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1. Introduction

Handling the liquefied natural gas inevitably includes processes
of berthing and unberthing of an LNG carrier (shuttle tanker) to and
from a floating jetty (FLNG barge). In general, such manoeuvres are
considered as very complicated in seamanship practice and rela-
tively prone to accidents, especially to ramming. Although in the
majority of cases such accidents do not result in disasters or other
grave consequences as the berthing manoeuvres are performed at
low velocities, the very fact of handling a very dangerous and easily
inflammable cargo sets augmented standards for the manoeuvring
safety. The latter is supported by appropriate manoeuvring quali-
ties of all involved craft, reasonable steering techniques and tactics,
and also by extensive training of human operators with the help of
computerized bridge simulators. Success of this training depends
heavily on the quality of implemented core mathematical mod-
els.

A considerable number of suitable mathematical models cover-
ing the range of “normal” or moderate manoeuvres performed with
the main control devices (like normal rudders) and without revers-
ing the main propulsor can be easily found in the literature [1-4].
The parameters of these models are then to be determined from
CFD computations, captive model tests or by identification from
free running models experiments or full-scale trials (e.g. [5-71).

This is much less true for the so-called low-speed models appli-
cable in fact to the whole range of motions including such hard
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manoeuvres as the crash stop, crabbing and rotation on the spot.
Probably, one of the first contributions being at the same time very
informative belongs to [8] who supposed that all hydrodynamic
forces depended on 4 dimensionless angular parameters all defined
in 4 quadrants. The hull force model was based on a heuristic
decomposition into: (1) ideal fluid (inertial) effects, (2) hull lifting
forces, (3) hull cross-flow effects, and (4) hull resistance in longitu-
dinal motion. The proposed 4-quadrant propeller model was based
on a piecewise approximation of the thrust and torque coefficients,
and, being very convenient, was used with small modifications in
the present study and is described in detail in the main part of the
paper. Finally, the rudder’s model in the slipstream was based on a
combination of tabulated rudder characteristics, on a more or less
typical simplified scheme for propeller race action and, as claimed,
on several ad hoc rules, omitted, however, from the publication.

Ankudinov et al. [9] noticed that quadratic (with absolute
value operation when appropriate) dimensional polynomials are
structurally applicable to hard manoeuvres but the regression
coefficients were supposed to be estimated separately in four
regions: (1) moderate drift angles ahead, (2) large drift angles
ahead, (3) large drift angles astern, and (4) moderate drift angles
astern. Necessity to match four separate regressions makes this
approach somewhat clumsy.

Kobayashi and Asai [10] introduced two limiting values of the
Froude number. Above the higher value a usual cubic dimension-
less model for moderate manoeuvring was assumed applicable
while below the lower value a specially devised second order
quasi-polynomial dimensional regression model was used. In the
intermediate region all hull forces and moments were obtained as a
linear blend of the high-speed and low-speed model. The low-speed
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model was used also in astern motion but with different regression
coefficients.

Khattab [11] also assumed that different physical phenomena
associated with the lift (side force) with and without separation and
with the cross-flow drag dominate for different intervals of the drift
angle. Full regressions for the sway force and the yaw moment are
subdivided into three single-variable parts (depending on the drift
angle and two dimensionless yaw rate parameters) valid, however
in the whole range of manoeuvres. The regression coefficients were
chosen in such a way that the regressions match asymptotically
some earlier devised polynomial model while coefficients corre-
sponding, say, to crabbing were estimated with the cross-flow drag
theory.

It can be also noticed that later publications avoided giving more
or less detailed descriptions of mathematical models especially
four-quadrant ones [12]. In fact, practically all ship handling sim-
ulators imply core models exactly of the extended type [13]. But
these models are typically considered as proprietary and, as far as
it could be detected or suspected, are more often than not based
on certain tricks and quick “at hand” solutions maybe indeed not
deserving advertisement.

In the present paper, anattempt is undertaken to develop a com-
prehensive unified versatile mathematical model suitable for all
types of manoeuvres in still water i.e. no wave excitation is con-
sidered. Special attention was paid to the model being relatively
consistent from the viewpoint of basic principles [14]. Although the
resulting model is similar in many respects to other published mod-
els and is thus based on some synthesis, it contains also a number of
novelties and improvements not encountered in the literature. All
of them are described in detail and it is believed that these elements
could become useful in other applications.

The model was applied to a shuttle LNG carrier Galea, for which
some trial data were available, Mostly, these full-scale results were
used for comparisons with the predicted behaviour of the ship. Con-
trary to normal practice followed by developers of ship handling
simulators [15] the model was not subject to extensive adjustments
except for lateral thruster action commented in the main text body.
Computer implementation of the developed model was performed
as series of extensions of the object-oriented multi-model code
developed earlier by the authors [16].

Finally, it is worthwhile to note that the popular term “low-
speed manoeuvring” is somewhat misleading and not very exact.
In fact, every time it is used it goes about the hard manoeuvres
mentioned above. Indeed, such manoeuvres can only be performed
at slow speed as otherwise power requirements would greatly
exceed the available from the main engine. On the other hand,
normal manoeuvres reachable with constant engine settings and
with the normal rudder can be executed at any speed, at least
with the turbine-driven vessel which, contrary to diesel engines,
does not possess a stall (idle) rotation frequency. For moderate
and low values of the Froude number, all reasonable manoeu-
vring characteristics remain practically independent of speed and,
when properly rescaled in time, the behaviour of the ship must be
independent of the approach speed. However, there is a general
belief that any ship is worse controllable in low speed [17] and
that is why auxiliary steering devices are indispensable. There are
two possible causes of this paradox or rather misunderstanding.
First, although the response to control actions remains adequate,
it becores really slower in the dimensional time while the human
operator’s own time scale remains the same and the subjective per-
ception tells about worse controllability. The second circumstance
is the increased sensitivity to external factors, such as wind and
current, because rudder steering forces are approximately propor-
tional to the square of the ship speed. It is, however, meaningless to
discuss the loss of controllability at low speed if the level of external
influence is not specified.

Fig. 1. Frames of reference. -

2. General structure of ship manoeuvring model
2.1. Frames of reference and kinematic parameters

The used frames of reference are shown in Fig. 1in the horizontal

- plane view: the Earth-fixed frame 0&n¢ with the axis O¢ directed

vertically downwards is used to describe the ship trajectory and to
define the steady wind characterized by the wind speed Vy, or by
its magnitude Vy, = |Vw| and by the wind angle X. Similarly, the
steady uniform current velocity is V¢ also defined by the couple (V,
Xc). The origin O is placed on the undisturbed free surface and its
locationin the horizontal plane, as well as the orientation of the two
horizontal axes can be arbitrary. As arule, they are chosen from con-
venience considerations. For instance, if some standard manoeuvre
as the turning circle is considered, it is natural to match the origin
with the ship's location at the start of the manoeuvre i.e. when the
corresponding order is given. In the case of berthing/unberthing,
the Earth-fixed frame typically matches the moored position of the
ship.

The ship motion is described by the ground velocity vector Vg
and by the angular velocity vector . Introducing the air ship veloc-
ity vector V4 and the ship velocity vector V (magnitude of the latter
is the ship’s log speed) it is easy to establish the following relations:

Ve =Va+Vw,
Ve=V+V..
It follows from these relations that
Vi +Vy =V+V,
V=V-V (2)

(1)

VAZVG—VWZV-I—VC—VW.

