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[ ntroduction

Nobody can claim a sole or wunique formula to present
or predict markets or potentials in the high speed craft area
although there are a nunmber of sound principles which cover
this inportant matter. However there are so nany exceptions
to the rule - so many one off situations - that it is by
sone luck as well as a lot of judgement that successful  market

penetration and continuing market sustenance is Dbrought about.

As an engineer | find this subject so inexact a
science and suffering from a considerable amount of subjective
preference that | always am trying to find ways to rationalise
it in terns of at least ‘'cause and effect'. Right at the
start of the Hovermarine Conpany we identified three mgjor
variables to consider for any one application and by at |[east
being conscious of these we have exported over one hundred
craft  worldw de. These variables are comon for all types of
marine craft and can be universally used as test considerations

for ay new operational application.

What are these parameters?  They are that the craft
has to have the right conbination of size, speed and cost and
answer the three fundamental questions -~ HON BIG? HOW FAST?
HOW MJUCH?

These are like three unknowns to an algebraic
sinultaneous equation and although some small latitude may be
accepted around the optimal wvatue of each paraneter you cannot

solve the equation by satisfying only one or tw - all three
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have to be simultaneously compatible.

A so when discussing the market nceds « who is the
customer ? As far as the designer/manufacturcr IS concerned
the immediate custoner is the operator but in turn the
operator's market is the traffic and the individual passenger
is his customer. The designer is therefore inexorably 1inked

to the passenger and has to accept his requircnents.

The Major Considerations

When considering any transport problem that is to
iden:ify and specify the nost appropriatec vehicle the stages
in i s solution can be illustrated by Fig.1 and arc the

cardinal considerations in the process.

In the first instance there may be physical limtations
or barriers that have to be considered e.g. it may be wholly
appropriate that an anphibious capability mght reduce the
route length significantly or overcome icng problens. A
reduced draught craft mght have significant advantage over
thosc that are relatively deep draught. From these initial
considerations it may be possible then to define the nost
appropriate type or types of marine vehiclc. Qver water w
have to assess the frequcncy of wind and wave conditions to
allow a reliable service wthout undue cancellation because
of passenger disconfort. These considerations wll indicate
that a certain physical sizc of craft is required and that it

would be umwise to fall much below it.



Undoubtedly there arc ways in which the size effect
can bc artificially augnmented such as the very effective
controlled foil system on the Boeing Jetfoil, roll stabilisers
on various other craft, air pressure cycle attenuation systems
on hovercraft and surface effect ships but these in the main
can only inprove ride quality wthin the craft's seacapacity.
The seacapacity of the craft to counter the roughest
conditions it is expected to face is still a f'urction of its
physical size and |eading dinensions. Power and system
failures may occur under such severe conditions and you nay be
faced wth a low speed platform where size and survival are

directly [Iinked.

Having determned the approximate size of craft
appropriate to the route on the basis of safety and confort
when this size is conbined with the traffic potential and

service frequency this then should determne the required speed.

Too often speed is defined as a fixed paraneter too
early in the project stage and bearing in mnd that fixed costs
as well as running costs are speed dependent it can sonetines

be an expensive decision.

Having determined the target speed the job should then
be left to the designer and the manufacturer to produce the
right size capalile of performng at the right speed at an
acceptable cost. Wat in fact happens of course is that'the
prospective customer/operator scans all available data on
existing craft and  hopefully finds one that nost suits his

neceds. The problem for the designer/manufacturer 1S thit when



taking into account the considerable design and dcevelopment
costs in putting a new 'model' onto the market where can hc

concentrate his efforts to attract nost sales?

Some Facts and Figures

Having established some basis of a logical process in
order to choose the nost appropriate high speed marinc craft

what can be deduced from the size of the parameters involved?

Looking at wnd strength frequencies in various parts /)
of the world throughout the year would suggest that in order
to cater for a reasonable percentage of confortable trips,
say 75%, the craft design should bc appropriate to wave
conditions when at least a 20 Kt.. wind is blowing. Sec rig.2.
If now we conpare the averaage wave lengths likely on such feorry
routes in a head sea condition and conpare them wth actual
craft lengths enployed we sce from Fig.3 that a large
proportion of the sanple arc nore appropriate to operate in
wind strengths of less than 30 Kts. | am assuming to the
first order that the craft length should be at 1least larger )
than the wavelength in which it iS opcrating - to mnimse
response tie craft length probably should be nore than 509
more than .he wavelength. In such wave conditions of course
the ‘comfo -table' craft should not experience undue inpacting
and should have the seacapacity tocontain the corresponding
wavehei ght . For coastal waters Darbyshirc suggestcd that
the nmaxi num waveheight 1ikely tc bc experienced in the fully

devel oped seca would wvary as in the following table:-



Wnd Speed

10 Kt. 20 Kt. 30 Kt

10 0.3m 1m f 2m
Rout e 20 0.6m 2m 2.8m
Length
Equal to
Fetch 50 0.9m 2.6m 4.3m
n. m

100 l1.1m 3m 5m

Therefore as an exanple if the craft was to be chosen to

cater for say, a route length of typically 50 mles, in which
It could operate reasonably confortably for a 1arge proportion
of the time it should be at least 50 netres in length and have
a hard structure clearance above the undisturbe«i water |evel
of at lcast 2.6 netres. This would be the cle rance of a
hydrofoil craft hull above the water, the ~cushion depth of a
hovercraft or S.E.S. or the wet deck clearance on the bridging

structure of a catanaran.

In looking at the distribution of poten:ial route
application Fig.4 illustrates an analysis of a :ampile of world
W de ferry routes (excluding river and sheltere:l coastal
watcrways). It caa be seen that 50% of the sanple were for
routes of less than 25 mles and 75% were not nore than 70 mles

in length the sanple contained 85% of the passengers carried.

People will cross 5 mniles of water to shop, 10 nmles
or so to commute to work enjoy week-end breaks over 25 niles
but only once a ycar cross 100 mles or nore of water. to

journey »n holiday. Generally frequent journevrs that woul d



take longer than 2% hours by sea are nore appropriate to air

travel unless it is necessary to carry cars.

Now we can begin to conbine the size and potential
traffic requirements and take into account nunmbers of craft
per route, load factors etc. O this basis we can produce
curves such as A & B in Fig.5. Note how sharply the speed
requ .rement falls as ferry route length increases on this
basi ;. The other considerationofcourse nust be that the
craf: should be operated for as high a utilization as possible
beaiing in mnd the proportion of journey time to total time
including boarding and disenbarking etc. As an exanple
one could consider the ‘'confortable' «craft and assumng a
70% utilization factor produce a curve such as C This of
coulse IS quite the reverse of the size and traffic limted
bourdary curves as the advantage to utilization of speed can
best be realized as stage or route length increases, A base

line D in F g4 chosen to represent approximately 50% above

what specd could be expected from slower large ferries conpletes

the boundaries of the market needs.

The speed boundaries limted by seastate and traffic
indi :ate an approxinmate envelope for a large sanple of routes
and within the triangular area are distributed each individual
route requirenments. The 'market ccntre' on this basis is in
fact around 25 mles route length at a speed of 30-40 Kis.
Qraft of around 35-40 netres in length wth an inpact wave
clearance of nore than 2 metres should therefore appear to

have considerable 'potential'. O course a Lot of shorter,

D



dense traffic routes with a high frequency service can
readily apply much snaller craft e.g. the HM200 series of
Hovernarine which started as a 60 passenger 16 netre craft
and has evolved through an 84 passenger 18 netre version
to now the 120 passenger 21 netre version all wth the sane

basic production tooling.

The Gowh of Hgh Speed Passenger Ferries

Historically since 1970 the average high speed ferry
craft (i.e. over 28 K. carrying nore than 50 passengers) has
increased in capacity from 90 seats to in excess of 180. I'n
1970 there were 160 such high speed craft in operation - today

the figure is in excess of 600.

New craft sales and craft entering service each year
since 1980 is as follows:-
1980 1981 1982 1983 1484 1985 1986 1987
21 38 51 23 22 23 32 30+

These figures are approximate and interpret reports based on
Janes "Surface Skimmers" and the Hgh Speed Surface Caft but
are of the right order. The present growh area appears to
be in seat capacities in excess of 200 and with larger craft
in service with well established operators nmost on already

established routes. Wereas in the early 197n's the markets

scenedto bedonmnated by the smaller nhydro:oil craft the present

‘vogue' is for catamarans and surface effect ships. The now
long lived 1arae srn4 anphibious hovercrafthave considerably

expioited the English channel routes taking up to about 30% of



the available traffic but it would appear that this size,
speed, cost conmbination was not attractive on a worldwide

mar ket  basis.

However the tendency is gradually establishing itsclf
towards larger craft providing 5 nore comfortable ride but
the lower first costs appears to conpromse the growh of
speed even though in certain instances through 1ife costing
estimates of somc higher performers need not bc any greater.
What the future holds depends on the conpetitive edge operators
will want to establish in their market sectors. The passengoer
will always want to travel faster provided the cost premum is
not too great and he has a reasonably confortable ride. A
lot of new passengers and operators have been introduced to'
the benefits of a higher specd with a nodest step into
catamarans =~ this nay indeed have provided a useful stepping

stone to higher speed craft.

Other  Conmercial  Applications

Wth regard to cargo or frcight carrying wth high
speed craft the cargo price has to benefit from speed.
Westamarin Wth their 5000 seriecs open sca catanmaran have
made a bold step into this arca whore perishable food is
concerned. Certainly therc are other areas in the world
where such applications would bc worthwhile where fish, meat,
and high valued agricultural produce would benefit from

shorter sea journey tines to narkot wth-benefits of froshness

and premum prices.

)

NS



Coastal or interisland fast distribution of
containers from a nmain port should be attractive as an
‘express' service where quick deliveries can justify premum
rates. The [light package 'express' service delivery
business is growing and craft able to accommoda=e |ight vans

or lorries would be worthwhile for overnight short haul

routes.

In the past we have looked at riverine fast
transport. In fact the very first application enquiry for
an S.E.S. craft in 1969 was to take cargo of tea by river
from the Assam valley in |India dow the Brahmaputra to
Cal cutta. Very sinple unsophisticated high speed barges
may evolve for certain areas (see Fig.61 but it is obviously
difficult to conpete in the min wth efficient rail and

road transport if such facilities are available.

H gh speed craft are by definition relatively |[ight
| oaded vessels and are best suited to cargos which have a
loading density no nore than the base loading of the craft.
Even at this density only about 40% of the deck space can be
used since it is unlikely apart from rivertype vessels that

the payload fraction could be higher than 40% of the all up

weight of the craft.

Perhaps the nost appropriate ‘'cargo’ fcr high speed
craft is that directly associated wth passenger; i.e. his
personal transportation nmodule. i.e. the car. It is

difficult however to charge on a weight basis tte sane fare
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for cars as passengers and therefore only on routes that
have dense traffic and preferably on an all year round basis

will such applications be viable.

The English channel is one application as previously
nentioned that has at least sustained such a service wth
the anphibious hovercraft. Other now nore cost effective
options now offer themselves. (- and |I'm not referring to
the tunnel). (e possibility is to use the deep cushioned
60 metie 54 Ki. S ES craft as proposed by Hovermarine in

the HW/60 design. See Fig.7.

A large proportion of international ferry routes
depend heavily on travirg a captive narket on board for the
purchase of duty free goods. h some routes this is such
a» inmportant factor that they would not be comercially

viable wthout such facilities.

The size of the manufacturers' market at todays

costings is sonmewhere in the range of 60 - 120 nmllion US

dollars per year. There are up to sixteen mnufacturers able
to seriously conpete for this. In order to sustain this
industry other ways and outlets wll have to be found. One

way of expanding the narket is of course to promote licence
construction perhaps in areas where |ower cost labour js

avai | abl e. In certain developing countries water transport

my be the only practical alternative to costly road construction
which requires huge sums of capital investment. In such areas

river transport could gencrate a large sector- in the narket.
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e thing is certain and after over twenty vyears in
this business | have no hesitation in saying that one has
to MKE one's narket in high speed narine transport. There
is no natural hidden «craving for our products just waiting
to be discovered = the hard facts are that comercial and
govermental inertia, prejudice, already vested interests
all continue to resist change and investment in this exciting
transport area. In spite of this and through costly
devel opment and denonstration programmes some of us, sonme of
the time come through with gleamng success. "nevitably
such success is cyclical and to sustain such enierprise the

conpani es involved nust have other products or gervices to

sel I

As requested ny remarks have been limted to comrercial
craft as | believe other speakers have been asked to talk of
potential mlitary applications. However | Dbelieve the

market so far developed for commercial applications is just
the tip of the iceberg - the hidden potential for large
vessels wll be mlitary and quasi mlitary and in value an

order higher.



SERVICE
SATISFIED

RIGHT SPEE]
RIGHT SIZE

SCHEDULE.
NO. OFF
VEHICLES.

REQUIRED

kg

NUISANC

JYEHICLE  TYPE
ROUTE & DISTANCE

ENVIRONMENTAL
CHARACTERISTICS.
WAVE CONDITIONS.
CRAFT RESPONSE.

FIG.0




v

10 R
% WIND SPEEC)
IS LESS
THAN V,
G0 H ~ e ]
80 1
04
[ I
50
4o 4—
04 - Ao
2010 — —-
104l R
: |
0 10 2 o)

Vi ~WIND SPEED Kkts.




M

K

R
o e —_— _ - O+ o™
. T T [e8 :
(O]
| m
~ i W
o2
II;AV o \lYAf1| —_ i WISN\.
| —t _ - =
i 1
1 ; |
; . -
H ¢ 1 |
; . | ; _
o
S A =
7 i 1
I
| L o
1 N -
- ||‘+» <
H —
! |
az
) ! s i
_ S _o 9
™ =T
; L)
| | )
,II.
| U
- <
! ' @ or
' ] L]
n ] _
-8
B ,
/ ©
——" —— ,w
i
! =
P I
3 _
¢ o~

(‘wu) HDNIT 31n0Y




Number of Routes

60 -

\

50

LO 5

30 1

\§§§§§§;§§§§§;Q\\C\\S\\fx\?\

20 -

10 ~

50%

WORLD FERRY ROUTE

SAMPLE

of Total Routes

Less Than 25 n.m.

75 % of Total Routes
I Less Than 70 nm.

L e

50

100 150 200

Stage Length = Nautical Miles

250

|
300

FIn,4




SPEED ( Knots)

120 T T

|

SPEED LIMITED BY AVAILABLE TRAFFIC

l

USING COMFORTABLE CRAFT S UTILIZATION

0 2 000 Hr. ANNUAL UTILIZATION v FACTOR =
- . y JOURNEY TIME
50% LOAQ FACTOR {JOURNEY & TURNROUND| TIME
= 0.7
\ ? Craff/\1 Craft

804——— ’ —

I / A
60-'—-~~' . /B N

N

Ve

b0 | — - AS
\ /\/D
IMAX. SPEED DISPLACEMENT VE_SS_ELSJR
2 e
0 20 40 60 80 100 120

FERRY ROUTE LENGTH (n.m.)

FIG.5




‘OId

100 Ton PaYLOAD
HDVEHFFIEIGHTE 2= ]



L

()
e
&
o
ﬁ»
L
&

i s
~gr————

The HM760 - 60 metre Passenger/Car Surface Effect Ship

Payload: 500 passengers and 76 cars
Maximum Speed: 54 Kts.
Speeds up to 40 Kt. in 3-4 metre waves.
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SUMMARY

Al high speed marine craft rely on the
efficient use of materials and as greater
efficiencies are sought, the nore inportant
becomes the need to apply materials to
mnimse weight whi | st mai nt ai ni ng an
acceptabl e performnce. This paper reviews
the current materials available and |ooks
ahead to how these naterials can be applied
to the benefit of high speed craft.
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1. | NTRODUCTI ON

There is no one material that answers all the design criteria for

high speed marine craft, sinply because the craft vary in size,

?peed, operati onal envi ronment, quantity, cost restraints and
unction.

There is undoubtedly though one very inportant factor to be
considered by any designer for high speed craft and that is how
to produce a light, yet robust structure at mninum first cost
and mnimum through |ife cost.

This paper Wwll address the possible candidate materials for
primary and secondary structure with this aspect of cost
effectiveness in mnd and with a particular enphasis on the need
to keep weight to a mninum and yet naintain a sufficient |[evel
of robustness.

The choice of materials is extensive between the range of
suitable metals and conposites (fibre reinforced polyners).
However, given a clear set of «criteria embodying both the
structural ~ performance required, the mnufacturing facilities and
the operational requirenents, the <choice can be realistically
quantifi ed.

It is suggested that if the structural engi neer, materials

technol ogist and naval architect were to work together at the
conceptual design stage and onwards through to production, then a
nore radical approach to the overall design of fast narine craft
could he taken leading to inproved performance.



2. CANDI DATE MATERI ALS

Hgh speed narine craft generally require a light vyet robust
structure and if they are to operate in a comercial environnent,
the structure nust be cost effective. Mlitary vessels nmay
accept a higher structural cost for the gain in performance and
therefore the nmore expensive mterials could be considered.

The choice of nmaterial lies between netals and the non-netallic
materials. Metals can be split between steel alloys and
alumnium alloys.

The non-netallic materials include wod and fibre reinforced

ol ymers (conposites). The wuse of wood for primary structure
as decreased dramatically since the introduction of “conposites,
but plywood still enjoys a high usage in internal and secondary

structure.
Attention here wll be given to high strength steel alloys,

alumnium alloys and fibre reinforced polymers.

gorrr)aring materials is a difficult task and can lead to a great
ea

of msunderstanding and confusion. To properly quantify
the benefit from one material to another, it is necessary to
design structures and have them costed. This is time consum ng
and expensive. However, conparing materials by their mechanical

properties and raw costs is only indicative but nevertheless a
useful task as it does put “into perspective the various
materials, particularly if specific values are conpared.

Table 1 provides a conparison of the basic nechanical properties
of the various materials discussed. The material raw cost will
of course depend on quantity purchased, source and exchange
rates.

* STEELS

The nost common carbon steels (mld steel) have been used
extensively in ship building as they are Inexpensive, easy to

weld an “therefore low in fabrication cost. For high speed
craft hoywever, where weight Dbeconmes nore critical, they are
naturally heavy, which added to through |Ilife problenms of

corrosion Leading to increased mintenance costs, reduces their
acceptability.



Fibre lensity |Tensgile Tensile Compressive Speci fic |Specific [Material
MATERIAL Matrix Weight ,““'—jse Strengt h |Modulus Strength Tensile Tensile Cost
Fraction g/cm (N/mm<) (KN /mm (N /mm <) Strength [Modulus {E/kg
Mild Steel 7.8 ¢130-540 207 255 62 21 0.35
BS4360-43C
Steel Cor-Ten A 7.8 480 207 340 62 27 0.40
HSLA 7.8 620 207 550 80 27 0.40
Al. Alloy 2.67 312 71 140 117 27 2.10
5083-0(N8)
Al. Allay 2.70 310 69 270 115 25 2.40
6082-TF(H30)
'E' Glass Random Polyester 0.33 1.44 80-130 7. 3-9.3 140-150 73 6 1.60
Mat
‘E’ Glass Woven Polyester 0.50 1.63 210-300 12-21 1 SO-270 156 10 1.R0
Roving
'S' Glass Woven Polyester 0.50 1.64 440 20 210 26a 12 5.50
Roving
Aramid K49 Woven Polyester 0.44 1. 31 430 26 115 328 20 17.10
Carbon Fibre Polyester 0.40 1.40 460 30 330 11 35.60
Woven
Aramid K49 Woven Cold Cure: 0.55 1.31 450 30 172 344 23 28.50
Epoxy
Carbon Fibre Cold Cure: 0.59 1.47 550 55 360 374 37 37.30
Woven Epoxy
PEEK/CF APC-2 PEEK 0.67 1.66 2130 134 1100 1283 al 150,00
122 ’/#
TABLE 1 : COMPARATIVE PROPERTIES OF METALS AND COMPOSITES.




However, the advantage of Ilow material costs has led to the use
of such steels as the weathering steel Cor-Ten A and nore
recently, HSLA. The attraction being inproved properties
leading to reduced structural weight whilst maintaining a
relatively low fabrication cost conpared to alumnium alloys and
conposi tes.

Hgh strength |ow allciv_ steels (HsLA) have been researched for
use in naval vessels(!) where benefits of reduction in cost of
wel ded ship structures when conpared to HY-80 steel, have been
shown to be in the range $0.40 to $0.90 per pound (£0.18 to £0.14
er kilogram), which would lead to significant savings for a
arge naval vessel. HY-80 is a difficult nmaterial to weld
requiring a pre-heat requirenent as part of the welding process.
HSlLQ\ does not require this and it is clained an easy naterial to
wel d.

Despite the good tensile strength properties of steel and high
stiffness, the attendant high density of the mterial reduces the
specific tensile strength to the Ilowest of the materials
presentel in Table 1, with a good comparitive specific
stiffness. As strength is normally the limting criteria, as
opposed to stiffness, then the use of steel wll not produce the
|1 ghtest structure.

Specialist steels such as stainless Steel and Monel will
continue to be wused for ancillary conponents, but because of
their high cost and difficulty of fabrication, they are unlikely
to be wused for primary structure.

* ALUMINIUM ALLOY

Like steel, this mterial has been wused extensively for small
vessel construction and for the superstructures to Iar?e
vessel s. The materials used in the marine industry are well
understood and favoured for high speed craft because of their
inproved weight performance over steel and their ease of limted
quantity fabrication when conpared to conposites.

The nechanical strength of the 5083 and 6082 alloys are not
particularly high, but when Ilooked at specifically, they conpare
well with other naterials -~ even on stiffness.

The naterial is easy to weld if undertaken properly, but the weld
reduces considerably the strength of the parent netal resulting
in increased weight over a rivetted oOr bonded 'structure.
Rivetted sStructures are however nuch nore expensive due to the
hi gher 1labour content.



The bonciing of alumnium alloy (and of steel) is receiving
attention in the autonotive industry as a neans of inproving
structur:zl efficiency. The technology of adhesives exists to
join metils - for instance aircraft structures have been Redux
bonded 1{or several years, but the usage of bonding primar
structure of alumnium alloy for narine vessels requires researc
and production experience.

Devel opment  of alumnium alloys has been prinarily aimed at the
aircraft and automotive industries by the introduction ofr
alumnium lithium alloys giving a reduction in naterial density
for lower weight aircraft structure and superform alumnium alloy
for low cost conplex shaped conponents. Neither of these alloys
would be efficiently used in the narine environnent due to their
poor corrosion resistance.

*  COWPCsl TES

Gl ass reinforced polyester was introduced into the marine
industry about 40 years ago and is now a comonly used material.
The naterial is favoured for its good environnental resistance
good formability and as grp, requires only sem skilled labour in
production.

The comon E glass chopped fibre reinforced polyester has only
modest strength and low stiffness but due to the naterial's |ower

density than netal, exhibits an acceptable specific tensile
strength but a low specific nodulus. Using E glass continuous
fibre as woven rovings inproves the specific strength value but
still leaves a low specific nodulus.

E glass fibre reinforced polyester remains the nost commonly used
materials for conposites, primarily because of their low cost and
ease of handling in production. Designing for stiffness though
results in the need of sandwich type materials or increased mass
conpared to netals.

Inproved glass fibres such as S and A glass, have not been used
extensively in Europe, despite their improved mechanical
properties. This may be because of the much higher cost than
E glass fibres.



The introduction of aramd fibre (Kevlar 49) has provided the
opportunity to dramatically increase the properties of
thernmosetting resins such as polyester and epox?/ and as the fibre
has a density nearly half that of glass fihre, the specific
strength and stiffness values are significantly inproved. From
Table 1 it can be seen that the specific tensile strength of
woven Kevlar 49 is about twice that of woen E glass fibre and
three times that of alumnium alloy wth a specific stiffness 20%
| ess. Kevlar  however, does have a relatively |ow conpression
stress which inhibits its wuse in certain structural areas.

Carbon fibre, the nost expensive of the currently available
reinforcing fibres, has marginally inproved tensile and stiffness
pro[)erties, but much inproved conpression properties conpared to
Kevlar fibre. However, being a conductive naterial, its usage
in a narine environment requires care in detail design to avoid
corrosion where nmetals are used.

The marine industr has yet to wuse the more expensive
thermoplastic materials which are Dbeing extensively resear ched
and wused in the aircraft industry, where weight reduction is of a
much higher priority and conparative structural costs are also
much higher. Table 1 includes the properties of APC-2
continuous carbon fibre reinforced PEEK (polyether et her ket one)
thermoplastic in order to put into perspective the properties and
costs. It is perhaps worth noting that the specific tensile
strength of APG2 is some twenty times that of steel and ten
times alumnium alloy with a specific stiffness three tines that
of metal. However, ~the raw material cost is also to be noted as
over four hundred tines that of steel giving the obvious reason
for its limted use.



3. MATERI AL SELECTION pPoR PR MARY STRUCTURE

Material selection for primary structure, i.e. the hull and
superstructure, decks and bul kheads, should be nmade against a
clear set of paranmeters, not by some arbitary choice based on
say, What materials and production facilities are available.

For high speed marine craft, the parameters are undoubtedly going
to include mninmum weight and cost. Mninum weight shoul d
always be a driving parameter because excess weight sinply means
excess nmoney, increasing capital cost and through life cost.

But weight has also an effect on performance as the greater the
weight, the slower the speed or increased engine power to
maintain the design speed.

SPEED (wnots)

Figure 1 : the effect of weight on speed for a 9 nmetre planing
craft.

To illustrate the effect of weight on performance, consider as an
exanple a 9 netre high speed planing boat wth a displacenent of
approximately 5  tonnes. Constructed in alumnium alloy to

nor mal standards, the structure would be approximately 2 tonnes.
Figure 1(<) plots speed versus weight for various power ratings
and indicates the fall off or increase of speed for an increased
or decreased weight from the 5 tonne displacement considered.
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For instance for a power of 300kw (400hp), a reduction in weight
of 1 tonne increases the speed from 35 knots to 38 knots and an
increase in weight of 1 tonne decreases the speed to 30 knots.
The effect of weight reduces as the speed increases, but ferries
operating at between 20 and 35 knots are currently the norm so
wei ght control and design for mninum weight “are inportant.

Increased weight wll also effect through life cost as if nore
power is required then increased running costs wll be incurred
etc.

However,  weight reduction nmust be executed cost effectively
whilst nmaintaining an adequat e level of robustness to avoid
through |ife damage. uE to the structural designer to
select his naterials to Sui t e cost parameters set, but in

order to do so, he nust work closely wth the naval architect to
quantify the weight/cost/performance cycle.

As a general rule, steel structure wll be the cheapest in cost
per kilogram fabricated, but also the heaviest. Because of the
significant increase in mass over alumnium alloy or conposites,
the resulting total structural cost may be higher than the

l'ighter materials. Ctoosing steel, even the higher strength
alToy steels, wll, if properly vel ded, give a good life as
fatigue is wunlikely to be a problem There is insufficient

published evidence to provide quantifiable data on cost of such
structures for high speed craft as it is little used. The

material has been favoured by German and American builders of
surface effect ships, but probably nore from tradition rather
than performnce.

For mnimum weight, the choice is left betwen alumnium alloy
and  conposites. It can be readily shown, and has been by a
number of designers, (3)(#), that welded al uni ni um alloy cannot
corrpete with properly engi neered conposites on weight. However,
i f is one-off construction, the cost of the conposite tooling
results in a total cost in excess of the alumnium alloy
construction, although this cost difference can often be eroded
by the use of sandw ch construction for conposites and the cost
of finishing alumnium alloy structure to an acceptable external
aesthetic level.

