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FOREWORD

The last century saw the emergence of specially designed and constructed vessels to
meet the requirements of a new freight market : the oil market. The SS "GLUCKAUF" was the first
sophisticated vessel, as she was designed and built for solely carrying crude oil in bulk.
Compared to previous vessels, all built as general cargoships carrying more or less passengers,
and not significantly different one from the others as regards their cargo possibilities, she
appeared to be the most suitable vessel for the carriage of oil, and became the precursor of a
new generation of ships.

The development of other new freight markets, such as gas and chemicals, the concept
of standard containers to carry dry cargoes, led to a mutation of the world fleet pattern into great
families of specialized ships. Nowadays, the evolution is much finer and the tendency comes to
an actual sophistication in terms of suitability to the freight markets. The goal now is to find or
design best adapted ships, while being more flexible and remaining in compliance with
increasingly stringent international regulations. -

In this situation, we have selected the following types of vessels :

- liquefied gas carriers,

- chemical tankers,

- combined liquefied gases and chemical tankers,
- oil and product tankers,

- container liners,

- cruise vessels,

which are at the moment more subject to this process of increased adequacy to a precise freight
market.

We will try to develop how they follow closely the trends of these markets, the
technological problems inherent to them and the solutions which have been adopted. =
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1. LIQUEFIED GAS TANKERS

1.1. Foreword

Carriage at sea of liquefied gases in bulk dates from 1940 and was developed mainly in
America and Europe in the early fifties.

This type of carriage developed for power gases as natural gas (methane) or propane
and butane (liquefied petroleum gases) as well as petrochemical gases used as raw material by
chemical industry such as ethylene, ammonia, ...

The early development was carried out for transportation of methane on US rivers and
LPG in pressure vessels on board coastal units. The development in technological side grows
with the shipment of large quantities of LNG and LPG in seaborne trade. . B

The first ships both for LNG and LPG were converted tankers or cargo ships such as the
"“METHANE PIONEER", 5000 cbm LNG carrier, converted from a tanker by Alabama drydock.
Real development of specially designed and built vessel came later on, after this low investment
experimental craft. In the LNG field, the first vessels directly built as methane tankers were the
“METHANE PRINCESS" and her sistership "METHANE PROGRESS" built in UK ; at the same time
the *JULES VERNE" was built in France. The first LNG links from Algeria to Northern Europe were
starting at this date.

1.2. Main products and trade patterns

The first step is to recall briefly what is a liquefied gas on a shipping point of view. The
physical definition of a gas is a substance which is present in vapour phase at 15°C and 1.0
atmosphere. For the ruling maritime authorities a liquefied gas is a substance for which the Reid
vapour pressure is more than 2.8 kg/cm? or a product presenting such a significant hazard that it
is to be carried with the same precautions as a liquefied gas.

On a practical point of view, the only consideration is that products which are allowed to
be carried in bulk and for which gas tankers are required are those exhaustively listed by IMO.

For trading consideration, the liquefied gases are considered in two main families :

- energy (LNG, LPG) .
- petrochemical (ethylene, propylene, ammonia ...),

the trading of which is quite different commercially speaking.
In fact, for trading consideration, it exists three families :

- LNG (Liquefied Natural Gas), which is a 90 % content methane. This product is mainly used for
energy making and the sea transportation is part of an LNG link which comprises :

- liquefaction plant,

- export storage and terminal,
- ship,

- import storage and terminal,
- gazeification plant.

The vessel being only one part of this LNG chain, there is a strictly determined correlation
between an LNG project and a ship. The ship being chartered on the basis of the duration of the
gas supply contract.



The trade is established between the producting countries :

MM Tons/Year %
ALGERIA 18.58 36.03
LYBIA 0.76 1.47
USA 2.08 4.03
BRUNEI 5.14 9.97
ABU DHABI 1.97 3.82
MALAYSIA 6.00 11.64
INDONESIA 17.04 33.04
and the consuming countries :
MM Tons/Year %

FRANCE 71 13.77
BELGIUM 3.8 7.37
SPAIN 3.16 6.13
UK 0.14 0.27
TOTALEEC: 14.20 27.54
USA 4.86 9.42
JAPAN : 30.51 59.16
KOREA : 2.00 3.88
According to the following main patterns :

ALGERIA to EUROPE

LYBIA to SPAIN

ALGERIA to USA

ALGERIA to JAPAN

BRUNEI to JAPAN

ABU DHABI to JAPAN

MALAYSIA to JAPAN

INDONESIA to JAPAN =

USA to JAPAN

INDONESIA to KOREA

- LPG (Liquefied Petroleum Gases) : Propane and Butane

Two types of traffic exist for these products on a simplified way. We may consider the large
imports from Arabic Gulf to Europe, Japan and USA, and the feeding between USA and
American countries, coaster operation for Europe and Japan.