The wind and current velocities can be also represented through
their projections on the Earth axes (the vertical components are
supposed to be zero):

VW§ = VW CoSs Xw; Vw,’ = Vw Sil’l Xw,

(3)

Veg = Ve cos xc; Vey = Vesin xc.

As usual, the body axes Cxyz are introduced with the originF
lying at any point in the centreplane although usually preferred is
either the centre of mass or the point belonging also to the midshiP
plane and to the equilibrium waterplane. The position of the body
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axes with respect to the Earth frame is described by the advance &,
transfer 7¢, submergence ¢, heading angle v, pitch angle 6 and roll
angle . Projections of the velocity V onto the body axes x, y, z are
denoted as u, v, w and called velocities of surge, sway, and heave
respectively and those of the angular velocity £ are p, ¢, and r and
called velocities of roll, pitch and yaw. The subscripts w, ¢, G, A can
be added to any velocity to refer to the corresponding component.
It follows from Egs. (1)-(3) that

Ug=U+ Uy, Vg=V+TUg,

(5)

Ug = UG — Uw; Va=7Us—Vw.

The formulae above are very important as they determine pecu-
liarities of the ship motion in presence of wind and current. The
wind and current velocities, which are present there, are:

Ue=Vegcosy+ Vg sin v,

ve=—Ve siny + Ve cos ¥, 6)
Vi €OS Y + Vi sin

Uw =
v = =V Sin Y + Vigy cos .

The main state variables of the manoeuvring ship will be &,
ne Y, 1, and u, v although each of the latter two can be substituted
with a corresponding ground or air velocity. The following auxiliary
variables can often become useful:

e the dimensionless velocities of sway and yaw
vl
v v’

where V=|V| and L is the ship’s reference length;
o the drift angle (with respect to water)

—asinv’ at u>0,
B= . ) (8)
—msignv+asiny at u<0;

v (7)

e the air drift angle
—asinv/, A at us =0
A — )
Ba= . ) 9
—msignvg +asiny, at uy <0,

where v, = v4/Va and V =|Vy| is the ship’s air speed equal to the
relative wind speed as measured on the ship;
e the course angle v (with respect to water)

v=yY-p; (10)

e the course (angle) x over the ground

asin g_c at &>0, fc>0,
¢4
X = n+asing§ at be=<D, (11)
27 + asin ’E’—f at £c>0, fc<0.
C

The usual dimensionless velocities v and ’ are not convenient
for hard manoeuvres as they tend to infinity as the ship speed tends
to zero. The drift angle is used instead of the dimensionless velocity
of sway and the following generalized dimensionless velocity of
yaw can be introduced:

" /
" rL r (12)

B V241212 B V1412

It is clear that i e[-1, 1] remaining always finite.
The plane 8 — 1" (Fig. 2) can be used to represent domains of arbi-
trary (all imaginable) manoeuvres (the large rectangle), moderate

r" 1 +1.0

-180 deg _b° +180 deg

-1.0

Fig. 2. Sketch of manoeuvring domains.

manoeuvres (the smaller hatched rectangle), and weak manoeu-
vres (the smallest filled rectangle; weak manoeuvres are typically
course keeping and small course changes). Of course, the bound-
aries separating the domains from each other are fuzzy and traced
basing on rather arbitrary expert estimates.

2.2. Equations of motion

In low-speed manoeuvring, effects related to the vertical planes
are negligible and it can be assumed that the manoeuvring motion
is only performed in the horizontal plane. The kinematic differen-
tial equations linking the ship's position in the Earth axes with the
velocities projections are then

&c = g cos Y — g sin

flc = Ug sinr + vg cos ¥, (13)
v=r.

The dynamic equations of motion of the ship as a rigid body are:
(m + 411 )u —mvr— mXGTZ =Xy +Xp+Xg +Xa +XQ,
(m+ p22)0 + (MG + pag )i+ mur = Yo + Yp + Yo+ Y7 + Ya + Yo, (14)
(mxg + 26)V + (Iz + [g6)i + mxgur = Ny + Np + Ng + Nr + Nj + Ng,
where m is the mass of the ship; j4;; are the added masses, xg, y¢ are
the centre-of-mass coordinates; I,; is the moment of inertia in yaw;
X, Y, N are the forces and moments of surge, sway, and yaw respec-
tively and each of these components is divided into subcomponents
described by the following subscripts: H—the hull hydrodynamic
forces, P—the propeller forces, R—the rudder forces, T—the thruster
forces, A—the aerodynamic forces, Q—forces from the tugs.

3. Hydrodynamic hull forces

The hydrodynamic forces on the hull are described using the
method proposed by Sutulo [18] which, in its present implemen-
tation, represents a continuation of the standard Inoue model onto
the domain of arbitrary manoeuvres. According to this method, the
hull sway force and yaw moment are represented as:

Xy =X"D(V2+ 22T,
Vi e wg(v2 +L212)LT, (15)
Ny = N//%(vZ + LZT‘Z)LZT,

where X", Y, N" are the generalized force and moment coefficients.

As to the surge force, it turned out that the most convenient
approach is to transform the surge force model suggested by Inoue
et al. [19]. Besides moving from the dimensional to the dimension-
less form, the structure was corrected in such a way that the surge
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force vanishes when the ship is rotating on the spot independently
of the drift angle (strictly speaking, there will be some nonzero
surge force for a ship without midship symmetry but obviously
it will not be significant and in case of absence of experimental
data should be better zeroed). Then, the generalized surge force
coefficient is

X}C’] - —ZRT(U)"AS(U)COS ﬁ|COS ,Bl(l - ’.//2)

pV2LT
_ 2;?;;.,22 sinﬂ)'”m (16)

where Ry(u) is the total resistance curve as function of the surge
velocity and defined for both positive and negative argument, r4g is
the astern correction coefficient, G, ~ 0.625 is the correction factor
[19]. {

As the drag curve in astern motion is usually unavailable and
not supported with standard resistance prediction methods [20],
it was assumed here to be odd i.e. Rp(—u)=— Ry(u). However, as
usually the hull is optimized for the ahead motion, the correction
coefficient r4s is assumed to be 1.15at u<0 and 1.0 otherwise,

The dimensionless sway and yaw coefficients can be modelled
as follows:

1 1 3
1 1 o ’
o3 ==z V(D) =YDl ¢4 = -[Yi(D)+ Y (=D)l;

] ! " 1 1

Cys = _ZR[Y;(T) —¥(=7)— 2Y0]; Cyg = o Y Cy7 = _EYLIIV;
l e " " 1 /4 ! l !