The wuse of rivetted alumnium all og used for instance by
Rodriquez Cantiere Navale for ei r hydrofoils, generally
increases the cost of manufacture but reduces the weight, due to
increased mechanical properties of the material over welded
structures. The very lightweight rivetted construction as used
by t he British Hovercraft Corporation SrRN4  hovercraft,
undoubtedly produces a light weight structure, but at a high
cost.



Were vessels are to be constructed in quantities of nore than

three or four (depending on size), then conposites wll be both
the cheapest and |lightest. Properly engineered, they wll also
give added benefit 1n through Iife costs due to their inproved
envi ronnent al resistance over metals and their nmuch inproved

fatigue life over welded alumnium alloy.

The current difficulties of composite structure are more
subjective than objective. Due to many problens in the past of
poor design and construction, and to some extent from the lack of
good design standards, there is a reluctance on behalf of some

naval architects to specify conposites. Perhaps also the vast
range of fibres and resins inhibits the inexperienced designer
in the wuse of conposites. It 1s, however, this range which

provides the designer wth the neans of taking weight reduction
to an optimum Jevel as the fibres can be selected and
stragetically used to provide local strength or stiffness.
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4. MATERIAL SELECTION FOR SECONDARY STRUCTURE & COMPONENTS

| nsuf ficient attention is given to material selection for
secondary structure (propellor shafts, rudders, superstructure)
and to conponents  (internal fini shing, deck  fittings, seats
etc.). For high speed craft, more attention should be paid to
this area as weight can be readily reduced often w thout
incurring a cost penalty.

Some interesting work has been carried out on propellor shafting,
conparing conposites wth conventional steel shafting for both
warshi ps and snmaller vessels (3). For smaller vessels the
researchers have indicated that for an 8 netre vessel, the
shafting weight of 227 kgs in copper alloy can be reduced to 68
kgs in filament wound conposites, all for a surprising 508 cost

reduction. The cost reduction is assisted by the reduced number
of support bearings as a result of reduced mass effecting shaft
whirling levels. Conposite shafting is now being used in the

automotive industry for the same reasons.

Wiere vessels have been designed for mnimum weight primary
structure, it is dissapointing to see weight being thrown away
on the fit-out, wparticularly 1n furniture, doors and trim A
philosophy simlar to that wused in aircraft design should be
adopted =~ that of mninum weight throughout, but at a quantified

cost level. For instance, solid plywod doors can be replaced
by sandwich construction of plywod and |lightweight cores to
dramatica'ly reduce weight at no additional cost. Al um ni um

allov skiined alumnium honeyconb sandw ch construction is a good
choice for decks and bulkheads, leading to reduced weight and
increased stiffness.

Stainless steel is a traditional material for deck fittings and
finishing, but it is beconming expensive and is, of course,

heavy. There are several non-netallic alternatives, which if
carefully selected, can provide increased performance wthout a
reduction in aesthetic value.

Flexible naterials are wused in hovercraft for skirts and for
inflatable craft. Nylon reinforced neoprene and natural rubber
being the <choice for hovercraft skirts wth Kevlar added for
higher strength and wear resistance for inflatable craft.

10



5. THE PCSSIBILITIES AND CHALLENGES

Today's challenge for high speed nmnarine surface transportation
must be the ™meed for “reliable and cost effective craft.

Materials are at the heart of this challenge.

For progress to be nmade though, experience and data nust be

accummulated. This requires noney, but above all, courage on
behal f of the designers and operators to explore the
ﬁossibilities. A great deal of progress has been made wth
ydr odynami cs, and even aerodynamcs, to push the speed of
vessels wupwards whilst maintaining efficiencies of power and
cost. Less progress has been nade wth the application of

materials for the benefit of structural and conponent efficiency.

To reduce the cost of reasearch and devel opment, the narine
industry can turn to other industries, such as the aircraft and
automotive industries, where the experience in [|ightweight
structures can be found in the fornmer and production techniques
in the latter. This has certainly happened in the hovercraft
industry where designers have been drawn from the aircraft
industry to produce both large and small hovercraft. A
di sadvantage of this approach is the attendant high costs of some
manuf acturers who have built such craft in an aircraft

manufacturing environment. It is wunlikely that the design
skills wll be found in conventional shipbuilding which could
handle with experience the non-metallic higher performance
conposi tes. It is therefore suggested that the high speed craft

industry, one which is already justifiably finding its own market
nL_cth, should create its ow Dbreed of design and manufacturing
skills.

An alternative, or indeed a parallel approach to accummulating
data, is by collaborative research. A recent programme of work
reports a collaborative joint venture devel opnent programme in
the WK betwen Du Pont de Nenours, Oou%ar Hol dings Ltd., Scott
Bader & Co. Ltd. and design consultants(©). This programe was
concerned with the application of high perfornance fibres (Kevlar
49) and new types of matrices (nodified acrylic polyners) to
produce light, vyet robust, structures for high speed power craft
and to investigate the induced forces and craft nmotions by direct

measur ement . Material suppliers in conjunction wth power craft
builders and designers collaborated to research jointly their own
particular requirenent. Mre such progranmes are needed to

provide the seeds of experience in materials on which the high
speed craft industry can grow.

11



The nmetals currently used by the industry have to a great extent
reached a plateau of devel opnent. Certainly, higher ~ performnce
alloy steels have been introduced, but these are not i deal
materials for craft seeking mnimm vveight.

It is wunlikely that alumnium alloy can be inproved significantly

for narine use. Mbst  vessels enploying this nmaterial use
welding as the nanufacturing nethod, which can |ead to poor
service performance due to fatigue cr acki ng. The naterial does
not performwell in the presence of fire, which is causing
concern amongst some end users. To reduce the probl enms
associated wth welding, developnent nust lie in adhesive bonding

as rivetting is a labour intensive activity.

Composite materials have established thenselves as the nain
production nmaterial wth glass reinforced polyester (grp) the
most extensively used material for small to nmedium leisure
craft. It is interesting to note that E glass and polyester
resin are cheaper in raw nmaterial cost than alumnium alloy, so
that provi ded the inherent tooling costs of conposites can be
anortised quantltg productlon grp Wl remain as the nost
wi del y used naterlal ecause is cost effective for both first
cost and through Ilife cost due to nmuch inproved environmental
per f or mance.

Materials that are high in raw material cost, do not necessarily

nmean they are expensive in product cost as the manufacturing cost
per tonne of mterial is now the najor cost of the finished

product . Care nust therefore be exercised by designers to
quantify material cost by equating finished structure or
conponent cost and better still, but conparing through life cost.

A challenge for tonmorrow wth respect for composite materials
lies in this factor - the conversion cost of the raw naterial
into the finished product.

Probably the best exanple of an efficient conversion process is

extruded alumnium alloy. The process requires only mninal
tooling cost and the associated labour cost is low resulting i
only a small mark-up on the naterial cost to the finished
product .

Composi tes re%uwe tooling to make the product and if that

product is 0 nmetre vessel, the tooling can cost as mch as the
first structure.  This factor inhibits the use of conposites for
one-of f construction. Various cheaper alternatives to a large

female tool exist such as the wuse of sandwich construction on A
tinber frame nould or the use of pultruded conposites to provide
the null shape and hold the fpam for the sandwich core {7)

12



To make a major breakthrough in conposite processing requires a
new aPproach to tooling. (he such aﬁproach would be to have a
variable surface tool that could be changed in shape to make a
variety of conponents or portions of a large hull which would be
subsequently assenbled to nmake the conplete hull. The tool
woul d  be ‘conputer driven using de5|gn co-ordinates generated in
the drawing office, therefore providing a true CADCAM system
dedicated to making cost effective and highly efficient [ight
wei ght structures for high speed craft.

Another nmajor challenge lies ahead though if materials are to be
exploited to the benefit of performance of high speed craft and
that is the challenge to get the naval architects to work with
the material technologists, the structural designers, the
interior designers and the material processors at the conceptual
stage of any project and to remain as an integrated team
dedicated to "the task of optimum performance right through to
production.

Too often an architectural design is conplete before the problens
of materials and structure are addressed, leaving the structural
engineer with the very difficult task of neeting a target weight
and having to contend wth extrenely conplicated hydrodynamc or
aerodynam ¢ shapes.

CGood design is a conpromse between the many facets that make up
the total design. Starting wth an integrated team is of
par anount | nportance.

[f such freedom of thought was allowed by the nmnaterials engineer
and the structural designer, the process of thought must be to
find the right naterial which is fit for the purpose, cost
effective and acceptable for the given Farameters. There will
not be one naterial which wll be suitable for everything. As
an exanple, consider a large one-off SWTH vessel, where such
a process of thought could lead to the use of geodesic structure
incorporting tubes of suitable material to neet the particular
|oading node, and where also no tooling would be required.
However, because a geodesic structure is to be considered, the
naval architect nust conprom se hydrodynamcally.

Such freedom of thought from the conceptual stage of design is
essential if today's materials are going to benefit tonorrows
high speed craft, and indeed such freedom of thought, conbined
with the courage of designers and operators to explore all
BOSSIbI|ItIES, Is essential if tonmorrows naterials are going to

e used.
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1. ABSTRACT

Fundamental problems related to propulsion of high speed crafts below 55
knots are discussed. The discussion has been limited to waterjet pro-
pulsion and to propulsion with conventional and partly submerged pro-
pellers. Results from model tests with a propeller operating in fromt of a
2z - drive are presented. A comparison is made between the propulsive effi-
ciency of a ship propelled alternatively with conventional propellers, a z
- drive and a waterjet .

Finally propulsion in a seaway is discussed.



2. CONVENTIONAL PROPULSION AND PROPULSION WITH A Z DRIVE

High speed crafts propelled with conventional propellers do normally have a
shaft arrangement as shown in fig.l. This system works sufficiently for
moderate speeds but for higher speeds the the appendix resistance will
become to high. Rudder, shafts and brackets may at 20 knots give a
resistance which is approximately 2% of the total resistance. At 40 knots
this resistance may be as high as 10% of the total resistane as shown in
the figures 2, 3 and 4. At speeds above 50 knots such arrangements are dif-
ficult to use due to cavitation and ventilation.

The resistance of a rudder or a strut is:

Re = Cpr. p/2 . vs2 ..

where

¥ = speed of the craft

VecC
Rn = Y (Reynolds number of rudder or strut)
S = wetted surface of the rudder (or strut)

0.075 . (1+2 . t/c)
Cp,. * 2

(log Rn = 2)

¢ = chord length of the rudder
t/c = thickness chord ratio of the rudder

The resistance of the shaft or the fairing is according to Hadler (6):

Rs = p/2 .Vs?.1 .d (1.1 .sin’e + 1t - Cp)

where
Ce = 0.075
(log Rpg - 2)°
vel
Rps = -
€ = shaft inclination angle
d = shaft diameter

.A
1

length of shaft



If this equation is applied for the barrel, corresponding length and
diameter are used. For the system shown in fig 1 the added resistance is
given in the figures 2, 3 and 4. The added power due to appendix drag is
presented as a fraction of HP. In the calculation of the resistance the
equations given above were applied. For speeds above 40 knots it is evident
that this resistance becomes a problem. Model tests confirm that the order
of magnitude of the results are correct. Still cavitation and ventilation
have not been considered. As a consequence of these circumstances it is
natural to look for alternatives.

The waterjet has been proposed as an alternative to conventional pro-
pulsion. An other alternative is the I drive which was introduced many
years ago. See figures 5 and 6. Financed by NTNF Marintek tested several
units of this type since 1980.

With the propeller in front of strut and body the inflow to the propeller
becomes homogenious, which will reduce the cavitation induced noise.

When the strut is equipped with a flap as indicated in fig. 5 the follgwing
advantages are obtained:

1.  Increased submergence.

2. The strut and the flap acts as an effective rudder. (See fig. 14 from
[111)

3. Improved thrust/torque ratio and thereby total efficiency due to the
interference between preopeller,strut and body.

When the propeller is placed in front of the strut and the body the static
pressure behind the propeller will increase leading to higher thrust and
torque. This effect is discussed for excample in van Manens dr. thesis
(10). We may very roughly express the torque and the thrust of an equiva-
lent section of the propeller by:

dTp p 2nr Clor + Awr) = U7/23 . W7t + AU dr

and
p 2nrl (VA + Ua/2) (UT + aUT)dr

dQ



where

Ut = tangential velocity far behind the propeller without the body
and the strut.

AUt = change in tangential velocity far behind the body due to strut
and body.

Awr = change in inflow velocity to the propeller due to the presence
of body and strut.

In this way it is possible to understand the marked increase in propeller
thrust and the more moderate increase in torque resulting in an increase in
efficiency. The drag of the strut will only to a small extent be compen-
sated by the forward tilted component of the side force induced by the
rotation of the propeller stream.

The z drive has resistance due to the speed of advance and due to the
induced velocity of the propeller. If the propeller and the strut are close
to each other the increase in propeller thrust will give an additional
resistance on the strut as indicated in fig. 7. (AT). The corresponding
increase in torque (AQ) is also indicated. If cavitation occurs on the

strut and the body there may be a marked increase in drag as shown on fig. 9

This increase in drag will reduce the efficiency of the unit dramatically.
Neglecting cavitation and propeller induced drag the viscous drag of the z

drive can be estimated be dividing the unit in 3 parts as indicated on fig. 7.:

I : The body
Il : The strut within the slip stream
lll: The strut outside the slip stream.

Referring to fig 7 the drag og the body is:

RI = (VO 1 ca)z . p/z . SI . (l + & . D*/L) L} CF
(Vo + C3) . L 0.075
Rn = , CF = 5
v (log Rn .2)
where:
L = length of the body
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S1 = wetted surface of the body
D* = equivalent diameter of the body
k = form factor

The additional axial velocity Ca induced by the propeller is estimated as a
function of the propeller loading:

cT = ;;— . I
ca = VA (v1+Cy -1).
The resistance of part 1l is estimated from:
Rt = (Vo + Ca)? p/2 . Si1 . (1 + 2 uo o CF
Vo - Ca) .. 0.0075
s U RS {log Rn . 2)2
where:
t/c = thickness cordlength ratio of the strut.
The resistance of part Ill is estimated with the same formulaes but using

Ca = 0. We have used these formulaes for full scale and model scale for
the unit shown in fig.5. As seen on fig. 8 this gives a considerable scale
effect: |If such units are applied one should therefore be very carefull in
securing that the surface is as smooth as possible..

The unit shown in fig. 5 was designed by A.M. Liaaen and tested in the
cavitation tunnel of Marintek. Drag, propeller thrust, torque and side force
were measured for different flap angles and cavitation numbers as shown on

figs. 9 and 10. The propeller was designed by Marintek and had the
following characteristics:

Diameter  model: D 250
Number of blades: Z 4
Expanded blade area ratio EAR 0.74
Hub/diameter ratio: d/D 0.326
Thickness/chord ratio: t/c 0.021
Chord/diam. ratio: c/D 0.507

The propeller was tested at P/D = 0.90, 1.2 and 1.45 at different cavitation
numbers.
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The efficiency of the unit is given by:

_ Kt Ja
L Kq "7
where D T
KT = + L
pnzDL+ anDh

()
I

drag of the unit

propeller thrust

TP
Kq

propeller torque coefficient.

Fig. 10 gives the side force in Newtons as a function of the flap angle.

For comparison fig. 14 may be studied. Based on the tests we get:

Vs (knots) 35 42 53

D (m) 1.250 1.250 1.250
Ko (model) 0.0245 0.0250 0.0265
Kp (model) 0.0940 0.0823 0.0656
Kd (model) 0.016 0.018 0.0225

Kd {ship) 0.0097 0.01091  0.01029
J 0.839 1.066 1.235
P/D 0.985 1.180 1.390
HP 3293 2774 3589

n (model) 0.600 0.682 0.563

n (ship) 0.634 0.731 0.662

The difference in drag between full scale and model scale was calculated
applying the procedure described above. The propeller was also tested
without the z drive at different pitches and cavitation numbers. These
tests give the following results:

Yg (knots) 35 42 53

D (m) 1.255 1.100 1.180
RPM 1000 1000 1000

P/D 1.25 1.43 1.60

HP 3293 2174 3589

n 0.620 0.69 0.675



We have assumed that the propeller operates in a wake equal to w = 0.035.

We may assume that the thrust deduction can vary from t = 0.015 to t = 0.020 and
that the relative rotative efficiency ny = 0.97 =« 101 depending on the

ship. Applying data from the figures 2, 3 and 4 for the appendix resistance

we get:
Vs 35 42 53
1 0.620 0.690 0.675
nr 0.97-1.01 0.97-1.01 0.97-1.01
h 1.015-1.021 1.015-1.021 1.015-1.021
napp 0.045 0.060 0.120

(l1-ngpp)nenpenh  0.583-0.611 0.638-0.669  0.585-0.613

This shows that the z drive will require approx. 5-10% less power than a

conventional propeller with inclined shaft strut and rudder. The propulsive
effect of the rudder is included in ny and t.

If strut and body are not carefully designed cavitation may restrict the
application of the z drive. The most critical part seems to be the choice
of strut profile and its thickness ratio. If cavitation occurs

on the profile, this will have an effect both on the sideforce and the drag
This is clear from fig. 9 and fig. 10 as well as from fig 11 The loss of
side force is easy to understand from fig. 12 from [113.It is seen that a
suction peak will be present near the leading edge of the flap. At high
speeds and large flap angles this will increase the cavitation on the suc-
tion side of the foil and gave a loss of side force as observed during the testis.
However at high speeds the need for large side force is limited. In addi-
tion the required force can be obtained by adjusting the flap angle
sligthly. The cavitation on the strut started at 53 knotsat approx. 60% of
the chord length. The thickness chord length ratio was 13,57% and the pro-
file a NACA 16 profile. The pressure distribution for such a profile is
given in fig. 13. Fig. 16 gives the minimum pressure for NACA 16 profiles
as a function of maximum thickness/chordlength ratio. This figure indicates
that cavitation will start at 66 knots if t/c = 0.10. To reduce the
thickness down to this value is no problem.

For propulsion of hydrofoil crafts the type of z drive shown on fig 38
which was tested at Marintek have been applied with success many times.
Powers up to 5000 - 6000 HP have been transferred cn 1 or 2 shafts within
the strut.
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When a propeller operates behind the body and the foil, the downwash from
the foil will influence on the propeller characteristica just as for
inclined flow (see fig. 43). Model tests with such drives have shown that

the propeller will operate in a wake of approx 0.05 = 0.07 and that ny will
vary from 0.97 to 1,00.
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3. WATERJET PROPULSION

Many of the problems mentioned in connection with conventionel propellers

like:
a. Appendix drag
b. Rudder cavitation
C. Vibration and noise due to cavitation and shaft inclination
d. Restricted maneouverability in calm water

seems to be eliminated with waterjet propulsion, which has been applied with
success on many ships not only on high speed craft. The waterjet has been
reported to give higher effic’ency than conventional propulsion down to
speeds as low as 35-38 knots for excample on catamarans. It is evident that
the waterjet has many fans not at least because of its low noise level. It

is also evident that there are some problems connected to waterjet pro-
pulsion.

The efficiency of a waterjet is very dependent on the design of the inlet
and the losses connected to the inlet. In order to understand how a water-

jet works we refere to fig. 17 where the total energy of a cross section is
given as:

ci = L . ﬁE Vn2 + Pn + pgho)VndAp
PQ

P

pressure in the cross section

3

velocity of the flow in the cross section

Vn

The volume flow Q is defiend as:

Q fVn dA
ﬂAn .

We may definedloss factors in accordance with [1] where the inlet loss bet-
ween station 0 and 1 in fig. 17 is.

01 29ahQ1
Cop = L= = 7

eo VO

The loss in the bend between station 3 and 4 is defined in a similear way:
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_ Aegq  20ahg
c34 = = 2

eo Yo

The outlet loss is defined using the outlet velocity as a reference:

Megs 298Myg
2

Cs5 =
es Vi

Normal loss factors for the type of waterjet shown in fig. 17 are:

€01 = 0.20 - 0.30
€34 = 0.02 - 0.04
C45 = 0.02 - 0.04

Assuming O pressure gradient in the inflow we may according to [13 define
the following wake factors:

wfe = —j}- Jve o (Yo" = Va7 )dA
VO 'Q A

wfi = L [ vx o (Vg = valdA
Yoe-0Q

where the velocity Vx in the boundary layer is defiend as:

v o=V (—%)1 7 (See fig. 17)
The boundary layer thickness is:
6 = 0.37 ... (Ry 02

The total head may then be expressed as:
V,2 V?‘
) V]
o= —gg— (1 + C48) = —g— [ = (Wfe + Co1 + C34)1+ ho
The thrust is:

T =p .. . IVj = Vo (1~ wild
where

Vj =

The pump efficiency is defined as:

N 121
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where Ps is the power supplied to the pump. The total efficiency defined

as:
T‘Vo
Ntot = Py
which gives:
ubs i 2u'tI-p.(l-Nfi)]
np L+ Gy - oIl - (Wee + Cop + C3q + 29, /Ny 0
= VO
B = -VE-

The optimum ratio is obtained for:

2gho
2

n _ f1 - [1-
opE = 1 -(W, +Cn +C., + 2300,
£ *C01*C34

0

Figure 18 from [1] gives n7/np for different yu vaves.

The power supplied to the pump is:

‘ RRL 2zn p .2nr§. W

30

{r.)y . v. (r) . dr

Ps = ¢ 3 '3 33 3

where Nf is a correction for frictional and other losses.

of revolutions for the propeller.

2
(1-wﬁ) (1+C

o ) J0.5 )

45)

n is the number

Inorder to estimate Pg and T we must find the relationship between V3 (r)

and W3 (r).
Bernoul 1is equation gives:

2 2 2
p3(r) = Pg *+ p/2 Ny = P/2 Wy" (r) = P72 V3" (1)

Due to the rotation and curved flow through position 3 we get:

+

ar = P r =

®y w2 (r) v ()
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where r* is the radius of curvature for the flow in axial direction. Dif-
ferentiation of p (r) and the equation given above is the basis for estima-

tion of V3(r) = f(W3(r))

For simplification we assume that Ps = Pg and that Vj is independent
of the radius. It is further assumed that the flow is free from rotation at
station 5.

We then finally obtain the differential equation:

2,7 () AN () ) 207 () )
—r  * —ar
which yields different V3 « W3 relations. However the principle of conser-

vation of energy gives:

R3 )
75 . (2r)ep rz-wa (r)) oV, (r}dr = H . g .p .Q

3 3
30

It is now possible to estimate V3(r) and W3(r) for a given thrust. Fig. 21
shows output from calculations according to the principles sketched above.

It is important to secure that the total pressure at station 1 or at the
inlet to the pump is high enough to avoid cavitation. An important para-
meter for estimation of cavitation is the difference between the gas
pressure pe and the total pressure:

pd

— o]
Ah —ﬁ + '2'9— [ 1 - (Nfe+ COl)+ ho J

If we define the suction number

Q 0.5

n n
B (a0 T8

we finally end up with the empirical relationship:

1 0.666 0.5

From D1 = v/4Q/n the required diffusion is determined. As a criterium for

choise of impeller the following parameter is used:

0.5 .
n o= o= (Spesific speed)

q
H0.75
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The typical range for radial pumps is ngq < 20. The Francis type is in the
range 40< ng < 80. For the mixed flow type typical range is: 80« Ng < 120.
Above 120 the axial pump type is actual. Very often the problem boils down
to the choise of the correct RPM in order to avoid serious cavitation
problems, which means that we try to keep Ngqs < 120.

For a waterjet with optimum Vj/Vo ratio we have estimated Ngs and nq for
different ship speeds and RPMs. We have assumed that HP = 2025. The result
is illustrated in fig. 19 and 20. The figures gives an idea about the
possibilities for choise of RPM.

The efficiency of the waterjet is as allready mentioned very dependent on
the inflow conditions or the loss factor Cq (see figs 18 and 23). In [4]
Haglund et al gave some results for ships equipped with waterjets. We have
used the theory given above and assumed a pump efficiency equal to np =
0.90 which is close to measurements made at KAMEWA. The calculation indica-
tes that loss factors equal to Cq = 0.20-0.25 were obtained for the flush
inlets in these cases as pointed out in [47.

The pump efficiency depends very much on the drag of the profiles on the
propeller or the impeller as indicated in fig. 22 where we have calculated

Mp for Cg = 0.004 and Cp = 0.008. These values are representative for full
scale and for model scale. It is indicated that Mp = 0.90 is a reasonable
efficiency. In the following examples we have therefore assumed that np =
0.90. We have further assumed that np = 1.00 and t = 0 which means that
only the viscous part of the wake has been considered. In fig. 25 we have
estimated the optimum efficiency for different powers and speeds.
Corresponding outlet diameters are given. If we deviate from the optimum

diameter we obtain results as indicated in the figs 26, 27 and 28.

The most used inlet is the flush type. Strictly speeking a given inlet is
only optimum for one condition. If we deviate to much from the design point
separation will block the inlet and give bad working conditions for the
impeller leading to cavitation and heavy vibrations. It is therefore
recommended to study the inflow to the inlets during propulsion tests, in
a cavitation tunnel or in a wind tunnel where the flow can be visualized.
There are several excamples where model tests have led to improved design.
One problem for hydrofoil boats and SES is the take off condition which
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require high thrust at low speed. In this case the inlet should therefore
be efficient at "off design”, as indicated in figs. 29 and 30 from [3].
Model tests and full scale experience have shown that air drawing or ven-
tilation may be a problem with flush inlets specially in a seaway and on
SESs where the immersion is restricted. Yentilation leads to thrust and
torque reduction and may lead to serious "dropouts™ under severe weather
conditions. One way out of the problem is to apply a scoop of the type
shown on fig. 31. This inlet will work well at the design point but for
"offdesign " conditions there will be a blocking of the inlet. The inlet
loss due to blocking may be expressed as:

m_R,z 2 v -2 v 22
BC=k(—)ellg=) -(v=), .1
R
where:
F = inlet area of the scoop.
Rj = outlet area of the waterjet

k is a constant depending on the shape of the inlet. The sharper the inlet
the higher k will be. It is clear that A Co will increase if the ship speed
drops as the thrust is maintained. For the scoop shown in fig. 31, we have
tried to illustrate this for different values of k. We have assumed that
the scoop is optimum at 55 knots and that the speed is reduced while the
thrust is kept constant. As shown on fig. 13 and 14 the thickness of the
strut should not exceed t/c = 0.10 in order to operate cavitation free above
55 knots. The inlet area follows from the required thrust. For the con-
dition given above we have calculated the drag of the scoop. As shown on
fig. 32 the drag is considerable and must be considered before such solu-
tions are proposed.

For the following conditions where the z drive was tested:

Yg (knots.1 35 42 53
HP 3293 2774 3589

we have estimated the efficiency of an optimum waterjet for different
values of Cg. It was assumed that C34 = C45 = 0.02 and that the pump effi-
ciency was equal to 0.90.

We got the following results:
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Vs (knots) 35 42 53

ntot (Co = 0.101 0.617 0.627 0.638
ntot (Cg = 0.151 0.596 0.606 0.614
ntot (Co = 0.20) 0.577 0.587 0.594
ntot (Cp = 0.301  0.548 0.556 0.562

These results have in fig. 33 been compared to the results for the conven-
tional propeller and the z drive. The propellers were optimized for 42

knots.

