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Abstract

In this paper the past, present and future of contalmprdesign is briefly discussed. Hydrodynamic aspects ssch a
propulsion concepts, rudder cavitation and parametric go#ire discussed. Current trends in container ship design are
demonstrated on the basis of model tests performed atiahgourg Ship Model Basin (HSVA) throughout the last
decades. Alternative concepts to overcome current limihip size and speed are given.
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1 Introduction

During the last four decades the loading capacity of guertahips has increased from a few hundred TEU fofitht full
container ship to more than 8,000 TEU for the most nmgessels now in operation. Over this period of development
numerous design and construction problems associatedhgitimcreasing size of the vessels and their propelers
overcome. The demand for sufficient stability, highersgeand low vibration levels has led to new hull foapscific to

this type of vessel.
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Fig. 1.1 — Side View of an 8,200 TEU ULCS (Source: Aké@stsee)

What has not changed over the years is the propulsiacept consisting of a single propeller driven directlyakiyvo-
stroke diesel engine. This has been the optimal solutitin regards to both investment cost and overall efficy.
However, with increasing ship size and speed, new hydragygr@oblems are appearing as a result of the higlopeper
loading. This can make it interesting to consider aéttve propulsion concepts for these ships.

In this paper certain hydrodynamic aspects concerninglaegg container ships are discussed. These include propelle
design requirements for low vibration excitation, ruddeftaion problems, parametric roll motions and mdree causes
of these problems are addressed and some hints areegezding how to avoid them.

Furthermore the paper discusses the pros and cons @rfpdbsible propulsion alternatives for ultra large coetaships
from the hydrodynamic point of view. These includentwcrew propulsion, single screw with additional podded drive
arranged behind the single propeller, single screw adtlitional twin pod drives and more.

In this paper we use the acronym VLCS (Very Large Coatefhip) for all Post-Panmax ships with a container aapa
up to 8,000 TEU. For container ships with a capacity excge8j@00 TEU we use the acronym ULCS (Ultra Large
Container Ship).

Quite often the container capacities found in theditee as well as in ship descriptions are theoreticagjeometrical
figures. Sometimes these figures must be reduced by aboubl@gbthe real container capacity.

2  History

In 1956 the first container line started from Port NéwtarHouston, Texas with a converted World War || TX&n The
ship’s name was “ldeal X" and she was able to carry 5&@8btainers. The benefits from the much shorter f@adnd
harbour times were so convincing that American shipess/monverted more and more old vessels to carry thé&ine of

cargo. Fig. 2.1 gives an impression of this first matlene in container shipping. The first containép stithout ship borne
loading gear was the “Sea-Land Venture”, which enteeedice only a few years after the “ldeal X" made hwiden

voyage as a container ship.
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Fig. 2.1 — ,Ideal X", First Container Ship (Source: Witthtft, 2001)

As container shipping was invented in the USA, itleacthat the dimensions of the first containersofeld American
standards. Later on the ISO defined a standard contaitrea length of 20 ft (6.035 m), a width of 8 ft (2.435 myia
height of 8 ft (2.435 m). This container is the basiglie world-wide used TEU ({@enty Feet uivalent Uhit).

The success of the new transport concept was excepéinddahe container ships grew very quickly in size and owrta
capacity. In the beginning the ships were classified usmgéneration concept:

1% Generation with about 1,000 TEU occurred for the finsetin about 1966,
2" Generation with about 2,000 TEU occurred for the finsetin about 1969,
3 Generation with about 3,000 TEU occurred for the finsé in about 1972.

For the following ships with higher container capasitiee generation classification concept was no longed. However
the ships still grew and especially the geometry ofdbks of the Panama canal was limiting the ship sibe.“Panmax”
container ship was born and had the following principteetisions:

Length over all: max. 294.1 m
Width: max. 32.3m
Draught: max. 12.0 m

Panmax container ships have a maximum container cgpdeibout 4,500 TEU. This limit was reached in the late 1970’s
It took about one further decade before the first coataships were built which could not pass the Panama cHmede
ships were consequently called “Post-Panmax” contalmps.sNowadays all container ships with a capacity exogedi
about 5,000 TEU are Post-Panmax ships.