Cy8 :—ZY*' Y= g0t E[Yu(t)*'yu(—f)]_ §Yvw

Go=Ngi 6= =g IN(D+ NGO G =~ [N(E) + Ny(~D)
15 =~ INA(D) + NG = 2Ngs = o= [N~ N0

1 1
s = = [Nowe + NUT 4 NA=0) = 2Ng]i o = = INKE) =Nl (21

1

1 1 ; "
Cn7 = —2—7_[2"\’,/,,-r + (E‘L’i — 3—2) [Nj(T)+ Ny(=7)];

1 1 1
o= (727~ 75 ) D)~ M-8 s ==,
where t is the trim, positive by the stern and nondimensiona-
lized by the mean draught; Yy and Ny are the generalized sway

. ; : . ; b4 ’ T ; )

Y'(B, 1"} = cyor” + cy1 sin Bsin i’ signt” + cyp sin S cos Q—r” + cy3sin2fcos ir” + cya cos Bsinmi” + cys cos 2B sinrr”
+C ) 4 w 37[ W ! w/ 2 4 Y S o1 i 3 T i ]7

6 COS 3 | cos 5’ —Cos -1 signr” + cy7(cos 28 — cos 43)cos 5! sign B + cyg sin3f cos 51" (17)

: g < b4 s ;
N"(B,1") = cpor” + cp1 sin2 B cos jr” + ¢p2 sin Bcos ir” + cp3 cos 2B sinmr” + cpq cos Bsin i’ + cps(cos 28

; ; ; T 37 : T 3
—cos4pf)sinmr” + cpg cos B(cos B — cos 3 B)sign1” 4 cy7sin 28 (cos =" —cos —r”) + cpg sin B (cos =1" —cos —r”)

; T 37 2
+cngsin2p (cos Er” — oS 71‘”) signr”,

The regression coefficients ¢y in (17) and (18) would be best
determined after captive-model tests carried out for each particu-
lar hull in the whole range of the drift angle and dimensionless rate
of yaw. However, such experimental data are obtained rarely and,
as a bypass solution, these coefficients can be chosen to provide
asymptotic equivalence to polynomial models devised for mod-
erate manoeuvres. These polynomial models can be developed
specifically for the given hull or borrowed from some database
method, like that by Inoue et al. [19]. These models are normally
written in terms of primed variables v/, i’ but can be re-written in
terms of 8 and r:

Y'(B,1')=-Y,sinfB+ Y’ — Y, sin Bisin B| — Yy Sin Bir'|+ Y.,

i (19)
N"(B, 1) = =N} sin B+ N;r’ + Ny, sin® B1* — (Njy — Nj)sin B2 + N /||,

where the coefficients Yy, ..., Ny, are functions of the hull's par-
ticulars and trim and are estimated according to Inoue et al. [21].
Then, the regressions (17) and (18) can be re-written in terms
of the same variables as (19) using the relation 1" 1/ — %1"3 and
then asymptotically matched to (19). Their structure, which may
seem at first sight not quite natural and evident, was chosen to
make this matching possible. As result, the following relations can

be established:

2 2 2 2

(18)

force and yaw moment coefficients determined for the hull rotat-
ing on the spot, and Y{), is the generalized yaw moment coefficient
corresponding to the pure lateral motion i.e. to the crabbing with-
out rotation. If these data are absent, which is typical, they can
be estimated using the method from (Voytkunsky, 1985) or esti-
mated with the cross-flow drag technique. Because of the absence
of data related to the astern motion with moderate drift angles, it
was additionally assumed that the hull is symmetric with respect
to the midship plane. At the same time, the fact that a trim by the
stern will act as a trim by the bow in astern motion is accounted
for.

Finally, it must be noted that the original mathematical model
by Inoue et al. [19,21] is 4DOF involving also the roll equation and
dependence of the yaw moment on the instantaneous roll angle.
The back influence of the roll may become significant for relatively
fast vessels. The ship considered in the present study is marginal in
this respect and using a 4DOF model could be desirable. However,
as the investigation was here more concentrated on the low-speed
manoeuvring and creation of uniformly valid regressions including
roll effects is problematic and certainly not straightforward, the
choice was made in favour of a 3DOF manoeuvring model which
finally proved quite adequate in the present case.

4. Propeller forces

The propeller’s longitudinal force Xp=T,, where T, is the effec'-
tive thrust which is supposed to be positive when the propeller 15
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running ahead and is negative when working astern. The effective
thrust is obtained from the open-water thrust T as

T T(T — B, (22)

where tp is the thrust deduction fraction.

For any given fixed-pitch propeller, the thrust will depend on
the current rotation frequency (rps) n, which is assumed positive in
ahead rotation and on the instantaneous propeller advance veloc-
ity upa = t(1—wp), where wp is the propeller wake fraction. To
simulate arbitrary manoeuvres, the propeller open-water charac-
teristics must be defined in four quadrantsi.e. for any signs of n and
upa. However, as studies of propeller hydrodynamics were mainly
driven by interests of propulsion calculations and propeller design,
relatively full sets of data corresponding to various propeller series
and for full range of the number of blades, pitch and disc ratio, are
only available for the first quadrant i.e. when upy >0, n>0 [22]. As
to 4-quadrant characteristics, systematic data and approximations
[23] were apparently obtained for only the B4.70 propeller while
only selected pitch ratios were covered for propellers with other
number of blades and different values of the disc ratio.

In the present study, an approximate alternative solution based
on re-scaling of the 4-quadrant model for a unique base pro-
peller model is proposed. The possibility of such approach follows
from the fact that nearly all propeller thrust and torque coeffi-
cient curves are approximately equidistant in the first quadrant and
can be transformed each to other re-scaling the axes. In fact, this
operation is desirable even if the actual propeller’s data are avail-
able as all methods for predicting the ship resistance, thrust and
propeller-hull interaction are approximate and must be adjusted
to reproduce the actual propulsion point. The adjustment proce-
dure depends on the available input data and in a rather typical
case, when the design 1ps ng, the design speed V4, the correspond-
ing torque Qpy and the propeller diameter Dp are specified, the
adjustment is performed as follows:

1. The design drag Ryg(Vy), the straight run wake fraction wpg and
the thrust deduction coefficient tpp are estimated using some
appropriate method [20]. The design advance ratio is then J; =
Va(1 —wpo)/(ngDp).

2. The advance correction factor ky is computed assuming that the
propeller works in the design conditions at maximum efficiency
(in most cases, the propellers are designed meaning this target):
Iy =Jopt[J4, where Jop: is the value of the advance ratio correspond-
ing to the reference screw propeller,

3. The thrust and torque correction factors kr and kg are defined as
follows:

Ryq Qq
(g ) kg = ——— 23
0 Tl s kiVa)(1 — tpo) %= Bupilng, kVq) (23)

where Topr and Qpp are the values of the thrust and torque pro-
duced by the propeller model at the shifted design propulsion
point, which is optimal for the reference propeller.

After the adjustment is completed, the effective thrust and
torque are continuously computed as

Te = (1—tp)kr gAdCT()’B)Vg 5
) (24)
Q = ko 5AaDpCo(5)V3,

where tp is the current value of the trust deduction coefficient;
Aq :nD)%/4 is the propeller disc area; yp is the effective blade
advance angle, and V3 is the effective total blade velocity. According

to Oltmann and Sharma [8] the generalized thrust and torque
coefficients are

C?.Q +Cf o cosyp +C3 o sinys

+ Py sinys

at cosyp = 0.9336
(25)

CiQcosys Icos V8 sin yg otherwise

where the coefficients C%Q, e CfQ are only defined for the a 5-
bladed propeller with the pitch ratio 0.745 and the expanded area
ratio 0.6; sinyp = ’ﬂ;:—’*, cos yg = ZV-CBE, and Vep =0.77nDp, Vp=
A/ (ijpA)z o VCZP'

The wake fraction coefficient wp according to Inoue et al. [19]
can be approximated by

wp = wpoe™2Fp (26)

where fp is the local geometric (i.e. without the hull's influence)
sidewash angle. Although the approximation (26) was primarily
devised for only moderate manoeuvres, it is evident that it will
give reasonable estimate for all fpe[—m, 7].

