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SUMMARY

At present, most of the dynamic research on planing ships hasbeen'directed towards'analysing the ship's motions in either
the 3-00F (Degrees 0f Freedom) mode in the longitudinal vertical plane or in the 3-DOF or 4-00F mode in the lateral
vertical plane

For this reason DeIft University of Technology and MARIN have started the set-up of describing the dynamic behaviour
of' planing ships in a 6-00F mathematical model. This research program consisted first of all in developing a 6-00F
computer simulation program in the time dómain. Such a simulation program is to be used to predict the response of
these type of vessels to disturbances during high speed sailing..

For describing the behaviour of planing ships in 'still water static tests have been executed with two planing hull forms in
the towing tank of DeIft University of Technology. The'test program consisted of measuring three forca- and three moment
components as a function of the pitch, rise (draught), roll, drift and speed of the model.

Ata nextrstageamodel test program is' anticipatedtodetermine theaddedrnass and'darnping components ofthese two r r

hull forms and also the rudder forces In the meantime the program isin operation while using empirically estimated values
for these quantities'.

In this paper the set-up of the mathematical model' will be presented. Also a discussion will be given about the use of
these static contributions in a time domain simulation to model the behaviour of'the ship.
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1. INTRODUCTION

The motions of planing craft have been the subject of
many research projects during the last few decades. The
dynamic research was largely directed towards analysing
the motions of the ship in either the longitudinal vertical
plane for three degrees of freedom, see e.g. [13], (19], or
in the four-00F mode in the lateral vertical plane or
horizontal plane (91, [14]. Reviewing the literature about
dynamic stability of high speed craft, it appears that a

DYNAMIC STABILITY OF PLANING SHIPS

1

mathematical model with six degrees of freedom does not;
exist.

At present it is thought that incorporating all six degrees
of freedom into the mathematical models becomes
increasingly important. Instabilities havebeen reported in
both longitudinal and lateral directions with motions'rang-
ing from rapid loss of running trim, progressive heeling,
broaching or a sudden combined roll-yaw motion, possibly
resulting'in crew injury or craft loss (Refs. 14, 20 and 21)
Most instabilities are suspected to originate fromcoupling
between the six degrees of motions. For example, larga
bow-down trim angles will most likely result in transverse
instability: yaw motions. For reliable prediction of the
dynamic stability and manoeuvrability of planing craft, all
six degrees of freedom have to be accounted for.

For'descñbing the behavioUr of planing ships instill water,
static captive model tests have been executed with two
planing hull forms in the towing tank at Deift University of
Technology, see Reference [17] The test program
consisted of' measuring three force and three moment
components as a function of the pitch, rise (draught), roll,
drift and speed of: the models. At a future stage a model
test program is anticipated to determine the added mass
and damping forces of these planing hull forms and also
the rudder and propeller forces acting on the models. At
present,, thecomputer program is 'in operationwhile using
empirically estimated values for these quantities.

In this paper, the set-up of 'the preliminary non-linear
mathematical model for six degrees of freedom based on



the data obtaiñed from the model experiments will be
described. This mathematical model. has been incorpor
ated in a time-domain computer simulation program in
order to predict the dynamic stability and .manoeuvrabilfty
of a planing ship see. Reference,L1 6j. The results of some
simulations performed will be included and discussed.
Also, recommendationswill be madefor further study, to
increase the accuracy of the mathematical model..

2. COORDINATE SYSTEM

The coordinate systems used in this study are cartesian
coordinate systems. One coordinate system is the
ship-fixed coordinate system, with the x-axis pointing
forward perpendicular to the basaline'of the ship and the
z-axis downward. The y-axis is pointed, to starboard The
origin is at the intersection o frame O and the baseline of
the modeL

The x-y-plane 'of 'the earthfixed.' coordinate .'. system'.
coincides .with1he. ùndisturbed;wäter surface, thø'z-axis.'is:
pointed' doWnWard.'.. ..;.... .

Type

Length

Max. beam at chine

Projected area

Centre of planing area forward of ord O

Length/Beam ratio

Mass model mcl. transducer

Longitudinal centre of reference

Vertical centre of reference

2

Rotations in both coordihate systems are .posìtive if.

clockwise, looking in positive direction. The roll angle ,

the pitch angle O and the yaw angle w are rotations
around the ship-fixed x,,y and z axis respectively. The dritt
angle isused to.define the non-dimensional latoral.velocity
component:

V
= w-arctan 4

u°

with u being the' longitudinal velocity component.