Fig. 2.2 shows the currently world largest containgp.shiis the “OOCL Shenzhen” with an official cortar capacity of
8,063 TEU.
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Fig. 2.2 — ,O00CL Shenzhen*, 8,063 TEU, World Largest Contaier Ship
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The next geographical limits for the size of contastaps are given by the dimensions of the Suez canal STiezmax
dimensions are defined as follows:

*  Width x Draught < 820 mz,
*  Width<70m,
* Draught<21.3m.
Within these limits container ships with a capacity upbout 13,000 TEU are feasible.

Generally the width of container ships is defined by thmlver of container stacks in the transverse direclibaos, the
width of the ships increases in steps of about 8 ft.ilUpaw a width of 43 m corresponding to 17 container statkgast
has been built. In the cargo rooms nine layers of ¢wrsare stowed, while seven layers are usual on deekdralught
increased to a maximum of about 14.5 m. Here the fimifiactor is the water depth in the harbours which are
economically reasonable and capable of serving ting kage container ships. Only few harbours are on likis
nowadays,. and for future ultra large container shiptghis even shorter.

In Tab. 2.1 the main particulars are summarised foresoistorical container ships.

Year C[e}%aS]'ty Name Yard [#1] [ri] [;] [k\t/s] [MIT/?/]

1956 | 58 (35) Ideal X (U.s) (174.2 (23.6 ? (18.0) 2xP)
1968 730 ELBE EXPRESS B&V 171.0 24.5 7.9 20.0 ?
1981 3,430 FRANKFURT EXPRESS HDW 271.0 32.28 115 230 2x 20.0
1991 4,407 HANNOVER EXPRES$ Samsung 281).6 3213 13.5 28.0 36.5
1995 4,832 APL CHINA HDW 262.0 40.0 12.0 24.46 48.8
1996 | (6,000 ?) Regina Maersk Odenese 302.3 42.8 1p.2 24.6 4.9
2001 7,506 HAMBURG EXPRESS Hyundai 304.0 42.8 1415 25.0 68.6
2003 8,063 OOCL Shenzhen Samsung 308.0 42.8 14.5 25.2 $8.6

Tab. 2.1 — Main Particulars of Historical Container Ships

3  Possible Developments for Future ULCS

Today it is likely that the size of container shipd wontinue to increase within the near future. Shipth \&i capacity of
8,400 TEU are under construction.

Furthermore, it is likely that the upcoming giant corgaiships will be single screw vessels. Due to econogaisons twin
screw vessels are currently not competitive.

The larger the container ships are, the faster theg Ibo sail from port to port in order to maintain at¢able container
line schedules and to successfully compete with smadlgainer ships (see Fig. 6.1). Nowadays the largest twkestr
diesel engine with 12 cylinders offers a brake power of BBM With this installed power it is possible to have an
8,000 TEU container ship sailing at a service speed of @&&oRtkts. Generally this speed is considered to be too low fo
the anticipated container service.

With increasing size of the container ships the regubrake power of the main engines increases too. Thlgivis a
rough overview of the ship capacities and the correspgndquired ship speeds and engine powers.

Capacity Required Service Speed Required Engine Power (MCR) . .
[TEU] [kts] [MW] No. of Required Cylinders
8,000 254 74 13
9,000 25.6 80 14
10,000 25.7 86 15
11,000 25.8 93 16
12,000 26.0 100 18

Tab. 3.1 — Single Screw, ULCS, Required Power

In Tab. 3.2 the main particulars of some projects fanritULCS are summarised. Comparing these data with tae da
from Tab. 3.1 it is obvious that none of the projectextainer ships is likely to reach the required serspeed.
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e Type Source = = m | ks | v
8,000 Single Screw HDW 325.00 46.00 13.00 25.3 68.6
9,000 Single Screw Samsung 334.00 45.60 13.00 250 68.6
10,000 Single Screw HSVA 360.00 50.0Q 14.00 25.5 80.0
10,000 Single Screw MARIN-Wartsil§ 349.0( 49.0( 14.0D 25 800
12,000 Single Screw MAN B&W 380.00 52.50 14.6( 25.5 85.8
12,000 Twin Screw MAN B&W 380.00 52.50 14.60 25.5 2x 42,8
12,500 Twin Screw BV / K.E. Hansen 378.00 54.20 14.50 ? 2x 40.0
18,000 Twin Screw MAN B&W 450.00 60.00 15.70 25.5 2x 5114

Tab. 3.2 — Possible Main Particulars for Future ULCS
4 Hull Lines

The hull lines of very large container ships (VLCS) hdeeeloped within the 40 year history of container ship dedige
hull lines designs evolved continuously from the firssigie to the latest new buildings throughout all generatibns.
principal no special hull lines are needed for the VLTBe single screw container ship is currently the ama only
concept for this ship type which can be operated econtyitbbwever, due to the very highly loaded propellersdfie
body should be designed very carefully with respect tqytiadity of the wake field.

