, (r xn,,)dS
I—X
+M, +M,
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Here the first terms on the right hand side
of the equations represents the incident wave
forces and moments, including hydrostatic
forces, where p is the pressure evaluated at the
instantaneous hull surface, n is the normal
vector and r xXnis the vector fixed with respect



to the center of gravity (Hamamoto & Kim,
1993). The second terms are diffraction forces
which are obtained as disturbance forces using
Ohkusu (1986)’s low encounter frequency
slender body theory, where ®p, is the disturbance
due to waves and [ denotes integration over
section contour to the still water surface.
Diffraction force in surge is ignored because the
incident wave force is dominant. For the rest of
the forces, subscript H indicates manoeuvring
(hull) forces, P indicates forces due to propulsion
mechanism, S indicates forces due to steering
mechanism and D indicates dynamic forces due
to speed.

The implementation of dynamic forces can
be done by either direct calculation methods or
from a database containing the necessary force
and moment components obtained from either
experiments or a calculation procedure such as a
CFD methodology. The method of calculation
for propulsion and steering system varies
depending on the system being a propeller-rudder
combination, azimuthing pod drive or a waterjet.
For convenience MMG model is used in the
calculations. Wind forces and ride control
systems can also be added but are left out for the
initial study.

The detailed descriptions of the mathematical
model in whole were given in numerous previous
studies (Ayaz et. al., 2002, Ayaz., 2003, Ayaz,
Vassalos, Turan, 2006). The only addition here is
the dynamic forces due to speed. The non-linear
equations (2) and (3) can be expressed in matrix
form representing displacements, velocities and
accelerations in the following form;

(M + A) X (t) +B X (t) +CX(t)

= F (6,0 X(1), X (D, X (1) ©
where X is the solution vector to the equations
of motion, M is the inertia matrix, A is the
added mass matrix, B is the damping matrix, C
is the restoring coefficient matrix and F is the
external force matrix where ¢, is the wave

profile which can be represented as regular or
long crested irregular seas.

According to previous studies the most
dangerous situations the ship is going to be in
are in regular waves, followed by long crested
irregular waves. Short crested waves are the
least likely for unstable behaviour leading to
capsize (ITTC, 1999).

The equations (5) are solved in time
domain via Fourth Order Runge-Kutta
algorithm. In order to evaluate the frequency
dependence of the hydrodynamic coefficients
impulse response functions are implemented in
the numerical model. Since the computations
are done in time domain they are represented
by convolution integrals. Following Cummins
(1962)’s work, radiation forces in time domain
is represented as :

Fy = =ay (<)V ;= [ K, (OV, (t ~7)d7
0 (6)
i,]=1,2,3,4,5,6

where the first term is the infinite frequency
added mass and the second term is the impulse
response function. Kernel function Kjj(t) is
represented as the frequency domain damping
function in the following form:

K; () = EJ. B, (w)cos atd w
Ty (7)
i’ J :]‘72737475’6

Calculation of the damping terms are done
according to the methodology of Kang (TBP)
which is a 3-D unsteady potential theory
method using a green function representing a
translating pulsating source therefore taking
speed effects into account.

3. EXPERIMENTAL STUDIES

31 Steady Force Measurements with
Fully Constrained Model.

Implementation of the dynamic forces will
be through a database obtained from
experiments. In a low-encounter frequency



environment the problem is very close to
steady problem therefore it can be assumed that
the dynamic forces the craft is going to be
subject to will also act like steady. Experiments
to systematically measure the steady forces
acting on the hull of a semi-displacement craft
(Figure 2) were carried out'. The model was
attached to a 6 degrees of freedom load-cell
and constrained in predefined positions to
measure the forces acting on the hull. The test
matrix is given in Table 1 where the sign
convention is the same as the numerical model.