3. MODEL TESTS

3.1 MODEL PARTICULARS

The models used forthis study are ModeL 233 and Model
277 of'Delft University of'TechnoIogy Modó1277.is based.
on .thè,Clement'and Blount [iJ 62 series *ilha deadrise'

.'of 25,degrees .Keuning;.[6].performed'.seakeeping..tests .1,

'.wlthlhis»model: ..Model..233.isiuse&byKeuning..et:al [8]
.during experiments'with: models.with'.warped':bottoms.»,.
The main particulars are stated in the tabie below

In Figure 1 the body plans of both models are included

Figure 1 Body plans of Model 233 (above) and Model 277 (below)

Symbol Model 233 Model 277

Deadrlse 25° Twisted bottom
L 1.50m 1.50m

B 0.367m . 0367m

A 0.450m2 0.4589n?

CAP 48.8%L 48.8%L

LIB

m

4.09

9 45kg

4.09

6.67kg

LOOR 0.726m 0 726m

VCOR 0.080m 0.080m



3.2 TEST PROGRAM

In the present study some static captive tests have been
performed with both models during which the forces and
moments in the six degrees of freedom were measured.
These tests will only provide a limited amount of
information about the hydrodynamics of planing ships.
Therefore in further studies additional testS Will be
performed to determine the remaining hydrodynamic
characteristics.

The following variables have been tested:

Speed U:

the speed has great influence on the position 6f the ship
relative to the free water surface. A change in speed will
result in a change of trim 'and rise. The model was tested
at the speeds of: U1 = 2.Oms', U2 3.Orns' and U3 =
4. Oms'.

Pitch' 0:

For.'planing ships,'the.pitchvaries duoto.speedvariations.
and has great effect on the lift and drag and on the
dynamic stability. A combinationof low pitch angle and roll
or drift can result in large yaw moments The model was
tested at the pitch angles of: 9 = -2°, 02 3° and 03 = 5°.

Drift :

To study the effect.of drift, the model was tested at three
drift angles of: = 2 5° and = 10°.

Rôll 4':

Also the influence of the roll angle has been determined
as it affects the transverse and course stability of the
planing ship. The model was tested at four roll angles of:
4', 0°, 4' = 5°, 4, = 10° and 4 = -5°. The negative roll
angle Was only tested with. Model 277, to study the effect
of symmetry.

Rise of CORz

The rise of the centre of reference z has great. influence
on the behaviour of planing ships. When the ship
accelerates from 'zero to full speed, first the ship sinks
more into the water, while at higher speed the lift force
pushes the ship out of the water. Assuming the design
draughts of both models were T = 0080m, a negative
riso of z = -5mm and a positive rise of 15mm were
chosen, corresponding to draughts of T 0.085mm and
T 0.065mm respectively.

The ranges of the variables were chosen after examining
previous results of model experiments with Model 233 (81
and Model 277 (6].

Some combinations of the variables were skipped during
the experiments due to expected problems with spray.
The total number of test runs was 304.

3

3;3 EXPERIMENTAL SET-UP

Two six-component transducers were fixed: into the
models, evenly spaced around the centre of reference.
Adding the components of the transducers, three forces
andthree moments about the centre.of.refererice could be
found.

The measurement of the forces was divided in two parts:
a velocity independent part. at speed. U = Oms' and a.
velocity dependent part, obtained by measuring the
change in forces due to the towing speed. Adding the two
components yields thetotalforce acting on the hull during
the run.

The forces and moments acting on the hull in the centre
of reference COR as a function of speed, drift, trim, roll
and rise have been published in Reference [17]. The
forces and moments acting in any arbitrary centre of
gravity CG are found after transforming the values from
the CORto the CG.

4.. MATh EMATlCALMODEL:'

4'1 ... FORCES AND MOMENTS BASEDON
EXPERIMENTAL DATA

Using the data obtained from the model experiments in
tabular form in the. computer program poses two difficul-
ties. First, interpolating in .a .five dimensionalparameter
space .is'rather complex, especiallysince certain:combina-
tions of variables were not used dùring the experiments:
Secondly, because of the six degrees of freedom, the
amount of memory needed during'the simulation would be
rather 'high. It was therefore decided to describe the data.
by mathematical' formülations derived 'from regression.
analysis.

The hydrodynamic forces acting on the hull comprise of
linear as well as non-linear components. The basic
structure of the analysis of the mathematical model of the
hydrodynamic forces is described in full detail In

Reference [16].

lt must be noted that the mathematical model found in this
study is only valid to describe the forces and moments
acting on the two ship models, Model 233 and Model 277,
because thecoefficients in the mathematical descriptions
are not presented in non-dimensional form. In further
studies, the scale effects should be examined to be able
to predict stability and manoeuvring characteristics for full-
sized planing ships.

4.2 DAMPING FORCES

It was desired to run the computer simulation program
without having determined the damping of most of the
motion components. Therefore use has been made of
some rough values of the damping coefficients in the roll
and pitch motions.