We did not for the water jet consider the thrust deduction factor (the
additional drag due to the installation of the waterjet). This factor is
normally very small and may even reach negative values. At reduced speed or
power, values up to t = 0.05 are possible. The wake factors will be of the
order of W = 0.05 depending on the shape of the afterbody. In our excamples
we have included the frictional wake which is relatively small. This means
that the values given above for the waterjet should be multiplied by the
hull efficiency:

1 -t
"W = T oW

ranging from 1.02 to 1.05 depending on the shape of the inlet and the
afterbody. We assumed that np = 0.90. Calculations and model tests indicate
that the full scale value may be higher. It is not relevant to consider
this in a comparison with conventional propellers where scale effects also

are present.
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4. PARTLY SUBMERGED AND VENTILATED PROPELLERS

If a propeller works near the surface or partly out of the water the effi-
ciency may still be acceptable. The following effects are present when the
propeller is ventilated and out of water.

1. The surface is disturbed and an axial velocity is induced which
decreases the thrust and the torque.

2. The out of water effect reduces the thrust proportionally with the area
of the propeller disk which is out of the water.

3. The suction side of the propeller is vented and the theoretical lift or
low pressure can not be maintained.

4. The ventilation will reduce the torque but to a smaller extent that the
thrust.

There are several papers on ventilated and partly submerged propellers {21,
71, 81, [91. The figures 35, 36 and 37 which are taken from [9] show
results from open water tests with a 4 bladed propeller tested at different
immersions h of the propeller shaft and at different revolutions. The pro-
peller had the follwing main characteristics.

Number of blades 2 = 4
EAR - = 0.80
P/D = 1.5

An important parameter for the ventilated and the partly submerged pro-
peller is the Froude number of the propeller defined as:

This number and the advance number Jp must be equal for ship and model.

Most of the data which has been published are from tests where Fn2 is far
below the full scale value for high speed craft and are therefore not
representative. They give too optimistic prognoses. The full scale
propeller operate partly cavitating and partly ventilated. Brandt et al [83
studied this combined effect. But it is still not fully understood to what
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extent the ventilation will dominate over the cavitation or surpress cavi-

tation. Let us apply the propeller mentioned above in an excample:

Assume that the follwing thrust is required:

V¢ (knots) 35 41 50
T ko) 3384 2820 2187

and that RPM = 1000 and 1250 HP is available for propulsion. The thrust
loading is defined as:

C —- T
T° 2
p/i2 . VA . R

For different propeller diameters and h/D = 0.25 we get:

Y = 35 knots
D (m) 1.0 1.2 1.5
J 1.085" 0.900 0.724
CT 0.254 0.1-77 0.113
Fn’ 113 135 170

VS = 42 knots

D 1.0 1.2 15
] 1.265 1.055 0.843
CT 01545 01074  0.0687
Fn 113 135 170

Vs = 50 knots
D 1.0 1.2 15
] 1.544 1.287 1.029
Cr 00806 00560  0.0358
Fol 113 135 170

In fig. 34 we have plotted the efficiency taken from the figures 35, 36 and
37 as a function of Fnz. Similiar plots based on data in 23, 73, @81 and
f91 give the same trend. From this it is temting to draw the conclusion
that the efficiency of a partly submerged or ventilated propeller can not
compete with the efficiency of a waterjet or a conventional propeller.
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However, successfull application of partly submerged propellers combined
a tunnel as shown on fig. 41 have been reported. Full scale tests indi-

cate essential improvements.

with
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5. PROPULSION IN A SEAWAY

In a seaway we may experience air drawing or ventilation due to large rela-
tive motions between the propeller and the surface which may lead to "drop
out" or may reduce the thrust considerably. The characteristics of a pro-
peller in a seaway is very much dependant on the propeller loading and the
initial immersion ho to the propeller center, the amplitudes of the rela-
tive motions and their periods. This is illustrated in figure 42 where
results are shown for a four bladed propeller tested at Marintek in regular
waves at two different immersions h/R = 1.0 and 1.5. The pitch of the pro-

peller was:
P/D = 0931

For a period equal to Tg = = the propeller characteristics for a similiar
propeller is shown in figure 39 as a function of submergence and number of
revolutions. The figure is taken from [23.

The important factor when a propeller operates near the surface is as men-
tioned in section 3 the Froude number. For the propeller shown on the
figure the highest value for Tp/D = 1.0 is:

2 _ (0.5 7.1)
Fo = —9ar-0.5 - 2°%9

In full scale we may expect values from 15 to 30, which indicates that the

thrustloss in full scale will be much larger than shown on the figures. Fn2
in this case is Fn2 = 4.587. Let us as an excample assume a SES operating

in towing condition or suffering from severe speed loss (fig. 40):

The ship operates at Y¥g = 5.5 knots, RPM = 625, P/D = 0.90 with a propeller
having unsufficjent submergence (Tp/D = 1). The diameter is equal to 1.25 m.
Under these assumptions we get J = 0.217 and Fn2 = 13.82. It is evident
that the risk for thrust loss is high and that this condition will be cri-
tical. It is also evident that the situation is improved considerable if
the submergence can be increased from hg/R = 1 to ho/R = 1.5 which is
possible with a z drive.
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We have data for a waterjet in a similiar situation and have reasons tg
believe that air drawing should be studied seriously in such cases for

excample through model tests in waves.
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CONCLUSIONS

Z drives of the tractor type with a flap on the strut to g ive side
force seems to be an interesting alternative to propulsion with water
jet on catamarans and SES for speeds up to 55 knots.

The efficiency of the z drive is higher than for conventional pro-
pulsion mainly due to elimintation of appendix drag and due to improved
propulsive efficiency.

. The z drive with a flap on the strut is an excellent rudder. For very
high speeds cavitation will reduce side force and efficiency if the
strut is too thick.

Waterjet propulsion is an atractive alternative to conventional pro-
pulsion if air drawing can be avoided and the inlet be designed to give
minimum inlet losses at the design condition and acceptable losses. at
off design. At speeds above 55-60 knots the waterjet is superior.

Ventilation can be a problem for ships operating with reduced speed and

high propeller loading in a seaway if the immersion of the propeller
shaft or inlet is restricted.

The z drive may improve the propulsive efficiency of catamarans and SES
in a seaway due to sufficient immersion of the propeller.

Modeltesting is a vital part of the design procedure for conventional
propellers, z drives and waterjets as well. Special attention should be
paid to propulsive efficiency in a seaway, design of waterjet inlets
and to cavitation and ventilation problems.
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8. LIST OF SYMBOLS

EAR Expanded blade area ratio
C Chord length
D Propeller (impeller) diameter
r Impeller or propeller radius
J =Vp/nD Advance coefficient
n Number of revolution
RPM Revolutions pr. minute
Vj Jetvelocity
"A Speed of advance of propeller
Vg Ship speed
Yo Ship speed (when equipped with waterjet)
Z Number of blades
T Thrust
Q Propeller torque
KT = I 5 Thrust coefficient
pn°D
KQ = 3 : Torque coefficient
pnD
P Pressure
Pe Vapour pressure
ho Static head
ho Immersion of propeller center
Tp Immersion of propeller center
TP Propeller thrust
HP (or PS) Power delivered to the propeller
n Efficiency
v Coefficient of kinematic viscosity
P Mass density
g Mass acceleration
g Cavitation number
H Required head
0 Volume flow
Fn Froude number
P/D Pitch diameter ratio
CT = T Thrust coefficient

0/2:Vp2en/aeD?
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Inducd axial velocity by the propeller
Angular velocity

Thrust deduction

Specific speed

Suction number

Max thickness of the profile

Impeller diameter

Jet or outlet diameter

Wake fraction
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0,2

Fig. 1. Dimensions of shaft bracket and rudder used in the example.
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Fig. 2. Appendix drag.



J

- 26

0.15 0.15
T app Napp
HP = 5000
0.10 0.10
/
/
e
//
/
e
//
0.05 0.05 AS7 .
0,/ ///
”~
I P
//// —_—
0 0 i
20 40 Knots 50 20 30 40 Knots §&¢
Fig. 3. Appendix drag. Fig. 4. Appendix drag.

Fig. 5.

Z drive for propulsion of SES.
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Arrangement of Z drive.
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Fig. 7.

Interference between propeller strut and body.
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Fig. 12. Influence of flap angle on pressure distributions.
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INTRODUCTION

The design of high speed vessels must be among the most interesting areas
of naval architecture. Vessels at high speed look impressive and are
exciting. However, to select the correct high-speed concept for optimal

mission characteristics is an extensive and challenging task.

In meeting the challenge of designing the best vessel the naval architect
must realize the different qualities and limitations of the alternative
concepts. In particular, one has to be aware of:

* The TfTunctional and operational requirements for the speciftied
mission.

The environmental conditions in the operational area.

The criteria for evaluation and quantification of seakeeping
performance.

The individual calm water and seakeeping qualities of the alter-
native high-speed vessel concepts.

It is the object of this paper to evaluate relevant vessel qualities
influencing the selection of alternative high-speed naval platforms. The
attributes and limitations, calm water and seakeeping performance of dif-
ferent concepts are summarized and design problems and development trends
related to these concepts are discussed. In this paper, vessels with speeds

of more than 20 knots and lengths up to about 100 metre are considered.

| HIGH SPEEDVESSELS |
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Figure 1 Review of different types of high speed marine vehicles. /1/.



MONO- HULL DATABASE  (LBA>20m.)

1. HIGH-SPEED VESSEL  CONCEPTS.

There has been an international increase of interest in the utilization and
development of high-speed marine vessels, both for commercial, patrol and
military applications. The number of vessels in service as ferries world-
wide has increased by nearly 50% since 1980, the largest part of the
increase is in the use of catamaran vessel /1/.

The following section presents the attributes, [limitations and development
trends for the alternative concepts. The data presented are taken from the
MARINTEK  High-Speed Database, which continously updates ship parameters,
resistance, propulsion, manoeuvring and seakeeping data for existing and
proposed vessels. The Database contains data on semi-displacement and
planing monohulls, catamarans, hydrofoils, SES® and SWATH's.

Figures 2 - 4 show the Loa-Displacement, Lwl-Beam and payload for high-
speed mono-hull vessels. It has been estimated that more than 3000 vessels
under 50 metres Loa are in active service world-wide. Vessels of lengths
greater than 50 meters are fewer in number.

MONO- HULL DATABASE (LOA>20m.)
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Notice that payload is defined as the load of fuel, oil, stores, cargo,
crew and passengers, given as percentage full load displacement. The
payload percentage and thus the full load displacement is dependent on the
vessels mission and on the operational requirements. Variation of payload
and the resulting impact on power and seakeping performance will be an
important consideration, when studying transport economy of high-speed
cargo vessels.

There are two types of hull form employed for high-speed displacement
vessels, the round bilge and the hard chine. The former has better
resistance characteristics for speeds below Fn = 1.0, and has better
seakeeping performance. Fn = v//gsL ; v(m/s), g = 9.81 (m/s2), L (m) .

Chined vessel are actual in sheltered waters, particularly for smaller
vessels, with high deadrise and increasing length. At very high speeds the
chine form has better roll stability. The chined vessel is assumed to have
a weight limitation of approximately 300 tonne (LOA 50 m), above which the
structural loads are prohibitive.

Major attributes of the round bilge monohull are:

high carrying efficiency

advantage in reliability due to simplicity and ruggedness of hull
structure

tolerance to increase of weight

low construction and operational cost.

The capabilitis of the monchull is extremely well studied and documented
in the literature.
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The understanding of the factors which affect round bilge hull performance

is still being improved and applied in vessel developments. Some factors

are:

1.2 _ __

increasing Lwl/Bwl and/or Bwl/T improves both seakeeping and
powering properties.

increasing CB results in minor seakeeping improvements, this also
has a favourable influence on powering performance.

transom wedges have a minor effect on speed in below hump speed range
(Fn€0.7). For speeds in the hump region a reduction in resistance
of more than 5% is expected. Transom wedges have minor effects
on seakeeping performance, except for an iIncreased tendency to
broaching. This is due to low trim angles in broaching situations.
active anti-roll and anti-pitch fins reduces the motions signifi-

cantly, and improves speed and comfort in a seaway.

Approximately 250 navy and commercial hydrofoil vessels are operating
throughout the world (outside the USSR.)

The major attributes and limitations of the hydrofoil vessels are:

the ability to operate effectively in rough sea environments with
a vessel which is small by conventional ship standards.

an attractive power to displacement ratio in the 30 - 50 knots
speed region permitting economical operation at this speeds when
good seakeeping capabilities are vital for regular operation.
vulnerability to damage of both the foil system and the propulsion
system through striking Tfloating objects.

a large increase of drag in the take off mode. For propeller dri-
ven vessels an adequate margin in take off thrust is still
available. However, larger power installations may pose serious
problems.

The successful operation of hydrofoils in rough sea conditions is essen-
tially the result of the interaction Of the submerged foils with an

automatic control system providing continuous dynamic control of the vessel.



The capabilities of the hydrofoil vessel are well studied in the literature.
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The largest operational hydrofoil in the west is the US Navy Plainview, a
329-tonnes vessel. Design studies indicate the feasibility of hydrofoil
ships with displacements above 2000 tonnes /3/. The current regime of
hydrofoil vessels lies in the sizerange up to about 1000 tonnes, and in the
maximum rough water design speedrange of 30 = 50 knots.

1. g Catamaran.

More than 150 high-speed catamaran vessels are In operation as passenger
ferries or as cargo liners. The 50 m Westamarin design is the largest high-
speed catamaran 1in operation.

The principle advantages and limitations of high-speed slender catamarans
are:

large deck area which can be designed for trade requirements.

no design problems and well known construction technology.

low construction cost, favourable power performance and low opera-
tional cost up to fairly high speeds.

acceptable tolerance to weight increase and weight shift.

* reasonable ride quality and good ability to maintain speed in
rough seas.
* large size (Loa>50 m) experience is limited.

Very little general research has been performed to optimize the high-speed
catamaran power and seakeping performance. Reference /4/ gives a
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bibliography related to model tests of high-speed vessels. It contains some
550 references, but none on the catamaran concept.

The wide design spectrum indicates significant potentials for improvements
of the catamaran.

It is more than 30 years since the invention of the Surface Effect Ship
(SES) concept. To date over 500 SES's have been developed and are opera-
tional throughout the world.

The state of art in SES technology is dealt with iIn Mr. Crago®s paper at
this symposium, thus only a short summary of major attributes and limita-
tions of the SES concept follows:

* the SES has a wide design spectrum with a geometry which can be
tailored to mission requirements. High L/b ratio for seakeeping
and modest speeds and low L/b ratio for speeds as high as 100
knots.

potentially the SES can be built to any size, as design problems
tends to get easier as the vessel gets larger.

reduced wetted surface of the SES permits higher speed operation
with reasonable power.

when on cushion, the freeboard is significantly larger than that
of the similar monohull, thus providing dry decks in rough seas.
Slamming does not occur until the significant waveheight exceed:-
the height of the wetdeck /3/.

* the lift system with active ride control provides a good ride at
moderate sea state. However, the vertical accelerations at the
higher frequency range can be irritating.

the speed loss due to wind and waves is considerable.

the SES is sensitive to weight and to longitudinal center of gra-
vity shift. For the low L/b SES, a power margin is recommended to be
included in the design.

current large size bow and stern seal experiences are limited.
Designs and materials for vessels up to 4000 tonnes and cushion
pressures approaching 1000 kg/m2 appear adequate.

* seals require maintenance and periodic replacements, with added

operational costs.



Current indications in Surface Effect Ship technology are that new develop-
ments  will include modest performance goals and safe technology
sophistication. Efforts will Dbe concentrated on improving seakeeping quali-
ties and to the improvements of seal designs.

About40 SWATH vessels are operating. The largest SWATH today is the 3500-
tonnes deep ocean support ship “"Kaiyo".

The SWATH vessel differ from the other types of high-speed vessel in that
the vessels weight are totally supported by buoyancy, rather by hydrodyna-
mic or aerostatic lift. The designer of SWATHs can select from a wide range
of hull form parameters, allowing a hull form with performance charac-
teristics that reflect the operational requirements.

The principle attributes and limitations of the SWATH are:

* The steadiness in a seaway combined with superior station keeping
ability makes it very suitable for launching and recovery work.

* The SWATH has superior ride quality and ability to maintain speed

in a seaway.

The steadiness provides passenger comfort not available on other

vessels at the same speed.

The vessel is very sensitive to weight. Adequate weight growth

margins must be included since changes in weight result in relati-

vely large changes in draft and cross-structure clearance.

* The SWATH concept 1is not viable for high-speed applications
without stabilizing fins. The reason is the unsymmetrical pressure
distribution on the two lower hulls, giving a variable trim moment
at increasing speed.
vulnerability to damage through striking floating objects.

The vessel may be more costly to operate as a result of its
higher calm water resistance. This limitation can be offset by
its lower added resistance in waves.

Substantial technology is available in Japan and USA to support the design
and construction of SWATH vessels with sizes up to about 4000 tonnes /3/.
Design up to 30000 tonnes are possible. However, above this size the beam
begins to 1impose limiting operational Tfactor.
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In general, the qualities of high-speed craft can be improved by:

* reduction of weight by utilizing lightweight materials, machinery
and systems.
increasing mobility by improving resistance and seakeeping charac-
teristics either by design changes or by introducing active
control systems.
increasing transport economy by improving propulsion efficiency or

srergy efficiency.
€rn e



2. POWER  PERFORMANCE

Model tests have played a major role in the development of all the alternative
high-speed concepts. However, rather surprisingly full-scale data for
resistance power correlation and scaling are not readily available. Numeri-
cal programs for resistance predictions are accordingly evaluated or
generated by systematic model test series. Power prediction including pro-
pulsive performance, where cavitation, air-suction and complex interaction
effects between hull and propeller system, 1is even more dependent on
accurate and sophisticated model testing.

General comparison of power performance for the alternative high-speed con-

cepts will, to a large extent, be influenced by the choice of comparison
criteria.

To indicate the relative power requirements of the alternative high-speed
vessels, 1t is instructive to compare the installed power of existing
vessels. Data from the MARINTEK semi-displacement mono hull Database is
given in figure 7. Figure 8 shows the mean transport efficiency at calm
water for the alternative high-speed vessels. Note that the transport effi-
ciency include the efficiency of the propulsor.
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The ratio
Q = 6.86 x Displacement (tonne) * Max.speed (knots)

Installed power (hp)

is called transport efficiency. It corresponds to the general "effective
lift-to-drag-ratio” used to compare the relative performance of different
ship concepts. It is identical to the dimensionless transport efficiency
WeV/P with W (Newton), V (nw/s) and P (Watt).

The transport efficiency of conventional displacement ships 1is also
included. Figure 8 shows that:

* Up to about Fpgy = 3.5, conventional displacement ships have the
highest calm water transport efficiency.

From about Fpy = 4.0 to Fpy = 5.0, hydrofoil vessels have the
highest transport efficiency.

In the range between Fpy = 2.5 = 3.5 SWATH ships have a high
efficiency.

Above about Fpg = 5.0 the SES have the highest transport effici-
ency.

The high-speed mono-hull in general has a low transport efficiency.
The catamaran utilized as cargo carrier has a high transport effi-

ciency in the range between Fpy = 4.0 and 6.0.



In figure 9, /3/ 1000 tonnes displacement vessels of SWATH, Hydrofoil and
SES (high and low 1/b) types operating in sea state 3 (significant wave
height approximately 1.5 m) is considered. Power performance data for a
1000 tonnes round bilge mono-hull and a slender catamaran has been added by
the author.
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The figure shows that the best cruise speed for the alternative vessels in
sea state 3 are as follows:

* Mono-hull 20 to 45 knots

Hydrofoil 38 to 50 knots
* Catamaran 35 to 50 knots
* SES (low 1/b) 50 to 80 knots
* SES (high 1/b) 30 to 50 knots
* SWATH 20 to 30 knots

Alr cushion Vessel 50 to 80 knots

The most efficient operation in terms of minimum specific power are achieved
by the mono-hull up to 30 knots, the high I/b SES from 30 to 50 knots and
the low I/b SES above 50 knots.
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It must be noted that the characteristics are dependant on the choice of
vessel size, sea state, payload requirements, seakeeping criteria etc. The
figure presented is conditional and care must be taken in using it for
other purposes.

2.2 _ _ _Power_ assessment.

Methods for prediction of hydrodynamic resistance of ships are used in pre-
liminary design studies when general influence of displacement, length,
beam, hull form, cushion and foil characteristics etc. on speed and power
have to be determined. Analytic prediction methods combined with systema-
tic model series results are available for planing craft, semi-displacement
hulls, hydrofoils and partly for SES. No complete prediction method exist
for the SWATH or the catamaran. Model tests are usually carried out once

these first design considerations have resulted in an interesting or defi-
nite design.

Marintek has developed a set of formulae for assessment of the speed and
total installed horsepower relationship for alternative high-speed con-
cepts. The method is based on information of installed power and maximum
speed given 1in the literature. The formulae are updated at regular inter-
vals.

As an example the formula for the semi-displacement hull is given below
and the accuracy is presented in figure 10.

* Round bilge vessel

SHP = A . . (1.03 + 0.085 Fpy) (Accuracy + 15%)

POMR ASSESSMENT SEMI-DISPL. MONO HULL.
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3. SEAKEEPING ~ PERFORMANCE

The fundamental attributes of any marine surface vehicle are speedandsea-
worthiness.

It is clearly desirable, at an early stage in the design process, to assess
whether the seakeeping ability of a concept will be adequate for a particu-
lar mission. To do this it is necessary to quantify:

* seakeeping requirements related to comfort and structural design.
* vessels seakeeping characteristics.
* environmental conditions in the area of interest.

3.1 _ _ _Seakeeping_ _criteria.

Criteria for acceptable levels of ship motions or ship loads are widely
discussed in the literature /6/. The importance of impacts or responses
depends on the operation of main subsystems and on the type of vessel.

Vital criteria with regard to personnel effectiveness and passenger comfort

are:
* vertical acceleration
* -
lateral acceleration
* roll motion

pitch motion

Vital criteria with regard to vessel hull and hull safety are:

»*

slamming
deck wetness
vertical acceleration

The designer of marine vehicles has more data to work from when selecting
hull proportions to give optimal calm water speed-power performance, than
he has when seeking to obtain the best performance in waves.

Model test techniques and motion predictions for specific designs operat ing
in random seas have been available for some time. However, the lack Of

correlation between model predictions, analytical predictions and full-
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scale seakeeping data gives some uncertainties. The criterion for vertical
acceleration at the bow should be considered as a criterion for comparing
seakeeping performance of alternative designs, as it reflects the overall

level of vertical motion, which in turn may be critical due to slamming,
deck wetness and comfort.

MARINTEK's standard seakeeping criteria is based on performance degrada-
tion taking into consideration the mission of the vessel, the vessel size
and operational conditions. Thus, the criteria or the seakeeping perfor-
mance can be related to standard criteria for working effectiveness by

Acceleration (g) Roll
Verticall| ILateral
* Light manual work | 0.40 0.20 120
* Heavy manual work | 0.30 0.14 80
* Intellectual work | 0.20 0.10 60
*  Transit passengers 0.10 0.08 50
* Cruise liner pass.| 0.04 0.06 40

(Significant double amplitudes).

lo
Figure 10 0
The severe discomfort boundary accord- :j
ing to the International Standard 1SO I S T oo
2631/3-1985 with regards to vertical 3.6 7
acceleration as a function of frequency _ ?Z / |
for exposure times of 30 minutes, 2 _‘_E 14 /’/} /
hours and, tentatively, 8 hours. Also § 5 J)i&"
shown are Goto's (1983) proposal for E ;t \ -,i,
a standard and results of laboratory ‘ go'n :‘::ME'ZI,/: 7
experiments by McCauley et al. (1976) 05 _:;; "_/’ //
corresponding to a 10% motion sickness :;5 A
incidence ratio (vomiting) amongst 05 B h o
unadapted healthy men. :l _— :S:?i;;

: ===~ McCauley et al

(Significant =z 2¢g (rms)). o128 i i i L i

o1 01250% 07 €25 0315 04 05 063 0.8 10
Frequency [Hz)
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3.2 _ _ _Prediction_ _Technigues,
The determination of the probability of a vessel achieving a specified
seakeeping capability depends largely on the motion-prediction techniques
and the comparison with relevant criteria. Information on vessel charac-

teristics can be obtained by theoretical methods, model experiments and
full-scale trials.

Numerical prediction models for twin-hull vessels such as SES's, SWATH"s
and catamarans are discussed in Mr. Faltinsen®s paper at this symposium
Extensions of strip theory programs for mono-hulls are applied and limita-
tions of theory are presented.

From extensive model test data it is generally concluded that conventional
high-speed displacement and semi-displacement hull-forms are reasonable
well represented by using strip theory. This theory provides a good pre-
liminary design tool for motions other than relative motions and added
resistance in waves.

At MARINTEK, motions, added resistance and propulsion performance in a
seaway is calculated with the program SEAWAY. The combined use of experi-
mental and computational tools is indicated in Figure 11. Specially for
small and fast ships where calculations yield inaccurate results, model
tests are necessary. In cases where effects of local differences of hull

shape are studied model tests are a must.

DATA: COMPUTER PROGRAMS: RESULTS:
SEANEEPING
TESTS m
Figure 11 R vaiT :;:D
- - CHARACTERISTICS
Numerical calculation of per- bl
_ PROPELLEP
formance in a seaway /6/. cuamacremaica ™ &
YELOGITY
\ LOSS
ENQINE SEA
CHARACTERIBTICE WAY ::::.:leu
= / ARACTERI-
WEATHE ATA
(WAVES, wiND / ::nc: o
AND CURRENT)
CRITERIA FOR
VOLUNTARY
BPEELED LOSBH
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3.3 _ _ _Seakeeping Comparison.

The vertical acceleration criterion at the bow reflects the overall level of
vertical motion in weather conditions where slamming or deck wetness may be
the [limiting factors. The vertical acceleration is thus the basic opera-
tional requirement both for hull safety and personnel. This vessel motion
in addition to vessel speed loss is used to discuss seakeeping performance
of different high-speed concepts.

Figures 12, 13, 14 employ MARINTEK's model test data and data from available
published literature. The levels of technology of high-speed concepts are
roughly shown in these figures. In constructing the figures, Froude scaling
and Database information have been used to give the different vessels an

approximately 60 tonne payload capacity. The sizes of the compared vessels
are:

Mono-hull 45 m - 220 tonne
Hydrofoil 38 m « 200 tonne
Catamaran 40 m = 190 tonne
SES 40 m = 180 tonne
SWATH 28 m = 200 tonne

It must be noted that the SES, SWATH and Hydrofoil data include the benefi-
cial effects of ride control systems.

It should further be noted that consistent seakeeping data for high-speed
catamarans are completely missing and that the characteristics for this
type of vessel, which are shown in the figures, are based on limited model
test data and full-scale experience.

SEAKEEPING 45m MONO- HULL

WMARINTEX DATA BASE 04—08




SEAKEEPING PERFORMANCE

ALTERNATIVE CONCEPTS (PAYLOAD 60 TON)
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It would be incorrect to assume that the boundaries shown represent the
ultimate performance capabilities for the alternative concepts. The capabi-
lities can be extended appreciably by improving design, improving or intro-
ducing ride control systems or, of course, by increase of vessel size.

Using Froude scaling, the speed and sea state both increase with increasing
vessel size, keeping the given acceleration level or the speed-loss percen-
tage constant.

The seakeeping performance curves demonstrate the following trends:
* Superior speed and ride qualities for fully-submerged Hydrofoil

vessel (speed) 30 knots), the qualities degrading rapidly when
the design significant wave height exceeds the strut length.