These two types of traffic are obviously leading to very different types of chartering ; the large
imports are carried out with line chartered vessels (normally 3 years contract time), on the
opposite, feeders are operated mainly on a tramp basis.

- PETROCHEMICAL (Ethylene, Propylene, Ammonia ..)

The basic petrochemicals are Ethylene, Propylene and Butadiene. They are obtained by the
cracking of natural gas, or naphtha and gas oil both of which are produced from crude oil.

Ethylene is the simplest member of the olefine family. It is the largest volume organic chemical,
being used in 30 % of all petrochemical products. Because of insaturated nature, ethylene is
very reactive and has become one of the main building blocks of the petrochemical industry.



The main source of ethylene in Europe is the steam cracking of naphtha while the USA
traditionally produces most of its ethylene from natural gas.

Propylene is a coproduct of the ethylene production in the steam cracking of naphtha.
Propylene is the second member of the olefine family and is currently a high growth chemical
because of the high demand for polypropylene, a principal derivative. Crude propylene is also
obtained from oil refinery gases in a state which needs purifying for chemical production.

Butadiene is the most widely used of all the synthetic rubber raw materials and is one of the by-
products of the steam cracking process. A number of rubbers are derived from butadiene, the
commonest of which is styrene butadiene rubber, which has three widest ranges of use,
including shoe soles, waterproof boots, sponges, carpet underlays, garden hoses, tyre treads
and rubber dinghies. With acrylonitrile, butadiene forms nitrile rubber used in products which
must combine elasticity with resistance to oil and grease, e.g. oil hose linings. Polybutadiene is -
also used extensively in car and truck tyres. A further use of butadiene is with acrylonitrile and
styrene in the production of ABS plastics, terpolymer or plastics "alloy”. ABS is used for
engineering components, casings, car body panels, in aircraft, and for the heads of golf clubs.

The traffic for these products is very much in line with the development of the chemical industry
and could also be affected by cost of production, or, as it appears a few years ago, by repetitive
problems on European steam crackers.

Basically, the size of batches is quite different from less than 5000 m® for butadiene up to about
12 000 m® for ethylene.

Most of the ships are working upon a tramping basis or a mass contract which is then allowing
the ships to get other cargoes on a voyage basis.

1.3. Rules and requlations

The liquefied gas tankers have to comply in their design, construction and operation with
various rules. The rules to be fulfilled are :

- International Gas Carriers Code, which is part of the SOLAS Convention as amended in 1986.

- Some national requirements, principally USCG requirements for foreign flag vessels carrying
liquefied gases in the US waters.

- Rules of the Classification Societies, for instance Chapter 22 of the BV rules.

It is to be noted that ships built before July 1986 are not to comply with the above 1.G.C.
Code, as no IMO mandatory requirement was existing and rules for gas carriers were considered
as optionallly applicable by the flag administrations. ’

The basic concepts of the regulations governing the gas tankers are the following :

a) the ship is to be conceived as to survive certains types of damage and cargo tanks are to be
arranged to minimize their failure in case of collision or stranding ;

b) the low temperatures of carried products may remarkably reduce the ductility of materials
employed for the tanks and for the hull ;

c) many of these products are flammable and may produce explosive mixture with air ;

d) the product is to be kept at the carrying temperature or be maintained in the containment
under pressure because of the external ambient temperature ;



e) the product is to be loaded and discharged with a whole safety and with a suitable redundancy
in the means of unloading in order to allow the ship to be emptied of its cargo in case of a
possible failure of the containment.

According to the above, the following points are considered :

- ship requirements,

- cargo containment system,

- static and dynamic loads and allowable stresses as well as fatigue behaviour ;
- loading, discharging and refrigeration systems,

- safety systems, instrumentation, inerting plants and cargo controls.

