Maritime Transportation and Exploitation of Ocean and
Coastal Resources — Guedes Soares, Garbatov & Fonseca (eds)
© 2005 Taylor & Francis Group, London, ISBN 0 415 39036 2

On the problem of the machinery choice and hull weight assessment
for the design of high-speed vessels

T. Coppola, A. Paciolla & F. Quaranta
University of Naples “FEDERICO II”, Naples, Italy

ABSTRACT: In the last decades an increase of interest for high-speed ferries has been registered and new
problems have arisen as regards the request of data and adequate procedures for conceptual and preliminary
design analysis. In particular, the request of increasing speed and large vessels is a continual challenge to design-
ers to choose propulsions systems, to estimate the principal components of propulsion machinery and hull weights.
Firstly, a large of database has been presented that considers new designs and high speed ferries in the world; the
regression analysis of which permits rapidly to estimate the main parameters (Displacement, Length, Breadth
etc). Successively, a new parametric procedure has been developed to estimate hull weight of both monohull and
catamaran fast ferries, including steel and/or aluminum materials. Finally, a database for the machinery choice
is presented, which includes medium and high-speed diesels and gas turbines, the regression of which has been
particularly discussed.

1 INTRODUCTION Route/Range Au; Operational Speed V; Passengers
Number Np, Vehicles Number Nv.

It is well known that there is a relevant market with Actually, the most important typologies of fast ves-

hundreds of high-speed ferries operating all over the  sel can be synthesized as follows:

world. At the same time, there is a lack of published sys- Passengers-only  monohull;  passengers-only

tematic data and techniques suitable for both, concep-  catamaran;

tual and preliminary analysis. Passengers and vehicles -monohull; Passengers
Apparently, therefore, with such a relevant market,  and vehicles -catamaran.

design data and their processing should be easily Notably, besides the v speed, the material type, and

obtained. However, in most cases, designs of high-  the passenger numbers, the Au range is a variable that

speed ferries are carried out in an ad-hoc manner. This ~ certainly influences the displacement.

gives no clear trends from the analysis of the data, espe- At the first stage of the development of a high-speed

cially when speed, expressed be means Froude number  ferry design, an initial set of displacement and main
Fn, is considered as an independent parameter/variable. ~ dimensions should be considered. They should be as
As aresult, regressions and formulae, as well as algo-  close as possible to their final values to avoid recalcu-

rithms and methodologies, are not “completely reliable”  lations at later design stage. Power tools for reliable ini-
in the published literature. It is a common experience,  tial set of values are regressions analysis of a database.
infact, that mass estimates and main dimensions for A large database has been produced considering
the initial development of feasible monohull and cata-  new designs and high-speed ferries in the world.

maran high-speed ferry designs, have been very differ- A first tentative displacement can be evaluated

ent (up to 50%) from their final values, obtained at later ~ through the “net weight” regressions. Two examples,
stages of design. This paper represents a new tool to  showing a clearly trend, have been reported in Figure 1
generate and analyze data, together with design algo-  and Figure 2, respectively for monohull and catamaran.
rithms for high-speed ferries. The aim is to estimate the displacement directly
from a regression analysis obtained from the available
data, thus preventing the classic resolution of dis-
2 A REVIEW OF VESSEL MAIN DIMENSIONS placement equation, and supplying the experience to
the designer directly from the available database.
Generally, for the fast ferries, the market analysis gives It is necessary to point out that the size influences
the following input design data: mainly the resistance, the longitudinal strength and
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Figure 2. Pass number vs. displacement (t) for cats.

the seakeeping. Among these, the most important in
the high-speed craft seems to be the resistance and the
seakeeping. Therefore L,,/v1/3, Cp, B/T and conse-
quently L, /B are based on hull hydrostatic and hydro-
dynamic requirements (L,; = length water line; B =
Breadth; V = Displacement volume; Cz = Block coef-
ficient; T = Draught. At moment from the previous
database to a base of Froude number Fy no clear trends
appearing for the previous parameters. A number of
approximate formulae can be derived to estimate the
design parameters from the design data characteris-
tics. A classical example is a derivation of pseudo
Posdunine’s formula, with:

]2
obtaining the ¢ and a constants from the regression
analysis.

