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A methodology for evaluating the controllability
of a ship navigating in arestricted channel
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A methodology is presented for evaluating the adlatbility of a ship navigating in a restricted
channel by means of a hydrodynamic force analyiéiss method is applied to assess the controllgbilit
of a container vessel in straight channel reachdsrabends in two practical cases. By comparirifgidi
ent initial conditions and bottom configuration® timfluence of different ship characteristics (mdin
mensions, draft, rudder and propeller charactesistioperational parameters (such as speed, peopell
commands, and bank clearance), environmental péeesn@such as current and tidal level), and channel
characteristics (water depth, bank slope, bendusadin this controllability can be evaluated. Fsti-e
mating the components of the force analysis, useade of results of captive model tests in shatoa
restricted waters.
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Notations
Arr. [m? —lateral rudder area
Cyr —nondimensional lateral rudder force
Cy —thrust loading coefficient:
— Tp
& prDpu;
Dp: [m] —propeller diameter
Fr: — ship length related Froude number
Fry,: —water depth related Froude number
h: H [m] —water depth at the ship
h,: [m] — water depth outside waterway
he: [M] — effective water depth
k. — propeller race contraction factor
L: [m] — ship length
Lpp: [m] — ship length between perpendiculars
m: [kg] — ship mass
n: [rpm] — propeller rate
Nmax [rPM] — reference propeller rate
Nyr: — hydrodynamic coefficient
Ng: [Nm] —yawing moment generated by the rudder
Nc: [Nm] — moment generated by current
R: [m] — bend radius
T: [m] —draft

Th
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Tp: [N] — propeller thrust

u: [m/s] - longitudinal ship speed

ua: [m/s] — advance speed at the propeller

Ur: [m/s] — average inflow velocity at the rudder
Vc: [m/s] — current velocity

V5. [m/s]— reference speed in the propeller race
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w: —wake fraction

Xg: [m] —longitudinal position of the centre of gravity
yg: [m] — bank clearance

Yr: [N] — lateral rudder force

Z,+ [M] — mean sinkage

Pi: — bank effect coefficients

p: [kg/m3] — water density

1. Introduction

Manoeuvring simulation, either controlled by an autopilot (fase)ior by a hu
man operator (real time), is an approved tool for evaluatiagdasibility and safety
of ship manoeuvres and transits. In both control modes, the chaacdeand quality
of the controller may considerably affect the results andlgsions of the simulation
study. On the other hand, regardless of the control systenimipdssible to keep the
ship under control if the available control forces generatetidyudder are exceeded
by the forces disturbing the ship (e.g. bank effects, curmentgquired to perform
a given trajectory (e.g. bends). Due to inertia, a temporarglamée (e.g. due to wind
gusts, meetings, ...) may be acceptable in particular cases peummanent exceeding
of the control forces inevitably results into an uncontrollable ship.

In order to evaluate the inherent safety of a considered mamee methodology
can be used for comparing the available control forces watlictttes that have to be
counteracted. This hydrodynamic force analysis will only takeiyg moments into
consideration. This methodology can be applied to determine operatmits) {0 in
vestigate the sensitivity of ship controllability with resp&o parameter variations,
and to compare existing situations to new conditions.

With respect to parameter variations, generally a large nuofbgarameters af
fecting a manoeuvre can be identified. In the case of a shipgtakbend in a river
with longitudinal current, following neexhaustive distinction can be made:

* ship dependent characteristics such as draft, geometric domerfscale factor),

and manoeuvring behaviour;

» environmental parameters such as water depth variations, current and tide;

» channel characteristics such as bank geometry, water depth and bend radius;

 operational parameters such as propeller rate, ship speed and banke&learanc
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In this paper two situations will be considered based on pracisa studies.
Firstly, a ship navigating in a canal, following a straight seyparallel to the centre
line will be considered, which is typically the case in a-tvay traffic situation. As
a second example, the force balance for a ship taking a bendotmasthon an eccen
tric course on a river will be investigated.