1.4. Conditions of carriage

For carrying a liquefied gas in a tank, the following possibilities of storage exist to keep it
inside of the cargo tank :

- isotherm,

- fully refrigerated,
- semi-refrigerated,
- pressurized.

The liquefied gas is most of the time in a colder condition than the ambient, it will receive
from the outside some calorific energy. This energy flow may be reduced by fitting an insulation
decreasing the heat ingress.

In the case of an isotherm carriage, the cargo will remain to the same temperature and
pressure and the cargo boil-off vapour created by the heat ingress is sent out of the tank to be
vented on the atmosphere or used as fuel in the boilers. This is the normal carriage condition
used on board LNG tankers.

Fully-refrigerated means that the heat ingress inside of the tank will be balanced by a
refrigeration system which will maintain the temperature of the cargo to its boiling point and
therefore to keep the pressure in the tank close to the atmospheric pressure.

Semi-refrigerated is a condition similar to the fully-refrigerated except that by using a
pressure vessel the temperature to which the cargo is maintained can be chosen up to a value for
which the vapour pressure becomes equal to the maximum allowable pressure of the tank.

Pressurized means that cargo is carried inside a pressure vessel which allows the
temperature of cargo and its pressure to increase.

Depending on the type of cargo, the size of the vessel and possible operational problems
like the condition of storage of the feeding or supplied storage, the condition of carriage will be
determined.

For construction reason, the size of pressure vessels will be limited to 20 000 m® ships
(except for one existing 30 000 md), ships of higher capacity will be built for isotherm or fully
refrigerated conditions. On the other hand, the physical characteristics of the product will define
the condition of carriage. The important parameter being the value of the critical temperature, if
this temperature is lower than 45°C (the defined maximum temperature that could reach a cargo
not reliquefied), the product cannot be carried on pressurized condition.

N
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These basic physical data are :

Boiling Point Critical temperature
°C °C
Butane -6.25 143
Vinyl chloride -13.70 156
Methyl chloride -23.80 143
Ammonia - 33.40 132
Propane -42.05 96.8
Propylene -47.70 92
Ethylene -103.70 -9
Methane -161.52 -80

1.5. LNG Tankers

As we mentioned it earlier, an LNG tanker is a part of an LNG chain ; it implies that the
degree of choice let in the design is restricted, and in particular the size is 130 000 m®. This
capacity of ship is first in line with the present size of the land storages and also permitting a free
access in terms of dimensions to the terminals. It is nowadays the best suited size for scale of
economy as it can be considered.

Up to now, all the LNG tankers are carrying their cargo under isotherm condition. It
means that produced boil-off vapour is led from the cargo tanks to the machinery space, after
heating and pressure building, in order to be used as fuel.

Presently, all LNG tankers are propulsed by a steam turbine, which is the simpliest way to
use gas as fuel.

Existing LNG carriers, from the point of view of their cargo containment systems, can be
classed as follows :

Membrane type tank

There are two existing membrane systems : TECHNIGAZ MARK | and GAZ TRANSPORT
Standard. :

Both systems are based on the same criteria : the cargo containment system consists of two
containers, the first, in continuous service, is a thin metallic membrane (GT : flat INVAR
membrane thickness : 0.7 mm - TGZ : corrugated stainless steel membrane, thickness : 1.2 mm).

This membrane is supported by the adjacent hull structure through the load bearing insulation.
The thermal stresses are either very low (GT : INVAR is a material having a very low thermal
contraction coefficient) or released by the corrugations (TGZ).

The secondary container is designed to contain the full quantity of cargo with the assumption of a
catastrophic failure of the primary barrier. This is a very conservative assumption since the two
systems have been extensively studied in fatigue, and the Miner sum is very low (noticeably lower
than required by the Rules for a system, for which a partial secondary barrier only is required).

On GT, the secondary barrier is made as the primary barrier (INVAR sheets) ; on TGZ, the
secondary barrier is the combination of a plywood sheet with the associated secondary
insulation (Balsa blocks).

-On GT, the insulation is perlite (powder) contained in plywood boxes ; on TGZ, the insulation is
Balsa.



Independent type tank

a) The major competitor of the membrane system is the spherical system classified as
"Independent type B" by the Regulations (Moss Rosenberg in particular).