* Some degrading qualities for the surface-piercing Hydrofoil
vessel .
* Superior ride and speed qualities for the SWATH vessel at moderate

speeds (speed £ 30 knots).
* Rapidly degrading speed and ride qualities for planing vessels and
¢ SES". Significant potential for improvements in comfort for "SES
designs (ref. SES-CAT).
Round bilge mono-hulls have reasonable speed qualities at moderate
speeds, but with considerable ride or acceleration limitations.
Good speed qualities for the slender catamaran vessel, but with
rapidly degrading ride qualities at moderate to high sea states.

Speed quality is the ability of the vessel to maintain it"s speed and

heading while operating in rough seas. The complexity of the sea definition
and the large differences in vessel designs, combined with operational

limitations makes comparison difficult. It is not always clear from
published data whether the speed limitation is due to power limitation, or
due to comfort limitation of passenger and crew or an imposed limitation

due to structural loads.



4. A LOOK TO THE FUTURE

In addition to size, payload, speed, power performance, range, speed loss
and ride quality considerations, a comparative evaluation of the opera-
tional utility and efficiency of the alternative vessels must include con-
siderations of cargo handling « stowage capability, draft, manoeuvring,
building cost, operating cost, reliability etc.

Figure 15 shows the anticipated speed versus total displacement operating
domain for each of the alternative vessels discussed. The original figure,
/5/, has been adjusted to a limitation of 6000 tonnes displacement and 80
knots speed. In addition the role of the round bilge high-speed displace-

ment vessel and the slender catamaran is evaluated.
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The conclusions presented are conditional in nature and care should be

taken in their application.

Future technical developments will improve operating characteristics. Opti-
mization of general main parameters, special components and combination of
concept characteristics will continue both by utilizing numerical methods,
model test technology, operating experience, sophisticated control systems,

new materials, construction methods, etc.
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STATUS OF SES TECHNOLOGY.
1. INTRODUCTION,

It will be appreciated that no paper dealing with SES
technology can be totally conprehensive or conpletely up to
date. This is sinply because the SES principle is currently
being subject to research and developnent in many different
centres all over the world. Some of this work is of a
mlitary nature and information about it 1is restricted, while
in other areas, it is known that development work has been
undertaken but it has not yet been nade public for various
reasons.

Under these circunstances, the author has not attenpted to
conpile an exhaustive survey, but has concentrated on those
aspects, primarily of comercial craft, which he personally
feels are of interest. In this connection it is relevant to
say that the author has had a long history of intimte
involvenent with SES and simlar craft. In fact, he tested
his first SES nodel in a towng tank in 1959. This was a
surprisingly sophisticated craft for those days, and was
intended to clarify a nunber of features of operation which
were not understood at that tine. It was tested with a form
of automatic ride control which was obtained by manipulatin
the cushion. It also had the facility for air lubrication o?
the side walls. This nodel, and others |like it, provided
valuable insights into SES potentials, some of which, have
only recently been inplenented in the full scale regine.
However, reference to the author's 1960 paper (Ref.1) Wwill
show how much progress has been made in many other respects
since those early days.

2. SUMVARY.

The paper presents a definition of the SES and then [lists the
various components of resistance to which suca craft are
subject. It is shown that the resistance characteristics
largely determne the shape of current craft and these shapes
and the associated performances are examned. SES perfornmance
characteristics are then compared with other high speed
craft, in an attenpt to  highlight those areas where future
research and development are nmost required. Suggestions for
such future work are given, and the resources and met hods
required to carry this out are discussed.



3. SES SHAPE AND PERFORMANCE.

This section of the paper is intended to provide a proper
context for a subsequent consideration of the objectives for
future developnment and testing.

3.1 DESRPTION O THE SES

The SES can be sinply defined as a water going craft which,
at speed, is minl supported by a cushion of air having a
pressure greater than that of ‘the atnosphere. The cushion is
generated by neans of fans, and is contained by two water
piercing side walls or hulls at its sides, by flexible seals
(or skirts) fore and aft, by the water surface below and the
SES centrebody above. The seals represent the only really new
technology required in the SES.

There are of course different kinds of SES. For exanple, the
centre body may or may not be designed to contribute to the
buoyancy when the air cushion is not being generated.

Nowadays, it is generally recognised that a craft which can
operate efficiently as a catamaran when off the cushion (i.e.
centre body dry) wll have a great advantage  when
manoeuvering at lower speeds in restricted waters, in

docking, and when low speed patrolling is required in a
mlitary context. Again, the proportion of the craft weight
carried by the cushion when the craft is at speed is an
important design variable. Some SES designs may lge regar ded
as "deep cushion" craft. In this case the trade off between
transverse stability and the inproved sea Kkeeping resulting
from the deep cushion nust be carefully assessed.

3.2. COWPONENTS OF RESI STANCE.

The SES is different from other high speed craft in that it
has some novel components of resistance and it is wuseful to
distinguish the following:-

1, HiIll resistance.

Under this heading we may |ist the viscous friction
resi stance, the form drag, resi dual resistance, and
particularly with a planing hull, the planing drag; which
Is the aft facing conponent of the normal pressure on the
bottom and the spray rails. In addition to these, there

will be conponents associated wth spray, wetting, the
resence of the air cushion and an interference ef fect
rom the other hull. The hull wll also suffer a

resistance specifically associated with the propulsion
unit whether it be a water jet or a propeller.



2. Appendagde resistance.

In the case of an SES wth water jet propulsion, the
appendage resistance wll consist of that due to rudders
(or their equivalents) together with the drag of other
excrescences on the hulls. In the case of an SES wth
propellers, the drag of the shafting and brackets, etc.
mist also be taken In to account. In npst ropel ler
driven SES, the shaft angle has been relatively ﬁi gh, and
the associated brackets, etc. have perhaps not been as
wel |l designed as they could have been. As a result, the
total appendage drag has been very large and in sone
cases could well exceed 20% of the total drag.

3. Cushi . o

The passage of the air cushion over the water surface
generates waves, and the associated resistance is felt by
the craft. Qearly there is an interaction between the
hulls and the cushion and there is another resistance
component associated with this. The cushion resistance is
also significantly dependent on the depth of water in
which the «craft is operating.

For nost SES, the cushion resistancei S the most
inportant conponent of the total drag. For a low length
to beam ratio (L/B) the resistance rises to a peak value
and then falls away as the speed increases. For a higher
L/B value the peak value of resistance is nuch |ower, but
rises to a greater value at high sPeed. The shapes of the
resistance curves and the effects of L/B  etc. are now
generally well known, and their theoretical derivation is
given in ref.2

4. Seal resistance.

This is the nost difficult of all the resistance
conponents to isolate, understand or predict. There is an
element of viscous friction drag as well as pressure,

spray and wetting drag. The interaction wth the cushion
and the hulls still further conplicates the situation.

5 A :

It may be helpful to cite an exanple in order to
denonstrate how inportant this conponent can be.  Thus,
for a craft moving at 50 knots into a head wnd of 20
knots, the air resistance associated with a 1200 sqr.ft.
;66)0nt alBI-P area can easily be 6000lb. corresponding to say



6. Momepntum resistance, ——

A continuous supply of air is required to generate the
cushion and this air nust be accelerated up to the
relative speed of the craft. This gives rise to a
resistance which is proportional to the volume of air
required. It is obvious that this conponent will be
considerably larger for an air cushion vehicle which
exhausts air all round its periphery, but it is not
negligible even for an SES. Thus, in a 20 knot head w nd
and a speed of 50 knots, the nonentum resistance of a
typical SES could be 1000 I[b. corresponding to say 300

BHP.

7. Cushion air resistance,

This conponent is rather small and may be negative. It is
due to the nonmentum of the air escaping from the cushion.
In some applications, air venting from the rear seal has
bheen del i berately encouraged in order to produce a
thrust.

8. WAve going resistance.

It is customary +o regard the reduction in speed
associated with the passage of an SES through waves as
being due to a single extra resistance conponent. This
my be a convenient artifice but hardly corresponds with
the facts. The trim and heave changes caused by wave
encounter have repercussions on each of the resistance
components mentioned above.

Propul sive power is required to overcome the sum of the above
resistance  conponents. Power is also required to generate the
cushion. This is a relatively snmall proportion of the total
power installed in a fast SES, but any inprovenent in fan
efficiency, etc. is worth considering at the design stage as
long as it can be shown to be cost effective. Losses occur in
the fan intake, the fan itself, in the ducting to the seals
and in the feed apertures to the cushion. Any reduction in
these losses wll obviously reduce the total amount of power
required to be installed in the craft.

3.3, CURRENT SES SHAPES AND PERFORMANCES.

A ready appreciation of the various current shapes of SES and
the way in which the resistance affects these shapes can be
obtained from the data and photographs of ref.3.  This data
has teen used to produce fig.la which shows the propulsive



BHP per ton for each craft listed, plotted against a sinple
speed coefficient based on the craft maximum speed in knots
and the weight in tons, BHP/ton is, of cour se, not

non-di mensional  but is thoroughly practical, and the data
fall fairly close to a single line surprisingly well
considering the differing natures of the craft, and t he

different design philosophies involved. Perhaps not too mch
should be read into this-except that the data is factual and
the figure does therefore show what was currently being
achieved when ref.3 went to press. _ _

The upper part of the line drawn in fig.la is poorly
supported but it is interesting to note that anphibious
hovercraft data (not shown here) fall closely on the 1line at
values of the speed coefficient from 22 to 27.

Again, from the same source, fig.1b shows the length beam
ratio plotted against the speed length ratio. The graph shows
how the designers have chosen the lower L/B values for the
hi gher speed length ratios largely because this gives a _ower
cushion drag coefficient. Finally, fig.1e shows the craft
weight in tons divided by the Ilength and beam in feet (a
rough approximation to the cushion pressure), plotted against
a sinple function of the weight in tons. It s interesting to
see how the pressure increases steadily with weight. At one
time it was thought that there would be a limting value for
the cushion pressure above which, flexible seals would not be
practical. However, there is no sign of such a limt as yet,
and cushion pressures orders higher than those currently in
use have Dbeen enployed in sonme design studies.

In order to set the curves of fig.1a in context, ref.3 was
also enployed to obtain conparable data for other craft which
make contact with the water. This is shown in figs.2a and 2b
with nean lines drawn through the points. Fig.2c conpares the
envelopes of the data for catamarans and nonohul |'s,
hydrofoils and SES respectively. Bearing in nind the
limtations of this kind of approach and the nature of the
original data, it would none the less appear that current SES
usually require a lower brake horse power per ton of weight
than either the hydrofoil, catamaran or monohull  when
operating at the same value of Vk/JA#s or Fny .

Another way of setting calm water SES performance in context
is to make use of a "Transport Efficiency". For present
purposes, this has been defined as:-

T.E= Speed in knots x Total weight ipn tons.
BHP

Al the available data from ref.3 were analysed in ternms of



T.E and the envelopes for the three categories of craft are
shown in fig.3. Again it nust be enphasised that this
presentation does not set out to show the potential of the
three forms of hull but rather the existing state of affairs.
From this sinple presentation it would appear that nonohulls
and catamarans are currently limted to speeds bel ow 33
knots. The hydrofoil principle has been enployed up to speeds
in excess of 50 knots wth a high T.E while the SES has also
been built to operate at speeds up to 50 knots with a
considerably better T.E

It wll be appreciated that the definition of T.E  employed
above is rather crude. A better definition would enploy the
payload instead of the total weight. This was not possible
using the available data, so it is interesting to look at the
average values of nunber of passengers per ton for the three
categories of craft as follows:-

Craft Av, value of passenders per ton,
Cat. 31
Monohul | 2. 7
Hydr of oi | . 2.2
SES. 2.7

O course, these figures depend, in part, on the standard of
confort provided. However, they suggest that a nore correct
definition of T.E would not change the conclusions drawn
from fig.3. It is also tenpting to conclude that the high
figure for catamarans s because of their sinplicity and
large deck area while the hydrofoil is penalized through
having to carry the weight of the foil system The SES has to
carry fans and ducts which use wup space.

3.4, PERFORMANCE |N A SEA HWAY.

The way in which an SES traverses a rough sea also requires
comm:nt in this section. It would be very helpful if curves
simiar to those given in fig.2 could be prepared for all the
craft of ref.3. These mght show, for exanple, speed plotted
against significant wave height. Udfortunately this data is
not available in a consistent and conparable form Full scale
trials in rough weather are notoriously nore difficult to
carry out than appears at first sight, and very little data
has been published. However, ref. 13 provides information
from which it is possible to create one plot of the desired



form The craft concerned was the SES 20 and the speed was
limted to that which the commanding officer thought prudent.
Rather surprisingly, in head seas, the speed achieved varied
only 1.5 knots over a range of significant heights from 1.9
to 8.2 ft. Unfortunately it is not possible to be sure of the
criteria used by the commanding officer when he deliberately
reduced the craft speed, so that this data, while of great
practical value, is too readily capable of msinterpretation.

Ideally, the waves should Iift the seals and pass through the
cushion with very little disturbance to the craft itself.
Unfortunately, this is not what happens, and the nechanism of
wave punping when the cushion pressure varies with the
changing volune of the «cushion as it passes over the wave,
has long been recognised. Furthernore, there appears to be a
t hreshol value of wave height, above which, water inpacts
the bottom of the SES centre body at the bows and the
acceleration response to the waves narkedly deteriorates.

Research into a ride control system was commenced in the USA
over 15 years ago ‘and, apparently, was successfully
denonstrated on the US Navy's SES 10Q0B craft using a cushion
air dunp valve. Recently, a "pneumatic" ride control system
was retrofitted to the SES Norcat and inprovenents in
seakeeping were reported.

In the case of the SES 200 as reported in ref. 13, the ride
control had little effect on the speed achieved in head seas.
However, it did appear to make the ride less harsh, although
this effect was not confirned by the neasurenents taken.

The nmajority of SES currently operating, do not have a ride
control system

4. OBJECTIVES FOE RESKARCH AND DEVELOPMENT.

In the light of the overall survey given in the preceding
section of this paper it is possible to draw only a Ilimted
nunber of conclusions as to the directions which future
research should take. However the evi dence can be
suppl emented by reports from individual craft together wth a
background know edge of the subject so that a series of
objectives for future SES research and devel opnment can be

proposed.
4.1. PR Y

Two prelimnary general coments are worth naking concerning
the ains for SES research and devel opnent.



Fundanmental | y, the purpose of any air cushion vehicle
research progranme shoul be to generate understanding and
| mprovement - the one generally leading to the other.
Unfortunately, commercial  pressures often dictate t hat
research is carried out to devise "fixes" for immediate
problens wthout obtaining an adequate understanding of the
phencmena involved. However, a good theoretical understanding
I's essential in order to nake real progress. Sadly, this has
all too often been left to be provided by academcs in some
University, working several years downstream of the action.

This is not only inefficient, but not good for the
researcher's morale. Furthernore, wthout proper theoretical
backing, developnent can easily progress down Dblind alleys
with disastrous results.

The «ther general comment , which cannot be made too strongly
is tt at, leaving aside mlitary usage, the SES operates in a
very comercially conpetitive field. One mght have concluded
from figs.1,2 and 3 that, at least in calm water or in
moderate seas, the SES is obviously better than it's
competitors. |In fact there are strongly held views that this
is nct so. The author found it salutary to discuss the issue
with those involved in Sales and in the financial aspects of
high speed water borne transportation. Their view was that
the catamaran posed a serious threat because it was sinple,
relatively cheap, higher speeds than those currently being
obtained were possible, and that a ride control system could
just as easily be applied to the catamaran as to the SES. n
the other hand, the SES was too conplicated, the first cost
was too high and the nmaintenance costs were also too high. It
was felt that the SES was basically a rectangul ar box
supported between thin hulls and it was surprising that first
costs were not |ower.

It would appear from this, that it is essential to carry out
research ard developnent in order to reduce costs. However,
the author feels that this may not be wholly a technical
problem and it is suggested that SES nanufacturers wll have
to take care wth their pricing structures if the commercial
SES is to have the kind of future that it deserves.

Turning now to the details of future research and

devel opment, it is generally agreed that the only really new
technol ogy required for the SES is the seal or skirt.
Therefore it wll be convenient to divide the recomrended

itelrrs for R & D into two groups, the first dealing wth the
seal s.



4.2. OBJECTIVE> FOR SEAL RESEARCH AND DEVELOPMENT.

1. Development of new geonetries for passive seals in
order to obtain better wave contouring and “tuck under"
performance in various sea states.

2. Reduction of seal drag cFOSSi bly  through air
lubrication and a  better detaile understanding of  how
the seal drag arises.

3. Development of active seals. Ildeally, the seals should
respond to the proximty of the water surface to give a
roughly uniform rate of air |eakage. This may prove to be
i npossible to achieve wthout some form of active
control, perhaps wusing transducers to nonitor the waves
just ahead of the seal. Again, ideally, the novenent of
the seal should not adversely affect the pitch or roll
stiffnesses significantly.

4. Inprovement of seal life Dby reduction of wear, better
material  strength, ~ and resistance to materi al
del am nation, cracking and fatigue of the substratum
materi al

5. Inprovenent in the ease of naintenance and replacenent
of seals wth the SES in the water. Easier and cheaper

repair. Devel opment of better and easi er bondi ng
techni ques. There is no doubt that a great deal has
already been acconplished in - this area, but further

improvements would help to reduce operating costs.

6. Further development of non flexible or semflexible
seals for larger craft.

7. Reduction of mnufacturing costs.

4.3, AIMS FOR OTHER RESEARCH AND DEVELOPMENT,

1. Propul sion/appendage studies. The appendage drag
associated with the use of propellers on SES, has
undoubtedly been very high. This has been largely due to
the high shaft angles that have been enployed. These high
angles also cause other wundesirable features such as 1oss
of thrust, vibration, etc. Wile the appendage drag can

be greatl r educed b?/ using a water Jjet, the author
believes that a propeller wit a low shaft angle (per han
associated with a tunnel), together wth careful ly
designed brackets, wll still provide a better overall

efficiency, at least at speeds presently envisaged for

commercial craft. Research wll obviously be required to



see if a propeller tunnel can be nade conpatible with the
rquirement to avoid venting. The application of some form
of Z drive nmay well be the best solution.

2. Reduction of total resistance to obtain better
spred/range. A requirenent for research ainmed at reducing
resistance does not arise strongly fromthe preceding
sections of this paper, but it may be that significant
reductions can be obtained wthout too great a cost, and
the possibilities should be explored. As an exanple, the
SES has plentiful supplies of air at noderate pressure
and this air could concei vabldy be enployed to air
lubricate the seals or the side hulls so that a
significant reduction of drag could be obtained.

3. A low length/beam ratio is desirable for smaller craft
designed for high speeds. This poses a problem in that
the associated hunmp drag is large and sensitive to craft
weight overload and may lead to a more conplicated and
expensive propulsion system However, traversing an
otherwise insuperable hunp may be found to be possible by
means of a judicious variation of the <cushion pressure
with speed. Tests are required to provide data for
establ i shing optimum comprom se with varying cushion
pressure and trim control,

4, The performance of some SES are reported as being mch
nore sensitive to L.CG osition than others. This
situation needs to be clarified and the necessity for
trim control by means of hydrofoils or planing flaps may
arise out of this.

5 Inproverent of ride quality to permt higher speeds irp
waves W th adequate passenger confort is believed to be a
very inportant requirement. Severe slamming can occur
when the sea severltty exceeds a certain threshold value,
articularly if the forward seal or the shaping of the
ows fails to alleviate the effect of the wave inpact.
Such slammng generally occurs at synchronism in pitch.
Devel opment  of devices to increase the pitch danping is
desirable, This may involve further developnent of active
cushion venting systems and/or active fans, or hybrid
concepts wth active hydrofoils, or planing surfaces
added to the basic SES

6. Further work is required to investigate roll stability
standards over the conplete speed range In waves in deep,
and shallow water.



7. Conputer studies, wth nodel test validification, are
required to investigate the performance and stability of
multi cushion craft (Catamaran, trimran, four cushions,
etc.) wth a view to obtaining deep cushion craft with
googlllsea keeping characteristics wth adequate transverse
stanility.

8. Better off-cushion capability.
9. Safety.

10. Sinplification of construction to permt reduced
first cost.

5.RESEARCH AND DEVELOPMENT RESOURCES AND METHCDS,

The resources and nethods necessary to achieve the research
objectives described in the preceding section of this paper
wll now be discussed.

The main resources are as follows:-
1. Towng tank.

A towng tank is required with a high speel capability
and sufficient length to pernt a reasonable tine at the
desired speed so that accurate nmeasurements can be
obt ai ned.
The speed requirement is illustrated in the follow ng
table: -

Full scale SES

lengthinft.... ... .. 50 70 100 250 700
Assumed max. ful

scale speed in kts... 50 60 70 60 60
Mbdel length in ft... 7 7 7 10 10

Max. tank speed
in ft/sec............ 32 32 32 21 12

gl ve sone physical neaning to the table it my be
note that a tank having a 32ft/sec Pabl|lty with a 10
second test tinme at speed, an ective carriage
acceleration and deceleration of say 0.2¢, and an
enmergency braking iength of 150 ft would have a total

AN



length of 650 ft.

The towing tank should have a wave naker for testing in
regular and irregular waves and it should be possible to
drive the carriage at various controlled speeds in both
directions, so that tests in followi ng seas can be
carried out.

Ideally the carriage itself should have no aerodynamc
effects on the nodel.

2. Manoeuvring basin.

The basin nmust be large enough to accomodate the desired
manoeuvres. It should have wave nakers which can produce
controlled and repeatable long and short crested waves.
It should also be large enough such that a sufficient
nunmber of wave encounters occur during a test run so as
to permt an adequate assessment of the nodel's response
characteristics.

3. Wnd tunnel.

It wll f)rove convenient if a wnd tunnel is available
which is large enough to permt the towing tank nodel to
be nounted in it on a ground board to represent the sea.
Special wind tunnel models wll have to be nade if the
available facilities are too small to allow this,
Ocher test facilities wll be touched on Jlater in this
paper.

The methods of testing will now be discussed under the

headings of nodelling and full scale testing.

9.1, MODELLING,

The nethod of testing an orthodox ship nodel in a towng or
manoeuvering tank has a long and fruitful history, and it has
been successfully enployed wth air cushion vehicles of all
types. As in the case of the ship nodel, Froude scaling is
mandatory because the SES nmkes waves. Suitable corrections
are made to account for the fact that viscous conponents of
resistance are dependent on the Reynold’s Nunber.

In the case of air cushion vehicles, it is also necessary to
consider the fact that the atnospheric pressure in the model
regine iz not Froude scaled. There are very few towing tank



facilities in the world where the atmospheric pressure can be
controlled (e.g. NSMB, Krylov.) but these are expensive and
difficult to wuse. Thus, in the majority of test facilities it
must be accepted that the absolute pressure and
conﬁressi bility of the cushion is not correctly scaled,
although the difference in pressure between the cushion and
}h? a}m)sphere in the model regime produces the correct scale
ift force.

The Hgh Speed Marine Vehicle Commttee of the ITIC (HSWOQ
has addressed this CProbl em and has published a description
of a method developed by the present author whereby a sealed
volume within the skirt system nay be nade to obey Froude
scaling requirements. The nethod enploys a sprin | oaded
concertina type pressure compensator.{Page 180 of ref.4) Such
sealed volunmes have been enployed on full scale craft to
reduce inpacts in heavy seas, and where they are enployed in
a full scale prototype, the wuse of pressure conpensators on
the model 1is absolutely necessary.

Mre recently, the HSMVC has conciuded that the use of model
data to predict the full scale heave accelerations at the
heave natural frequency is not appropriate ( EKef.5)

The heave natural frequency in Hz is given ( as in ref.6 )
by: -

Yo
f= (1727 ), {g_h._g(l + At/pc:)J
h
where: -

sh is the specific heat ratio of air.
At is the atnospheric pressure.
ﬁc is the cushion pressure.

is the cushion depth.

This expression is clearly not consistent wth the Froude
scaling law Thus the heave natural frequency measured on a
nmodel, when Froude scaled to the full scale regime wll be
different from the actual full scale value.

The reply by the HSWC to coments nade at the 17th. I TTC
(Ref.71 is relevant and is reproduced below:-

"Data contained in the HSWC report to the 16-h. |ITTC as
well as other unpublished data show that nodel data
adequately predict the notions of SES in the 100 to 200
ton size.  However, full scale data ve*ifying the
existence of the heave pressure mode natur3l frequency
were obtained on two ships of this size by driving the

A



ride control system at the specified frequencies while in
relatively calm water and recording the resulting
ressure and accel eration oscillations. The
eave-pressure node natural frequency for simlar craft
are generally higher than the encounter frequency of nost
seas experienced. This however wll not be tne case for
milti 1000 ton SES”

Thus, while the predicted heave natural frequency undoubtedly
exists, it wll only be of inportance for large craft. This
my be illustrated by considering a 100 ton SES with a
cushion depth of 6 ft. and a cushion pressure of 75
Ib/sgr.ft. This craft can be Froude scaled up to larger sizes
and the heave pressure node natural frequency calculated in
each case. The results in terms of natural period are shown

below: -

Gaft  weight in tons. 100 1000 10000
Natural heave period in secs. 0.4 0.9 1.9
Tuning with large anplitude waves wll not occur for the
shorter periods although the effect of small waves may be
discerned as a rough ride called "cobblestoning® by both SES
aad hovercraft operators. The problem is considered at

length by Afremov (Ref.8). Lest it be felt that the problens
of scaling are overwhelmng, it should be said that the pitch
motions and the low frequency heave notions of the nodel
scale up very well.

A ride con'rol system in effect, inproves the heave danping
and wll p:rtially snmooth the craft response, particularly at
it's natural heave period. Various methods have been
enpl oyed. some have wused dunp valves in which case cushion
pressure has been thrown away and extra fan power is then
required to conpensate. In other cases, the fan itself has
been nade to respond dynamcally to the cushion requirenent,
This latter method is obviously better from an overall
efficiency point of view but it has been found difficult to
ensure that; the system responds quickly enough, and it may
well be expensive from a first cost and maintenance point of
view Another proposal is to enploy both these methods
together. Al these systens can be easily controlled by using
a dedicated mcroprocessor provided wth sutable inputs from
the craft's behaviour.

There is no real problem in simulating the mechanical part of
the ric: control on  the nodel but its effect wll be

-



modi fied by the considerations of natural heave period as
di scussed above.

2.1.2, MODEL. DESIGN.
E G Stout, then of Consolidated A rcraft Corporation, gave a
fine definition of one of the nodel types which wll be
required for SES research as follows:-
The conpletely dynanmic nodel is defined as a conplex
integrating nechanism that automatically picks up every
known or unsuspected force, in the proper magnitude,
point of application, direction and sequence, integrates

all these reactions instantaneously, and provides the
observer with the resultant notion and rate.

Wile such a perfect nodel may be not possible, the inportant

point is that practical dynanm c nodels wll respond to
unsuspected forces which would never have been incorporated
into a theoretical analysis or a computer nodel, simly

because they _were unsuspected.