2. Hydrodynamic Forces
2.1. Control forces

If external forces (e.g. exerted by tugs) are not takémadocount, the available
control forces are supplied by the rudder. If available, anfidthematical manoeu
vring simulation model for the considered vessel can be usedvbpwee first ap
proximation can be obtained by using following formula for the latierake Yg and
the yawing momenriilk at the rudder:

1
Yp = 3 P Cyp ”122 Apr (1)
L
N, = —%YR : 2)

The flow at the rudder is visualised in Figure 1 and dependgyarly on the
forward ship speed u and the thrust loading coefficizpt
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Fig. 1. Flow at the rudder Fig. 2. Yawing moment caused by the curvature
of the streamlines of the longitudinal current
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2.2. Curvature of thecurrent

The current in a bend is assumed to follow the curvature ofditerway. Conse
guently, a ship taking a bend will be subject to a yawing momgrtaused by the
different flow orientation at the stern and the bow (Figure 2},¢hn be calculated by
means of:

Ne=(N _me)uV_lg. 3)

ur

Ny being the linear yaw velocity hydrodynamic coefficient for ylasv moment,
which depends on the water depth to draft ratio. When a shipadleysd to starboard
the current will cause a yaw moment to port side when trenvhe ship is sailing up
stream.

2.3. Bank effects

In general, a ship following a course parallel to a bank wilsbbject to a lateral
force towards the nearest bank, and a yawing moment tidg te turn the ship to
wards the centre line of the waterway.

This effect is caused by an asymmetric flow due to thesgieépd and the action of
the propeller. If the flow due to ship speed is isolated, howdwelateral force may
be repulsive if the under keel clearance is very smail (L0% of draft). The yawing
moment, on the other hand, always acts in the same sensealsotvery sensitive to
water depth changes. Propeller action always causes d fatemaft acting towards
the bank.

Because the yawing moment generated by the bank alway®wetsls the centre
of the waterway, and a ship normally sails at the starboagdo$ithis waterway, the
bank will hinder a bend to starboard.

For the estimation of the yawing moment induced by a bank, a segranodel
described in [1] has been applied. The yawing momigk is subdivided into three
contributions:N ") due to the ship speed (pure towing conditiotf, due to the pro
peller loading (bollard pull condition), arld"™ due to a combination of ship speed
and propeller loading:

k
2
N =LY S A , (4)
heﬂ T

i=1 k=0

k
2
N(P) pLzTVZZ Z (P) l{ TJ , (5)
=1 k=0 eff
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k
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N = E,OLzT ViFry, Zﬂfp))@[ﬁ} : (6)
i=1 k=0 eff

The effective water depthy is calculated accounting for the mean sinkage
hy=h-z,, (7)
with

2
Fr;

2 2
n n
Zy, =T cl+02(_j +c3y3+64(_j Yp |T/—— - (8)
M nax Minax ﬂl—Frhz

The coefficients; and By in these formulas are deduced from comprehensive cap
tive model test programs, carried out in T@wving tank for manoeuvres in shallow
water (ceoperation FHR — Ghent University) Antwerp, with a ship loaded within
a range of drafts interacting with different banks, [2], [3]. The lwamifigurations di
fer in slope, water depth, and the level of a horizontal submerged bank.

2.4, Bend initiation

Based on the results of (simulated) turning circle manoeuamesstimation can be
made of the fraction of the available rudder capacity requirgabtform a bend with
given characteristics (i.e. radius), taking account of the skgoigard initial speed
and the propeller rate. Although these two parameters are Ilyointlependent, for
bend initiation they can be considered as such in practice.
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Fig. 3. Turning circle characteristics in functiohunder keel clearance for a container carrier ehod
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The present calculations will be based on captive manibgutest series carried
out at FHR with container carrier models at different drafid under keel clearances
[4], [5]; typical results are shown in Figure 3. As deep waterditions were not
tested, the model may be less reliable at large under keel clearancep. Watkrethe
manoeuvring performance of the vessel in Figure 3 is rather qowopared to the
IMO standards, which results in conservative conclusions.