In future studies additional tests will be conducted to
determine the damping of planing hulls at a higher



accuracy. In this aspect 'it is thought that only roll and
pitch decay tests will already provide more information
about the damping factors.

For the present research, the damping coefficients in the
x, y and z direction are supposed to be incorporated in
the mathematical model: lt is. also assumed thai the
couple terms are comparatively-small and can therefore
be negiected. The remaining damping coefficients «(p),
M(q) and N(r) remain to be determined in more detail
especially as a dependency on the speed

4.2(a) Roll damping

For planing ships withdoadrise and hardchines, damping
of roll motion is relatively high, because of the immersion
of the planing area at roll angles. Therefore the
non-dimensional damping factor K defined as:

y b
K,

2/(Ixr+Mp;!;) c

following equation yields the damping coefficient b when
K0 and the time-dependent !,,- M,and c.are.known; see -
also Rutgersson and Ottosson 114]:

b'2 i(%f( /+M,) .0

The spring coefficient c is taken from the mathematical
model of the roll moment and depends onthe position and
speedof the ship, while the added mass coefficient M, is
determined below.

In the present study, K4 has been varied in the simulation
program in order to ascertain the influence of the roll
damping coefficient. From experimental observations;With
free running ships sailing a straight course at high speed
at an initially non-zero roll angle, it was found that the
decay of the roll would occur during .a limited number of
oscillations until a stable situation is reached. The value
of K4 should therefore be chosen such that also during the
simulation the number of oscillations is found tobe small
(approximately one or two). lt is expected that K, is speed
dependent and may therefore vary in time as a conse-
quence of the change of speed.

The damping moment for roll is now: K=Kp=-b.p

4.2(b) Pitch damping

In this study, the pitch damping will be modelled similar to
the roll damping. The following equation is used for
determining the time-dependent pitch damping:

b=2K9t/(!yy+Mqq) c

The damping moment for pitch is now: M0Mqq-bq

4

Similar to the formulation of ¿Ç. the damping coefficient
M is thought to be implemented in M through the speed
dependency in;.

4.2(c) Yaw damping

lnoue (4] and'Hoott [21 give an enipirical expression for
the damping coethcieflt of the yaw motion. Based on
theseexpressions the following equation is used in the
simulation program:

N =_.!pL2P(O.25+O.O39.._OE56.)1
Ltan6

T L T

where B and T are the time-dependent maximum beam
and draught of the ship. In this stUdy, it is assumed that
the non-linear damping term N,N is smallcomparedto
and can therefore be neglected.

The damping moment for yaw is now: Ndamp

4.3 PROPELLER FORÖES

Váriousmethods..existtopredictthe'thr.ustqfthe:prop,ePler
as a Junction of the propeller rateof turning and the ship s
longitudinal'speed Also approximations exist to take into'
account the effect of the lateral motions of the propeller.
Often, however, the exact dimensions of the propeller are
not yet determined in the initial design stage.

Therefore a simplified description of the propellereffect is
used in the simulation program which is assumed to be
acceptable when the propeller RPM are not affected by
the motions of the ship It should be noted that these
formulae assume that the axis of' the' propeller shaft 'is
parallel to the ship-fixed x-axis.

For this study one determines the propeller thrust X,,
from:

X,,,=pDKi.n2

in which D,, is the diameter of the propeller and n the
number of revolutions per' secondi The thrUst coefficient
KT is described by:

KTKm4KT, .J+K2.J2 +Kr3.
3

in which the advance ratio J is defined by: J=
u,,,(1 -w,,)

n.D,,

where u is the propeller inflow velocity and w, is the
propeller wake fraction. The coefficients K1.1 have to be
determined otherwise and are required as input to the
simulation program.

Usingthe distances between thepropeller and
and ZDrOPZg, the pitch and yaw moment induced by the
propeller thrust are calculated with:

N,,=-(y,,-y5).ç,,,



The currentlormiilae do not take the propeller torque into
account to induce a roll moment.

4.4 RUDDER FORCES

The formulation ofthe rudder forces is basedon moue (5]
and Hooft (2J [3] The rough approximations are suitable
for the preliminarydesign process, when the actual rudder

To determine the forces on the rudder, as defined in
Figure 2, the locali effective rudder inflow velocity and the
apparent angle of incidence have, to be 'caIculated

The local rudder'inf!òw. velocity.'.fbrarudder with' averáge'
height h,, average chord length c,. lateral rudder area A,
and effective aspect ratio A1, is approximated by:

'u, = u'(1-w)+C.Eiu

V, = C,.(cos+vssin4Ç)_C,.,/x,2+y,2 r+C,i/x,2+z,2 q

Ur = iuv,2

['u 28X -u velocity increment
4

p p

0.7 flow straightening factor

= t0

angle between rudder and vertical plane

x,y,z, position of 'rudder relative to CG

Figure 2 Forces acting on the rudder

dimensions are not determined in detail. lt is assumed
that the velocities around the rudder are high and that
flow separation does not occur This last assumption
should be re-evaluated in future studies to Increase the
ccúracy of the prediction of the rudder forces. Fàr thIs

prehminary study added mass and damping of the
rudders are neglected. To increase the accuracy, these
factors are to be included 'in futuro studies

The effective angle of incidence of the flow to the rudder.

follows from;. =&- where ô=arctan....
u,

The lateral rudderforcecan now be determined ûsing'the
above equations, with;

L=..pA,GLbU,2sin6.

where

c
6.13A1

[21 rudder lift coefficient
A1+2.25

o.7 [31 or o.9 [21 effectiveness of 'veloci
The lift indUced' drag in 'the direction of the rudder inflowh,

is described by:increment

5

D=!pA,CU,,,,,2Sun2&

where

C2
C rudder lift induced drag coefficient

Di =

The fiiction resistance of the rudder due to the friction
drag of the rudder is formulated as:

whore

CO3=

Cd,



4.6(a) Considerations

In this section, the description, of the added mass of the
planing ship. models will be formulated based on descrip-
tions from strip theory. The symbol Used for the added
mass 'ola strip at position xindirection ilor an accelera
tion in:direction k is:.

mdx) with ¿'k i .. . 6 or

In Reference [10], Papanikolaou formulated the added
mass per unit length for sway, heave and roIlof a floating
cylinder using potential theory. lt can be shown that:

mth(x)=m,,.(x)

and on grounds of symmetry:

rn4,(x)=0 for ¡ k odd

With theseconsiderations.the addedmassmatrix.for.a:
strip' at position x' looks.like:.

O .m, 0' m,

m 0m,, O rn,,4,

O m O rna, O

m,, O m,, 0. m,,

m, O m O m O

O m,,, O m,,

In most reports, the added: mass of a sec ion with' half
beam b is taken proportional to the mass of a semi-circle

with radius band specific mass p: m4=!tbp.f(,7,..)..

When the chines of the ship are not immersed, the
draught T of the ship is a measure for the half beam b,

therefore one can also write: mq=LTp'I,T,...).

This factor can also be seen in the formUlations for the
added mass in this paper

4.6(b) Added mass for x-direction

BecaUse the values of rn,2 and m, are presumably small
compared to m,, these added masses are taken .10 be
zero in the present study. In future studies, these
components can be assigned non-zero values if desired
to 'increase accuracy.

For this study4 the total added mass M,, can be approxi-
mated by

.C,

where Cm, is taken as: Cmx = O8. The parameters T,,,,
and B,, are'the time-dependent instantaneous maximum
draught and breadth at the still water line of the ship.

m,,,

R=.ip s,., C4 u,,,cos6.)
4.6 ADDED MASS

where

Swr 2'Ar rudder wetted area

CIR = 0.017 [3] high-lift rudder friction coefficient

.oO07 [3]. NACA profile friction coefficient:

The normal force on the rudder due to the lateral drag
coefficient GN= 1.8is:

YN=..pA,CNUWOSin&. IUncSfl8.I

Due to these rudder forces, one finds the following
descriptions for the rudder induced forces on the ship:

X,.,=-Acos&-Dcos&H- Y,,sin&-Lsin&H

Y,.-(-Rsin6-Dsin6+Y,pos&.+(1 +ah)LcosH).cos4F.
Z,.,=( sin&-Dsin8H+Y,cos +( 1,+ah)Lcos) .sin4

Np_Xr,j,jy,4((YNcos8.Asin&_Dsin&).X,*(X,+ah.xh)Lcos6 cos

where

a ,
0.672C6O.i'S3 [2)

ihcrease of rudder efficiency due to induced
force on ship's hull

Xh 0.9'x, distance of induced hull force to centre
of gravity

45 TOTAL EXCITATION. FORCES

In' this preliminary study, the forces and moments dealt
with in theprevious sections are. supposed to be sufficient
to predict the forces and moments aÇting on the tested
planing, hull forms sailing in calm water. To predict the
behaviour of a vessel in all weather and sea conditions,,
descriptions to model the influence of waves, wind and
current on the ship have to be incorporated.

It is generally known that the wave forces have a large
influence on the behaviour of the ship, but the influence of
wind can also be large A strong sede wind can induce
large rolF angles, changing the hydrodynamic forces and
moments considerably. Strong wind gusts can result in
coupled' roll-yaw motions, possibly resulting in broaching
or capsizing.

The total excitation forces and moments about the centre
of reference in ship-fixed directions are found 'by adding
all force components:

Fexc=Fg,av+FI+Fdp+Fp«,p+Fr

This equation is used for calculating the accelerationsof
the ship.