Amongst  other things, the dynamc nodel nust not only have
the correct scale dinensions and weights, but it nmust also
have the correct scale nonents of inertia. The seal s nust
also have the correct weights and stiffnesses

This latter requirement may well prove difficult to neet. [If
we consider a 1/12th. scale model of a 100 ton SES the scale
material weight would be about 12  oz./sgr.yard. AN
of f-the-shelf proofed fabric of this weight would have a
bending stiffness far greater than the scale value. One crude

solution which has been enployed is to use a much lighter
material having the required stiffness, and to increase it's
wei ght by means of |ead pellets distributed over it's

surface. A nmuch better solution has been to commssion the
special manufacture of a very light weight nylon fabric,
coated with a soft synthetic rubber in order to obtain both
the desired weight and stiffness. Mthods of determning the
st}ffness experinentally are given in section 3.6.8. of
Ref . 4.

A- a point of nodel design philosophy, the witer is a firm
believer in the principle of constructing models primarily
intended for tank testing in sucn a way that they can also be
taken out to sea and run in really rough conditions. If such
tests mght be contenplated at a later date, then it is
inperative that the nodel be designed wth this in mnd from
the very beginning. In this case it wll have provision for



different nmotors and services built in, it wll be of a
rather nore rugged construction and be designed to survive a
corrosive salt water environnent. It wll also have provision

for radio control and on-board recording facilities for the
i nstrumentation,. None of these features mlitates against the
model 's successful enploynent sinply as a towing tank nodel,
so the expenditure of the extra design time required to
provide these features may be considered prudent.

As has been inferred already, the capabilities of the towing
tank in which the nodel is to be tested, | argely determ ne
the scale to be enployed It is perhaps worth mentioning
again, that the maximum reverse carriage speed 18 an
I nportant parameter since high speed tests wll be required
in following seas. Also, as a rough rule, +the nodel [length
should be Iless than twice the tank depth.

As far as the nodel construction is concerned, it wll be
desirable to enploy nmaterials having a high strength/weight
ratio. The author's experience is -that closed cell foam
covered with GRP provides an excellent solution. Chines will
have to be made sharp, and reinforced so as to be tough
enough to stay sharp. The superstructure wll also have to be
represented fairly faithfullty in order to obtain the correct
aerodynamc lift and drag forces together with the correct
aer odynam ¢ noments. This approach wll elsc help to ensure
that the flow into the air intakes is also reasonably
representative.

The fans, intakes and internal ducting should be built to
scale although it my be found necessary to run the fans a
little faster than the scale speed in order to obtain the
required output. It will also be desirable to get. the
pressure/airflow rate curve as near correct as possible. The
mcdel designer Wil also bear in mnd that the gyroscopic
effects of the rotating masses in the nodel s%ould be
reasonably simlar to those occuring full scale so that
manoeuvering characteristics wll not be wunduly influenced.

As far as propulsion is concerned, there is a lot to be said
for the school of thought that feels that in the case of the
SES, the nodel propulsion system is only there to push the
model along at the required speed. This is probably fair
enough for initial studies, but eventually a representative
system w |l have to be installed, particularly if sem
subner ged propel lers or water jets are to be wused in the full
scale reginme. Very advanced and esoteric propulsors are nore
likely tc be proposed for use on SES than for nost other
kinds of craft, and the water tunnel is an essential tool to
| STCRIRI vmon o4 o3 oLommen t. especiaily Since ventilation or



cavitation is likely to be present.

In the case of the water jet, variable geonmetry inlets my be
considered for advanced designs and both tank and tunnel "work

will be required.

2.1.3. MODEL TESTING,

The author is strongly of the opinion that the SES nodel
should be tested in the towing tank with a tow ng arrangement

which allows it to surge freely. This is particularly
inportant in the case of head sea ‘tests in large waves, where
any tendency to dive wll result in sudden decelerations =

possibly followed by a recovery. For following sea tests, the
surge novenent nay be quite large and nust be allowed to
develop freely. Also, in the case of safety tests, it may be
necessary to sinulate engine failure or bow skirt failure, in
which case the free-to-surge rig wll be vital.

The frontispiece of this paper shows a dynamc nodel SES
being tested in a towng tank on a 30 ft. free to surge rig.

For nmanoeuvering tests, and tests in waves in other than head
or followng seas, the availability of a wam dry, brightly
it manoeuvering basin with wave makers and all the
necessary instrumentation is a tremendous asset. However the
SES is fundarmentally a fast ship, and even quite |large
facilities my not be large enough to accommmodate the
required acceleration distance together wth an adequate
number of wave encounters. The only alternative then is to
conduct the tests out at sea

5 . 1 . 4 . D ATA.

Much of the analysis of SES nodel data is sufficiently
simlar to that enployed with other high speed craft not to
warrant conment here.” In the case of the seals, however,
there are considerable problens and differences between the
met hods enployed by various practitioners. Thus, W/ son
(Ref.9) suggests that the theoretically calculated cushion
resistance using Doctor's nethod (Ref.2), together w th the
frictional resistance of the hulls, should be added to the
air resistance (determned by means of special runs In the
tank or by wnd tunnel tests). This total should then be
subtracted from the total measured resistance to yield a
nomnal seal drag. WIson goes on to present a nethod of
correcting this derived seal drag to give a full scale value.
Ref.9 shows that this method gives good correlation with full
scale results for the cases investigated.



G her workers have assuned that there is no scale effect on
the seals and have taken refuge in an overall correlation
coefficient (the easy way out!) while others have sought to
estimte the seal wetted area and make a friction correction
based on that. The witer confesses a predilection for this
last nethod, even though it is very difficult to neasure the
wetted area in practice.

Fig.4a shows the results of scaling the results of tow ng
tank nodel data to full scale. The data is for four 100 ton
craft and the cushion pressure was mintained nomnally
constant throughout. It wll be seen that the lower length to
beam rati o was associated with a pronounced hunp in the
resistance curve. This hunp decreased in magnitude as the L/B
increased. At the higher speeds the lower L/B showed a slight
advantage. The «curves of fig.4a are not representative of
some nodern practice because the proportion of the total
weight carried by the hulls was wunusuaily high. Oher test
results show that the low L/B can have a larger advantage at
high speeds. However, the hunp has to be traversed before the
high speeds are reached and so a suitable design conpromse
Is required as to the choice of L/B.

The nodel data of fig.4a can, of course, be scaled to give
the characteristies for a craft of any other weight. For a
100( ton craft the resistance hunp speed for L/B = 2 occurs
at ebout 27 knots and the craft with L/B = 5 gives a nmuch
lower resistance up to 50-60 knots.

Thus, for a 1000 ton craft and a design speed of say 45 knots
the adoption of the larger L/B would at first sight appear to
be nmost desirable. However, if a reasonable cushion depth is
alsc required so that the craft can operate in large waves,
the associated C G height/ Beam ratio becomes so large that
the the transverse stability is called into question. Ref.10
proposed a catamaran SES to overconme this problem and
concluded that such a craft, with a 790 ton displacenent
could operate in a Sea State 5 at a speed of 20 knots with
notions and accelerations which were sufficiently low such
that a helicopter <could be operated from it.

There is no reason why the SES catamaran concept cannot be
extrapolated to a trimaran, or even a four cushion craft,
with the cushions being adjusted to suit the current
conditions or performance requirements.

Fig.4b shows another exanple of the towng tank's output,
nanely the so called added resistance due to waves for an SES
with an L/B of 3. A conplete set of results «clearly would
permt the nmaxinum speed in waves to be estimated for a given
engine installation, propulsion system etc.



5.1.5. MODEL TESTING AT SEA.

The concept of testing nodels at sea has already been touched
on. The technique allows the npdels to be tested in a
realistic environment and also in very rough conditions Wwith
short crested seas which could not be created in a towng
tank or manoeuvering basin.

The technique is difficult and rather expensive, but it can
be extrenely rewarding. The author has been personally
associated with the testing of twelve different nodels of air
cushion vehicles at sea, beside sone 40 fast ship nodels,
flyi ng boats and record breaking hydroplanes. The sizes
ranged from about 4 feet in the case of the hydroplane to
sone 36 feet with a displacenent of over 2.5 tons in the case
of warship nodels.

Mdels to be run at sea nust be designed so that they can
either carry a man or be operated entirely by radio control.

In the case of the manned nodel, the weight of the man nmust
be taken into account, and it is also inportant thet he be
strapped in, because the human body is surprisingly efficient
at using small involuntary weight shifts to camp out
unpl easant nmotions. As can be imgined, test personnel do not
like-this very nuch! The nmanned nmodel nmust also be supplied
with all the appropriate safety gear such as radar'
reflectors, bilge sniffers, etc. A disadvantage of the manned
nmodel is that 1t cannot be enployed in dangerous experiments
where, for exanple, the craft m'?ht turn over. However, this
can be done with a radio controlled nodel with, a great deal
nore equanimty.

Fig.5a shows a nanned nodel underway.

In the case of the radio controlled nodel, access to the
interior of the nodel itself during the trials is undesirable
except to rectify mechanical or electrical failures. To
illustrate the practical nature of the problens to be faced,
the following list shows some of the functions which will
have to be renotely controlled through the radio link:-



1. Rudder. 5. Bilge punp on/off.
2. Autopilot on/off. 6. Cooling water on/off.
3. Throttle. 7. Electric starter.

4. Data Recorder on/off. §. Choke.

In addition to this, waterproof manual switches wll be
mounted on the superstructure in order that the mai n
batteries and the radio control batteries may be isolated
when the nodel is being transported to the test site, and so
that the gyro can be erected prior to a sortie.

The general phiIosthy adopted for manned or radio controlled
model tests is sim to that for a full scale ship, in that
it must te accepted that it wll not be possible to specify
beforehand the precise conditions under which the tests will
be conducted. However, reference to local weather forecasts,
and a suitable choice of location wll generally result in
the tests being conducted under conditions which fall between
specified limts.

The :5ea state actually encountered during the tests can be
measired by using small snall wave buoys.

The lata obtained during the tests can either be telenetered
to tie acconpanyi n? Barent vessel or recorded on board the
model . Experi ence oth nethods l|eads the author to suggest
that the second method is nore reliable, and reliability is
particularly inportant in this kind of work.

Subsequent to the trials, a spectral analysis can be carried
out and the root nean square of each of the neasured
paraneters can be plotted against the ship's heading relative
to the dom nant wave direction, for each sea state
i nvestigat ed.

Fig.4c illustrates the kind of data which can be obtained. In
this case it is the RV vertical bow acceleration, measur ed
at 20 knots, plotted against the craft's heading relative to
the dom nant wave direction, for two significant wave
heights. A typical sortie would provide simlar plots show ng
the RVB variation of the following:-

to



Pitch angle.

Yaw angl e.

Rol | angle.

Forward vertical accel eration.
Forward |ateral accel eration.
Aft vertical acceleration.

Aft lateral acceleration.
Rudder angl e.

Another kind of output from such trials which is very useful
to a design departnent is shown in fig.4d. This gives the
distribution of nmaxinmum vertical acceleration over the hull
| ength.

In the very realistic conditions that pertain at sea,
extremely interesting and very valuable film records can be
obtained. A television camera has also been located at bridge
height on the nmodel to obtain records of wetting, etc.

One of the nobst exciting possibilities associated with
testing at sea, is that of ruming two conpetitive designs
side by side. Wth experienced seanen on the parent vessel
vho can also take the helm of the radio contrclled nodels,

very useful and practical | essons can be | ear ned,

particularly in the area of handling in very rough weather.

5.1.6. MODEL  TECHNI QUES.

Seal, or skirt systenms have been the subject of intensive
research in the past, and mre needs to be dore. For this
purpose it is clearly not efficient to use a model of the
complete craft which could otherwi se be enployed say, in
tow ng tank tests. In any case a rather larger scale is
called for. Thus, a special” seal rig can be constructed as
shown in fig.5b. The rig consists of an open frcnted box wth
perspex sides and viewing panels in the floor ard back. The
rig incorporates a nmovable ground board to represent tha Seéa
and has a suitable air supply system The rig can be used to
investigate the inflated geometry of the seal, the air flow
required, and the dynamc stability and response
characteristics.

Seal dynamc stability can be an inportant issue. The author
recalls” riding on an "early version of a large SES in 1980

when it was noted that there was an unpleasant Vibration of
about 25 Hz. which was particularly noticeable near the

transom Behind the boat there was superinposed on the wake a
series of lateral waves with a wave length corresponding to
the vibration frequenc?/. It was clear that the rear seal was
unstable and was flailing the water surface (and probably the



bottom of the centre body as well! ). "Fixes" for this kind
of phenormenon are best derived from investigations in a seal
rig as described above.

Fig.6 shows the results of development work in such a rig.

Fig.8a shows a single finger pattern, several of which can
be folded to produce the sinple bow finger system shown in
Fig.6b. Various seal designs have attenpted to increase the
vertical "spring rate" as the seal is immersed. Fig.6c shows
a f|n?er design intended to do this. Air is fed into the
centra smal l er finger and this provides an i ncreased

stiffness when it becomes immersed. Fig.é6d illustrates the
results of an attenpt to design a sinpler nolded finger. Air
is fed down the tube and escapes from a nozzle at it's
bottom The single web provides stability.

Fig.6e shows a typical bag-finger conbination. The bag runs
at a higher pressure than that of the cushion and so provides
a nmeasure of increased stiffness when it contacts the water
surface. Fig.6e also shows a nenbrane AB. This nenbrane nay
be providei to prevent the bag from developing a |ow
frequeacy oscillation which could result in structural
damage. Ref.11 shows that this oscillation did not occur in
the case of a bag wthout a nenbrane at higher values of the
bag prsssure /cushion pressure ratio, but it started up if
the racio were decreased to lower and nore desirable values.

The nenbrane may be fitted with a non return valve as shown
in fig.6e In this case a severe water impact which m ght
sweep the bag and finger system back under the craft, would
also attenpt to force the air out of the front part of the
bag and would thereby close the valve. This, in turn, woul d
generate a sealed volume which would provide a shock
absorbing cushion for the structure even if all the rest of
the air in the bag were forced out.

Fig.6f shows a typical rear seal for an SES which was
developed in a seal rig.

The rig can also be invaluable in the developnent of active
flexible seal systems which respond to the proximty of the
sea.

Another interesting nodel technique is that which enploys a
moving ground wth the nodel being held stationary above it.
This approach has obvious Ilimtations but it permts the
study of response characteristics with a relatively small
capital outlay. Aso in this category, comes the use of
rotating arms which have also been used to study response
characteristics.



Fans have been subject to a great deal of developnent testing
in the past and suitable nodel test rigs to investigate fan
characteristics can be devised. The author feels that such
rigs are invaluable for the <calibration of fans for tank
models and the detailed development of active fans.  However,
nost of the basic work on orthodox fans has now been done.

Lastly, wunder the heading of nodelling, it nust be recognised
that the computer nodel provides an invaluable tool for the
researcher and the desi ?ner. However, it should be said, that
particularly in the early stages of the developnent of a new
form the conputer nmodel can be nisleading. By the way of
illustration, in the early days of the air cushion vehicle,

each new dynamc nodel of each new project seemed to uncover
a new an unexpect ed phenonenon.  The mechani sm of the
phenonenon and the forces involved were wunknown until the
nmodel tests uncovered them and the conputer nodel would not
have revealed their existence at that time. O course, as
experience is é:]ai ned the conputer nodel becomes mor e
conprehensive and reliable. However it wll by no nmeans
supplant the testing of nodels of new high speed craft, at
least in the foreseeable future.

5.2, FULL SCALE TESTING.

The full scale trials of an SES are sufficiently simlar to
those of other high speed craft not to warrant much comrent
here except to say that they should be done in conformty
with an accepted standard procedure, and in ‘particular,
should be carried out in deep water.

Reliable information on full scale performance in waves,
obtained from properly instrumentated trials conducted by
inpartial observers is very nuch needed.

Another area where full scale tests have been, and continue
to be of considerable inportance, is that of the seal. Seal s
my be either flexible, sem flexible or "rigid". Only the
first two are currently being enployed as far as the author
knows, and these will be briefly discussed below.

2.2.1, FLEXIBLE SEALS.

Nearly all the flexible seals which have been enployed in the
various kinds of air cushion vehicle have consisted of a
basic substratum fabric which provides the strength, and a
rubber or plastic coating to protect it. One of the nost
inportant problems has been to obtain a satisfactory bond
between the fabric and the coating since loss of the coating
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As larger and larger SES are built w th higher cushion
pressures and higher speeds, it seens inevitable that
flexible skirts wll require nore developnent work, and somne
spectacul ar advances may be hoped for. In this connection, it
is interesting to speculate as to the weight; of flexible seal
material that mght be required for larger craft. A crude
extrapolation on a basis of plotting preseni. values of weight
per square foot of material against the o be root of the
craft weight suggests 2 I|b. per square foot for a 1000 ton
craft and 4 |b. per square foot for a 10000 ton craft. This
inplies that the bow seal on the larger ves:el would consist

of 25 to 30 tons of rubber or nore, which i: currently a bhit
daunting! Watever the real values turn our to be, future
devel opment work will be based on an accumulation Of
consi derabl e experience, and it may be that conbinations of,
say, Nylon and steel wll find acceptance wth other highly
devel oped coating materials.

2.2.2, SEMIFLEXIBLE SEALS.

Semflexible seals have conponents which are rigid and able
to sustain bending and compressive loads. Flexibility is
brought about by neans of hinges and still further
flexibility may Dbe conferred by adding areas of flexible
material. Semflexible seals nmay generate planing forces and
my also be subject to rather large inpact leads in heavy
seas. They do, however, avoid flagellation problens. Most
semflexible seals constructed so far, have been fabricated
from GRP and the potential for enploynent of this kind of
structure with much larger SES |ooks promsing. However, full

scale experience is limted so far.

6. CONCLUSI ONS.

The SES has progressed rapidly from its inception just over
two decades ago to the point where it appears to be very
conpetitive wth other forns of high speed transportation on
water. Mst of the basic technology required to achieve this
remarkabl e advance, together with nopst of the necessary
research and devel opment resources, alreadf/ existed within
the aeronautical and naval architecture worlds.

The new technology required has been concerned prinmarily with
thg seals or skirts, and here again, rapid progress has been
made.

Further work is now required to assure the success of the
comercial SES in the future, and this paper has high lighted
the need for reduced costs and improved seakeeping with
adequate roll stability. A careful assessment is al so



required of the relative nerits of the best form of propeller
drive and water jet

It is believed that further research and devel opnent can
maintain tte nonentum already given to the SES concept by
past work, snd that further significant advances can be made.

The paper bhas concentrated on comnnercial operations, but the
applicatior of the SES principle to a nunber of mlitary
tasks appears to be attractive.
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1. INTRODUCTION.

MARINTEK initiated and proposed to NTNF - the Royal Norwegian Council for
Industrial and Scientific Research - in 1986/87 to establish a 3-5 year
national research program on high speed crafts.

To be well-prepared for a development towards larger high speed unconven-
tional crafts and to bring further the traditions of Norwegian shipping
industry more extensive systematic research and development work is
necessary. More fundamental and practical know-how within the various type

of technology have to be provided. A 4-=year research program will now be
established and started from 01.01.1989.

MARINTEK, however, started early in 1987 with several research projects
financed by NTNF basic-fundings to meet the more urgent needs requested

through actual commercial projects, both for national and international
customers.

In this presentation the Tfollowing items will be discussed:

- Background and objectives of MARINTEKS research activities respon-
sibility and relations to the industry.

- MARINTEK activities and facilities, highlighting some actual
projects.

= The necessity and importance of international cooperation with empha-
sis on MARINTEK participance in such programs and committees.



2. BACKGROUND AND OBJECTIVES.

The high speed craft industry is currently at a level where the manufac-
turers/yards are very careful with respect to design details and "new"
ideas, which may be an indication that this is a rather "young" industry.
However, many of the so-called "new" ideas have been introduced previously
either within the shipping or aircraft industries. Until now a number of
ideas has not been possible to realize because of shortcomings within cer-
tain technologies. To-day, however, the most important technologies seem t¢
have simultaneously reached the same high levels of development, giving a
unique possibility to realization of new concepts.

The basic technologies considered to be the most important for development
of high speed crafts are:

hydrodynamics with special emphasis on ship motions, slamning, foils
(wings) and air cushion/regulation technique.

development and application of new materials including structural
design methods, testing and production technology.

machinery and propulsion systems.
operational  procedures, training and navigation systems.

In general, the main responsibility of MARINTEK, and research institutes in
general, 1is to be at the forefront of the development with respect to know-
how, facilities and services so to provide knowledge assistance to the Nor-
wegian industry 1in developing and improving their services and products.
This also includes general activities with respect to public safety in co-
operation with governmental authorities and classification society = DnYy =
to establish rules and regulations.

The principle objectives of MARINTEK research program/projects are to:



increase knowledge and physical/technological understanding
appropriate to all fields.

develop design methods, guidelines, and testing Tfacilities to be used
by industry directly or through associated institutes.

To prepare the Norwegian industry, the number of qualified engineers should
be increased at technical university levels of M.S. and Ph.D. and courses
should be modified or new ones started within the various Tfields. Project
and diploma work have already been initiated and Ph.D. studies will be ¢On-
nected to the research programs. The number of engineers at the various
levels to be educated in the next years should be based on prognosis from
the industry-builders, operators, governmental authorities and the Navy. At
the operational level, special courses and training facilities should be
established to satisfy the safety rules and regulations.

The close cooperation between MARINTEK and NTH makes it possible to combine

research, education and industrial projects.

High priority should be given to international cooperation through projects
and exchange of people to stimulate international experts working and
teaching in Norway.



3. RESEARCH ACTIVITIES AND TEST FACILITIES

3.1 Objectives of Tests and Procedures.

Through the years MARINTEK has tested quite a number of high-speed vessels,
including resistance, propulsion, cavitation and seakeeping tests in head
or following seas. Vehicles tested include: planing hulls, round bilge
hulls, catamarans, hydrofoils, SWATH"s and SES.

Compared to conventional ships the detailed design and optimization of
vessel performance, propulsion systems as well as safety, seakeeping and

handling characteristics of large high speed vessels require more extensive
experimental investigations.

It is clear that developmental testing on a model will cost a great deal
less, and also be less time consuming, than comparable tests on a full
scale ship. This is particularly true in the case of a relatively complex
craft such as an SES where the parameters that can be changed (e.g. skirt
geometry, side wall shape, etc.) are not only large in number, but each can
have a profound effect on performance, manoeuvrability, handling, etc.
Thus, the first objective of a model test program is to achieve, in an eco-
nomic manner, a craft design which will satisfy the basic performance

requirements for successful operation.

With any high speed craft, the requirements of safety can affect the design
much more than in the case of a conventional ship. Establishing the enve-
lope of safe operation might well be dangerous and destructive if carried
out on the full scale craft without the guidance provided by model test
results. Model tests should be run with various simulated failures to
ensure that the eventual Tull scale trials and practical operations should
have an adequate degree of safety.

Experience with high speed crafts has shown that progress in design is in-
variably associated with problems or phenomena which have been either unex-
pected or even entirely new. These aspects of performance are impossible to



foresee in the design procedure, simply because of their unexpected or
unknown nature. However, model tests have been successfully employed in the
past to bring these problems to light well before the design has been fina-
lized and the occurrence of these problems on the ship has been avoided.
Thus, a further objective of model testing is to attempt to reveal unex-
pected problems in the design and to Tfind cost effective solutions well

before the design is Tinalized.

The main objectives of the MARINTEK research projects in 1987-88 are there-~
fore to:

establish and improve testing techniques, equipment and procedures.
develop design methods for both the early and detailed design stages
including programs for operational studies with respect to transport

economy and safety.

3.2 Performance and Cavitation Tests.

Reliable performance data are obtained on the basis of resistance and pro-
pulsion tests. Self propelled models are used, with stock propellers of
diameter 0.10 = 0.25 m. Water jet units are also designed, manufactured anc
tested.

The Tirst propulsion test with a high-speed model is performed with suit-
able stock propellers selected from an inventory of over 1100 propeller
models or waterjet models. The final propeller design either provided by
the customer or by MARINTEK can be tested in the cavitation tunnel in order
to minimise cavitation, loss of efficiency, vibration and noise. The cavi-
tation tunnel is also used to test propellers in inclined flow and to study

cavitation on appendages, rudders, hydrofoils etc.



The following facilities are used for high speed vessel testing:

Towing Tank (280 m long, 10 m wide, maximum towing speed 10-12 m/s
and maximum significant wave height Hg = 0.50 m).

Typcial scaling for towing and seakeeping tests are:

Max. speed 20 knots 30 knots 40 knots 50 knots
Scale 5 10 10 15
Max. Hg 25 m 50 m 5.0 m 75 m

Typically, models of length greater than 3.0 metres are used.

Cavitation tunnel. Diameter of test section 1.2 m

Max. water velocity 18 m/s

Max. propeller speed 3000 RPM

3.3 Seakeeping and Manoeuvring Tests.

For operational and seakeeping tests in random seas MARINTEK has developed
advanced testing techniques for High-Speed Marine Vehicles (HMSV's) uti-
lizing the large Ocean Basin (80 x 50 m) and free running models. In the
Ocean Basin both unidirectional and multidirectional waves can be generated
with maximum significant wave-heights of 0.50 m and 0.35 m respectively.
The adjustable bottom allows both deep water and shallow water testing.

The capability to conduct tests in multidirectional waves 1is very important
since experience has shown that more severe slamming occurs in multidirec-

tional waves as compared to uni-directional waves.



Typical scaling of high speed vessels and the corresponding wave heights in
the Ocean Basin related to maximum significant waveheights and maximum
achievable speed are given in the table below:

| ship displacement 100 tons 200 tons 1000 tons
] Model Scale 10 12.5 20
\ Max. speed seakeeping oblique
. waves 22 knots 25 knots 30 knots |
| Max. speed seakeeping \
head/following  waves 43 knots 50 knots 60 knots |
Max. sign. waveheight 5.0 m 7.5 m 10.0 m

The high speed seakeeping tests in the Ocean Basin with computer controlle
free running models include measurement of speed, heading, pitch, roll,
vertical and lateral accelerations, water on deck, waves, propeller RPM,
shaft torque, water-jet momentum, rudder force, rudder angle, etc. The com-
puter controlled test technique allow testing and tuning of active antiroll
fins, auto-pilot systems and dynamic positioning systems.

MARINTEK's Ocean Laboratory is currently implementing a two year develop-

ment programme on high-speed vessel testing techniques. This includes the
development of:

extremely stiff and light hulls manufactured with glass and carbor
fibre reinforce epoxy.

light-weight/high-power electrical and combustion motor systems.

light-weight instrumentation and data transport (telemetry) systems
for free-running models.

methods for adding and analyzing short run statistics.

- test equipment for measuring slaning pressure., forces and moments.

The combination of Ocean Basin long-crested and short-crested wavemaking
features and the light-weight model and instrumentation techniques enchan-
ces the opportunity for a "quantum leap” in the testing technology of high
speed crafts. The development of testing techniques will be combined with



further studies of ship/model correlation and development of computer pro-
grams for supporting the concept and detailed design of HSMV's.

3.4 Design Methods.

In addition and as complementary tools to the testing Tacilities, MARINTEK

has also developed a set of preliminary design computer methods that
include:

Calm water resistance of SES-vessels.

Resistance of semi-displacements monohulls.

Optimum resistance of hydrofoil crafts in¢l. effects of -cavitation
and flaps.

Estimation of hydrofoil [lift, for both monohulls and twinhulls,
Efficiency and main dimensions of waterjets and pumps.
Dynamic stability of hydrofoil crafts.

These programs/methods are used at the preliminary design stage and to

"design" an experimental set-up and procedure through systematic parameter
variations before the detailed tests start.