3. Approach to a meeting in a straight reach of atwo-way traffic channel

Before a meeting situation in a restricted channel, theeleesse lined up along
their meeting lines, and are therefore subject to bankteffEor a specific ship in
a given loading condition with a specified under keel clearanceutiter angle re
quired to compensate for bank induced forces depends on the ship bpesuplted
propeller rate and the shiank distance. Graphs are generated for a specified engine
setting, indicating zones of required rudder capacity as didunof speed and bank
clearance.

Panamax cortainer vessel 64 m

Length between perpendiculars 2940 m —
Breadth 22m : i
Craft 10.5 m . 1 1.5B 1
Maix. speed 240 kn . 1 —!

Propeller diameter F4m - : —
Maix. Propeller revs 80 rpm 13.6 m 1 1 = 1

Fudder surface 728 m :

Fig. 4. Panamax container vessel sailing on hetingekne in the Gaillard Cut
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Fig. 5. Required rudder capacity at different ptlgpeates
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As an example, a typical panamax container carrier meetingpaanstip in the
Gaillard Cut, the narrowest reach of the Panama Canal,cissdisd. At this location
a ship preparing for a meeting situation will leave areleee of about 1.5 times the
ship beam to the buoy line (see Figure 4).

In Figure 5 the influence of the propeller rate on the contibtiabf a ship is it
lustrated. It can be concluded that the ship, sailing on her méiegngith a speed of
6.5 knots requires 38% of the rudder capacity to counteract tikeelffects with pre
pulsion slow, increasing to 70% at dead slow, and 85% with the propeller stopped.

8 8

6

[=))

SPEED [kn]

5 5
H=136m H=146m

- }

0 0.5 1 1.5 2 331 0 0.5 1 1.5 2 2.5

DISTANCE TO BUOY LINE/SCHIP BEAM [ -] DISTANCE TO BUOY LINE/SCHIP BEAM [-]

Fig. 6. Required rudder capacity: effect of deepening

In Figure 6 the initial situation is compared with an enhancedtsh after deep
ening of the channel. For a ship with engine slow ahead, the mqudder capacity
drops from 38% to about 25% if the depth is increased to 14.6 m. Thisecar
plained by the fact that bank induced forces are very sengitieder keel clearance
variations.

4. Bend initiation on ariver
4.1. Situation

The Western Scheldt, the river connecting the Port of AntwethedNorth Sea
over a distance of 63 km, is characterised by an importdait tegime. Presently,
ships with a draft larger than 11.85 m — planned to be increased tmiB.the near
future — are tide dependent, and regulations limit the drdfieofessels as a function
of overall length. The methodology described above has been ajagplsdess the -ef
fect of increasing dimensions of container carriers on the clatiilaly of the vessels
at several critical locations in the fairway. One of ¢hkeations is the bend of Bath
(Figure 7), combining a rather limited bend radius of 1200 m avitestricted width
(350 m between the buoys) and thus a limited bank distance.

In order to initiate the bend successfully, the rudder capacttyeofessel, ascend
ing the river, will have to counteract the influence of the tthd current and the
banks, while a certain rudder capacity is also necessappéwse changing and sail
ing along the bend. The influence of wind, which can nevertheless be ampiorthis
area, will be neglected in the following example.
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Fig. 7. Meeting situation in the bend of Bath

The evaluation of the bend manoeuvre on the Western Scheldisele®d for
a container carrier with dimensions as shown in Table 1. Mordligetable contains
the reference situation for tide height, current velocity and bendsradiu

Table 1. Reference situation: ship in arrival iméef Bath

Length over all 352.2m
Beam 42.8m
Tide height to MLLWS 1.16m Draft 14.0m
Current speed (ebb) 1.73 knots Maximum speed 25.0kn
Bend radius 1200m Propeller diameter 8.5m
Maximum propeller ratg 104rpm
Rudder surface 83.1m°

In Figure 8 the bathymetry is displayed monitored in 2005. The sexdion is ap
proximated by a bank with a slope of 1/8 investigated in thentptaink. At a certain
distance the bottom becomes horizontal at a water depth edyat 2.0 m referred
to MLLWS. The effect of this submerged bank is discussed in [2].