The rotating propeller will, in general, produce also the sway
force Yp and the yaw moment Np. These forces are, however,
insignificant on moderate-speed vessels except for the case when
the propeller is working astern. In this case, the so-called Hovgaard
force will appear due to the influence of the tangential induced
velocities in the slipstream of a heavily loaded propeller. The Hov-
gaard force must be accounted for when the ship is stopping and
backing. Direction of the Hovgaard force depends on the direction
of rotation of the propeller.

In the described model the Hovgaard force is modelled using
a very simple method suggested in [24] and defining this force as
a constant fraction of the thrust: Yp=«yT, where the coefficient
depends on the configuration of the afterbody, varies mainly from
0.4 to 0.8 but must be adjusted after trials whenever possible. Then,
the yaw moment will be Np = Ypxpy, where the effective abscissa Xpy,
according to Brix’' data varies from 0.78xp to 0.94xp. Obviously, this
model for the Hovgaard effect is somewhat simplistic as Anissi-
mova and Sobolev [25] demonstrated that dependence of the force
and moment on the advance ratio is in fact rather complicated.
Unfortunately, contrary to what was claimed by Ambrosovsky and
Katz [26], attempted implementation of the formulae proposed in
the cited publication did not result in reasonable response of the
ship.

5. Rudder forces

5.1. General remarks

Descriptions of practical mathematical models of rudder forces
valid in moderate manoeuvring are abundant in the literature. All
of them presume that the flow attacks the rudder more or less
from the leading edge and the attack angles do not exceed the
stall angle. Moreover, although typical modern rudders have a small
aspect ratio Ag practically never exceeding 2.0 which results in a
sensitive nonlinearity of their lift curve, this circumstance is often
neglected and the rudder’s characteristic is linearized [19,27]. Influ-
ence of the slipstream is primarily accounted for on the basis of
the actuator disc theory but many empiric corrections and, often,
inconvenient structure of the formulae for the propeller influence
on the rudder inflow velocity and sidewash angle make difficult
their generalization to arbitrary manoeuvres. The model proposed
in the present paper is free of such problems and remains valid in
any situation although it is not uniformly accurate. While in mod-
erate manoeuvring it could be validated against multiple more or
less acknowledged models, the direct validation was too difficult
in such situations as large attack angles of the rudder, especially
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when the flow comes from the trailing edge. Assimilation, analysis
and generalization of various ideas and partial models suggested
by other specialists served as important assets in developing the
model described below. However, special attention was given to
contributions by S6ding [28,29], Oltmann and Sharma [8], and Kose
[30].

5.2. Basic assumptions

All engineering methods for estimating contribution of the rud-
der in manoeuvring motion are based on more or less natural,
though not very rigorous assumptions. The following assurmnptions
were taken here:

1. The total rudder area Ag=Agq +Agp is composed of two parts:
ARo is the area outside the slipstream while Agp is the area inside
the slipstream. If there is no direct data about these areas, it is
usually assumed that

h
App = 2 Ap, (27)

where hgp is the height of the rudder’s part washed by the slip-
stream.

2. The slipstream jet is supposed to be circular cylindrical from the
rudder’s leading to trailing edge.

3. Values of the rudder force coefficients (lift coefficient Cgy, drag
coefficient Cgp, normal force coefficient Cry, and the tangential
force coefficient Cgr) are the same for its parts outside and inside
the slipstream. In addition, it is assumed that the tangential force
can always be neglected.

4. The flow around the rudder is supposed to be uniform and homo-
geneous within each of the parts outside and inside the propeller
race. The velocity of the rudder with respect to water is Vg and
Vgpineacharearespectively and the corresponding attack angles
are og and agp. Each attack angle is changing within the interval
[, 7).

5.3. Representation of forces on the rudder

Depending on whether the force acting on the rudder is analyzed
in the inflow-velocity axes or in the blade-fixed frame, consid-
ered are either the lift L and the drag D or the normal N and the
tangential T force components. The latter approach has certain
advantages. The plot in Fig. 3 was recalculated from the lift and
drag data obtained for a non-symmetric 5% profile in circular wind
tunnel tests [31] and clearly shows that the tangential force can be
practically always neglected.

Assuming that the rudder normal force N is positive when
directed to the rudder’s portside, the rudder-originated surge force
Xg and sway force Y will be:

Xgr = —Nsinég,
(28)
Yr = —(1 + ag)N cos 8R:

where 8g is the rudder deflection angle which is positive when
the rudder is deflected to the starboard, and ay is the rudder-hull
interaction fraction. The rudder yaw moment is then

NR = YrXgy, (29)
where xgy is the rudder's hydrodynamic abscissa accounting for

the shift of the sway force application point due to realization ofits
part on the hull. Inoue et al. [19] recommend Xgy = xg, where Xg is
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Fig. 3. Wind tunnel data for tangential and normal force coefficients Cr, Cy as func-
tion of the attack angle.

the actual abscissa of the rudder’s stock, and ay =0.633Cz — 0.153.
According to Soding [28]

o s 03T
M= T + 046"
1
H = 3
1+ (4.9eg/T + 3bg/T)

(30)

where eg is the average gap between the rudder’s leading edge.
According to the assumptions (1)-(4) formulated above, the
rudder normal force can be represented as

V2 V2
N= CN(DlR)pTRARo + CN(OJRP)kd%ARP (31)

where kq <1 is the jet deflection reduction factor specified later.
The normal force coefficient dependency Cy(cz) must be defined
in different regimes:

o The pre-stall regime when the leading edge is moving ahead with
respect to the water. If the stall angle in ahead motion is «s, then
at || <as the response will be defined by [1]:

Cro(a) = Cpr(er)sine + Crp(et) cosa. (32)
Here:
Crr(a) = (C}y + Clal) (33)
Cor() = Cpro + Cpr1 Chy(),
where various coefficients are:
o
et = L , (34
cos Ay/A3/cos? A +4 + 2a,,
- the rudder lift gradient,
O =Dt (35)

- the infinite aspect ratio lift gradient, and a., ~ 0.9 is the viscosity
correction factor. A is the sweep angle close to zero in most cases:
Then,

Ciyz = Cp/AR (36)
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and

0.1+0.7b forfairedtip,
= (37)
0.1+ 1.6b" forsquared tip;

b'=by/by is the rudder taper ratio; by is the tip chord, and by is
the root chord.Cpgg is the profile drag coefficient (0.0065 for the
NACA-0015 profile), and

1

naooAR' (38)

Cpr1 =
In astern motion i.e. when the rudder is moving with its trail-
ing edge forward, the flow will be not stalled when |¢| > 7 — o,
where o5 < s is the stall angle in the backward motion of the rud-

der blade. Then, it can be assumed that in this domain the normal
force coefficient dependency Cy;(«) can be represented as

Cnr(e) = Cvo(m — ) sign . (39)

In the intermediate interval, i.e. when |¢|e (a5, ™ —as), the
normal force coefficient can be supposed to change, in the first
approximation, linearly:

Cnv(o) = (a + Dla]) sign«, (40)
where the linear approximation coefficients are:
b — Cnvolats) — CNO(Olsr),

s+ Osp — 7T (41)
a = Cyo(as) — ash.