3.5 Actual Project.

One of the most challanging and interesting of MARINTEK'S present projects
is the development and testing of a 1200 tdw. SES/multihull ocean-going
vessel to be operated at a crusing speed of 35-40 kts. Several con-
figurations like standard SES, catamaran, trimaran, combinations of air-
cushion and foils will be tested within the next months. The project
includes development of test rigs for fans, a rig for testing in waves
allowing large yaw motions as well as small light-weight engine systems.



4. INTERNATIONAL COOPERATION.

Within the high speed craft research and development programnes interna-

tional cooperation and relations are of great importance. In addition, in
order to take part in establishing international standards, criteria and

regulations. As the future navy vessels within the various countries may

represent a kind of technology breakthrough for unconventional high speed
crafts cooperation within the NATO-group 1is of special importance.

MARINTEK takes part in 3 different multinational cooperation projects or
committees.

4.1 Nordic Research Project. Seakeeping Performance of Ships.

When planning the design of new vessels one always needs to have a rational
basis for a techno-economic evaluation of alternative designs. This eva-
luation should include the vessel®s operational performance where the
seakeeping capability is one of the most important factors. To assess
seakeeping capability of a vessel, however, one should have precise cri-
teria and accurate methods for verification of seakeeping performance.

"Seakeeping Performance of Ships" is a joint Nordic research project co-
ordinated by NORDFORSK, the Nordic Co-operative Organization for Applied
Research. The aim of the project was to improve the knowledge of seakeeping

capability of a vessel by developing criteria and methods for the verifica-
tion of the seakeeping performance.

The project was carried out by the four Nordic ship research institutions:

Danish Maritime Institute

Technical Research Centre of Finland

Norwegian Marine Technology Research Institute AI®S
SSPA Maritime Consulting AB

In the Nordic countries fishing, shipping and offshore oil industries are
important parts of the total industry. So far, there has been a lack of
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precisely defined criteria to judge seakeeping performance of ships. There
has also been a lack of standard methods, testing techniques, measuring
techniques and theoretical methods, which should be used to establish the
motion characteristics of vessels. These facts make it difficult to decide
on the best design in many cases. It is often difficult to compare results
from different institutions, yards and consulting Tirms that design
vessels.

A similar project and studies should be carried out for high speed vessels,

The final report - "Assessment of Ship Performance in a Seaway" = IS now
available and may be ordered from NOROFORSK or MARINTEK.

4.2 ITTC = High Speed Marine Vehicle Committee - HSWVC.

Members of the 18th ITTC HSMVC are:

Chairman: Mr. Klaus R. Suhrbier, Vosper Thronycraft (UK) Ltd.
Secretary: Mr. Kjell Holden, MARINTEK
Dr. Jean Paul Bertrand, Bassin d'Essais des Carenes
Dr. Dan Cieslowsky, David Taylor Research Center
Mr. Bert Koops, Maritime Research Inst., Netherland
Prof. Kirill Rozhdestvensky, Leningrad Shipbuilding Institute
Dr. 0Q1le Rutgersson, SSPA
Dr. Hiraku Tanaka, Ship Research Institute

In addition MARINTEK /NTH participate in the Cavitation Committee and
Seakeeping Committee of ITTC.

The hydrodynamic technology and understanding required Tor proper develop-
ment of model test procedures for HSMV's are organized by the High-Speed
Marine Vehicle Committee of the ITTC in order to be consistent with the
increasing activities in high-speed vehicles and to properly serve the
towing tank community. This will ensure the continued development of the
specialized technology required for these craft, which, in turn, will be
transferred from the towing tanks to the designers of HSMVs.
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The committee period is 3 years and meets 1-2 times per year.

The 18th HSMV-committee - 1987-89 = will concentrate on the following

topics in addition to continous world-wide survey of crafts:
1. Appendage effects (drag, scaling).
2. Extrapolation methods/procedures

= SES.

- Aerodynamic effects (model, Tfull scale)

3. Model/full scale powering correlation.

4.  Analytical/experimental prediction procedures for semi-displacement

planing craft.
5. Hull/prop interaction problems.

6. Ship motion effects on propulsive performance.

7. Cavitation scaling - comments. Ventilation effects on propulsor
performance.

8. Seakeeping

= Linearity problems.

9. Manoeuvring
= Model/full scale

-« Correlation of manoeuvring characteristics

10. Dynamic stability in waves with special emphasis on effects of dif-

ferent propulsors (i.e. broaching).

11. Dynamic problems = seakeeping/manoeuvring.

and
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12. Structural loads.
13. Cooperative experiments with high speed craft model.

14. Trial Procedures.

Sea trials on high speed crafts should include the following
observations/measures:

- Deviations from standard procedures
- Trim, observations of conditions, ventilation
- Transom separation. Wetted area
-  Observation of spray
- Cushion venting
No. of runs
Sea - wind
-  Water depth
- Displacement change (fuel, LCG)
-  Ship motions

- \Waterjets, unconventional propulsion

Standard test-programs and procedures should be developed.

15. Numerical Methods.

' 4

Survey of numerical methods approaches, procedures
Samples, comparisons

Listing of existing computer codes

4.3 NATO = SGE (HYDRO)

In 1982, the formation of the Special Group of Experts on Naval Hydromecha-
nics and Related Problems (SGE(HYDRO)) was authorized by the Defence

Research Group (DRG) with the participation of Canada, Denmark, France, the
Netherlands, Norway and the United Kingdom. The Group first met in June
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1983, by which time the membership had grown to include Germany, Spain and
the United States of America. There has since been the occasional involve-
ment of Greece and Italy.

MARINTEK represents Norway or the Royal Norwegian Navy 1in this group.

The Specical Group of Experts is concerned with a variety of aspects of
naval hydromechanics testing and research.

The emphasis of the Group is based on naval issues such as the reduction

of drag and noise of submarines; the behaviour of surface naval vessels in
high sea states; the dynamic behaviour of towed systems, bodies and arrays;
and the performance of underwater weapons and advanced naval vehicles.
Furthermore, the Group 1is not limited to hydrodynamics in the narrow sense,
but includes the inter-relation between the medium and moving bodies and
the resulting elastic effects, stresses and vibration covered by the term
"hydromechanics".

Four Research Study Groups (RSG) have been formed which are reporting to
the SGE (Hydro):

Full Scale Wave measurements
Sea Loads, Slamming and Green Seas Impact
Wake Measurements

Cavitation Noise Scaling.

These studies will be finished within 1988. MARINTEK and Qceanor have in

1987 been involved in a large cooperative research program LEWEX = Labrador
Extreme Waves Experiment.

A cooperative multinational trial was carried out in March 1987 off the
coast of Newfoundland. The object of the trial was to evaluate available
directional wave buoys and RADAR-systems provided by aircraft. Directional
wave buoys were deployed from the Canadian research ship CFAV QUEST and the
Netherlands research ship R.NL.S. Tydeman. Additionally, operational wave
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forecasts were produced by the United States Fleet Numerical Oceanography
Center, Monterey. The Center provided directional wave spectral forecasts
from the Global Spectral Ocean Wave Model.

There were six nations participating in the trial: Canada, France, the
Netherlands, Norway, Spain and the United States. Each country participated

in the trial by contributing scientists and instrumentation to teams aboard
CFAV QUEST and R.NL.S. TYDEMAN.

The waters of the North Atlantic and North Pacific oceans provide some of
the most severe wave conditions of the oceans of the world. As these areas
are of considerable strategic importance to the navies of the NATO nations,
there 1is considerable interest in the degree to which the wave environment
hinders the operability of naval vessels, and in the aspects of ship re-
sponse which are primarily responsible for reduced seakeeping performance.
Slamming and green seas impact play a major role in limiting the speed of
naval vessels of the frigate and destroyer size. Typically in seas app-
roaching sea state 5 (6 m significant wave-height), the most modern ships
of this size are limited to speeds of about 20 kts.

The importance of slamming and green seas loads on naval ship operations
placed this topic high on the list of research projects that could be
undertaken cooperatively. The aim of the research was to investigate the
mechanisms responsible for slamming and green seas impact with a view to
identifying means of improving ship performance in high sea states.

Both full scale trials and related model tests will provide a data base for
bow flare slamming and green seas loading with which results from theoreti-
cal methods will be compared. Drop tests of two-dimensional sections were
also be conducted. The will provde insight into the development of the

girthwise slarrrning pressure distribution and the influence of scale
effects.

New research study groups covering other areas will be started in 1988,

where problems related to SES-technology may be given high priority and
interest.
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CONCLUDING ~ REMARKS.

following 1items have been adressed:

Within high speed craft research an open-minded and co-operative
industrial attitude is of great importance to proceed the development
towards successful design, production and operation of larger high
speed crafts. Development and production of experimental prototype
crafts would be of great advantage.

An important objective is to stimulate to education of engineers for
the industry at all levels including operational and maintanance
aspects. Builders, operators and authorities are at present in lack of
skilled, professional engineers, within this field.

Development of rules and regulations should be emphasized to avoid
"built-in" conservative attitudes which represents [limitation and hin-
ders successful results. The shipping industry 1is traditionally rather

conservative compared to aircraft industry.

International cooperation is in general of great importance in order to
minimize duplication of research and to start at the highest present
level. Transfer of technology and exchange of experts are measures to
be taken.

The combination of MARINTEKS expertise and testing facilities together
with NTH, SINTEF and DnY represent in the international arena a unique
and well qualified group which should be quite competitive. Together
with builders and operators the necessary basis for a successful
program exsists. However, close and Tfaithful cooperation is necessary.
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ABSTRACT

Important sea loads and motions of surface effect ships (SES) are reviewed. Limitations
of numerical prediction models for SES and catamarans are pointed out. Model tests are
shown to be useful except for prediction of heave resonance accelerations.



INTRODUCTION

The “High Speed Marine Vehicles” Committee of ITTC (International Towing Tank
Conference) defined “high-speed marine vehicles” to mean:

a) vehicle types which sustain most of their weight, at design speed, by means
other than hydrostatics,

b) unconventional displacement ships, and
c) semi-displacement ships which operate in a speed range Fn > 0.5 (Fn =
U/+/Lg, U= ship speed, L = ship length, g = acceleration of gravity).
Examples of high-speed marine vehicles are shown in Fig. 1.

We will particularly discuss prediction tools to evaluate seakeeping qualities of Surface
Effects Ships (SES), catamarans and SWATH (Small-waterplane-area-twin-hull-ships). The

Surface Effect Ship (see Fig. 2) is an air-cushion-supported vehicle where the air cushion is
enclosed on the sides by rigid sidewalls and on the bow and stern by compliant seals of the
bag and finger or planing type. When the SES is off cushion it behaves very much like a
conventional catamaran.

Important variables in evaluating the seakeeping qualities are:
a) vertical motions and accelerations,
b) roll angles,
c) relative vertical motion and velocity between the vehicle and the waves,
d) deck wetness,
e) wave impact loads (slamming),
f) added resistance in waves, and
g) structural loads between the hulls.

In head sea, the vertical motion of any point P on the vessel can be obtained by a
combination of the vertical motion (heave) of the center of gravity, pitch angle and the lon-
gitudinal distance between the center of gravity and the point P. The vessel’s accelerations
are important in assessing sea sickness and an individual's effectiveness in performing op-
erations. Occurrence of deck wetness is strongly influenced by the relative vertical motion.
The level of slamming is determined by both the relative motion and velocity as well as
the local structural form where slamming is occurring. Large relative vertical velocities will
cause large added resistance of the vessel.




Important parameters in assessing the level of vessel motions are the resonance periods,
damping level and wave excitation level. Relatively large motions are likely to occur if the
vessdl is excited with oscillation periods in the vicinity of a resonance period. It is, therefore?
of importance to know the resonance periods of heave, pitch and roll (for an unmoored
vessel there are no (uncoupled) resonance periods in surge, sway and yaw.) However, if the
damping is high or the excitation level is relatively low due to cancellation effects, it may be
difficult to distinguish the response at resonance periods from the response at other periods.
If no artificial damping is introduced, roll motions of a ship in a beam sea and vertical
accelerations of a SES are examples where resonance oscillations can be clearly seen.

Obviously the motion of a vessel will be influenced by the vessel's form. We will not
discuss this in detail here, but we will give some examples. Salvesen (1973) has made a
comparative study of the seakeeping characteristics of SWATH, catamarans and monohulls.
His conclusions are that the SWATH is superior to conventional monohulls and catamarans
in moderately severe head seas. This can be clearly seen in Fig. 3. A simple way to explain
why the catamaran has a higher vertical motion than the monohull is that the catamaran
has lower damping in heave and pitch. This is caused by wave trapping between the two
hulls. A reason why the SWATH ship has particularly low vertical motion is cancellation
effects in the wave excitation loads. However, a SWATH ship may not be superior in all
sea conditions. In following seas, the SWATH will pitch more if not equipped with foils. It
should be noted that the examples presented above are for moderate and low vessel speed. A
special seakeeping feature with-Surface Effect Ships is according to Butler (1985) that “SES
can operate safely at higher speeds in higher sea states than equivalent length monohulls.”



SEA LOADS AND MOTIONS OF SURFACE EFFECTS SHIPS (SES)

Heave and pitch are critical motion modes of a SES. Resonance heave motions may
cause excessive vertical accelerations and make it unpleasant and limit operations on board
a SES in cushion-borne condition, but nonresonant heave motion and pitch motion are also
important for operational effectiveness and motion sickness indices. Large relative vertical
motions between the SES and the waves can cause wave impact loads (slamming) and
possible structural damage. This is particularly true in hullborne: condition.

The resonance period of the heave motion of the center of gravity of a cushion-borne
SES is much lower than for monohull ships with comparable length. The natural period for
the heave of the center of gravity of a cushion-borne SES can be approximated by

P ST
Tno = 2 [79(1 + pa/po)] W

where ~ = specific heat ratio of air (= 1.4)

g
p~= atmospheric pressure

gravitational constant

po = cushion pressure
h, = cushion plenum height

This is also the natural period for the cushion and is physically due to compressibility
of the air in the cushion. Let us exemplify this formula for the SES-200 vessel (see Table
1). We find that Ty, =0. 5 sec, which is low relative to wave periods of importance. But
ocean waves can very well excite resonance oscillations in heave even if they do not have
significant energy for periods around the natural heave period. An important reason is the
frequency of encounter effect between the vessel and the waves. Let us explain this by an
idealistic situation that can be created in a ship model basin. In one end of the tank there
is a wavemaker that creates regular sinusoidal waves of period T,. On the towing carriage
we have mounted the vessel. The carriage is heading into the waves with a constant speed
U. Let us concentrate on one point P on the vessel and consider the time T, it takes for two
successive wave crests to pass the point P. This will obviously be less than T,. By analysis
we can find that

T. :To/(l‘*"";) (2)



A real sea can be considered as the sum of many sinusoidal ‘waves of different periods,
amplitudes and directions. The energy will normally be concentrated around one period. If
we call that period T,and assume long crested waves, we can use equations ( 1) and (2) to
find out qualitatively if different sea states can cause heave resonance oscillations of a SES
in head sea. Resonance heave oscillations will occur if

TN3 = Te (3)

Equation ( 2) can be generalized to other wave headings by simply replacing U by
—~{ cos B. Here, f is the heading angle between the vessel and the wave propagation
direction. For instance, head sea means § = 180”and beam sea means f = 90”.

We can use the discussion to plot a diagram like the one shown in Fig. 4. The figure
tells, for instance, that period T,= 2.5 sec. associated with sea state | causes heave resonance
when the SES-200 is heading with a speed 30 knots against the waves. If the vessel changes
direction, for instance to bow sea (135° heading), a resonance heave oscillation will not occur
for a speed of 30 knots and wave period T, = 2.5 sec. It would occur if the vessel had a
speed of -30 knots/ cos 135°= 42 knots (see Fig. 4); but this is well above the design speed
28 knots of the SES-200 in calm water.

When resonance oscillations in heave occur it is not the heave motion itself that causes
problems. Resonance heave motion may not be more than a couple of centimeters. It
is the resulting heave accelerations that can cause problems. This is illustrated in Fig.
5, which presents results from full scale measurements with the SES-200 at full power in
head sea (Adams and Beverly (1984)). When the Ride Control System (RCS) is off, the
significant single amplitude of the vertical accelerations at the longitudinal position of center
of gravity comes close to 0.4g, which is the limiting value set for intolerable conditions for
the individual(s).

If we want to relate Fig. 5 to the discussion that followed Fig. 4 about sea states that
cause resonance heave motions, we should have in mind that a sea state does not consist
of one regular wave train of period T,. It is the sum of many regular wave components of
different periods. This means that for sea state Il there may be important wave energy for
a wave component with period T,=2.5 sec. In addition we should note that the vessel does
not only respond in heave at the resonance period. Further, it should be pointed out that
the heave excitation is proportional to the significant wave height H, ;3 and that higher sea
states obviously imply higher values of H, ,, (Hl,,, means the mean height (crest to trough)
of the one third highest waves).



From Fig. 5 we note that the Ride Control System (RCS) has been effective in damping
resonance oscillations in heave. The RCS system used is shown schematically in Fig. 6.
Vent valves and fan inlet guide vanes (IGV) are used to modulate the mass of the ar in the
cushion. For lower sea states, (IGV) are most effecient. We note from Fig. 5 that the RCS
system is not working effectively outside resonance conditions. The reason is that the most
important effect of the RCS system is to increase the heave damping and that damping has
the most significant effect on the response in the vicinity of the resonance period.

In Fig. 7 are shown full-scae results for the vertical accelerations on the bridge. In
particular for higher sea states, the acceleration on the bridge are higher than for the center
of gravity of the SES. The reason is that pitch contributes to the vertical acceleration on
the bridge. The resonance period of pitch is 3 sec. Compressibility effects of the cushion
does not have a significant effect on the pitch motion.

All the results presented so far are for head sea and full power. Lower speed and other
wave headings will generaly mean lower vertical accelerations. This is illustrated in Fig. 8
for sea state Ill.

Adams and Beverly concluded that SES-200 could operate on cushion without excessive
motion and wave impact loads up to sea state 1V; i.e, a maximum Sgnificant wave height
of 7 feet. The significant single amplitudes of pitch and roll motions were always less than
3%and 5°, which are motion limits set for helicopter operations. The significant values of the
lateral accelerations were less than the 0.2g limit set for individuals. The speed reduction
in different sea states is shown in Fig. 9.

Increasing the length of the SES would imply that the vessel could operate in higher
seas at a higher speed. Adams and Beverly estimated that a 4000 ton scaled version of
SES-200 could operate up to a 19 feet significant wave height. The projected speed varied
from 46 knots in cam water to over 35 knots in sea state VI. The SES-200 may not be
optimized from a seakeeping point of view. Other SES designs at comparable weights may
results in higher limiting sea conditons for SES operations on-cushion.

The effect of waves on the roll stability of SES does not seem much addressed in the
literature. For monohulls it is known that critical conditions may occur due to:

a) large roll motions in combination with deck wetness,
b) effect of breaking waves,
¢) broaching or loss of directiona stability in following sea, and

d) loss of static roll stability moment due to waves.



For SES it is not likely that situation a) will occur. Item b) i.e., breaking waves have
been the cause of capsizing of many small vessels and cannot be outruled as a critical
situation. Situation ¢) and d) could occur if the frequency of encounter between the waves
and the vessel were small, t.e., if the SES follows the waves. By generalizing equation (2 ),
to following sea and consider and idealized case with regular following waves, we will find
that T.= 00 (or the frequency of encounter between the SES and the waves is zero), if

T, =27 (4
g

For the SES-200 at speed 12” /[sec, this means T, = 7.7 sec. This is a representative
wave period for sea state IV (see Fig. 4). If broaching will occur in this situation depends,
for instance, on the position of the vessel relative to the wave crest, on the rudder size and
the afterbody design of the SES hull. Consequent capsizing due to broaching depends, for
instance, on the roll restoring moment. We have insufficient documentation to speculate if
this can represent a critical situation.



NUMERICAL PREDICTION MODELS FOR SES

Taylor and Moran (1988) have surveyed features of four different numerical simulation
models for hovercrafts (see Table 2). The four models were:

(1) Nonlinear time domain model developed by Oceanics, Inc. (Kaplan, et al
(1985)),

(2) Nonlinear time domain model developed by David Taylor Research center
(DTRC) and ORI, Inc. (Moran (1976)).

(3) Nonlinear time domain model developed by Textron Marine Systems (Moore
and Neilan (1987)), and

(4) Frequency domain model developed by Maritime Dynamics, Inc. (1986).

Three of the models are nonlinear. An important nonlinear effect is air leakage through
the seals. In the linear model this is approximated by equivalent linearization. An advantage
of a linear frequency model relative to a nonlinear time domain solution is that statistical
estimates of extreme values are more easily obtained.

One of the methods have only been applied to air cushion vehicles and is not directly
applicable to SES. The reason is that hydrodynamic loads on th.e sidewalls and seals have
to be accounted for.

Only one of the listed methods accounts for unsteady free surface deformation due to
the vessel. Dependent on what the wave period, vessel length a:nd speed are, this may be
an important effect. Moran (1975) has studied the problem experimentally by using a 1/3
scale model of the U. S. Navy’s 45-foot XR-5 manned test craft ‘(length-beam-ratio L/B =
6.58) in regular head sea waves. Results for the wave amplitude at different longitudinal
positions x/L are presented in Fig. 10. Positive x is in the forward direction of the SES and
x = 0 corresponds to midships. If the vessel had no effect on the incident waves, the wave
transfer function n/¢ presented in the figure would be 1. This would be the case for very
low and high frequency of encounter. Let us translate the results in Fig. 10 to the SES-200
ship. At heave resonance p = .i.—" L/g = 28. This is far outside the tested frequency range,
but it is reasonable to assume n/¢ = 1 1. e, that the SES has no effect on the incident wave
system at the heave resonant period. But if we examined a wave period T,= 6.5 sec., and a
vessel speed of 25 knots, we will find that g, = 4.8. According to Fig. 10 wave deformation
is important. Both T,= 6.5 sec. and U = 25 knots are representative values for sea state
Il (see Fig. 4 and 9); but also for higher sea states, wave deformation would be important.
This means that a model that adequately describes air leakage due to large relative motion
between the SES and the waves should incorporate unsteady free surface deformation due
to the vessel as one of its features. The spatial pressure distribution in the cushion and the
details of the dynamic air and water flow at the leakage areas are also likely to matter in
this case.



Kaplan, et al (1981) seem to be the only ones that have presented extensive compar-
isons between theory and experiments in a refereed and easily available publication. They
compared their computer program with modei test data for six different designs. Details in
terms of transfer functions are given for three surface effects ships. Actually, they are able
to predict satisfactorily the motion transfer motion of the XR-5 model without accounting
for free surface deformation (see Fig. 11, 12 and 13). This may not be inconsistent with
Fig. 10 and the accompanying discussion, the reason being that the heave and pitch motion
is a consequence of an integrated pressure effect on the hull. This means that local effects
as presented in Fig. 10 may not be that pronounced when integrated over the whole hull
and combined with other physical factors. For one of the vessels used in their compara-
tive study, the agreement between theory and experiment was not completely satisfactory
(see Fig. 14). Kaplan, et al (1981), have not provided any information how well heave
acceleration resonance oscillations are predicted.

From a hydrodynamic point of view, the numerical models presented in Table 2 seems
to be less advanced scientifically than methods used for engineering calculations of loads
and motions of monohull ships.

The discussion of numerical prediction models so far has been relevant for a cushion-
borne SES. In extreme weather conditions, a SES would be hull-borne and the hydrodynamic
analysis becomes very much similar to that for a catamaran. This will be addressed in the
following chapter.



NUMERICAL PREDICTION MODELS FOR CATAMARANS AND SWATH

The traditional way to calculate wave induced motions and loads on catamarans and
SWATH is to use extensions of strip theory programs for monohulls. When it comes to
monohulls, extensive comparisons between theory and experiments have been performed
and one has good knowledge of the limitations of strip theory calculations. The same
limitations should apply to catamarans and we will, therefore, present them in the following
text.

Strip theory is a high frequency theory. That means it is more applicable in head and
bow sea waves than in following and quartering seas for a ship at forward speed. The Sea-
keeping Committee of the 16th ITTC (International Towing Tank Conference) reports, for
instance, substantial disagreement between calculated results and experimental investiga-
tions of vertical wave loads in following waves.

It should also be noted that strip theory is a low Froude number theory. It does
not properly account for the interaction between the steady wave system and the oscillatory
effects of ship motions. To the author’s knowledge there is a lack of systematic investigations
that show how good strip theory is at high Froude numbers; but care should be shown in
applying the theory for Fn =ﬁ >~ 0.4. Here U is the ship speed, L is the ship length

and g is the acceleration of gravity. One exception to this may be when the frequency of
encounter between the ship and the waves is very high and the free surface deformation due
to the hull does not matter.

Another limitation of strip theory is the assumption of linearity between response and
incident wave amplitude. This means it is questionable to apply in high sea states with ship
slamming and water on deck occurring.

Strip theory is also questionable to apply for ships with low length to beam ratios. The
reason is that strip theory is a slender body theory. On the other hand, the Seakeeping
Committee of the 18th ITTC concludes that strip theory appears to be remarkably effective
for predicting motions of ships with length-to-beam ratios as low as 2.5.

Strip theory neglects all viscous effects. The most severe consequence of this is poor
predictions of roll and torsional moment at roll resonance. In practical calculations, empir-
ical viscous roll damping terms are added. For a catamaran, viscous effects will not matter
much for roll predictions. But if hydrofoils are introduced between the hulls, viscous effects
on the hydrofoil may influence the heave and pitch predictions. For a SWATH-ship viscous
effects on the pontoons may influence the prediction of the vertical motions.

Even if strip theory has its limitations, it should be realized that strip theory in many
cases gives good correlation with experiments and is extensively used in engineering appli-
cations. The comparative study reported in the 16th ITTC for the S-175 ship model shows,
for instance, that the agreement between strip theory and experiments is good for

a) Pitch for all wave headings,

b) Surge for head and bow waves,



¢) Sway and yaw for bow waves,

d) Vertical and longitudinal accelerations for all headings, except beam sea,

e) Lateral accelerations for all wave headings if autopilot effects are accounted for,
and

f) Vertical shearing forces and bending moments based on STFM for all headings
except quartering and following seas.

STFM mentioned in item f. stands for the strip theory developed by Salvesen, Tuck
and Faltinsen (1970). The other type of strip theory is often referred to as OSM and differs
from STFM (or NSM) in the way the forward speed is accounted for.

An important hydrodynamic effect for catamarans is the interaction that occurs be-
tween the two hulls. This has, for instance, been studied in the zero speed case by Nor-
denstrom, Faltinsen and Pedersen (1971). For certain frequencies. the wave energy may be
trapped between the two hulls and cause small damping in pitch and heave motion. Norden-
strom, Faltinsen and Pedersen showed poor agreement between theoretical and experimental
values of wave bending moments between the two hulls. The correlation between theory and
experiments was fair for pitch, vertical shear force, and pitch connecting moment between
the two hulls.

The forward speed effect in catamaran seakeeping engineering predictions is accounted
for in the same manner as for monohulls. The same limitations listed earlier for mono-
hulls apply also for catamarans. In addition, it should be realized that the interactions
between the two hulls that occur at forward speed becomes more complicated than for zero
speed. This is exemplified in Fig. 15 where one numerical prediction method accounts for
hydrodynamic interaction and another one neglects it all. It is the theory that neglects
hydrodynamic interaction that agrees best with experiments. This means that the theory
that accounts for hydrodynamic interaction is not correct. To my knowledge, there is not
available a numerical method that properly accounts for the interaction between the two
hulls when a catamaran has a non-zero forward speed. This implies that the prediction of,
for instance, the wave amplitude between the two hulls may be in significant error. The
consequence of this is, in general, poor prediction of wave impact loads and wave-induced
dynamic loads between the two hulls. However, it should be noted that Hadler et al (1974)
were able to show good agreement between theory and experiment for the Hayes catamaran
in head waves at 10 knots for heave, pitch and relative motion by neglecting all hydrody-
namic interaction and assuming the structure had no influence on the incident waves. The
rationale for doing that is questionable and more extensive comparisons betwen theory and
experiments are necessary.
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MODEL TESTS OF SURFACE EFFECTS SHIPS (SES)

Model tests are a common way to evaluate the seakeeping qualities of a SES. In Fig.