4.6(c) Added mass tory-direction

Papanlkolaou gives in his report tables to determine the
added mass in y-direction for variable excitation
frequencies and breadth to draught ratios. In the present
study, the values for O) O s' should be used, because
the equations of motions are solved for a quasi-static
state of the ship.

Diagram 4 from [101 gives the non-dimensional added
mass coefficient mi,' of. a section as a function of the
beam to draught ratio. The values in this figure for zero
oscillation frequency will be approximated in this study
usiñg the following function;

IB') 1B' IBmri=rn+mwt1_J+mw2J +m3j.

The coefficients m1 are determined by performing
regression analysis. This results. in the following
coefficients:

m},0=1 .0274 .m0M358 m-0.0023,

Care should be taken using this formula for high

values (greater than approximately 5) Because ofthe
regression model, extrapolating will yield unrealistic
results

The.added mass in y-direction.per unit length for a section
with draught Tcan now be derived with:

itpT2,m=____'m»'2 »'

When m»' is known, the following added masses can be
calculated:

M»'=fm dx M=M=jm»'.x dx M=fm/x2 dx

Papanikolaou also gave a relation between the added

massOsm, and m»'.byplotting the virtual.arm
rn.'T

These values, will be approximated using mA_mwTh,,
and

h,=h),,, +h)1 +h,,3

Performihg, regression analysis yields the following
coefficients for the Virtual arm:

h,,0'-o.4472 h,1 =-0.021 8 h=-o. 131.9' h,3=-o.0007

The added mass M, can be calculated with:

MJ,,=JLmY, dx.
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46(d) Added mass for z-direction

The added mass for an acceleration in z-direction is
describedby Payne (iJ and Quadvlieg [131. Both reports.
give the following description for the added mass per unit
length for a section with deadrise angle 13 and draught T
as:

m= itpT2
.1(13)

2.tan213

The function f(ß) gives the quotient of the added mass for
a.prism and the added mass for a f lat plate. According to

Payne, .f(J3), with I in radians, is givenby 13)=1 _. while

Quadvlieg gives: f(13)=1:-!.. For zero deadrise, a fiat

plate, both deadrise functions yield the same value, i.e.

f(0)= 1. HOwever,, for a'deadrise of .,.the.function by

Payne. gives 'f(!)=.!,..while.the.functionof Quadvlieg

results in .'«!)-_O..:

In this study, it is decided to use the description by
Quadvlieg in the simulation. program. Further studyshould.
examine the added. mass in more detail to dètèrmino
which formulation yields more realistic resUlts Becent
work by Payne. [12) gives suggestions on improvements.
in the determination of the added mass.

This added mass per unit length m can now be used to
calculate the following added masses:

M=jm dx M=M0=fm.x dx M=fm.x2 dx

4.6(e) Added mass for e-direction

The hydrodynamic mass in O-direction, depending on.the
beam to draught ratio and the oscillation frequency is -
given in Diagram 7 of the report by Papanikolaou [.10].
Again, the valuesfor zerooscillatingfrequency should be
used. Similar to m»", these values will be approximated iñ
this stUdy Using the following function:

/ I') 1B IBm,, =m,,0m,,1 c?j.ms.2
J

4m,,ai_?.

The coefficients are determined by. regression
analysis, resulting in:

m,,0=1.51 19 m,,1-1 .7190 m,,2.5524 m4,3=-0.031 7

Note again that extrapolation will probably result in

unrealisticvalues. The added mass in O-direction per unit
length for a section with draught Tcan now be calculated
with:



in which the mass matrix M is:

Solving the above equation al each time step will give the
accelerations. Integrationot these accelerations provides
the velocities u, y, w, p, q and r, which determine the

excitation forces EF at the next time step..

Transforming the velocities from the ship-fixedcoordinate
system to the earth-fixed system and subsequently
integrating these earth-fixed velocities will provide the
position of the ship in the earth-fixed system

Model 233

Modél 277 -.

B

T,
m,,=

Using m, the added mass for rollis found by:

M,,=Jirn,, dx.

4.7 EQUATIONS OF MOTIONS

To calculate the sh;p-fixed' accelerations a of the planing
ship, the equations of motions are derived from Newton's

second law: M1EF=ä:

Weight u

164N 2.3 ms-I

159.9 N 24 ms-i

B

5. SIMULATIONS

In this section. the simulations performed during the study
are described. The simulations were done to ascertain
whether the program is working properly to evaluate the
results of the computations First the set-up of the test
program. is discussed, after which the results of the
simulation are given and discussed. Details. about:the
computer programcan'beioundin.Reference1.18I

5.1 lIEST PROGRAM

The test program consists of various types of simulation
runs. The following types can be defined:

1. Change ¡n model set-up, e.g. change of mass or
position of CG.

2. Change in initial position or velocity, e.g. change of
rise or speed.

3.. Change in hydrodynamiccoeffiCientS. ie. damping
factors and deviation. from.equiIibriumposition:.