Tablel Test Matrix

Fn 0.4 0.5 0.6 0.7 0.8
Trim (degrees) +2 +1 0 -2 -4
Sinkage (mm) +20 +10 0 -10 -20

The forces measured are F,, which is the
force component in vertical direction, Fy,
which is the force component in the direction
of the carriage movement and My, which is the
moment around the center of gravity in vertical
direction. The load-cell is calibrated to measure
the forces around the center of gravity and the
model setup is set in such a way that the
rotations are around center of gravity and the
sway, roll and yaw motions are restrained
completely and the sinkage and trim can be set
manually. The resultant forces due to carriage
speed are only dynamic components as the
load-cell is set to zero before each run.

Figure 2. TC-60 Lines Plan

! Test were performed at
The Center for Marine Hydrodynamics
Acre Road, Glasgow, UK, G20 OTL

Table 2. TC-60 Principal Particulars

Loa (m) 1.000
B (m) 0.166
T (m) 0.044
Cs 0.542
Cwm 0.734
Cp 0.738
Wetted Surface (m®) 0.159
A (N) 34.923

Because of spray limitations especially at
bow-down trim angles with high sinkage
values, some tests are immeasurable, hence the
total number of tests performed are 98 instead
of the proposed 125 cases. The results of the
tests are summarized in Figures 3 to 8. The
effect of change of sinkage and speed for
constant trim angle are shown for Dynamic Lift
Force, which is defined as the force component
acting normal to keel, and Trim Moment
around the center of gravity.

The results are open to discussion since
there was no time to run consistency tests. The
force changes almost linearly as the sinkage is
decreased from negative to positive for a single
speed and trim is increased bow-up. As speed
increases significant trim moment occurs after
Froude number 0.4. A certain relationship
between sinkage and bow-down trim with force
and moment could not be established because
spray generated at higher speeds made it
difficult to get a healthy measurement. The
results seem to generally agree with each other
and are consistent with Ikeda et. al. (1993) and
Ikeda, Katayama and Okumura (2000).
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Figure 8. Change of Moment (0 degrees trim)

3.2  Seakeeping Experiments with Semi-
captive Model Tests.

Motion response of the craft for regular
waves at following seas was tested for differing
wave conditions and hull speeds in order to
validate the applicability of the numerical tool.
The model was attached to the carriage and
was free to heave and pitch motions only. This
setup by definition ignores surge coupling and
therefore =~ numerical  simulations  were
performed considering this effect. Table 2
presents the tested wave frequencies and
Froude numbers.

Table3.Cases for Seakeeping Experiments

Fa 3.502 | 4.530 | 5.548 | 6.410 | 7.835
0.4 X X X X X
0.6 X X X - -
0.7 - - X X X
0.8 X X X - -

Experimental results are compared to
numerical results using the database approach
initially. It was observed that results obtained
using this method gives insufficient results in
both motions even for low speeds as seen in
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Figure 9. Heave Motion w=3.502 Fn=0.4
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In due process of analysing the seakeeping
results it is seen that the mean attitude of the
motions is very close to the running attitude in
calm water regardless of the wave frequency.
This might be because the planing pressures are
not developed sufficiently and the static forces
are still dominant. This is better seen in Figures
11 to 14. From these figures it is observed that
the pitch moment in Figure 10 is not
sufficiently high enough to bring the craft to
the running attitude.

3.3 Roll Decay Tests

Roll decay tests were performed for four
speed conditions including zero speed. The
results and the comparison with numerical
simulations are presented in the following
figures. For higher speeds a deviation from the
zero roll angle is seen at the model tests. This
may be caused by the shifting of the weights
used to properly ballast the model as the initial
roll angle is quite big and the model beam is
very small.

Roll damping is increased because of speed
and the effect can be seen from the reduced roll
period in Fn 0.4. Roll period of Fn 0.6 is slightly
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Figure 15. Roll Decay at Zero Speed
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Figure 16. Roll Decay at Fn=0.4
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Figure 18. Roll Decay at Fn=0.8

higher than Fn 0.4. A possible reason for
this 1is the running attitude’s effect on
rollrestoring moment or a tendency for unstable
roll motion at this speed. In Fn 0.8, the roll
period and the number of oscillations and the
amplitude of a cycle are reduced. The roll
period reduction clearly shows the increase of
roll damping due to speed meanwhile the
reduction of the number of roll oscillations and
amplitude of a cycle shows the increased roll
restoring moment because of the dynamic lift.
The change in roll period is shown in Table 4.