The concept is totally different to the membrane one : it is assumed that no catastrophic failure of
the primary container can arise (the concept is “leak before failure, the leak being detected
before the crack can reach its critical length).

So, only a receptacle is provided at the bottom to collect possible leakages since they are
assumed to be always controlled.

In addition, however, International Regulations require a thermal protection of the bottom of the
hold space which contains the independent tank.

The spherical tanks are made either of Aluminium alloy or of 9 % Ni Steel.

b) For historical purposes, it may be recalled that other types of independent tanks have been
used in the past, some with, some without success. These tanks were of various shapes, and the
majority of them were classified as type A tanks. We can in particular mention the JULES VERNE
built in 1965 and still in successful operation, fitted with vertical cylindrical tanks with torispherical
top end and conical bottom end, built in 9 % Ni Steel.

Evolution of the main existing systems

The three main systefns briefly described hereabove could be up-graded, either to take into
account the experience gained in service, or for economical reasons.

The main reason for such evolution is related to the tendency to try to reduce the boil-off rate.

'Presently, the average boil-off rate is of about 0.25 % per day, this figure could be lowered down
to 0.10 % or even less, depending on the equipment of the ship, the cargo containment system
and her intended traffic.

For this reason, foam could be used as the insulation material of the membrane system.

The idea is to use a material having better thermal properties than those previously used, (Balsa
for instance) and to reduce the price or to permit the deletion of the secondary metallic barrier;
Here are some examples :

- TGZ Mark Il

Technigaz proposes to replace the insulation and the secondary barrier of Mark | by panels of
polyurethane foams and by a thin composite liner (sandwich of fiber-glass and aluminium alloy)
acting as the secondary barrier).

This system would allow to easily obtain a low or even very low boil-off rate.

Similar systems have been used satisfactorily on land LNG storage tanks (in France and in
Japan). :

The experience of the existing systems is, of course, to be taken into account for upgrading the

systems when necessary. This is the case of Gas Transport Standard membrane system from the

view-point of resistance to sloshing and the reliability of the chair tube connections with the
secondary barrier.
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Other systems
The prismatic independent type B tanks

IHI shipyard, in Japan proposes prismatic tanks for which a full secondary barrier would not be
required by the Regulations (same philosophy as for the spherical tanks).

This system has reached the level of conceptual approval by the regulatory agencies.

The last evolution concerning the LNG ships was very limited, and it seems worth thinking that it
will be the same for a further period of time.

The improvement specially comes in way of the boil-off production and the speed of the vessel.
Both are correlated as directly linked as soon as boil-off gas is used as propulsion fuel.

The speed of the new ships was decreased from 20’5 to 19" with an accordingly reduction of the
boil-off rate.

This reduction was achieved by changing ship containment system from 5 to 4 tanks and by
increasing the thickness of the insulation.

1.6. LPG tankers

The fleet of LPG tankers may be roughly considered in two sizes :
- the large ships for import from the producing main sources to heavy consumer areas,
- the distribution ships, most of the time engaged also in petrochemical gases.

The large size LPG tankers are commonly the ships from 40 to 85 000 m®, these ships are
fully refrigerated type an using prismatic independent tanks built of cargo manganese steel as
their minimum service temperature is - 48°C for propylene.

Two different arrangements have been used for these ships. First concept is double hull
with perlite pulverulent insulation filling the space between double hull, double bottom and cargo
tank. The second arrangement is based on a structural arrangement of ships with single hull,
double bottom and tank insulated with polyurethane panels.

A consequence of the shipping crisis on this type of vessels was the look for flexibility in
terms of possible cargoes. When the trade of LPG comes to reduce, these high cost vessels
could not remain idle and were employed for carriage of liquid cargoes. The range of cargoes for
which they may be used was the light density and relatively high vapour pressure : light naphthas
and light petroleum cuts.

This is still influencing the new projects, as charterers are still fearing a possible
recession in LPG trading and wish to have flexible ships able to handle replacement cargoes.
Unfortunately, this now involves two problems :

- first the real design of the ship upon a higher specific gravity (0.72 instead of 0.63) which
increases the price of the ship,

- second a difficulty to meet the requirements of the new IMO rules concerning pollution.

The contemplated cargoes being ruled either by MARPOL Annex | regulations applicable
to oil products or by MARPOL Annex Il requirements as considered as chemicals.