5.4. Rudder inflow velocities and attack angles

The rudder attack angle is defined as
or =g — Br — Sros (42)

where 8y is the rudder deflection angle, S is the local drift angle,
and Jgg is the neutral (balancing) deflection angle. The attack angle
must, however, be normalized to fall into the interval [ 7, 7]. In
the case when 27 > |og|> 7:

OR:=0R — 27 Sign aR. (43)

Let us consider the rudder geometric (i.e. not accounting for the
-hull and propeller influence) velocities ug and vg. Similar velocities
for the propeller ahead of the rudder will be up and vp. All these
velocities generate the speed magnitudes Vg = 1/ u% + vﬁ and Vp =

A /u,z, + v,%. and the kinematic sidewash angles g and fp defined in
such a way that

ug = Vgcos fr, vg=—Vgsinpg;

(44)

up =VpcosBp, vp=—Vpsinpp.

The next step is to link the stand-alone-rudder velocities ug and
g to the rudders apparent velocities behind the hull ugs and vgy
connected similarly to Vg4 and Bga.

The longitudinal velocity is modified by the rudder wake frac-
tion wg:
Uga = UR(1 — WR) = u(1 — wg), (45)
where, similarly to the propeller,

Wg = WR()(E'K1 ﬂlZ? (46)

The last equation is the empiric formula introduced by Inoue
etal.[19] with K; = —4.0 and wgg = 0.4 (the latter value was recom-
mended by Kose [30]) although both parameters can be adjusted.
As with the propeller, the formula (46) gives reasonable estimate
for any possible value of Sg.

The hull’s influence on the transverse rudder velocity is formu-
lated by Inoue et al. [19] directly in terms of the sidewash angle but
this becomes inconvenient when applied to arbitrary manoeuvres.
However, it can be relatively easily re-formulated in terms of the
rudder transverse velocity as follows:

VRa = Ku(BR) VR (47)
where the function «,() is defined as:

min(K, K3181) at Bl < B1,

ay + byl Bl at |l e b, Bal, (48)
1.0 at |fl > pa,

where K, =0.5, K3 =045 and a, = 0.5 — byB1; by =0.5/(B2 — B1).

Assuming that the hull’s influence vanishes at | 8| > Z, it is rea-
sonable to set fy=1.3 and B = %.

The special sidewash angle Bg in Eq. (47) is restored in the
standard way from ug and g = v + kxgr where k is adjustable and
Inoue et al. [19] recommend k = 2.0 which is in agreement with the
data presented by Kose [30]. Necessity of introducing this special
sidewash angle is due to the fact that the hull’s influence depends
on the quasi-velocitiesvand rinamore complicated way than could
have been obtained postulating its dependence on the geometric
sidewash angle only. Introduction of separate straightening factors
for the sway and yaw parts of the sidewash could be an alternative.

ley(B) =

5.5. Influence of propeller slipstream

The approximate mathematical model for the propeller influ-
ence described below is based on the classic actuator disc theory.
According to this theory, any propeller is represented as a thin disc
of the area Ay placed into the uniform flow with the velocity v
directed along the normal to the disc. The disc is somehow gener-
ating a uniform jet whose axis is collinear with v4. In the present
application, it can be assumed that |v4| = |ups| and then, as estab-
lished in the actuator disc theory [32], the axial induced velocity at
infinity is

Waco = Upa(n/14 Cra — 1) (49)

where the loading coefficient is
2|T
s 0] (50)
Plupsfo

It follows from (49) that the total jet velocity at infinity behind
the disc is

Uso = Upa + Waeo = Upar/ 1 + Cpa (51)

The latter formula can be re-written in the following equivalent
form which can be used also in the bollard regime:

Uoo = 4/ UB, + W2 (52)

where
2IT|
2 _
a0co — PAO (53)

is the squared infinity axial induced velocity in bollard regime.

The axial induced velocity is varying along the jet theoretically
reaching its ultimate value at infinity behind the disc. Its value in
the disc is wgo = (1/2)Was. The sectional area of the jet is varying
inversely to satisfy the continuity equation. Of course, in the real
fluid the jet after certain region of contraction and acceleration will
start to dissipate involving additional fluid but loosing its average
velocity. However, the perfect fluid model still works adequately at
all distances where the rudder can be located.
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The longitudinal velocity of the part of the rudder inside the
slipstream with respect to water is

URp = Upa + Wa (54)

where the axial induced velocity depends on the distance between
the propeller and the rudder and can be represented as

Wal®) = o il )Wase (55)

where « is the empiric correction factor introduced by Kose [30]
with the recommended value 0.68, and the distance factor

kw(X) = l(l + ﬁ) K(T):I signT (56)

where the relative signed distance from the propeller to the rudder

ngw)sigrﬂ ; (57)
P

and
1 t XT>0

K(T) = AR L oy (58)
0.7 at XT<O

Attention must be paid that the thus defined factor ky is valid for
any sign of the thrust although the propulsor works approximately
asadisc of sinks from the side to which the thrust is directed while it
produces ajet in the opposite direction. The coefficient « is empiric.

The transverse component of the rudder-in-the-slipstream
velocity is usually assumed to be the same as outside the slip-
stream i.e. vgp = vp4. This definitely can be applied on the suction
side of the actuator disc. However, even with strong sidewash, in
the vicinity of the propeller disc the jet keeps its direction along
the shaft axis as the transverse momentum is still not transmitted
to it. Because of this, at XT > 0 it is more reasonable to assume that
vgp = (X2 /a + %%)vga, where a is an empiric constant.

Due to the jet's contraction, the slipstream-washed part of the
rudder area Agp depends on the distance X. In general, it also
depends on the relation between the rudder height and position
and on how it is positioned with respect to the propeller axis. At
the same time, the effective radius of the jet rgp can be estimated
as

D
P == —ZP— |uo/uRp|. (59)

As has already been mentioned, the deflected rudder will also
deflect the jet reducing its own attack angle. According to Séding
[28] the corresponding factor k4 from Eq. (31) can be estimated as

ka = |ura/ure||, where f = 2[2/(2 + d/bg)]", and d = (VT/2)rse.
6. Thruster forces

Many vessels are nowadays equipped with side tunnel thrusters
to improve their low-speed controllability. These thrusters practi-
cally always work in the bollard regime which makes the thrust per
se almost independent of the ship’s motion but the interaction with
the hull is rather complicated and affects significantly the effective
sway force and yaw moment resulted from the thrusters’ action.

The actual thrust T produced by a lateral jet thruster without
account for the hull influence can be represented as T'= krTy, where
kre[-1, 1] is the control parameter or the relative thrust (its value
—1 corresponds to the maximum thrust to the portside, and +1—to
the starboard), and Ty is the maximum absolute thrust which is
the main characteristic of the given thruster and is related to the
thruster drive's power Py as [24]:

T() = CoPg (60)

where the constant ¢y =0.15 s/m accounts also for the hull pressure
re-distribution.

The thus determined thrust Tis effective on a deeply submerged
thruster at zero surge (advance) speed of the ship. In a more general
case, the sway force and the yaw moment from any single thruster
should be calculated as follows:

Yr = kp(hp)ky(2)T,  Np = kp(hg)kn(@)TxT, (61)

where kj, is the submergence correction factor, hg =h/R is the rel-
ative submergence of the thruster, h is the submergence of its
axis, R is the thruster’s radius, ky, ky are the longitudinal velocity
correction factors, il = |u|/w; is the absolute value of the relative
longitudinal velocity of the ship, w; is the effective jet velocity, xr
is the thruster’s abscissa.