Table 4 Change of Roll Period with Speed

Froude Number Roll Period (sec)
0.0 0.909
0.4 0.550
0.6 0.625
0.8 0.267

4. VALIDATION OF THE NUMERICAL
RESULTS

From the observations of  seakeeping
experiments as mentioned in 3.2 a different
approach will be implemented to include the
effect of dynamic forces to the model. This will
be the assumption that the calm water running
attitude is equal to the mean running attitude in
waves for this speed range. This assumption

although very simple, is applicable to initial
design stage and is very fast, omitting the
overcomplicated (thus prone to error) database
approach. The results are presented in Figures
19-23. In Figures 19 and 20 heave amplitude is
slightly overestimated and pitch amplitude
slightly underestimated. This shows the
importance of using correct damping
coefficients taking speed effects into account.
The effect of running attitude is reflected
correctly with the mean attitude assumption.
Figures 21 and 22 shows even better agreement
with the experiments with higher speeds for
different modes of motion. It is seen that our
assumption is valid in this speed range and
numerical results are well within engineering
limits however calculation of hydrodynamic
coefficients must be handled properly.
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Pitch (degree)

Time (sec)
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Figure 21. Heave Motion w=3.502 Fn=0.8
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5. EFFECT OF RUNNING ATTITUDE
ON TRANSVERSE STABILITY

In general practice GZ curve is used to
assess the intact transverse stability of a HSC.
Calculations in IMO HSC Code are performed
at the design waterline which corresponds to
the maximum operational weight of the craft
with no lift or propulsion machinery active.
Roll and pitch stability is qualitatively assessed
during safety trials and operational restrictions
may be imposed according to the results. This
however tells very little in initial design stage
of how the actual stability is affected because
of speed. If it is assumed that the running
attitude of the craft is the actual balance
condition of the craft for a given speed, then
GZ curve calculations can be performed in this
balance condition for relatively small roll
angles assuming that the speed loss due to roll
angle is negligible. In Figure 23 it is clearly
seen that running attitude alone reduces the
transverse stability of the craft by reducing the
lever arm even for small angles of roll.

—~Fn0.0
~=Fn 0.6

GZ (m)

Roll Angle (degree)

Figure 23. Effect of Speed on GZ Curve

Further reduction to this effect will be
imposed in waves and also because of weather
conditions. Although the roll damping charac-
teristics are increased because of speed, if the

righting arm lever is negative for a given roll
angle, this will not prevent the craft from
capsizing. This also shows that evaluating
intact stability of HSC on static design criteria
is insufficient. Therefore, applying perfor-
mance based criteria would be the way forward
for robust and accurate transverse-stability
analysis of semi-displacement craft. A detailed
effort applying this approach is currently being
carried out following wvalidation analysis
presented herein.

6. CONCLUSIONS

Several aspects of the effect of speed on
semi-displacement ships are investigated.
Experiments were performed to verify the
results produced by the numerical tool.
Following conclusions were obtained:

For low encounter frequencies the dynamic
forces can be assumed to act steady.

Database approach to evaluate the dynamic
forces is over-engineered and prone to error in
this speed range. The assumption that the mean
running attitude in waves is equal to the calm
water running attitude is valid.

The effect of roll motion on vertical
dynamic forces is not taken into account
however roll-pitch coupling is achieved via
non-linear restoring calculation in
mathematical model.

Running attitude alone causes reduction in
transverse stability. Combined with further
reduction in waves and wind this might lead to
dangerous situations.

Even the small analysis of the effect of
speed on transverse stability herein indicate
that the static criteria might be insufficient to
evaluate High Speed Craft characteristics.
Performance based criteria imposed on early
design stage could be a good way forward to
assess stability thoroughly and safety based
design.
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