1200 1300 1400 1500

900 1000

v [m]

Fig. 8. Real (2005) and approximated bottom prdfitater depth referred to MLLWS)
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The required rudder capacity is displayed in Figure 9. For pbeara ship with
speed through the water equal to 14 knots, propeller rate hatdband leaving
a clearance of 2 times the ship’s beam to the buoy line, n&8dsob the rudder
capacity to perform a bend and to counteract the effects of banks and current.
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Fig. 9. Required rudder capacity at different ptlgpeates

4.2. Structural measures

The force balance methodology can be applied to assess theveffest of
several possible structural measures that can be considemagbrove the contrel
lability of a ship in the situation described above. Prefertigystructural measures
can be accomplished by dredging outside the waterway, as ina&tle dredging
works do not hinder the shipping traffic. The following structurabsures are cen
sidered (Figure 10):

* increasing the original bank slope (1/8) to steeper values (1/5-1/3);

* increasing the level; lof the submerged bank from —2 m to -3 m;

* dredging the toe of the bank.

o a0n ana 1000 g0 800 ana 1000 1100

/ original slope = 1/8 — original 111 =2m
107 f slope = 1/5

157 { slope=1/3

e 111 =3m

Fig. 1QL. Different bottom configurations to evaluate th#éuence
of structural measures on the controllability afsh

4.2.1. Effect of steeper slopes

The results for the bottom configurations with different slopescsied in Figure
10, are shown in Figure 11. At higher ship speeds the influencestetper slope is
significant. The required rudder capacity for a ship apeed of 14 knots, leaving
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a clearance of 2 times the ship’s beam to the buoy line, drampsdriginally 66% to
63% for a slope of 1/5, and to 60% for a slope of 1/3.
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Fig. 11. Required rudder capacity at different sgharbour full)

Another way to evaluate the influence of steeper slopes isatimparison of the
distances to the buoy line for which the ship, sailing at 14 knotspiescincontrol
lable. Initially the ratio of the controllable distance to the bigothe ship beam is 1.2.
This value decreases to 1.1 for a slope of 1/5, and to 0.8 for a 1/3 slope.

4.2.2. Effect of adifferent h,

The results for the bottom configurations with differeptsketched in Figure 10,
are shown in Figure 12. The effect is negligible: after deepehmmdporizontal bank
the required rudder capacity becomes 0.5% smaller for a shipwttii4 kn and

ye/B = 2.
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Fig. 12. Required rudder capacity with differentiues ofh; (harbour ful)
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4.2.3. Dredging the toe of the bank

Figure 8 shows an accumulation of sediments at the toe ofatimard bank. In
this case the required rudder capacity is shown for the sameenbas in Figure 8, but
the toe is dredged. From the evaluation in Figure 13 it is thedrthis modification
positively influences the controllability of a ship sailingaagmall distance to the buoy
line, due to the increase of the local under keel clearaviieh has an important €f
fect on both manoeuvrability and bank effects.
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Fig. 13. Required rudder capacity with and withihwt toe at the starboard bank (harbour full)

4.3. Operational measures

Besides structural measures to improve the controllabéifective measures can
also be taken by a conscious choice of different operational paersuch as ship
speed, clearance to the buoy line, tide height, current speed and draft.
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Fig. 14. Required rudder capacity to evaluate operatioieasures
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The effect of speed and clearance is clear from the prefigpuss. An increase of
the ship speed and a decrease of the clearance to the blardquiile a larger rudder
capacity. Indeed, often only a moderate decrease of speed ghtairstrease of the
bank clearance is required to obtain an effect that is compatabthe structural
measures discussed above.

To evaluate the influence of tide height, current speeddeait] following varia
tions of these parameters are examined:

* increase of tide height with 0.5 m (causing an increase of the kedeclear
ance);

* zero current speed,

* increase of draft with 0.5 m.