4. ChangeinmanoeuVring.mOde.:eOE. turningcircletest.
and zig-zag test

The first type is used to determine, the trends in the
resultsdueto changes in;the input. The outcome of some
changes can be predicted using general theory or
'publicatiOns about this subject.

The second type is used to determine the ability of the
ship'to return to its equilibrium position, irrespective of the
¡nitiál deviation from this. equilibrium.

Thethird type is used.for stability criteria,. concerning the
values of these coefficients.

The fourth type is used to determine the 'manoeuvrability
of the planing ship and the béhaviour of the ship during
these manoeuvres. Combining the third and fourth.types
can yield more strict limits than those found using the

simulations from type three,

Before starting the test program, a few runs were done
with both ship models to determine the values .of the
damping. factors x, and ic,. A value of iç = 0.6 was found
to be satisfactorily br both Model 233 and Modél 2.77.
The value of , was.fòr Model 233:K, =0.6 and for Model
277: K =0.55. It appearsthat Model 277 is less sensitive
to roll.velocities than Model 233; This will be examined in
more detail further on in this paper.

The first run for both mofels is derived from model
experiments performed .by Keuning [8], (Model 232-A is
Model 233 inthis study), and [7], (Model 1881s Model 277
in this study). The following conditions were selected:

Rise Rise ;m

3.7° 370 -4.5mm -3.1 mm

2.3° 1.5° -5.3mm -3.9 mm

rnM,,1,

O

O

O

mM,,,,

O

O

O

m+M

O

M,,

O

O O

o M,,

M O

M=
O M,, O O -Ç+M,

O

O

O

M

M,

O

o

-I+M,

I1,,+M, O

O

X - m(qw-rv) u

Y -. m(ru-pw)

Z - m(pv-qu)
+ Çpq

M + (I22-I,)pr - Ç(p2-r2) q

:N + (Ç-I,,,)pq Çqr



lt appears that the mathematical model describes the
state of Model 233 rather satisfactorily. For Model 277,
the similarity between the test result and the simulation
result Is less clear. The difference may be caused by
differences between the model test set-up and the
mathematical model. Such differences exist for example
in the set-up of the propulsion and the modelling of the
rudder forces.

For all simulations, it appears that the behaviour of the
computer program to changes in model set-up is
consistent with theory: or experience. Also, both ship
models respond similarly to the changes in model set-up.
However although the damping factor x is larger for
Model 233 than for Model 277, the oscillations aroundthe
equilibrium after the initial disturbance are more
pronounced for Model 233.

In the graphs taken from the results of runs R233-13 and
R277-13, see Figure 3, the difference in oscillation
amplitude and duration can be seen. This can be
explained by examining the mathematical model for the
pitch moment M, see Reference [15) for more details. The
spring term to calculate the damping moment is much
larger for Model 277 than for Model 233. For Model 277,
any pitch angular velocity will be damped stronger in
comparison to Model 233. Because the damping isstill
unknown it s notpossible to draw any conclusions on'the
difference in behaviour between the to hùll forms.

Table 2 was constructed after simulation of the runs, with
deviations from the initial equilibrium state At the end of
each simulation, the stateoftheship modal was returned
to the equilibrium state, i.e. sailing at straight course and
constant speed. lt can therefore beconcluded thatfor the
used input the state of the planing vessel is stable. From
runs R233-24 and R277-24, it also appears that the
vessel is course stable.
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5.2 SIMULATION RESULTS

In this section the results of some simulation runs will be
presented. For the set of runs where the model set-up
was changed, the results stated in Table I were found;

lnFigure 4 the' resuhs.of'thø vertical position of the centre
of gravity during runs R233-23 and R277?23 are
presented in graphicalform. Clearly, the' oscillätions' due
to the zero initial vertical (ship fixed) velocity are larger for
Model 233 than for Model 277. However, the vertical
velocity in the equilibrium state 'is also much higher for
Model 233 than lorModel277. Examining the resufts ft is
seen: that the vertical oscillations are a result of the
combined heave-pitch system.

In Table 3, the results'of the'third set'of runs are listed. It
is clearly seen that decreasingthe damping factors largely
affects the stability of 'the ship. The limit values of the
damping factors and ; below which the behaviour of
the ship becomes unstable are probably as follows:

Model 233: 0.15 < < 0.30, 0.15 < < 0.30'

Model 277: 0.1375 < ic, <'0.275, ic9cO.15

In future studies, the limits for the damping factorscan be
determined more accurately.

As an example of the behaviour of the model at low
damping'factors, the resuitsofruns R233-34 and R233-36
are included in Figure 6. The unstable behaviour When the
damping factor for roll is decreased is clearly visible in the
increasing oscillation amplitudes of the roll angle and the
increasing immersion.