Data on the submergence correction factor accounting for the
loss of the thruster's effective area and for the surface wavemaking
can be found in [33] and it can be approximated as

ky =min(1.0, aj + byhg), (62)

where a,=1/3, by =17/30. This factor does not account for aera-
tion which can result in more drastic fall of the thrust but which is
usually avoided in normal operation.

As to the velocity correction factors, they also depend on the
thruster’s location: near the stern or near the bow. Experimental
data on ky for only the bow thruster at ahead ship speed belong-
ing to Chislett and Bjerheden are presented by Faltinsen [33]. Brix
[24] provides data for both bow and stern thrusters in ahead and
astern speed but as functions of the dimensional velocity u. The
value of the jet velocity w; at those tests is not given explicitly but
a remark about the properties of the correction factors made pos-
sible approximate restoration of w;. In general, the jet velocity can
be found as

[ IT|

where Ag is the thruster’s sectional area.

Then, Brix' data were approximated with second- or third-
degree algebraic polynomials a + bil + cii2 + dii> separately for
each case and safely continued outside the tested region with con-
stant values although typically experimental data show (further)
recuperation of the thrust. Values of the approximation coefficients
are given in Tables 1 and 2.

In addition, the Chislett and Bjgrheden data clearly show a small
interval of constant values equal to unity for L‘l| < 0.12. This is
also justified by the process’ physics as at small relative longitudi-
nal speed no jet attachment or pressure re-distribution can occur.
Unfortunately, the Brix data were obtained with a too large step
and could not show this effect. So, it was decided to add the point
(0.12, 1.0) to all Brix data. The resulting approximated responses
together with the experimental data borrowed from Brix [24] and,
in one case, Faltinsen [33] are shown in Figs. 4 and 5 where the
absolute value of the relative longitudinal velocity is shown on the
horizontal axes.

7. Aerodynamic forces
The aerodynamic forces can be represented as

PAVE
Xa = Cx(Ba. &c, ’7C)"-2AAL,

PAY,

2
Ya = Cy(Bar bc, nc)—5 44, (64)

paVE
Na = Cn(Ba, &cs nc)—24

AL LOA )
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Table 1
Approximation coefficients for ky(i1).
Thruster u a b & d
Bow >0 1.236133984568 —2.466381997565 1.621751193502 0.0
<0 1.110973606193 —1.261200467681 0.9375221889657 0.0
Stern >0 1.319106928965 —3.302007109009 3.075565631253 0.0
<0 1.289253261375 —2.540634413509 1.610802566528 0.0
Table 2
Approximation coefficients for ky(i1).
Thruster u a b c d
Bow >0 1.334253478 —3.534640537 6.647727158 —3.66998672
<0 1.121478745 -1.610981216 0.6918614180 0.0
Stern >0 1.172907048 —1.965410978 2.054377528 0.0
<0 1.135322201 —1.349292142 1.529502839 0.0

where Cyy, are the force/moment aerodynamic coefficients, p4 is
the air density, A is the ship’s lateral area, Lo, is the ship’s length
overall.

The aerodynamic coefficients are shown here as dependent on
the ship’s position. This makes sense when a non-homogenous
wind field, as for instance, behind some obstacle, is considered.
At present, data on aerodynamic characteristics of the ship hulls
in non-homogenous wind are practically absent and then the
coefficients will only depend on the air drift angle.
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Independence of the aerodynamic forces on the angular veloc-
ity of yaw is commonly acknowledged but it is not so evident and
deserves explanation. Assuming, however, in the case of a homoge-
nous wind, that this dependence exists and taking into account
Egs. (5), (8) and (9) it is possible establish a complete list of argu-
ments for any aerodynamic coefficient and to expand it into a
multivariate Fourier series (here: with respect to the zero point,
up to the first-order terms and for only sway force for simplic-

ity):
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Fig. 4. Velocity correction factor for the sway force: upper row—bow thruster, lower row—stern thruster; left—ahead motion, right—astern motion.
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Fig. 5. Velocity correction factor for the yaw moment: upper row—bow thruster, lower row—stern thruster; left—ahead motion, right—astern motion.

cy(v, 1, Xw,1//):C,’;1/+C{,l‘/+C§Xw+C$1/f+-” (65) "inter‘na.l" ship dynamics which are relevant for an adequate
o ) description of the manoeuvring motion. In the present consider-
Here every term containing v’ or 1’ has a hydrodynamic coun- ation, these are sub-models for the propeller-shaft-gear-engine

terpart and, for instance, the hydrodynamic term Xr’ must be  dynamics, dynamics of the main steam valve (in the case of a
compared with (p4ALVZ/pLTV)Cyr". It is obvious that due to the  sream turbine as main engine), steering gear dynamics, and dynam-
very small air/water density ratio the latter is much smaller than ics of the thruster’s drive. The last three components are not
the former even with large wind areas and velocities and thus can always important and their presence does not influence heavily the
always be neglected. However, terms containing only variables xw  observed behaviour of the ship but makes the response smoother
and  do not have hydrodynamic counterparts atalland their pres-  which provides better feeling to the operator and can be important,
ence explains why even a not very strong wind can change sensibly for instance, in the sliding control mode.

behaviour of the ship. But it is then also evident that this influence

is completely accounted for through dependence of aerodynamic

forces on the air drift angle 4. 8.1. Torque equation and main engine dynamics
The aerodynamic coefficients Cyx, Cy and Cy are either deter-
mined experimentally (appropriate numerical tests are also Response of the dynamic system composed of the rotating pro-

possible) or estimated with the help of experiment-based peller, shaft, main (propulsion) engine, and of the reduction gear,
databases and regressions. For the vessel in concern dedicated when present, is described by the following differential equation:
wind-tunnel tests were carried out and the obtained data were used
in simulations presented in this paper. Description and analysis of ~ 27lpyit = Qe(n, ky') + Qp(n, u) + Qr(n), (68)
the aerodynamic experiment are described in [44].

where Ipp is the effective rotational moment of inertia which

8. Additional components of the ship’s mathematical includes the proper and added moments of inertia of the propeller,
model that of the shaft, and the transformed (to the propeller rotation fré-
quency n)moment of inertia of the gear and engine; Qg is the engine

Besides the main kinematic and dynamic equations of motion, torque; ky is the governing parameter (like the main steam valve's

any more or less complete manoeuvring mathematical model opening for the turbine or the fuel rate setting for the diesel engine);
must include additional components describing some aspects of Qr is the friction torque which in most cases can be assumed as
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Qr=—Qgpsign n, where Qg is a constant depending on the specific
type of the propulsion plant.

The function Qg() depends on the type of the engine and will be
described here for the steam turbine serving as main engine on the
LNG carrier Galea considered later as example.

For the purpose of the present study it was sufficient to recode
the algorithm used by Sutulo and Yegorov [34] in the core model
developed for a submarine manoeuvring simulator. The turbine’s
model is based on the common assumption about linear decay of
the turbine’s torque from its brake (zero rpm) value Qq(ky) to zero
at the free run with the zero torque and the rotation frequency ng.
The allowed maximum rotating frequency ny, is, however, limited
by the regulator. The brake moment Qq depends on the steam flow
and the relative valve opening ky e [-1, +1].