In the Figures 3, 4, 5 and 6 are shown the linear
regression analysis respectively for monohull only pax,
monohull car/pax, catamaran only/pax and catamaran
car/pax. The results of figure 3 are very sparse, there-
fore no regression is proposed; for such vessels the
parameter L,,/y1/3 can be estimate assuming a value
at say mid range.

The above considerations allow at first stage to esti-

mate the hull volume V and the length water line L,,;
and consequently to estimate the length overall L,,,

(D

V+2

L, y=a+c[
v/3
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Figure 3. Formula (L/V'? vs. (v/v + 2)"?) for monohulls
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Figure 4. Formula (L/V'? vs. (v/v + 2)"?) for monohulls
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Figure 5. Formula (L/V'3 vs. (v/v + 2)?) for cats only pax.
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Figure 6. Formula (L/V'3 vs. (v/v + 2)"?) for cats car pax.

while considering a simple linear regression with L,,;
as an independent variable.

Interestingly, as in some conventional ships, “cargo
capacities” (passengers and vehicles) are the fundamen-
tal data, which influence the main dimensions. There-
fore, as suggested in T. Karayannis & et al (1997), it
is possible to write:

LoaB=f1(Ap’Av) (@)
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Figure 8. Ly /Bwy vs. Ly for cats.

where:4,, = f, (N,) is the total passengers area and
A, = f3(N,) is the vehicles area.

Then B can be obtained from (2) or in alternative
utilizing the regressions show in the Figures 7 and 8:

T from B/T and Cy = A/pL, ;BT or T from T = A/
pL,;BCy when reliability data has given on Cp (A =
Displacement; p = sea density).

For catamarans, B is the breadth of a demihull b and
it is needed to estimate the additional parameter L,,;/S,
where S is the separation of the demihull centerlines.

The same objective can be achieved in bypassing
the (1) equation (or an equivalent) and resolving the
following systems:

in the case of monohull/catamaran

LB:fl(Ap)
{%=f4(Fn)

only passengers

3)

LB= f1\4p,Ay) .
{ ilapoay) in the case of monohull/catamaran

%:f4(Fn)

cars/passengers

“)

It shows that the resolution of the (2), (3), and (4)
equations/systems requires, in any case, the estima-
tion of Ap and Av, which can be easily achieved with
an optimum reliability in the published literature.
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3 PROCEDURE FOR ESTIMATING THE
HULL WEIGHT

Let’s assume that the hull weight Py is a function of n
variables X = [X], ..., X]:

Ps=f(X) 5)

The development in series of Taylor (arresting to
the first order) supplies:

Ps=f(1>* ]+él[aa—; (6)

J&z

where f{P*) represents the hull weight of a “base
ship” (reference ship).

Due to the integrated nature of the hull and super-
structure for most high-speed ferries, the total hull
weight has been taken to include both hull and super-
structures.

The relation (6) can be also written as:

rs=/(*")+ 3 grlu-xi) ™)

i=1

where: o; = (9f79x;)=x*
The main variables of the vector X seems to be:

— Dimensional variables as L, B, D and T;

— Dimensionless variable as Cp;

— Additional dimensionless variable for catamaran
Lwl/ S

— Variables characteristics of sea status, in which the
vessel must operate:

Hs, Acg (significant wave height and vertical cen-
ter gravity acceleration);

Notably, in order to define the craft operating con-
ditions, the center of gravity acceleration Acg has been
considered, accounting for both the effects of wave
height and ship speed. This has been taken as severity
indicator using UN.I.T.A.S. high-speed Rules of Bureau
Veritas, Registro Italiano Navale and Germanisher
Lloyd.

It is possible to approach the problem with the pro-
posed method when it is related to a fit parametric
procedure that individualizes the derivative «; for a
vessel typology.

The equation (6) is a good tool to estimate the hull
weight. However, it needs the following aspects:

(1) For one or more “base ship”(reference vessel):
(a) INITIAL DESIGN DATA: Autonomy, Velocity,
Number of Passengers, Number of Vehicles,
Type of vessel (monohull, catamaran);



Beta coefficients.