TABLE i Results of first set of simulations

Run ID Description Expected behaviour Simulation result

R233-12 Shift LCG aft Increase O O = 3.72° - e = 43C'

R233.1 3 Shift LCG forward Decrease e O=3.72°-iO=3.22°

R233-1 4 Decrease GM Increase O O =3.72°-e=3.73°

R233-1 5 Increase GM Decrease O e = 3.72° -9 0 = 3;71°

R233-16: Decrease mass Decrease draught T= 0.088m-4 T=.0;082m

R233-1.7 Increase'mass' Increasedraught. T= 0.088m T='0.093m'

R277-i2'. Shifl.LCG aft. Increase O e'- 1.49°- 0 =2:o2°".

R277-13: Shift LCG:forward: Decrease:OE 0 = L49°-.0 =1.02'.

R277-1 4 Decrease GM lñcrease O O = 1.49° - O = 1.50°

R277-1 5 Increase GM Decrease O O = 1.49° -, e = 1.49°

R277-1 6 Decrease mass Decrease draught T 0.085m -, T 0.079m

R277-1 7 Increase mass Increase draught T= 0.085m -. z = 0.090m



lo'

TABLE 4 Results of turning circle tests

Run ID Tactical

Diameter

m

Advance

m

1ransfer

rn

Approach

Speed

ms'

Speed

Loss

%

Damping

Roll Pitch

ice

R233-41 11.37 13.50 .5.77 2.29 7.6 0.60 0.60

R233-42 11.25 13.62 5.76 2.29 8:5 30 0.30

R277-41 12.68 14.45 6:47 2.37 7.1 0.55 0.60

R277-42 12.95 14.66 662 237 73 0.27 0.30

233: Difference -1.1% 0.9% -0.2% #12% 50% -50%

277 Difference +2..1 % + 15% +2.3% 2.8% 50% -50%

R233-U 11.37 1350 5.77 2.29 7.6 0.60 0:60

R277-TT 12.78 14.31 6i48 2.28 7.0 0.55 0.60

Difference + 12.4% +6.0% 12.3% -0.4% -9:2% -8.3% +0%

TABLE..3. RésuItsofthirthset:ofsImulations..: :...

Run ID Déscription: Simulatiònresult

R2333.V Zoro:pitòh:angie...=;060 Decreasing. osàiIlationsk.

R23332. 1(0 =05 ;0.30::.: Decreasing oscillations::

R233-33 1(0 = 0.25;<, = 0.15 Increasing oscillations

R233-34 Initial roll angle 50,; = 0.60 Decreasing oscillations

R233-35 K, = 0.5 = 0.30 Decreasing oscillations

R233-36 K, = 0.25K,0 = 0.15 Increasing oscillations

R233-37 Roll angle 5°, zero pitch Decreasing oscillations

R233-38 K4 = 0.5 K = 05; Decreasing oscillations

R277-3 1 Zero pitch angle, ; =06O Decreasing oscillations

:R27732 = 0.5 ic<, = 0.30 Decreasing oscillations

:R277.33 0.25 K<, 0h15 Decreasing oscillations

R277-34 Initial roll angle 4 50 = 0.55 Decreasing oscillations

R277-35 K, = 0.5 ic,. 0.275 Decreasing: oscillations

R277-36 = 0.25 ic,0 0.1375 Increasing oscillations

R27737 Roll angle 5°, zero pitch Decreasing oscillations

!R277-38 K, = 0.5 K,0, ; = Decreasing oscillations

TABLE, 2 Results cl seòond set of simulations

Rûn ID Initial deviation Simulation result.

R233-21 Decrease of speed 1.285 ms' U,_ 2.285 ms'

R233-22 Increase of speed. = 3.285 msS' -8 u_ = 2285 ms'

R233-23 ZerO .vertiI speed w,_o = 0000 ms' - w1- = 0.149 msS'

R233-24 Initial dritt 13 = -5° = 0.200 ms -b = 0.000 msS'

R233-25 Draught: T - 5. mm T,<, ,00827 'rn- 7 = 0.0877 m

R233-26 Draught. T .t 5mm T,_o=0;0927m-. T,_ O.0877m

R277-21 Decrease of speed 1.370 ms' -, = 2.37Oms1

R277-22 Increase of speed 3.370 msS' = 2.370 ms1

R277-23 Zero vertical speed WhO = 0000 ms' - w,- = 0.062 ms1

R277-24 Initial dritt [5 = 50 = 0207 ms" -, = 0.000 m&'

R277-25 Draught T - 5 mm 7,_o = 0:0796 m - T,_. = 0.0846 m

R277-26 Draught T + 5 mm = 0.0896 m -8 = 0.0846m



The simulation results of the turning circle tests for both
ship models are summarized in Table 4. The first run of
each ship modal is withthe original.damping.factor values
and with a rudder angle of

350 to starboard. During the
second run the damping factors were divided by two. It
should be noted that, except for runs R233-TT and R277-
IT, the approach speed of both models is not exactly the
same (difterence approximately .3.5%), therefore the
results are not similar In these runs a small influence of
the damping factors on the manoeuvring-characteristics is.
seen.