As the power and torque of any turbine is, as a rule, reduced
in the astern run, the constants in the following mathematical
description will be appended by an additional subscript + or —.
Hence,

Qo(1—n/ng) at nel[-nm_, npel
- (69)
0 otherwise,
Qoiky at ky =0, norky at ky >0,
Q=4 ng=4 (70)
Qo_ky at ky <0; no_ky at ky <0.

The maximum permitted rotation frequency np+ is close to the
design (specification) turbine speed ny which is typically known
together with the design rating. If the zero speed torque Qg+ is not
available, it can be approximately estimated using typical decline
of the turbine's torque characteristic.

The mentioned submarine turbine model was developed in con-
tact with the customer who requested reproduction of a certain
time lag not only in settling the ordered rotation frequency but
also in the steam valve's opening settling. This was modelled by a
simple valve dynamics equation:

i Aysign(n*—n) at |n*—n| >ey
Ky = ’ (71)
0 at [n*—n| <éy

where Ay is the constant valve opening rate, and g, is the width
of the dead zone for the rpm governor, n* is the ordered rotation
frequency.

8.2. Steering gear and thruster dynamics

It was assumed that dynamics of the rudder and of the side
thruster can be described with similar models based on the
first-order aperiodic plants augmented with some schematic non-
linearities.

The model for the steering gear is described in terms of the
actual rudder angle 8z and of the rudder order 6*. Nonlinearities
include the rudder angle saturation |8g| <8m, the rudder rate sat-
uration |6g| < &m, and the non-sensitivity dead band of width &;.
Then, mathematically, the steering gear is described by the ordinary
differential equation:

. min [%([8‘* — 8gl —8o), am] .sign(8** — 8g) at L =false,
Or =
0 at L=true,

where L is the Boolean variable defined by

L= (|6** — 8rl < 80) v [(I8r| = 8m) A (sign(8** — 8g) = sign dg)]
(73)

Tg is the time lag of the gear, and

&* at  [6*| < 8m,
5 = (74)
(8m + 8g)signé*  at  |6%| > O

is an auxiliary variable necessary to execute helms at ultimate
angles and to prevent the winding up.

The adopted model for thruster drive is quite similar but written
in terms of the actual relative thrust kr and ordered relative thrust
k..

9. Simple mathematical model for tugs

A fully consistent mathematical model for tug-assisted motion
of a ship must consider combined manoeuvring of several (at least
two) vessels connected with the towlines or having a close contact
(when a tug works in the pushing mode). If these lines are long
enough, their dynamics must be also taken into account. However,
to make reasonable estimates of manoeuvring capabilities of tug-
assisted ships, a much simpler concept of ideal tugs or quasi-tugs
can be exploited (the latter terms explains the subscript Q associ-
ated here with the tug action).

This concept was inspired by the quasi-tug implementation in
manned physical ship models (length up to 12 m) used in the Ship
Handling Research and Training Centre in fawa, Poland. On these
models, the same lateral thrusters were used to simulate the tug
action but a constant time lag was introduced to reproduce the
natural delay in changing the towing/pushing force' direction. In
mathematical modelling, it is possible to implement a somewhat
more sophisticated model with arbitrary thrust direction. Such
kinds of tug models are known as vector tugs [35].

Each quasi-tug is characterized by the following parameters:

e maximum available effective thrust Top;

e speed Vg at which the tug is operating at zero tension of the tow-
line i.e. when the tug is re-positioned to apply the thrust in a
different direction;

e the body-fixed co-ordinates Xo, yq, Zg of the point on the assisted
ship to which the towline is fixed;

e the towline’s length s.

Besides that, the following two controlling variables are
involved:

e the relative ordered thrust 7;

e the towline direction with respect to the assisted ship’s centre-
plane described by the towline angle y e [- 7, 7] (y >0 when the
towline stays on the starboard side; y* is the ordered towline
direction). ’

Then, if at the moment ¢ the control pair (z(t), y*(t)) is applied,
this will result in the following action:

/ at ' e(t,t+Tigg)
Bk Wt)Togm at t'=t+T, ’ (75)
Qm = lag

y(t')=y*(t) at t'>t,
where the thrust application lag is
Ts|y*(t) — p(t
gy = 2000, (76)

The latter formula follows immediately from the assumption
that in order to change the tow force direction, the tug travels
along the circular arc of radius s with its constant re-position veloc-
ity V until the new direction of the towline is reached. Of course,
the difference in the numerator must be found within the special
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Table 3
Main particulars and other parameters of the LNG carrier Galea.
Particular or parameter Dimension Numerical Remark
value
Length between PP m 276
Length overall m 290
Breadth m 46
Design draught m 11.405
Mean draught on trials m 9.69
Trim on trials m 0.08 By the
z stern
Hydrodynamic reference area, LT ~ m? 3148
Design displacement m? 102,440
Displacement on trials m3 84,035
Maximum speed on trials kn 19.84
Engine's MCR kw 21,320 Steam
turbine
Engine's nominal speed rpm 81
Propeller's diameter m 8.8
Propeller’s pitch m 1,577 FPP
Number of blades 4
Propeller’s abscissa m -132.5 Estimated
Propeller’s applicate m 6.86 Estimated
Shaft vertical angle deg 35 Estimated
Centre of mass’ abscissa m 3.08
Waterplane centroid’s abscissa m -1.705
Elevation of the centre of buoyancy m 6.09
above the base plane, KC
Transverse metacentre's elevation m 22.34
Block coefficient 0.7075
Full rudder area m? 782 Estimated
Movable rudder area m? 60.6 Estimated
Horn’s area m? 18.6 Estimated
Rudder’s height m 10.7 Estimated
Rudder root's chord m 8.1 Estimated
Rudder tip's chord m 6.7 Estimated
Rudder mean chord m 74 Estimated
Horn'’s height m 6.1 Estimated
Horn's chord m 3.05 Estimated
Rudder's abscissa m -138.0 Estimated
Rudder’ applicate m 853 Estimated
Rudder' maximum deflection angle deg 35
Rudder' maximum deflection rate  deg/s 2.6
Bow side thruster's diameter m 1.8 Estimated
Bow side thruster's abscissa m 123.2 Estimated
Bow side thruster's applicate m 6.58 Estimated
Bow side thruster's maximum kN 230 Estimated
effective thrust
Aerodynamic lateral area m? 6500 Estimated
Abscissa of lateral area's centroid ~ m 0 Estimated
Aerodynamic transverse area m? 650 Estimated
Turning circle advance as m 1025/897 Portside/
measured on trials starboard
Tactical diameter as measured on  m 807/826 Portside/
trials starboard

arithmetic i.e. in such a way that the result do not exceed & which
corresponds to the shortest travel length. For instance, if y* = —160°
and y =+170° then: |y* — y|=30°. Assuming that the towline is long
enough to make possible neglect of forces and moments acting in
the vertical planes, the tug forces and moments in the body axes
will be:

XQ = T, CcOS Vs YQ = Tesin Ys NQ = —XQyQ + YQ_XQ, (77)

where xq, yq are the co-ordinates of the towline fixation point.

10. Examples of simulation and model validation

The shuttle LNG tanker Galea, whose data are given in Table 3,
was chosen as the simulation object.