In Figure 14 the required rudder capacities are shown for teenge conditions
and the variations on these conditions as listed above. For a iihig w14 kn and
ya/B = 2 the required rudder capacity is outlined in Table 2.

Table 2. Required rudder capacity for sp¥eel14 kn and bank clearangg/B = 2.0

Draft (m) 14.0 14.0 14.0 145
Tide (m above MLLWS 1.16 0.66 1.16 1.16
Current speed (kn) 1.73 1.73 0.00 1.73
Required rudder capacity 65.8% 69.8% 54.5% 70.9%
5. Conclusion

A hydrodynamic force analysis methodology has been presented, batkd on
comparison of the available control capacity that can be inducdwhbydder and the
yawing moments that are required to compensate for exteistatbdinces such as
bank and current effects or to initiate a defined bend. Thihiod allows an evalua
tion of the effect of variations of the governing parameterhgm controllability, and
may be used as a tool to compare new situations with known ones.

The influences of propeller rate, speed, bank clearance, undarldamnce, cur
rent velocity, and draft on the controllability of a ship in straight and curvetiesaf
a channel have been illustrated. A comparison was made to tevphssible struc
tural and operational measures to improve the controllability of thershippénd.

Although this methodology may be very useful to provide a quandtassess
ment of the feasibility of proposed manoeuvres, and to quantify thet ef certain
measures on the controllability in a channel, one should keep in naihd successful
operation not only depends on the available rudder capacity, but athmamic ef
fects, the swept path, interaction between ships, transigyratisibility, human fac
tors, etc. On order to account for these elements, other tools ste$t ime simula
tion and full mission bridge simulator runs are required. Nbg&ess, the methodol
ogy described in this paper may give a useful indication.
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6. Summary

The controllability of a ship can be evaluated bg tomparison between the re
guired yawing moment and the maximum yawing momentrgésa by the rudder. In
this paper the method is illustrated by two manoesivihe first evaluation consideres
a ship sailing a straight course parallel to theata@entre line, the second evaluation
handles a ship taking a bend to starboard on amticceourse. In the first condition the
ship is only subject to bank effects. A ship takiends is further subject to the influ
ence of the curvature of the current and requingsaang moment to initiate the bend.

The proposed method offers an objective evaluation of the ditilitg of a ship.
This evaluation can be used as a tool for fairway design or fmirdgtraffic limits
by calculating the beneficial effect of structural and openationeasures on the con
trollability of ships.

The structural measures discussed in this paper are the a#lwérdeepening,
steeper slopes, deepening outside the waterway and dredging thiadaltlcan be
concluded that dredging at the buoy line is much more effectivedtiealging outside
the waterway.

Operational parameters investigated in this paper aresgleipd, propeller rate,
bank clearance, tide height, current speed and draft. In generalr variations of
ship speed and bank clearance may result into important effects on ship @oifitoll
Also the under keel clearance, affecting both ship manoeuwadild bank effects,
appears to be a very important parameter.
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M etoda oceny sterownosci statku w kanale

Przedstawiona jest metoda oceny sterownosci statku ptynacego w kanale, przy pomocy
andizy sit hydrodynamicznych. Metoda zostata zastosowana do oceny sterownosci kontene-
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rowca w kanale na odcinku prostym i na zakolu, vodwprzypadkach o znaczeniu praktycz
nym. Wplyw réznych charakterystyk statku (wymiarow glownych, zanurzenia, charakterystyk
steru 1 pgdnika), parametrow eksploatacyjnych (takich jak prgdkos¢, nastawy sruby i odlegtosée
od brzegu kanatu), czynnikow srodowiskowych (takich jak prad wody i ptywy), i charaktery-
styki kanatu (glgbokos¢ wody, nachylenie brzegu, promien zakola) na sterowno$¢ moze zostac
oceniony przez porownanie roznych warunkoéw poczatkowych i konfiguracji dna. W celu osza-
cowania sit hydrodynamicznych potrzebnych do analizy wykorzystano wyniki badan modelo-
wych na uwigzi na wodzie ptytkiej i ograniczonej.