16 and 17 are presented results from a comparative study of model and full scale values
of heave and pitch motion of SES 100B. The agreement is generally good, except for low
frequency pitch motion. The reason for the disagreement is not likely to be scaling problems
within the model tests.” Without having detailed information on the model tests and the full
scale experiments, it is difficult to elaborate further on the disagreement. A more general
comment would be that it is easier to do controlled tests in model scale then in full scale.
For that reason, one should put more faith in the model test results.

Due to difficulties in scaling compressiblity effects from model tests to full scale, there
are, in special cases, difficulties in interpreting model test data for SES. This can be explained
in a simple way by Eq. (1). Since atmospheric pressure p,is not normally scaled in model
tests, and since p,/ p,>> 1, Eq. (1) implies that

(TN3)mod - Lmod (5)

Tns L

The index “mod” in (5) means model scale and L is the length of the vessel. Let us
take SES-200 as an example. We have earlier said that Ty, is 0.5 sec in full scale. If we use
a model scale length that is 1/25 of full scale, Eq.(5) says that (Tx3)moa = 0-02 sec. When
model tests are finished and the results for all wave periods are going to be translated to
full scale values, we would use Froude scaling. This means that th.e ratio between full scale
time T and the model time T, .4 is

T vi

Tomoa  VDmoa (6)

Equation (6) implies that we translate the full scale resonance period in heave to be 0.1
sec, and not 0.5 sec, which it should be. Since heave resonance accelerations are significant
for a SES, this obviously causes errors in predicting acceleration levels in certain sea states.
However, this scaling problem may be considered an isolated problem associated with heave
resonance acceleration. One may put more faith in numerical results than model test results
in these special cases. But, it should be realized that numerical methods are not that
advanced that they can properly model all physical effects that matter for SES. For instance,
we have found no documentation on how well numerical methods predict heave resonance
acceleration in full-scale. Examples where model tests are particularly needed and superior
to numerical method is evaluation of slamming pressure on the wet deck, structural loads
between the two hulls, and effect of waves on the stability of a SES.
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CONCLUSIONS

Tools to predict seakeeping qualities of Surface Effect Ships (‘'SES) and catamarans are
discussed. Even if numerical methods in several cases show good correlation with model
tests for vertical motion predictions, it should be realized that numerical methods are not
advanced enough to properiy model all physical effects that matter for a SES or a catamaran.
Examples where numerical methods may show bad correlation with model tests and full
scale experimental values are wave impact loads (slamming) and structural loads between
the hulls. Model tests are a useful way to evaluate seakeeping qualities of a SES and a
catamaran. One exception is prediction of heave resonance accelerations of a SES.
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2 ,% -

ROUND-BOTTOM — GED AIR-CUSHION
SUBMEAGE VERICLE
REA
e WTC;SR"LL&N“ sew.mimcmam Fons SURFACE EFFECTS ! ACY)
SwAT HARD-CHINE SURFACE: PIERCING Fiid
PLANING FORS
N Fig. 1. Example on High Speed Vessels (ITTC(1.981))
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Fig. 2. Surface Effect Ship (SES) (ITTC(1981))
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Table 1

WEIGHTS:
"m‘u—nmmwlmuﬂnmn
Fuel (\T)
Light Satp (\T)
DIMENSIONS:
Length Overs!) (Lo‘)('tl
Boas Overall (Bo,)ft)
Depts Melded (71)
Mast Hetght Above Keel (ft)

Narvigation Orafts (imcli. resder(ft}):

Wilbarne RO

Cushionnorne FLD
Vot Oeck Hefght (ft):

Bow

Starn
Effoctive Cushion Length (L‘)(")
{ffective Cushion Bemm (Bc){ft}
Cushion Length/beam Ratte
Tominal Cushion Pressure ¢ ALD (af)

2

59.4

159.3
».0
15.2
4.5

LN

1.5
5.0
1333
11.5
4.25

Main particulars for the SES-200 ship (Adams and Beverly (1984))



Table 2

— i e T - ——— —

(1)

(2) ---0

(4)

PROGRAM OCEANICS DTRC/ORI TEXTRON MARITIME
i} . MARINE DYNAMICS
TYPE Nonlincar Nonlinear Nonlinear Freg. Domain
Time Time Time Linearized About
Domain Domain Domain Mean Op. Cond.
SHIP TYPE ACV: SES: 100 B SES:
SES JEFF (A) 2K SES SES 200
JEFF (B) ACY:ILCAC
JEFF (D)
Rigid Body 6 5 6 5
Degrees of Freedom (No Yaw) (No Surge)
Free Surface Yes Yes - Steady
Deflection No (Relaxation State Deflection No
Equation) (Empirical)
Sed Fow Yes
Shutoff Yes Yes Yes (Statistically
Accounted For)
Quasi-Steady
Air Flow Yes Yes Yes Yes
thru Seals )
Cushion
Compressibility Yes Yes Yes Yes
(Adiabatic)
Spatial  Press.
Distribution No No NO No
in Cushion
Quasi-Steady
Fan Curve Used Yes Yes Yes Yes
Seal Dynamics No « Empirica
Modelled Yes No Seadl Force Data No
Accommodates
Ride Control Yes N o Yes Yes
Simulation
Comparison of four hovercraft simulation programs (Taylor and Moran (1988))
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1. | NTRODUCTI ON

This lecture is concerned with the econom c aspects of

operating scheduled services with fast passenger vessels in
coastal waters. The economc issues that will be dealt with are
confined to the transport-related side of such operations based
on material from services in Norwegian coastal waters and fjords.
| will also discuss the cost of the schedul ed service and
carefully evaluate the potential earnings and costs.

The traffic data covers the changed traffic volunmes follow ng the
qualitative changes in service offered by faster vessels, the
changes in travel tine, frequency and the way in which such craft
are used by passengers.

The cost of the scheduled service is related to the actual and
potential use of fast passenger vessels by shipping conpanies in
Nor way.

2. SUWARY OF DEVELOPMENTS

Fast passenger vessels first came into service in the 1960s as a
suppl ement to conventional coastal vessels. The new vessels were
mainly restricted to summer services. In the 1970s, new types of
fast vessels were introduced: Catamarans, hydrofoils and vessels
with naval gunboat hulls. These vessels permtted a fast

passenger service throughout the year, and led to an overall

I nprovenent in local passenger services. As the operational speed
of fast vessels was between 24 to 30 knots, about 80% of all
routes were able to increase the sailing frequency. The remaining
routes had unaltered frequency |evels. out half of the shipping
conpani es were able to replace one or nore of their conventiona
ships by fast passenger vessels.

This first revolution in coastal services led to considerable
i mprovenments in traffic volume. Passenger volunes increased by
between 40 to 80% in nost areas and the najority of these
passengers were newconmers to coastal passenger services.

The greatest inpact was felt in rural comunities of |ess than
300 inhabitants wthout roads. There was an annual passenger
increase per inhabitant of 70% This neant an annual average of
between 4 to 5 trips per inhabitant.

In nore populous rural areas and conmunities with upto 8 000
i nhabitants served by fast passenger vessels, there was a per
capita increase of between 0.2 to 3 trips in to the regional
centre annually.

The changes in the scheduled service had little influence on the
connections between rural areas and their respective comunity
centres. On the other hand, the rural and community centres were
provided with a conpletely new service in to the regional
centres. The introduction of fast passenger vessels, however
made it less easy to send goods by coastal shipping.



The new vessels inproved the standard of the schedul ed service
Travel times were cut by 50 to 60% in most cases. The schedul e
was altered to allow day trips so that passengers from rural
areas were not obliged to stay overnight when visiting their
regi onal centre.

The nost frequent users of the fast passenger vessels live in
rural areas or community centres. For such groups "necessity" was
the nost common reason for taking these vessels. In contrast,
passengers who lived in the regional centres or those from
outside the route network, generally took the service for the
purpose of "recreation".

For the majority of passengers, the regional centre was either
the start or destination of trips by fast passenger vessels.

Mbst passengers were satisfied with the departure and arrival
tines for these vessels. Their high speed nmade it easier than
before to find a suitable schedule.

It seens to be conclusive that the traffic increase is due to the
i mproved standard and the new travel possibilities. It has not
been possible to find a traffic increase nodel which could be
applied for the calculation of traffic for planned new services.

We are on the verge of a new generation of vessels. Vessels such
as hovercraft, conbined hovercraft/catamaran and ones wth
modified hulls with efficient propulsion units will bring the
operational speeds up to between 35 and 50 knots.

This raises a nunber of questions:

Which traffic market these vessels suit?

What is the potential for the generation of new traffic and the
transfer of traffic from other nodes of transport?

How will the financial side of shipping operations bealtered if
such vessels are brought into service?

These matters are central economic issues related to schedul ed
passenger services, they will now be considered nore carefully
taking a concrete case from coastal traffic in md-Norway.

.
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3. THE INOCOVE CHARACTERI STICS OF THE ROUTE STRUCTURES

A No. passengers

'Iypel‘ s S
|

centre district
ANo. passengers -
e
Type II
centre A district
In route structure I, travel is primarily fromthe district to

the centre, though there is some traffic in both directions. The
frequency Is not as inportant as allow ng passengers a reasonable
anount of time in the regional centre. The generation of trips is
governed by the nunber of inhabitants, ranging from 0.5 to 2.0
round trips per inhabitant annually.

The | owest generation of trips is found in local centres wth

>8 000 inhabitants situated far from regional centres, the

hi ghest figures were in small stops with <300 inhabitants which
were close to the regional centre. En route traffic between stops
was rare. Here the growing conpetition from private cars was
apparent. Car ownership is growing in rural areas and the stan-
dard of roads and connections are inproving. Since the fjords are
not as advantageous as the "straight |ine" of the road, car
ownership is a conpetitive transport alternative in such rural

ar eas.

We know that in route structure | the change from conventional
vessels to the 1st generation fast vessels led to an increase in
passengers at sonme stops of between 20 to 90% In addition, nost
travel tines were alnost halved. Many people were given the
possibility of using coastal transport on a day-return basis,
maki ng the overnight stays in the regional centre unnecessary.

A further reduction in travel time is likely with the new genera-
tion of fast passenger vessels. These vessels wll be capable of
speeds of 35 to 50 knots, and wll reduce the time people have to
be absent to take a round trip fromthe district to the regional
centre. Nevertheless, as this reduction will not be as revol u-
tionary as the first one, the share of new traffic will be nuch
smal ler. Conpetition with the private car will also be nore noti-
ceable. Though the increased speed could make it possible to

of fer hi?her frequenci/], it is doubtful if there is enough poten-
tial traffic to make this viable, unless there is a narket for
round trips from the regional centre out to the districts.



Road transport by private car has cut back the time advantage of
fast passenger vessels. H gher speeds in vessel routes, type I,
IS a necessity if costal transport is to hold its own, or
possibly wn gack the traffic fromthe roads |lost at the

]pegi nlglI ng of the 1980s. A mnor share of traffic transfer is
easi bl e.

The districts are suffering from depopul ation. The reduction in
the nunber of inhabitants 1s clearest in the trip generation
figures. For those living in rural areas with few inhabitants, an
average trip generation of 10 - 15 trips per inhabitant, annuallv
Is common with the 1st generation fast passenger vessel. Calcu-

| ati ons concerning the etfect of the 2nd generation fast
passenger vessel on the trip generation figures show a one-tine
Increase of 10% |f depopul ation continues for 3 - 4 years wth
just a few per cent, this trip generation increase could soon

di sappear. .

G her changes could be relevant for the trip generation factors:
purchasing habits, service consultations, the work market,
structure of schooling and trips for leisure/visits. Necessarv
trips include trips for treatment, work and education, visits-to
public offices and business travel. These constitute about half of
the market (40 - 45% for this type of route. Leisure and buying
trips or a conbination of these, nmake up the rest of the trip
generation. This last category of trip is the one that is nost
sensitive to reductions in guyi ng power. Nevertheless, this is
also the group with the greatest growth potential if the service
IS :alttractive and well-directed for periods when the econony is
sound.

In route structure Il there are two fairly equal regional centres
_Fsuch as Bergen and Stavanger) which form the basis of the route.
he frequency and the number of round trips daily are inportant
here. The speed and the price are also significant conpared with
other neans of transport. Conpetition is wde, wth air, coach
and private cars as the nost usual alternatives. The generation
of trips is mainly regulated by the contact requirenents of

busi ness.

There are few routes of this type in the material for Norway. The

flagship route Stavanger - Bergen has a long tradition. Qher-
wise, it is the traditional express coastal steamer service which

has served these routes until now. New routes are planned. One of
these is between Trondheim and the main tows in Mgre county:
Hristiansund - Ml de - Al esund. Though there will be a snall
amount of traffic en route to and from the coastal areas, this
wll largely a centre-to-centre route.

The cal cul ations which have been done are based on a fast
passenger vessel service with 2nd generation vessels (hovercraft/
catamaran) which at sea only conpete with the conventional
express coastal steamer. The new type of vessel will have to com
pete with air, car and coach transport.

./



asTable 1 indicates,
conpetitive edge over
transport when it
is also conpetitive with air
because of the travel

Vesse

fast passenger

conventi onal

conmes to nean travel

over

vessel s have a clear
shi pping, car and coach

tine. The new type of
the shortest

tinme on the ground. Gven the present

| st ances

situation, coaches and air transport operate with a higher fre-

quency of departures, and there is no limt to the frequency of

private cars.

Table 1 Comparison of different neans of transport
New AT Exp. Coach Car
vessel st eamer

A-M 45 mn 1h 40m n 3h 30mn 2h 15min lh 45mn
NOK 190 NCK 270 NOK 96 NOK 69 NOK 134 *
2x day 2x day | x day 6x day

M K 1h lh 35mn 4h 30mn lh 50mn 1h 30mn
NOK 190 NOK 270 NOR 132 NOK 78 NOK 124 *
2x day 6x day | x day 7x day

A- K 2h 2h 50min 8h 4h 40min 3h 10min
NOK 220 NOK 310 NOK i 73 NOK 173 NOK 258 *
2x day 2x day | x day 3x day

K-T 2h 2h 20nmin 6h 45m n Sh 3h 40nmin
NOK 290 NOK 410 NOK 250 NOK 173 NOK 303 *
2x day 6x day | x day 4x day

M T 3h 15min 2h 40mn 10h 30mn 5h 4h 5min
NOK 340 NOK 485 NOK 360 NOR 200 NOK 350 *
2x day 7x day | x day 5x day

A-T 4h 15min 2h 20mn 13h 7h 20min 5h 50min
NOK 410  NOK 590 NOK 389 NOK 263 NOR 485 *
2x day 7x day | x day 5x day

* private cost of car travel
(Kjerekostnadshandboken) per

from a Norwegian driving manual
01.01. 1985

+ /% inflation per annum
+ ferry tickets.

According to calculations the price level of the new vessels
should be cheaper than the private cost of car transport. Coach
transport should be cheaper and air transport nore expensive than
the new vessels. This price is nmainly determned by the type of
passenger category and the conpetitive advantages over the
various neans of transport nentioned above. Centre-to-centre
route structures will produce a higher share of necessity trips
than centre to district (SO 70% opposed to 40-45%).



W find nore passengers on business travel and: fewer on buying
trips. The chief conpetitors to the new type of vessels for the
busi ness traveller, will be the plane for |onger distances and
the private car for the shortest ones. For leisure travel, the
car 1s the strongest conpetitor, and will often be unbeatable if
3-4 travel together.

There is no particularly large group of potential travellers in a
market as described here. Consequently, the share of new traffic
Is restricted.

Transferring traffic from other neans of transport has its
limtations. The existing prices of various forms of transport
are set in a restrictive manner and the prices, are regul ated
according to existing concessions. There are nunerous | ocal
variations, however In the present exanple, the follow ng would
be the maximal figures which could advisably be expected.

20 ¢ transfer from air transport )
20 % transfer from private car

30 % transfer from coach transport

50 g transfer from the express coastal steaner service

This traffic would represent an inconme of NOK 10.5 million. This
woul d only cover part of the operating costs of the new service.

Concl usi ons concerning the income potential

The basis for traffic between the centre and the district is
restricted. Thus there will only be a small increase in traffic
with 2nd generation vessels which offer higher speeds or nore
frequent departures.

The conpetitive situation found in the centre-to-centre routes
indicate that the higher speed of the 2nd generation vessels mean
that there is a chance of entering the passenger transport nmarket -™
with a reasonable share of the passenger volunes. Never- ‘
theless the nmeans of price determnation for the schedul ed

passenger market may make it difficult to enter this narket.

The limted room for manoeuvring regarding earnings may nake the
cost the decisive factor which will determne the feasibility of
a 2nd generation of fast passenger vessels.

4. COST CHARACTERI STICS OF THE ROUTE STRUCTURES

The cost of shipping operations are normally divided into 4 main
categories:

1) Vessel costs, these are nornally variable and include the
cost of fuel, crew, maintenance and insurance



2) Route costs these include conm ssions, harbour fees,
advertising/ markerting, operating costs of termnals and
local waiting halls, and operating costs for the
infrastructure/crew | odgi ngs, bunker and maintenance facili-
tres.

3) Capital costs for vessels, depreciation and interest

4) Share of conmon expenses for administration and training,

profit.

The respective shares of the costs are illustrated by some
exanpl es:

Route type 1 _ Route type 2

Di stricts-Trondheim) Zlesund-Trondhein?)

Sandnessj een Tr.heiu

Vessel costs 38-45% 55-58%
Route costs 15-22% 8-10%
Capital costs 30-32% 30-32%
Conmon  expenses 8-10% 2-5%
| ncone/ cost ratio 0.4.-0.5 0.3-0.9

1) Hovercraft
2) Ses-catanaran

It is not expected that the vessel and capital costs wll be
dom nant for these two route structures.

The vessel cost share of the total expenses will be less in the
district routes (type 1) than in the centre-to-centre routes
(type 2). The vessels wll have fewer operative hours a year irn
type 1 routes because they have no conbined function. Thus the
vessels will be berthed in the centre during the day and at the
district departure point at night.

The route costs will be higher in the district routes than in the
centre-to-centre routes. This is because of the infrastructure
facilities. In the districts, the vessels are usually the only
ones to use the local ports, while in larger centres the

term nal s/quays/waiting halls can also be used by others.

The capital costs amount to about a third for both types of
routes. National, regional differences are found concerning
financial conditions and funding arrangenents.

The vessel costs include the fuel, crew and naintenance as the
main categories. The share of the vessel costs for these itens
varies with the type of vessel. For the 2nd generation of fast
passenger vessel there is sharp conpetition between hovercraft
and and hovercraft-catanaran. Here, a trade-off has to be nade

between fuel consunption and the acquisition/maintenance costs of
the respective vessels.



5,  FUTURE FAST PASSENGER VESSELS IN SCHEDULED SERVI CE

A nunber of the lectures during this conference have touched upon
the technol ogi cal perspectives for fast passenger vessels.

| will conclude with sone of the issues which have to be
consi dered before we can discuss whether such vessels have a

future role in scheduled service. | have based this on the incone
and cost characteristics which have been presented for such
vessels. | feel that | must stress that there are other narkets

and application aspects which are nore decisive for the devel op-
ment of such vessels.

The price level and the will to pay for the services of such
vessels in scheduled service leave little room for nanoeuvre on
the income side. On the other hand, new markets coul d be opened
up, but this will not be possible wthout increased operating
costs. Sone exanples are:

Charter traffic in different forms can be (conbined with sche-
dul ed services. Sporadic sightseeing tours in the sunmer is
an irrational concept. Tourism nust be integrated into a
package which includes transport by such vessels. This type
of transport could also be pronoted in connection with educa-
tion (schools, courses/conferences). Such traffic should pre-
ferably start in the main centres.

Total transport solutions are becom ng increasingly inpor-
tant. The route network should be structured for nodal traf-
fic. Since travellers frequently need additional transport to
and fromthe termnal, a reasonably-priced feeder service
could be established using taxis for instance. Through-fares
for different neans of transport such as sea-air, sea-coach,
sea-rail based on regional or national price zones would also
be of interest to travellers.

It is on the cost side that the greatest possibilities and
challenges are to be found. Perhaps this is technical way of
thinking comng to the fore. Fuel costs nust be reduced con-
siderably in relation to the first generation of fast passenger
vessels. This must be done wthout 1ncreasing the naintenance
costs, rather the contrary, maintenance costs per sea nmile nust
be reduced and be brought into line with the prices that are com
mon in the car industry. Innovations in integrated hull designs,
aggregates and ﬁropuIS|on units could half overall costs conpared
Wth today's. The challenge involves finding hull nodifications,
changing the use of naterials and devel oping nmore efficient
aggregates. o

Manni ng costs are another main elenent. Increased speed wll
bring iIncreased productivity, but this is not enough. At present
such passenger vessels require a crew of 4-5, efforts should be
made to nmake such vessels operative with a crew of 2. Once

mai nt enance requirenents are reduced this wll allow manning
levels to be mnimzed. If we incorporate nore automatic control,
automatic ticket systems, accounting, cafe and catering etc.,
fast passenger vessels could still meet the classification
requirenents with reduced crews.
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Efforts to reduce operating costs could lead to increased capital
costs for such vessels. The relationship between operating costs
excluding crew and capital costs for scheduled services is biased
when conpared wth conpeting forns of transport. Scheduled fast
passenger vessel services can accept higher purchase prices
providing the fuel and nmaintenance costs at |east conpensate for
this increase.

There is a huge potential for innovation wthin the organization
and admnistration of scheduled passenger shipping. These are
still tw costly elenents which wll not be dealt wth here since
they are not of decisive inportance for the future of fast
passenger vessels in scheduled service.

| hope that ny argunment has indicated clearly enough that it is
the marine technological developments that represent the greatest
chal lenge, and that this nay represent the notivation that is
required for further developing fast passenger vessels as a
viable neans of transport.
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Introduction.

The paper that in a limited number of pages shall give an overview of such a vast
subject as the total transportation concept, embracing the three possible travelling
elements, must be rather brief in its presentation of the various (concepts. The
high-speed marine craft will, by definition, be considered a craft with a service
speed above 25-30 knots and only surface crafts will be considered.

Likewise, for land transportation the road travelling vehicles, railroad systems above
and below surface will be the land competitor and in air - planes, particularly
commuter systems and helicopters, will close the transportation triangle - air/sea/-

land.

In an attempt to limit the geographical areas under consideration., only Scandinavian
and Continental countries, with the exception of the San Francisco Bay area, will

be considered.

Focal areas will be limited by the fact that passengers with restricted space on
board most high-speed crafts will only endure some 2-2.5 hours travelling time and
thus, distance between ports is restricted to some 75~100 n.miles. The English
Channel with its multiple crossing lanes between England and the Continent as well
as England - Channel Islands, has been the domineering area for introduction of

high-speed surface crafts.

Scandinavian waters have so far lagged behind in this development. although this
year high-speed catamarans will be introduced in the Aaand rgutes out of
Stockholm, as well as routes on the Swedish East Coast and Gotlanti. The @resund
network of ferries embraces a certain number of high-speed crafts, particularly

operated by @resundselskapet out of Copenhagen. across the straights to Malme.

The long M orwegian coast has in the latter years seen a large number of high-speed
crafts be irtroduced, starting on the West Coast of Norway, and today embracing
practically the complete coast from Kristiansand to the isolated, weather beaten

areas of the Finnmark coastline.
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Types of surface crafts.

High-speed surface crafts embrace both pinning crafts, in mono hull and catamaran
designations, and surface effect crafts defined by hovercraft and surface effect
ships (SES).

Hydrofoils are considered a particular development, distinctly different from the two
mentioned groups. Ground effect machines will not be considered, but referred to

as a possible development in areas of inland water characteristics.

Common to al these categories of crafts is their sensitivity to deadweight increase.
By virtue of high speed and the common desire for economy, the crafts have to be
designed as lightweight crafts in all engineering aspects. Aluminum hulls and
structure, or balanced by composite materials, high-speed, lightweight engines and
lightweight equipment for machinery, navigation and outfit are the overruling strict
design basis. The loaded displacement will, in the majority of cases, embrace some
75% lightweight, and only some 25% deadweight. The high-speed craft concept is

thus limited to carrying passengers and lightweight cargo like passenger cars.

The rather common belief that high-speed crafts are suited at almost any speed for
carrying trailers, containers and other types of cargo within these weight cata-
gories, must therefore be considered without factual grounding, in as much as the
power required for propelling these crafts with this type of cargo would make them

oil guzzlers without any financial and economic foundation.

Supporting these weights would, furthermore, drasticaly increase lightweight, thus
even before taking any cargo on board. a heavy penalty on structural weight would
penalize engineering power. The domino effect on structure, machinery output,
auxiliary equipment etc. makes it clear that deadweight restrictions, as long as
commercial activities are considered, will be the predominant limiting commercial

factor as regards flexibility of utilization of high-speed crafts.

It is felt prudent that a few technical parameters should be given so as to ease

’,
comparison between different, types of crafts, as well as quoting a certain technical
denominator for sake of comparison between the different modes of transport.

Figure no. 1 (1) gives power requirements in cam water for a number of crafts as
stated on the figure. This igure, although some 20 vears old, is felt to give a

good comparison between | wer requirements.
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The superiority of hydrofoils with submerged foils, as well as the amphibious
hovercraft, is readily apparent.

Figure no. 2 (1), which is from the same reference, gives an interesting diagram of
sea handling characteristics which evidently, once more shows the superiority of thk
submerged foil, hydrofoil craft and the difficulties that amphibious hovercrafts with
air propulsion encounter in the dightest seas. This leads to the question of

comfort. From the passenger viewpoint the most important operating characteristics
when in marine crafts, can probably best be described under the heading of cost,
comfort and convenience; speed itself is not necessarily a major attraction for the
short routes on which most ferries are likely to operate. And it is thus, in this
context, that the characteristics of any high-speed marine craft should be assessed.

Figure no. 3 (1) gives an interesting comparison from the same reference source,
comparing vertical accelerations midships with the competing modes of transport
under consideration. The in this context gentle ride of the hydrofoil (P.T. 50),
compares favorably with the Vickers Viscount aircraft which, some 20 years back
was a contemporary aircraft in shuttle and near continental traffic. It is perhaps
somewhat surprising to see the poor comparison with busses and trucks on average
roads. Admittedly, the standard of roads in the intervening period will most likely
ensure that these figures by today’s standards are very much lower than shown in
this diagram.

Accelerations in waves, as shown in figure no. 4 (I ), show again the superiority of
the hydrofoil crafts compared with hovercrafts and planing crafts. The rather
alarming accelerations, even in moderate wave conditions as experienced with
planing crafts is interesting from the viewpoint of comparing mono hull and to a
certain extent, catamaran hulls envisaged with higher payloads and comparably high
sustained sea speeds. The forces which will be transferred to cargo and passengers
in the seaway will, at least for the cargo, necessitate elaborate securing systems to
ensure that the cargo stays in place in the seaway. The consequences of the cargo
within containers are, of course, an entirely different matter. The admittedly,
limited experience with utilizing fairly large catamarans in an attempt on regular

- .y - ~ ' ] ci7a “a -
~—gehadulas acrass the North Sen with frozen cargoer, undarlines the size of £0rces, 28,

illustrated in this diagram.