This is a single-screw single-rudder ship driven with a steam
turbine and equipped with a single bow thruster.

10.1. Turning circles

Turning circles with full helm (35°) have been simulated first.
Trajectories for the starboard and port turns are shown with solid
lines and ship images at characteristic positions in Fig. 6 where are
also plotted results of sea trials from Galea [36]. The trials for both
starboard and port turn were conducted with the wind 5 Beaufort
and 135¢ direction (backstay) with respect to the approach course
and so were performed the simulations. The agreement in trajec-
tory for the starboard turn looks good although the simulated turn
is performed somewhat faster and, apparently, with much larger
drift angles. The latter, however, correspond to those expected on
a ship with high turning ability while the drift observed during the
trials looks, on the contrary, too small. The agreement is worse for
the port turn: the tactical diameter still corresponds well but the
advance remains underestimated. However, the trials show higher
influence of the wind direction than could be expected from this
ship at moderate wind, and could result from some unrecorded
gust.

10.2. Crash stop

The stopping manoeuvre was simulated with the rudder amid-
ship and in absence of wind with initial ahead speed 19kn which
corresponded to the described trial conditions. Time histories for
the velocity of surge u (this velocity is typically measured by most
of ship logs) and for the heading angle increment are presented in
Fig.7.The agreement looks very good for the velocity but somewhat
worse for the heading.
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As result, the final transfer of the ship was underpredicted:
1150m in trials but only 700 m in simulation. At the same time,
the head reach was slightly overpredicted: 2600 m versus 2400 m
measured. The most likely these differences are due to a too
crude modelling of the Hovgaard force although qualitatively the
behaviour of the ship was captured. The ship’s trajectory in crash
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stop (only simulated)is given in Fig. 8. Observed data on the heading
change show practical absence of ship turning in backing motion
after the stop which, however should not be expected as the Hov-
gaard effect continues to be present.

10.3. Lateral thruster turning

During the trials, turning with the bow thruster was performed
from the stopped position to the starboard and port sides. The
wind was 9 m/s, strictly bow wind for the port turn and 10° from
starboard for the starboard turn. In the both cases, the thruster
was producing maximum thrust. Time histories, both simulated
and measured in full-scale trials are presented in Fig. 9 and the
corresponding trajectories (only simulated)—in Fig. 10. Some dif-
ferences in the behaviour in starboard and port turns are explained
by different initial wind direction but also by a certain aerodynamic
asymmetry of the LNG carrier [44].

10.4. Spiral manoeuvre

This manoeuvre was not performed in sea trials likely due to
its increased time consumption. However, it was simulated, and
not only using the developed mathematical model as described
above and as used for all remaining moderate and hard manoeu-
vres, but also with modifications in the rudder and hull sub models.
Namely, the developed 4-quadrant rudder model was substituted
with the model recommended by Ogawa et al. [37], and the gen-
eralized mathematical model described in the present paper was

100

80

60 /.

1

Heading, deg
\.\

Fig. 9. Time histories in turns with the bow lateral thruster: line—simulation, symbols—trials.
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replaced with the original Inoue model. All spiral curves are pre-
sented in Fig. 11. It can be seen that the ship is detected as slightly
directionally unstable independently of the model’s modification.
In all the cases, the half-height of the hysteresis loop is 0.15 and
the half width is 0.75° i.e. very small. Loops of this width are very
difficult to detect during the sea trials when the ship’s response is
masked with random errors.

However, at larger rudder angles different models produce dif-
ferent response, First, it must be noted that the main model (all

4-quadrant) gives the best agreement with sea trials (see results
for the turning manoeuvre) at large rudder angles. The classic
model (Inoue’s hull and Ogawa's rudder) somewhat underesti-
mates the turning ability but produces more expectable estimates
for the dimensionless abscissa of the pivot point x}
which means reduced values of the drift angle. Two other com-
binations resulted in worse predictions: the new rudder model
combined with Inoue’s polynomial hull model lead to substan-
tial overestimation of the turning ability. while Ogawa's rudder
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Table 4 150
Overshoot values, B
Zigzag Overshoot Value (deg) IMO standard - :
10°-10° 1st 21 19 N
2nd 27 38.5 L
20°-20° 1st 37.5 25 50 |-
2nd 37.4 = £ i
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model combined with the 4-quadrant hull model underestimates £ -
it. 2 -
it S0k
10.5. Zigzag manoeuvre B
-100 [~
Standard zigzags 10°-10° and 20°-20° at 19kn approach speed -
have been simulated. The most relevant time histories dg(t) and /(t) ssol ==
- ol v b b v b by g v b by

are exposed in Fig. 12. Captured values of the first and second over-
shoot angles are compared in Table 4. It can be seen that according
to the simulated results, the vessel almost satisfies the IMO require-
ments for the 10°-10° zigzag but not for the zigzag 20° — 20° where
the observed overshoot angle is 50% greater than allowed. The
sea trials booklet [36] did not contain any evidence of perform-
ing zigzag tests and it remained unclear whether the vessel does
really possess reduced course checking ability (could be expected
from a ship with good turning ability and relatively small rudder) or
the effect is mainly due to the mathematical model’s peculiarities.
The heading process in 20°-20° zigzag also reveals appearance of a
low-amplitude subharmonic which is usually not observed in such
simulations where a plain limiting cycle is expected. However, the
mathematical model contains many sophisticated nonlinearities
and possibility of such a behaviour cannot be ruled out.

10.6. Example of arbitrary manoeuvre

To check how the mathematical model behaves in more gener-
alized situations when all or most controls are applied at the same
time and the both environmental factors (current and wind) are in
effect, a number of offline simulations have been performed. The
trajectory and hull traces presented in Fig. 13 corresponds to the sit-
uation when the motion starts from the full stop although the ship
is supposed to be driven by the 2 m/s current from the port to star-
board. At t=0 the main propeller starts working dead slow astern
with the rudder deflecting 35° to the starboard. Simultaneously,
the bow thruster applies its full thrust to port and a tug is supposed
to apply a 200 kN pull with the constant towline angle y =30° from

-50 0 50 100 150 200 - 250

Transfer, m

Fig. 13. Example of motion under combine influence of different factors: current
2m/s from left to right, wind 10 m/s with the direction 135°, throttle 20% astern,
thruster 100% to the portside, tug 100% at  =30°; 60s between the ship images.

the starboard. The wind direction is 135° which means backstay
from the starboard. It can be seen that initially the ship’s motion
is caused exclusively by the current as this is the only permanent
factor (i.e. not starting just at t=0). However, after approximately
3 min all the remaining factors inverse the situation and the vessel
starts its turn to port with simultaneous slow return to the initial
position.

11. Conclusions

A core mathematical model describing arbitrary 3DOF ship
manoeuvring motions has been developed, coded and tested on a
shuttle LNG carrier Galea. Although the model contains certain rela-
tively novel elements assembled in a combination, it was primarily
constructed as extension of a popular Inoue model for moderate
manoeuvring and partly obtained on the basis of simple theories
and empiric facts. No special model tests were carried out except
for those related to the ship’s aerodynamics.

Comparisons with full-scale data available for the full helm tur-
ning tests, crash stop tests and bow thruster turning demonstrated,
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in general, good adequacy of the model achieved practically with-
out special tuning.
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