Fig. 4.1 shows the measured wake field of a 8,100 TEU io@ntship model which is considered to be sufficiently good.

HSI

Fig. 4.1 — Typical Wake Field of a ULCS - 8,100 TEU

Fig. 4.2 shows a body plan typical for an 8,000 TEU containigr. In Fig. 4.3 to Fig. 4.5 the block-coefficient, thatev-
plane coefficient and the longitudinal centre of buoyaae plotted in relation to the displacement volumeauitainer
ships investigated at HSVA. These values do not chaggdisantly as a function of the ship size. The mid-shgtisen
coefficient is independent of the ship size and has a \ddladout 0.98. With increasing delivered power the vertical
propeller tip clearance increases and should be hane35% for an 8,000 TEU ship (see Fig. 4.6).
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Fig. 4.6 — Vertical Tip Clearance in Percent of the Prgeller Diameter

5  Propeller and Rudder

From the hydrodynamic point of view the propeller and rildder are the most problematic elements of a very large

container ship.

Fig. 5.1 presents the power density and tip speed ofinentship propellers as functions of the container capdor an

8,000 TEU vessel the power density is about 1,100 kW/m2. Thespamding tip speed is about 44 m/s. These values are

extremely high and require a very thorough design optbpeller as well as of the rudder, which lies in tlye stream of

the propeller.
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Fig. 5.1 — Power Density and Propeller Tip Speed ford@tainer Ships (Courtesy of MMG)

In Fig. 5.2 to Fig. 5.4 some geometric properties of builpg@lters for large container ships are plotted in relatiothe
delivered power. The largest propeller diameter is a®dutn. The number of propeller blades increases fgetaships
and delivered powers. Nowadays six bladed propellers for VA€ State-of-the-art. In order to manage the higlveteld
powers a blade area ratio of about 80-90% are required.

Power Density [kW/m?]
Propeller Tip Speed [m/s]

One of the limiting factors for the size of the pribgreis the casting weight which clearly exceeds 100 taf®.0 m
propeller. Another limit is set by the draught of theiteter ships which is usually a maximum of 14.5 m (scantlin
draught) for container ships with more than 6,000 TEU. Theaded for high propeller efficiency, acceptable pressure
pulses and the absence of erosive cavitation lead t@andvsophisticated propeller blade geometries. Only few |jeope
designers world-wide are able to deliver such high levelghiepdesigns.

Fig. 5.5 shows the design propeller speed for large contassels in relation to the delivered power. The dgsigpeller
speeds for very large container ships are either 94 rgif2rpm, depending on the type of the installed main engie
section 6).

The rudder is located directly behind the propeller. Dugh&ohigh propeller slipstream speeds the rudders of large
container ships are highly loaded. Thus these rudderndangered with regard to cavitation and erosion (stiers&g.

The rudder for very large container ships cannot be fustt following geometrical rules. It must be designed like a
propeller. Asymmetric leading edges and special designalifayaps in the propeller slipstream are required to avoid
erosion. The latest trend is to use spade rudders whodth lay principle any gaps in the highly loaded areas.
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Fig. 5.5 — Propeller Speed n = f(§)

6  Speed and Power

Container ships with higher container capacities hawil at higher speeds than those ships with lowgaaity, if they
want to be competitive. The reason is simply the lonigee in the harbour which is needed to load and whtbe high
number of containers. This is the reason why the speed is of so enormous importance for large contaimps.
Container ships carrying more than 6,000 TEU have tovitailservice speeds of more than 25 kts.