Item Pass. Only Monoh. Car/Pass Monoh. Pass. Only Cat. Car/Pass Cat.
ﬁg? 1.12-1.80 1.15-2.20 1.15-2.4 1.18-2.8
BY 0.65-1.20 0.75-1.40 0.75-1.80 0.75-2.10
) 0.45-1.20 0.5-1.40 0.50-1.42 0.45-1.48
BY 0.0007-0.001 0.0008-0.0017 0.0008-0.0019 0.0011-0.0022
B 0.40-0.60 0.45-0.68 0.45-0.67 0.49-0.72
BY 0.014-0.022 0.018-0.026 0.014-0.022 0.018-0.026

(b) MAIN DIMENSIONS: Beam, Length of water-
line/overall, Draught, Displacement volume,
Block coefficient, Depth, Total passengers area,
Seating area, Demihull beam (catamaran), Sepa-
ration of centerlines of demihull (catamaran);

(c) HULL WEIGHT VALUES AND MATERI-
ALS: Hull and Superstructures Weights; Type
of materials: Steel and/or Aluminum.

These data allow the choice of a vessel, whose char-

acteristics are as close as possible to the ones required

for the design.

(2) The individuation of the derivative «; = (9f/
d.i) x= x* can be carried out basing on a simpli-
fied or parametric procedure given successively.

The approximate formulae to individuate al, aB,
aD, oT, Ay A, and a.S/Lwl can be so obtained:
g

u%@@
L

(3

a3=ﬁ5§)£(;—] 9)
0!D=ﬂ%)£(;T] (10)
ar= Y (an
acp=BL/(*) (12)
Cagg=BY, 1 (*) (13)
aS/Lwl=ﬂ¥)/LW1f[l_’*j (14)
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Where the coefficients Y, BY, B, BY, BL., B(’)
and BY),,.; depending also by the V- mo type of VesseIg
and can be calibrated by a parametric procedure
based on the individuation of reliable numbers of hull
weights noted.

Interestingly, as more data are available, the method
suggests a remarkable basis for additional calibration
refinement.

In the following Table 1, based on the calculations
of hull weights and of the experience of the authors,
indicative range of values for fast monohull and
catamaran vessels are shown. The investigation has
been based on the use of aluminium alloy for hull and
superstructures

The BY),,.; coefficient has been not included, because
data were not sufficient.

4 THE WEIGHT AND DIMENSIONS OF THE
MACHINERY SYSTEMS

In a previous paper Coppola & et al (2004) we consid-
ered the diesel propulsion of fast vessels. The diesels
taken under consideration were, naturally, the most
compact, that is, those giving the highest power while
taking up as little room as little.

The most widespread diesel engines were processed
and a process has been implemented, that supplies a
good suggestion at the early design stage, through the
application of simple linear formulas (sometimes quad-
ratics), in connection with the following quantity:

— Size in length of main engines;

— Size in plan of main engines;

— Length/Breadth ratio of main engines;
— Single diesel engine weight.

All these variables were related to the propulsion
power (Kw). All the propulsion systems examined
came from the latest generation of high-speed diesel
engines; these are also very versatile and they have
large application fields.

From Coppola & et al (2004) the Figure 9 and Figure
10 gives the values of the length (m) against the power
(Kw), respectively for V and L disposition.
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Including all the data both of L and V dispositions;
in the same elaboration, it is possible to relate power
and weight of diesels:

W =5.7901 P — 1141 R*= 0.9625 ©)

where W is expressed in kg end P in kw.
Figure 11 shows the points given in the equation (9).
The diesel engines must offer such high character-
istics because of the gas turbine competition. The gas
turbine is, actually, the most suitable engine for these
vessels, once we accept the disadvantages it has, that

is, the use of a more expensive fuel and a higher
consumption.

Another element we have to consider is the period
of life of gas turbine, in general, shorter than in the case
of the diesel.

The gas turbines used in marine propulsion are
basically of two types: industrial and aero derivative.

The first one is, in the field of fast passenger and/or
merchandise transport, more convenient for big fer-
ries. In smaller vessels, the aero derivative gas turbines
are preferred. They are lighter, take up less room, and
are quickly ready for use.

Of course the performance reached by this engine
come from progressive improvements in gas turbine
design that resulted, over the last 50 years, in continual
increases in cycle efficiency.

The most significant improvements include:

— Higher compression pressure ratios

— Higher turbine inlet temperatures

— Improved compressor stage efficiencies

— Improved turbine stage efficiencies

— Increase of loading on a single compressor or tur-
bine stage that allows the reduction of stage number.