Runs R233-TT and R277-TT were performed to illustrate
the difference in rnanoeuvrability -between both ship
models The mass, position of centre of gravity and the
approach speed were identical for both ships. In Table 4
and Figure 7 the results of the simulations are included.
During the simulations speed losses of approximately 8%
were found, while in reality the speed loss during close
turning of planing ships can reach values of 70% or even
higher. Implementing rotational velocity dependent
hydrodynamiccoetficientssuchas X'inthemathernatical
model in the-future should ¡nòrease the-accuracy,: ofthe
simulätion program.:considerably. ..

TABLE'5 Results of 20/20 zig-zag tests

The results from the 20/20 zig-zag tests are stated in
Table 5. In this table it is seen that tot this manoeuvre
Mode! 233 reacts stronger to changes in the damping
factors than Model 277. lt appears that decreasing the
damping results in an increase of the overshoot angles.
In Figure 8 the time samples of both the rudder and yaw
angles during run R277-43 are included. Note that a
starboard rudder angle has a positive sign in this figure.

6. CONCLUSION

In this paper, a time-domain computersimulation'program
to predict the dynamic stability and manoeuvrability of
planing ships in still water for six degrees of freedom is
described. The formulations used in the program were
based on experimental data and additional empirical
coefficients taken from literature.

Simulation rUns have been performed to ascertain
whether the program is working properly and to evaluate

11

the calculation results. Some of these results are
discussed in this paper.

Examining the simulations, it is seen that changes in the
input of the program resulted in the expected changes in
the output. Changing thedampingf actors appears t have
great influence of the behaviour of the ships. FUrther
study should emphasize in determining the dynamic
coefficients in the mathematical model more accurately.
In general:. it is concludOd' that the results from 'this'
computar simulation program can be used in the early
design stage to predict the stability and manoeuvrability of
the planing ship.
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NOMENCLATURE

Symbol Description Unit

ce Design block coefficient

GM , Metacentric height . rn

K Ship-lixedmoment inlongftudinal diiection Nm

L Length between perpendicülars m

LCG. Longitudinal position centreof gravity rn

LCOR Longitudinal positión centreot reference rn

M Ship-fixed moment ¡n lateral dfrection Nm

N Ship-fixed moment in vertical direction Nm

p Rate of turning aroundx-axis rads'

q Rate of turn ng aroundy-axis rads'
r Ráte of' turning around z-axis rads'
T Draught of the modelat centre of reference rn

u Ship's!ongitûdinaivólocity ms1

Ship'siongitudinal yelocity, earth-fixed.: -. ms"

U Towing speed ms'

V Ship's lateral velocity ms'
ve Ship's lateral velocity, earth-fixed ms'
VCG Vertical position centre of gravity rn -

iVCOR Vertical position centre of reference m

w Ship's vertical velocity ms'
X Shipfixed force in longitudinal direction N

x x-position of centrè.of gravity, earthfixed m

X0 x-position of centre of gravity,,.ship-fixed . rn

XR x-position ofcentre:of"referenceship-fixed. ., m

Y Ship-fixed force in transversal direction N

Y. y-position of centre of gravity, earth1ixed rn

y-position of centre of gravity, ship-fixed m

Y y-position of centrò. of reference, ship-fixed m

Z Rise of centre of reference coordinate along z-axis rn

Z Ship-fixed force in vertical direction N

z-position of centre of gravity, earth-fixed m

z-positionof centre of gravity1 ship-fixed m

ZR z-position:of centre. of réference,, shipfixed m

Drift angle, twist around earthfixed z-axis or deadrise angle dég

O Trim angle, twist around ship-fixed y-axis dog

Roll angle, twist around ship1ixed x-axis deg

'V Yaw angle . dog

6 Rudder angle, positive to port . . rad

Desired rudder angle rad

K1 Damping factor for roll damping

K9 Damping factor for pitch damping
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FIg. 4 Results of simulation, runs. R23323 and R277-23

Fig. 5 Results of simulation, runs R233-24 and R277-24
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VesSim Sample Recording
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Fig. 6 Resultsof simulation, runs R233-34 and R233-36
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FIg 8 Results of simulation, run R277-43
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VesSim: Turning testj
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Fig. 7 Results of simulation, runs .R233-TT and R277-TT
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