Nowadays two-stroke engines drive the propeller direttiys, the available most powerful main engine limitssppeed
of very large container ships. Currently this most pawerfotor is the 12K 98MC designed by MAN B&W and is built by
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Hyundai. The twelve cylinders of this motor develop a braseer of 68,640 kW at 94 rpm. Hyundai also offers this
motor with up to 18 cylinders. But these motors havebeen built up till now. A motor with 18 cylinders would offe
brake power of 102,960 kW.

The competing motor 12RTA96C from Sulzer offers a brakeepaf 68,640 kW at 102 rpm.

During service not the theoretical maximum power (M@Ravailable at the propeller, but a much lower powee Th
example in Tab. 6.1 shows that during sea trials only atisit of the installed engine power is taken into accourteat t
propeller for the determination of the service speed.

MCR (100%) 68,640 KW  =fhax
NCR (e.g. 90% MCR) =0.9 x MCR 61,780 kW

- Losses in Coupling, Shaft and Gear (e.g. 1%) -0.01 x NCR 620 kW

Max. Delivered Power (Service Condition) =0.9 x 0.99 xRIC 61,160 kW| = Bsenice
- Sea Margin (e.g. 20%Renicd -0.2 X B senice -12,230 kW

Max. Delivered Power (Trial Condition) =0.8x 0.9 x 0.99I€R 48,930 kW| = By

Tab. 6.1 — Exemplary Calculation of the Delivered PowePy

Fig. 6.1 presents the required ship speed and the correspordiniced delivered power as functions of the container
capacity of single screw container ships. It also shbasdue to the limited available power of the main magiowadays

only container ships with less than about 7,300 TEU caopbeated with the required ship speed. Larger vessels cannot
sail fast enough to offer a competitive containee Igervice until more powerful main engines are buitt Become
available.
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Fig. 6.1 — Required Speed and Delivered Power for LCS

Fig. 6.2 and Fig. 6.3 show the delivered power (trial condiji@and the specific delivered power as functions of the
displacement volume with the ship speed as parameter. d@ilaggams are suitable for a rough estimation of thaired
power for new project vessels. But for actual projeotsifock coefficient and the prismatic coefficient shouddtdken
into account as well as the quality of the hull lined the propeller. Furthermore, the interaction @b $tull, propeller and
rudder must be considered.
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Fig. 6.3 — Specific Power Requirement for VLCS

Fig. 6.4 shows the relationship between ship speed aplacisnent volume of container ships that have already been
built. While small container ships with a displacemenafudut 40,000 m3 (about 2,500 TEU) sail with at most 23 kts, the
speed increases to more than 25 kts for ships with a dispéant of about 80,000 m?3 (about 6,000 TEU).

Fig. 6.5 to Fig. 6.9 present the thrust deduction fractlom wake fraction, the relative rotative efficiencye thropeller
efficiency and the overall propulsive efficiency atvies speed as functions of the displacement volume (camtahips
only). These data are derived from model tests withahctesign propellers at HSVA. The values are validHerdesign
draught.

The following table summarises the propulsion coeffiidar an 8,000 TEU container ship.

Speed abt. 25.2 kts
t 0.13t0 0.15
Wt 0.18t0 0.20
MR 1.02t01.04
Mo 0.66 to 0.68
Mo 0.72t0 0.75

Tab. 6.2 — Propulsion Coefficients, 8,000 TEU VLCS
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7  Special Hydrodynamic Problems of VLCS and ULCS

7.1  Propeller Cavitation
Propeller cavitation is not a special problem of vargé container ships alone. But due to the very high poweitgd¢he
propellers of VLCS and ULCS are more endangered froiitatiwn than those of smaller container ships.

In Fig. 7.1 the pressure pulses of the first harmonicpegsented in relation to the delivered power of contahgs.
These pressure pulses were measured during cavitatiomtet8¥A’s large cavitation tunnel HYKAT. For the vidion
excitation of the ship hull structure the second &ecdhird harmonics are important, too.
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Fig. 7.1 — Measured Pressure Pulses]' Harmonic

7.2 Rudder Cavitation

Not only the ultra large container ships themselvesthair propellers are huge, but also the rudders aredifty large.