— The use of intercooling in the compression process

— Increase of recuperation from the exhaust gases

— Use of any waste-heat-recovery feature that seems to
be economically acceptable.

All gas turbines are practical applications of the
Brayton thermodynamic cycle.

The field of power covered by marine gas turbine
plant is very large; it starts from a few hundred kw
and reaches several hundreds of thousands of kw.

Another limitation shown by the gas turbine is the
serious decline in efficiency due to a reduction in run-
ning speed. Consequently, the vessels using gas tur-
bine should follow a mission profile with only one
running speed, or, at least, with a clearly predominant
value of running speed.

As an alternative, the vessels having a mission pro-
file characterized by two or more running speed is
offered by the combined cycles named A combined
cycles (COGAG, CODAG, COSAG, COGAS,
CONAG) or O combined cycles (CODOG, COGOG).

The first element we must consider in choosing a
propulsion plant is the efficiency or, in other words,
the specific fuel consumption.

The gas turbine has an efficiency that depends upon
the power at maximum output. While the diesel engine
shows efficiency not very reliant at maximum power,
the efficiency of gas turbine shows values in competi-
tion with diesel only in correspondence of high value
of maximum power.

This paper shows some graphics based on the data
of most recent plants.

The first graphic relates the fuel specific con-
sumption to the maximum power.
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The regression line most apt to these data is a hyper-
bola having the asymptotes translated form the axis
X =0andY = 0. The equation of this curve is:

3.52E5

y=2.12E2 + =222
x+19E3

(15)

Where y is the specific fuel consumption in gr/kw-
hr and x is the maximum power of the gas turbine set
in kw. This curve (Fig. 12) represents quite well the
average values at various powers, while considering the
different values of compression pressure ratios, and
shows very well the steep rise of specific consump-
tion at lower values of power.

Another very important characteristic for this kind of
propulsion plant is the weight of the engine. Figure 13
shows the weight of the various apparatuses versus
power. It results in a regression curve whose equation is:

(16)

The regression factor R? is 0.79, some points are
far from the linear regression line, and we plan to see
into this subject in the near future and to consider
other parameters that influence it.

The total weight of a power plant will be increased
by the reduction gear weight that is necessary for this
kind of propulsion plant. The weight of the reduction
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Figure 14. Rpm against power.
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Figure 15. Air mass flow against pressure ratio.

gear will be a function of the total reduction ratio.
Considering the optimum revolution number of the
screw as not very variable, the total reduction ratio is
basically functioning of gas turbine absolute revolu-
tion number.

The Figure 14 supplies available indicative values
of revolution number of gas turbines.

The regression curve that best represents this vari-
able is a hyperbola having the following equation:

6.16E7

Y =144E3+—= ="
X +1.40E3

a7

In the gas turbines, the air mass flow needed by the
engine is very important as well. In this case the mass
flow is well over the one required by the diesel engines.

The air inlet represents a factor that must be seri-
ous taken into consideration from the designer in the
first stage of ship design.

The mass flow can be put in relation with the pres-
sure ratio of the turbine; it will increase with the power.
The Figure 15 shows a typical trend of this function.

The equation of the regression curve is
Y =0.0367 X >*! (18)

The R? coefficient is 0.745.
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5 CONCLUSIONS

A review has been carried out for estimating the main
dimension of high-speed ferries. The linear regression
analysis of a large database furnishes reliable value to
utilize at conceptual and preliminary design stages.

A new methodology has been proposed for the hull
weight estimation, assuming as hull weight that one
obtained by Taylor equation; what allows, when weights
of reference vessel are known, to estimate the hull
weight of only passengers and passengers/vehlcles
(monohull and catamaran) The coefficients ,BL (’)
BY»BY, ,B(ég, B(’ ) and BY),..;» depending by the ¥ -mo
type of vessel, caﬁ' be interiorly calibrated when more
data are known.

A discussion has been carried out about the weight
and dimensions of the propulsion system for the con-
ceptual and preliminary design stage. Particularly ref-
erence has been given to the diesel engine and gas
turbines, showing some graphics based on recent data.
The paper gives first aids to the choice between diesel
propulsion and TAG propulsion. A deeper analysis of
this subject requires the determination of a more spe-
cific type of ship. The authors undertake to deal with
this subject in a new paper starting from the data and
formulas given in this paper applied to a more of typ-
ical ship design.
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