The movable part of the most commonly used semi-bathneaders is up to 12 m high and often more than 7 m lamg. D
to the high ship speed and the enormous amount of enengynitted from the propeller to the water, the ruddergpate

to a high risk for cavitation even at small rudder asigldhnese small rudder angles occur very often during sersitcce
small course corrections are required to keep the shipaok. tThus the rudders are highly endangered from cavitation
induced erosion. Erosive damages often occur afterdtevfiyages. These problems can be avoided and overtdimee i
rudder is designed carefully.

In the last years the number of rudder cavitation iiga&tons in HSVA's HYKAT facility has increased sigjcantly.
These tests prove that the rudder cavitation problemsbe minimised with a well designed rudder. Fig. 7.2 ptese
sketches of the observed cavitation pattern on theosusiile of the rudder of a very large container ship at ruatiges
of 4 and 10 degrees.

View from Port View from Port

Rudder Cavitation, MCR, &, = -4° Rudder Cavitation, MCR, 8, = -10°

Fig. 7.2 — Cavitation Appearance at Small Rudder Angles foa VLCS

7.3  Parametric Rolling

Parametric roll motions occur when the wave lengtihedd or following seas is close to the ship length. Duheo
significant changes of the ship stability (high st&piln the wave trough and low stability on the wave tgrase Fig. 7.3)
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massive roll motions can be induced if the excitingqaeis a multiple of the ship's half natural period. Undeséh
conditions the roll motions reach the highest amgbs. In extreme cases the ship may capsize.

Ship on wave crest: small stability
— e —— e mm— m— = = Ship in wave trough: high stability

Fig. 7.3 — Ship Stability on Wave Crest and in Wave TroughSpurce: Schneekluth, 1988)

In principle the phenomenon of parametric rolling appt®sll ships. But very large container ships are eapigci
endangered, since their principle dimensions nicelyofithe ocean’s waves. Furthermore, the contain@sdive very
low metacentric heights, i.e. a low transversabibts.

Parametric rolling could be counteracted with special fanths, especially at the ship ends, and active rathpilag
devices like fin stabilizers or roll damping tanks.

Furthermore, higher metacentric heights could be aeHiby correct distribution of cargo and ballast waterd Rast but
not least the risk of parametric rolling can be reducechbgsing the right course and ship speed.

Fig. 7.4 shows an example for damaged cargo due to pararobinig.

i

APL CHINA
MAIUR

Fig. 7.4 — Cargo Damages after Parametric Rolling

7.4  Speed and Power

The most powerful main engine which is currently avdélab a two stroke diesel engine with 12 cylinders and kebra
power of 68,640 kW. With this engine the required service speesirfgle screw container vessels can be realised for
ships with up to about 7,300 TEU. Fig. 7.5 presents ¢fagionship between the required and the achievablel spea
function of the container capacity. It clearly shohattfor very large container ships with about 8,000 TBAdryetenth of

a knot is essential.

In order to achieve the very high ship speeds theline as well as propellers and rudders of ultra largéagter ships
must be optimised most thoroughly. Although the most mod-D-tools and the whole know-how collected in ship
model basins, design bureaus and ship yards are used fdediga and optimisation of the hull lines design, intensi
model test series are still required to gain the krsths of a knot in ship speed in order to fulfil the axttispeed in
combination with an acceptable cavitation performa@éen the final optimisation is limited to local ingmements of the
bulbous bow, the aft body, the rudder design, the arrangerhéme cudder and propeller as well as the investigation of
additional devices for improving the propulsion efficigney. rudder bulbs.
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Fig. 7.5 — Required and Achievable Speed for Single Sw Container Ships
with the Most Powerful Main Engine (P; = 68,640 kW) Currently Available

Tab. 7.1 summarises the final optimisation steps for rg \&ge container ship. Tab. 7.2 shows the correspgndi
calculation of the achieved cost reduction for a 7,500 T&ttainer ship based on a reduction of the power congrmpt
by 5%. The cost reduction of about 500,000 USD per year andsshipch more than the costs for the optimisation by
CFD-calculations and model tests.

Modification APp [%0] AV [kts]
1. Transom extension 2 m 1.2
2. Transom extension 4 m 1.9
3. Transom extension 2 m, Rudder 0.8 m aft 0.1
4. Transom extension 2 m, Rudder 0.8 m aft, Propellantag 3.9
5. Same as 4. with rudder bulb 1 3.6
6. Same as 4. with rudder bulb 2 5.0
Speed gain with 6| ~ 0.26 kts

Tab. 7.1 — Optimisation of a 7,500 TEU Container Ship

Daily consumption 200t

Daily gain -10t

Annual gain =-10t*250=2,500t
Possible annual cost reduction 500,000 USD

Tab. 7.2 — Cost Reduction due to 5% Lower Power Consurtipn

8  Further Future Developments for ULCS
Nobody is able to predict the future, but with knowledgeuahbdstory it is possible to identify trends which migixtend
into the future.

Within the last 10 years the capacity of a single doetaship increased by about 30% from 6,000 TEU to more than
8,000 TEU. Nowadays the motor required to drive a singlscontainer ship with 10,000 TEU at a speed of more than
25 kts. is not available. But the past has shown theatirtfits have been continuously pushed towards higher ameihi
power levels.

In the following sections some alternative propulsion eptecfor ultra large container ships are presented.

8.1 Single Screw — Larger Engine

The most likely option is the development, manufactue iastallation of more powerful two-stroke diesel engifsee
section 6).
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8.2  Single Screw — Lower Speed

It seems that the most reasonable alternative isethection of the ship speed. As an example: For a speedkts a%hip
requires about 25-30% less power than for a speed of 25 kts. Elgveeeording to the statements of ship owners this
alternative is not feasible since the ULCS's wouldb@otompetitive in comparison with the smaller contaghéps.

Nonetheless the authors think that a significant irseré@ the cost for fuel oil would result in the realimatof this variant.

8.3 Twin Screw

If the trend to higher container capacities is mairgdj the twin screw container ship will be chosen. Duih¢ higher
investment costs a twin screw container ship cay bel operated economically nowadays if it can carryentban
12,500 TEU. The ships of this type will be very wide (B >nD0n order to be within the limits for the draught. $aeery
wide bodies will give the designers the chance to devgydpodynamically good concepts, e.g. twin skeg arrangements,
with propulsion efficiencies as good as or better thiagles screw arrangements. For the designers of tipehsii as well

as for the propeller designers this is a very intergsind challenging task.

An example of a body plan for a twin skeg container sthitip avcapacity of 12,500 TEU is shown in Fig. 8.1.
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Fig. 8.1 — Possible Hull Lines of a 12,500 TEU Twin SaxeULCS (Source: Zamburlini, 2003)

In Fig. 8.2 the total transportation costs per TEU tipdfor shipping of containers for a single scresmt@iner ship are
compared with those for a twin screw vessel. The siagtew vessel with 8,000 TEU is as expensive as a tvew strip
with a container capacity of 12,500 TEU. The twin scressgkis never cheaper than the single screw vessel iind w
increasing ship size the possible savings decrease.
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Fig. 8.2 — Economy of Scale, Relative Costs per TEU

8.4  Pod-Drive behind Main Propeller

Another possibility to increase the power for a “sengtrew” ship is the installation of an additionacélic pod drive
behind the main propeller (instead of the rudder). Prgspatl drives with up to 20 MW are available. Fig. 8.3 shemeh

an installation with contra-rotating propellers at madeich was tested at HSVA. The tests proved thatdbigiguration

is very efficient in terms of power consumption. Howetke, cavitation test with the whole model in HSVA'Y IKAT
showed that the pod drive is highly endangered by cavitatidrerosion can be expected. Especially since the paglidriv
used to keep the ship on course, it will be exposed tousbfigw with continuously changing angles and high energy
content.
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Furthermore, high investment costs for the instalfeliave to be considered.

Fig. 8.3 — Pod Drive Behind Main Propeller

8.5 Two Fixed Pod-Drives as Boosters

Instead of the installation of one pod drive behindntfaén propeller, the next alternative is characterigethe installation
of two fixed pod drives of maximal 2x 20 MW in addition to thenmaopeller (see sketch in Fig. 8.4).

LN
- / \
\&YW/ 1 .
~ I
\ Y,
N ,LJ/

Fig. 8.4 — Two Pod Drives in Addition to the Main Popeller

This configuration results in a triple screw vessehvei separate rudder, for which the investment costscar@dered to
be higher than for a conventional twin screw vessehdit@less this concept could be a good solution for threecsion
of an existing single screw vessel.
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