Figure ing. 5 (2) shows gn up to dare transport efficiency diagram including present
day’s SES-srnrtt:. mono huil s, catuinarans and hovercrafts as well as hydrofoils.
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It is interesting from the viewpoint of embracing some 20 years' development as
evident from this span of diagrams. that few differences are seen in the broad

picture of efficiency between the different types of crafts.

In fact, it must be stated that the SES-craft is a derivative of the hovercrafts
designed some 20 years ago, with fixed longitudinal walls and skirts forward and
aft. The handling characteristics of the SES-craft wil! most likely be comparable to

non-amphibious hovercraft (water propulsion) as shown on figures | and 2.

Figure no. 6 (2) shows a tabulation of different types of crafts based on passengers,
installed power, full speed loaded which yields a factor of transport efficiency.

This factor

No. of passengers x max. cont. speed at full load (knot)
Total installed power (kW)

proves an interesting comparison when using the same parameters on competitive

transport modes in air and on land.

Figure no. 7, based on the same parameters, shows the different modes of sea
transport compared with present day standards of Scandinavian bus transport,

railroad and air transport.

It is obvious from this comparison that from a transport efficiency poir t of view,
the high-speed surface craft does not compare favorably with rail, bus or aircrafts.
Not surprisingly, the busses come out on top under the particular param:ters given,
which are stated on the figure. For sake of comparison, a high density, channel
ferry has been calculated, which indicates that the very best of surface effect ships
may compare from a transport efficiency point of view, with the new, large channel
ferries recently introduced which, incidentally, are meant to be a competitor to the

new Channel Project.

A comparison of a number of state of the arts crafts is shown in figure no. 8.

This figure shows the lending particulars of the largest in service and proposed
crafts of the various types of high-speed surface crafts under consideration in this
paper. As evident from this figure the, in ship terminology main dimensions, reflect
small crafts which by virtue of their high speed serve a limited transport demand

restricted t o passengers and lighuweighi e of Himited amount.
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The transport efficiency factors do not change by introducing the larger crafts

under consideration.

It is evident that the design push for any type these crafts under consideration is
lead by naval demands. From a commercial point of view, it appears that medium
speed catamarans, mono hulls - particularly the derivative of hydrofoils into the
Mono Stab design - as well as SES-crafts will dominate the larger crafts of

tomorrow. The hovercraft appears to have a restricted area of utilization.

When introducing building costs, the comparison between figures no. 6, 7 and 9
becomes interesting. This explains, to a certain degree, why the hovercrafts, due to
their high operating costs, are having a somewhat limited market penetration.

Speed is expensive, particularly if anything but passenger transport demanding

higher deadweight is considered.

British Channel

The British Channel has been the birth place of high-speed sea travel. The data
presented in this paper, particularly as regards hovercraft operation, describes
development of the last two decades in passenger transport on the channel routes.
Figure no. 10 shows the present percentage capacity by high--speed crafts in the
passenger transport across the Channel. As shown, the transport is primarily by
hovercrafts, although submerged hydrofoil transport (Boeing jetfoil) for years have
had a limited operation in the Northern part of the Channel. The amount of traffic
generated by these crafts have had a rather slow increase which appears not to

have given the market potential foreseen with high-speed passenger transport across

the Channel.

The introduction of commuter planes from city to city (Dockland Airport in the
center of London) and drastically reduced waiting time in the airports prior to

takeoff, will increase and harden competition with high-speed sea crafts.

The long debated. but now agreed to introduction of an undersea tunnel, although
for rail transport only, will furthermore change and broaden the transport alterna-

tives.
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It appears that utilization of high-speed crafts in this area will have to compete on
cost and convenience, and as such form, a limited part of the transnort Supply in
the major part of the channel traffic.

The Channel Island traffic, on the other hand, is serviced by high-:peed crafts both
to England and to the Continent. In comparison to the Northern Channel traffic,
catamarans and hydrofoils, but not hovercrafts, are utilized for serv cing the
islands. These crafts are purely passenger carrying crafts without any possibiiity of
carrying cars or other types of cargo. The service has so far been entertained by
different sizes of hydrofoils, although catamarans are steadily replacing the
hydrofoils. Heavier types of traffic; cars, trucks and general cargo, is conveyed
between the Islands, England and the Continent by ordinary displacement ships.
The development of larger SES-crafts carrying a certain amount of deadweight as
regards passenger cars may be introduced, provided the economics are right.

It is obvious that the ordinary vessels utilized in this traffic are having rather high
manning expenses. Operationa characteristics on these very heavy crafts are adso a
burden to the operators. Introduction of semi high-speed vessels, like catamarans
and other types of displacement crafts having a speed range of 20-25 knots with a
fully automated machinery and low manning, may prove to be a development

emanating from today’s displacement craft operation.

Figure no. | | shows a 20-25 knot version of a composite built 500 passenger « 100
car capacity craft.

It appears that where commuter transport by’ road, rail or sea can be directly
compared, the conditions for sea transport must be based entirely on transit time
which can be superior to road due to low road transit speed, because an appraised
aternative which is favorably'competing with road and rail transport is difficult to
redize.

High-speed commuter transport within the San Francisco Bay area utilizing
catamarans and mono hull c'o‘nstructions, is one area where the sea transport 4as
shown considerable potential and has captured a rather large dlice of the commuter

market.

For short, limite 1 distances there is no air alternative and, unless a very fine
network of rail « ysiems has been deveioped. the real competitors are cars - busses

and high-speed rat1s.
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Morning and afternoon, high density traffic throughout the world leads to low
transit speed, so also in the Bay area. Figure nos. 12 and 13 show typical high-
speed crafts utilized, public opinion of hover travel, as well as some of the service
networks entertained by these crafts.

Scandinavia

Scandinavian waters are in some areas partly hampered by ice formation during the
winter time. This is a problem which excludes lightweight, high-speed operating
crafts unless some sort of hovercraft principle is utilized. This has, in fact, been
utilized with considerable success in the @resund scheduled traffic between
Copenhagen and Mama. Figure no. 14 shows one of the 2 hovercrafts presently
operating in a winter mode, where the only craft to operate during this particular
season, was the hovercraft. It is interesting to note that commuter airplanes
previously operated between these two cities, were abandoned in favour of the
hovercraft regular transit.

The @resund company of Copenhagen has for years been operating in pardlée
between the two cities. Hydrofoils were operated in the 70’ies, but for operational
and economical reasons, these have been replaced by catamarans which today form
the basis for the whole fleet. These high-speed catamarans (figure no. 15) are all
passenger type only and operate in the high-speed mode of some 30-35 knots. The
regularity of the service, apart from under ice ridden conditions, is satisfactory.

So far, very few high-speed crafts have been operated in the Baltic. The con-
siderable traffic out of Stockholm, principally to Finland, has developed into a
luxury passenger ferry fleet surpassing any other fleet in the world as regards
quality, luxury and size of -essels.

Signs ar.- now, however, evident that high-speed catamarans of the Fjellstrand type
will be introduced between Stockholm and the Aaland Idands. Due to the ice
problem:; encountered during winter time, the operations must obviously be
restricted to the ice free water time, normally some 9 months of the year. The sea
conditions normally prevailing in the Badltic should not give rise to any operationa

problems.



It shall be of interest to note how these vessels can compare, which by virtue of
size alone cannot meet to the standards offered passengers on the ships competing
intensively in the Stockholm = Finland traffic pattern. The problems with confined
space for passengers on board high-speed crafts have previously been commented
upon in this paper, and a direct comparison to passengers’ requirements, particularly
when competing with some of the most top class, luxury vessels servicing any type
of ferry network shall be interesting.

One could expect that the quality of passenger accommodation on board these
catamarans must be considerably above the present, where the capacity is based on
short time, commuter transport without any recreationa facilities given. In this
context it is interesting to note that the attempts to penetrate the Caribbean

market out of Florida with similarly sized catamarans failed, primarily for operating
reasons due to the vessel’s inability to cope with the prevailing weather and wave
conditions. It is, however, anticipated that the standards offered the passengers
should also be carefully kept in mind when summing up the experiences from this
operation.

In the Scandinavian waters there appears to be a tendency towards a sea transport
system split into three groups.

High-speed passengers craft only
Semi high-speed passenger/passenger car capacity
Medium speed passenger/heavy loading cargo

In the Baltic between the East coast of Sweden and the island of Gotland, this
type of operation will start during this summer with the introduction of high-
speed, passenger only catamarans. The service offered passengers between these
destinations precludes the use of road and rail traffic and, due to capacity and
positioning of airport, the utilization of aircrafts will be less competitive than
high-speed surface crafts.

A similar transport pattern is emanating rapidly along the Norwegian coast. Three
decades ago the infant steps towards high-speed craft operations were taken in
Norway. Hydrofoil crafts were operated in the Odofjord and on th.: West Coast

out of Bergen. These crafts were having some operationa problem:. but particularly
on the West Coast, opened completely new possibilities for operating between capital
cities and the provinces in a sense that not had been possible with roads and

ferries Jdue to the lack of pridees and wunnels.
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The operational problems experienced with these vessels were many, but lead to the
introduction of the Norwegian designed and built catamarans, the Westamarans,
which ulthough not operating at the same speed, offered reliability in a different
sense than had been experienced previously. The operational economics of operating
these very often low density services, could not be commercially viable unless a
heavy subsidy was granted by the national authorities. Figure no. 16 (6) shows a
typical operational result of a typical traffic scheme on the Norwegian West Coast,
with a spread of some 10 years.

The next generation of high-speed craft, the SES-craft, is still in its infant stages,
but throws light on operations with speeds hitherto not possible with semi
displacement catamaran crafts. The designs in operation so far are all passenger
capacity design without any car or commercial cargo capacity. Figure no. 17 shows
the S=S-craft so far in service, presently by Troms Fylkes Dampskibsselskap in the
Trom ; county. The operation has been very successful indeed, and it compares

favor ibly with road transport.

The proposed next generation of SES-crafts. as shown on figure no. 18, is an
ambitious, bold step towards 4 craft which, in GRP, will be the largest so far
designed and built. This will be a combined cargo and passenger craft. The cargo
being some 45 passenger cars, thus entering the area of modest cargo capacity in
comparison to size of vessel. The data so far released, as shown on figure no. 18,

justifies a few question marks as regards the performance and power required.

For sake of comparison, a similar craft is shown on figure no. 19 (5). This craft
which has similar characteristics although apparently designed for somewhat higher
speeds and sea capability, indicates by dimensions and power drastically higher
powers, both for lifting and propulsion than shown on the Norwegian designed SES-
craft. Provided the latter is justified from a point of view of design, it is apparent
that the operational characteristics for such a craft would demand tremendous
power with corresponding fuel consumption. Introducing this to the transport
efficiency previously used in this paper, the data do not compare favorably. It is
thus fairly obvious that such a craft would have problems obtaining the necessary
state subsidies for operation in as much as the cost/benefit factors involved in this
calculation do not yield the characteristics under which state subsidies most likely

will be given.
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By operating at these high speeds, it is obvious that a certain minimum distance
between ports is required to obtain operational economy. Thus, the traditiona
route between Stavanger and Bergen is one where high-speed crafts have been
operating for decades. We al know the sad story of the bold, next step intending
to introduce high-speed SES-crafts with an average speed on some 42 knots into

this route. The next step, replacing the ill-fated, Swedish built crafts, is still

open. An introduction of the above mentioned, combined passenger and car capacity
SES-craft could perhaps be of interest.

The Norwegian coast is in most aspects well suited for high-speed mode transport
by sea. Although al parts of the coastline today is scattered with small airports,
the number of people carried by sea is till formidable, and some 45-50 million
passengers are still carried each year. The mode of transport is today predomi-
nantly by high-speed passenger crafts or ferries. The f¢ rries taking al vehic'e
cargo, some 200 in operation are scattered around the ccast.

The operatidnal pattern will most likely be similar to wl at is observed in other
countries « high-speed passenger boats carrying passengers only competing with bus
and air transport and in some parts of the country, also with rail transport.

Medium speed passenger and passenger car/truck transport capacity = either by
displacement boats having particular seakindliness, operating in the outskirts of the
Norwegian coast -~ or by high-speed ferries. Slower transport for heavy vehicles
could form the third leg of the transport pattern.

High-speed boats for servicing in commuter transport systems will, with the rather
low density population, form a network of efficient transport means which cannot

survive without heavy subsidies.

Comparing this, however, with the often met, loca wish for introducing tunnels and
bridges makes, on paper, the superiority of high-speed crafts readily apparent. It is
felt that the maintenance and operational problems, particularly with tunnels,
frequently are underestimated. This means that the toll to be paid by \ sers of
bridges and tunnels will only cover part of the expenses to be incurred. The
expenses expected to be paid by the state for maintenance and operation may
amount to considerable sums. From a hazard point of view, a collision betwee 1 a
petrol truck and a bus in the middle of a three kilometer long tunnel, some 154

meter below sea levd, tdls it all.
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On the question of costs, the operation of any marine craft can be split in four

group:;:

Capital costs
Fuel cost;
Mainten: nce and operation costs

Administ -ative C0SS.
Traditionally, he operational costs have been dominated by manning costs.

The manning ¢ f traditional ferries have accounted for more than some 50% of the
total operation 1l costs. By introducing high-speed crafts manning levels have been
slashed, thus rointing towards capital costs and fuel costs as the domineering
parameters in the cost picture. Fuel costs are a derivative of speed requirements.
With speed requirements from the travelling public ever increasing, the fuel costs
have shown an explosive increase. Since these crafts are very deadweight sensitive,
it is thus obvious that a choice has to be made; either speed with small carrying
capacity or larger carrying capacity but slower speed. Thus, the SE-crafts breaks
new ground as regards passenger transport - but not deadweight carrying capacity
transport. Public definition of requirements endorsed by national authorities will,
no doubt, define the fractional relationships between the different types of crafts to
be utilized.

The administrative expenses are rather minor in the total operational expenditure
framework - however, the maintenance and operational expenses are by no means
minor. Time and again voices are heard claiming that operational expenses of high-
speed crafts are high, particularly regarding machinery maintenance and in some
instances, also structural maintenance. The latter is particularly related to GRP
constructions due to, broadly speaking, the trial and error process, I would say,
amply describing the state of art.

This leaves the capital expenditures. As long as these vessels are built in Norway
and no competition is rendered by foreign companies - a certain level of cost is

. established. Presently, three nations worldwide are major builders of high-speed
crafts = Norway « Sweden/lUK and Audralia

The Far East building ¢xpenses as regards conventional crafts are some 40-50% ot

the cost experienced with Norwegian - European costs.



13

It is thus to be foreseen, presumably within short, that the more aggressive Far

East builders in Singapore, Hongkong and expectedly, Japan and Korea, will
introduce crafts on the market built either under licence from established and
experienced European - Austraian designers, or designed on its own national design
basis. This be as it may, however, costs will be slashed, and thus introducing
different parameters into the total operating expenditures for this type of crafts
primarily along the Norwegian coast.

With the turbulent situation regarding the future of Norwegian coastal passenger
boat and ferry operation, it shall be of considerable interest to observe the
parameters laid down by the authorities with regard to operational framework for

this type of crafts.

Operationa qualities will be based on a few basic parameters,

Economy
Religbility
Frequency

The economical factors involved when building locally and abroad are readily
apparent and, with the change of operation, will make cost comparisons and cost
competitiveness in favour of sea transport when compared with air and land
transport. The changes that most likely will take place within the commuter
systems in Norway will probably give high-speed boats added value.. The break-
even distances between high-speed boats and commuter airplanes is felt to be some
75-100 n.miles. With high-speed passenger boats, this will entail some 2-2,5 hours
travelling time between ports which are literally in the center of the cities as
compared with some 30-45 minutes travelling time between airport terminals mostly
outside the city centers, giving at least some 15 minutes additional tr velling time
a either end. With commuter planes, checking in before departure }as been
reduced to some 10-15 minutes which means that the minimum effective time from
city center to city center will be some | hour 15 minutes or some 50" @ of the
transit time by boat. It is then becoming a question of availability, cost and
frequency whether the travelling public prefers boat or plane. The t asically
different subsidy structure between the two modes of transport will n most cases
make it difficult to range one versus the other, however, boat transport will take

a lion's share of the market with distances less than the break-even distance versus

plane transport.
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It is obvious where boats compete in parallel with road transport that this is a
loosing battle.

Thus, boat and road transport should be viewed as interlinked transport systems
rather than competing systems and the service network should be designed
accordingly.

There is basically only one stretch along the Norwegian coast where rail transport
can be directly c¢>mpeting with sea transport = Helgelandskysten in the county of
Nordland. The frequency offered by the rail system, however, is not comparable to
boat frequency. Thus, within the constraints given, this will lead to boats taking
their major share compared with rail passenger transport.

Summarizing, sea transport in the high-speed craft mode will have a definite
position in the transport s:rvice network along the Norwegian coast.

High-speed boats will due to their deadweight sensitive design, be restricted to
passengers and very light additional cargo, for instance a limited number of cars
per unit.

Semi high-speed boats and slow boats (ferries) will take the remainder of transport
required in commuter traffic consideration.

Surface effect ships will develop along the lines given towards speeds of abyut 60-
70 knots which will perhaps broaden the break-even distances quoted for p.issenger
transport by sea versus air.

It al boils down to a question of economy. Because of the scattered population
and vast distances to be covered, no operator, whether building the crafts in

Norway or abroad, can make ends meet unless vast price hikes are imposed upon the
travelling public, something which will be neither understood nor accepted by the
passengers involved.

High-speed passenger boats within these give constraints are thus here to stay and

prosper.
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The fmsport etliciency of High 3pecd Marine Crafts
pase x \
X
Speed a
Number  of Installed Full Transport
Manufacturer Type Passengers Power (kW) (knots) Efficiency
Surface  Effect  Chips
Vosper Hovermarine HM218 64 616 34 3.49
Vosper Hovermarine HM527-1 200 2764 375 2.1
Vosper Hovermarine HMS527-2 250-260 2625 36 3-2-3-31
Amphibious Hovercraft
BHC AP1-88 88 1128 40 312
Hydrofoils
BodiguezMCantierestNavale RHS140 929-100 28D 5633 as 299 7
Rodriquez  Cantiere  Navale RHS160 180 2909 34 2-10
Rodriquez  Cantiere  Navale RHS200 250 3775 36 2-38
Supramar  Hydrofoils PT50 111 2013 30 165
Supramar Hydrofails PT75 160 2462 36 2.34
Supramar Hydrofoils PTI SOD 270 5600 40 193
Catamarans
Westamaran 86Mk3 181 1640 25 2.76
Westamaran 95D 178 2953 30 1-81
Jetcat Marketing JC-FI 215 2360 30 2.73
Fjellstrand 165P 169 1789 24 2-54
International Catamarans 20-5m 100 620 25 293
International Catamarans 23m 150 1193 3-14
Monohulls
Mitsubishi Sea Ace 230 3560 20 1.81
Mitsubishi Sea Hawk 2 400 3560 26.5 2.98
Fiy. no. o
Hith Speed Passenger Ferry Teansport B MFiciency




Number of Installed Speed at Transport
Type passengers power full load efficiency
(kW) knots
Rail 400 2600 70 10.77
Bus 50 150 50 16.67
Air 130 10000 460 5.98
English Channel
Ferry* 2000 15000 22 2.93
Fie. no. 7
X No account taken for cargo carrying capacity.
Installed Transport
Type Length, Beam  Passengers Cargo power Speed efficienc)
(m) (kW) (kn)
SES 60 25 500 76 cars 24200 54 112
Hover-
craft 56 25 400 55 11100 >60 2.16
WYave
piercer 70 28 500 90 > 10000 >35 1.75
Ty
Catamaran 50 14 400 4000 26 2.6

Fin.

no. 8
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Number of Instd. Speed at Transport Capital

Tvpe bassengers power full load efficiency cost per
(kW) knots pass.knot
us §

Hovercraft
8 HC 83 1128 40 312 A
Boeing
Jetfoil 260 5532 44 207 1748
Fjellstrand
388 300 3600 32 2.66 469
SES 250 3500 40 2.85 450
Rail 650 3000 70 15.16 242
Bus 50 150 40 1333 200
Air 130 11500 460 52 334
Channel
Ferry 2000 15000 22 293 909

(no freight incl.)

Fie. no. 9
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Single Hoverspeed crossings scheduled
March-October 1985-86

Boulogne . Calais Total
1986 1985 %% change 1986 1985 % change” 1986 1985 % change
March 20 190 +21.05 04 MO #1882 . 634 530 +19.62 T CHANNEL Tue
April 272 268 + 149 588 494 41903 860 762 +12.86 neL
\ay 72 4 438 691 600 +1567 . 968 861 +11.30 | gomens s sranano aceour
dune 0 258 +16.28 792724+ 9397 1092 982 41120 Tao.  SENTRAL FORECAST
July 320 332 - 643 1LI38 100K +12.90 14581350 + 800 & 1
August 330 36 - 482 1IBB 1044+ 385 LSISTA90 4+ 188 3 N L
Seplember 288 233 +13.39 532 RS+ 297 LI201.066 + 546 2
©ctober 16 156 - ST 40 427N 08 96 +1879 g -
Totals 22002106 + 136 6,138 3528 +11.40 RIS§ 7034 + §a8 @ i' o‘,\.
W hY
1985 English Channel fast ferry services $ ol i 0%
Hovercratt Jetfol E . o 3%'/'
1985 1984 9, change 1985 1984 % chunge F | L ’ e BT e,
Januan W4 221 +54.47 104 80 430 W é N T NEw
Febh-—q 08 290+ A2 86 w0 - 444 enl T “6 ERRFT®
Ma 483 H7 o+ 8 03 160 176 = Y (8 : y e B = 2T
Apni 629 656 = §3I 19 202 - 1.98 PRESINT 3R na |
Ay B3 I60 0 #1147 20 20 + 455 — L o=t
June 961 935 + 3088 M4 M8 - 136 "0 14 196C 1940
LA TN - -
"A“:l—‘;uﬂ ;'fié': ll:;:{l) :]g';: 5% ;0(;6 _ 7ll":.’1 Predicled Cross Channel Traffic-Short Sea Route
Sgp[cmbc[ QR 914 = (.66 2718 260 + {92
October 590 487 42115 226 |8 +22.38
_ November 430 348 42356 146 190 -23.16
December 424 304 + 7.6l 144 210 -31.40
Totals §333 B.154 + 2.07 2442514 - 38
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Cost
Year Income Operating Schedule Result
(NOK mill) vessel cost
1976 10.46 10.77 4.24 ~ 4 55
1978 12.34 12.77 1.15 - 1.58
1987 19 =7 22.53 £.59 - 9 45
Fig. no. 16

L7



Modifications made to the first CIRR 105P SES before
delivery to TFDS included upper deck crew quarters
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TABLE V- QUTLINE SPECIFICATION FOR DCC FAST FERRY

Length overall. 60.0M, 5197 ft;
Beam overall. 25. 051. 82 ft
Cushion depth. 6.5M. ( 21 ft)
Draught  on-cushion. 2.75M 9 ft w
Hul | borne draught 4.50M ( 14.8 ft)
Capacity: 500 passengers and 76 cars
(or 60 cars and 4 coaches)
Al'l-up-weight: 600t (590 tons)
Calm water performance: 54 kts f’~')

Speed in waves: 40 kts in sea state 5 to 6.

Installed power: Prop: 2 x 6100 kW (8175 bhp) MTU diesel
2 x 3000 kW (4020 bhp) wTU diesel

Lift: 2 x 3000 kw (4020 bhp) MTU diesel

Range at 50 kts: 750 nm

o arn . v




HOW TO CHOOSE A CONSEPT FOR HI GH SPEED MARINE CRAFT

T A ot e T ke S i S e S S o e S e
41t - - P P A

Kire Rygg Johnsen, Batservice Verft A/S.

The present generation high-speed marine craft opens up for new commercial
opportunities regarding seaway transportation.

The current development within areas such as:

* hull form and size
* air cushion and foil techniques
* propulsion systems

materials

may have a significant influence on the total transportation picture.
There seems to be an increasing need for imfonation and rational methods

which enable the operator to arrive at effic¢ient transport concepts. In
this paper such a method is indicated.

1. VESSEL CONCEPTS

The most common types of high-speed marine craft are:

*  Monohull

* Small Water Area Twin Hull (SWATH)
* Catamaran

* Surface Effect Ship (SES)

* Air-Cushion Vehicle (ACV)

* Hydrofoil, surface piercing foils
* Hydrofoil, submerged foils

See Fig. 1.



The most predominant qualities for each of these yvessel~» are;

s > - - "

Monohull

e O D b ae . AR O o ol e A

SWATH

. o T S o oy -

Catamaran

SES

ACY

Hydrofoil

Advantage

* lLarge cargo carrying
capacity

* Ability to operate in
high sea states

* Favourable motion
characterictics

* Large deck area

- e - - - -

* Large deck area

* Favourable speed
characteristics

* Very good speed
performance in
still water

* lLarge deck area

* Very good speed
performance in
still water

* Zero depth in
operation

Favourable speed
performance

*

Favourable motion
characteristics

- S S T ) - Y N TY. L -

Disadventage 1
* Relatively large propulsional
resistance

* Poor cargo carrying
capacity

LEL PP LY E P P Y T L Y T

* Restricted ocean going
operation

* ‘Restricted ocean going
operation

* Wave and wind sensitive

* Poor cargo carrying capacity
at conventional cushion
pressure

* Wave and wind sensitive

*

Poor cargo carrying
capacity

*

Restricted ocean going
operation

Poor cargo carrying
capacity

*

Restricted ocean going
operation
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- evaluation method works.

PROPULSI N SYSTEMS

until

relatively recently

conventional screw propellers.

years (e.g. References 1 and 2), of which figure 1 is typical.

However,

slightly over 60% propulsive efficiency, and suggested that the

"cross-over" speed is
(reference 3). The vessel
also

in the 20-25 knot region as shown
in question here
indicates that there are new types of propeller systems being
introduced which claim higher efficiency

is a 35 meter

in Fig.
SES.

than the conventional

it has Dbeen accepted that at speeds slower
than about 40 knots, waterjet propulsion is less effecient than
Comparisons have been made over the

in recent times some waterjet manufacturers have been claiming

3
Fig. 3

ones.

In order for an operator to select a propulsion system that is optimal

with respect to special requirements, technical
well as subjective opinion, it is helpful
matrix, see chapter 12.

The following evaluation

in by the operator.

opinions and special operational

However,

and economical
to establish an evaluation

facts as

is to be regarded as an example on how the
The weight factors are assumed to be fTilled
(The weight Tactors very often reflects subjective

circumstances.) the points

given may to some extent be representative for a typical waterjet and a

typical CP-propeller.
Example on main propulsion evaluation (SES, L = 50 m, v = 40 knots).
Weight Water jet CP-propeller
Parametre faCtor R AR Y mARGSesmy | TESSSa
Points Score Points Score
*  Propulsion efficiency b 5 30 4 24
at service speed
* Propulsion efficiency 2 3 6 5 10
at slow speed
*  cost 6 4 24 3 18
* Weight 4 6 ° 24 4 16
* Reliability 4 5 20 5 20
* Bollard pull 1 3 3 6 b
* Depth under keel 2 6 li! 2 4
* Noise & vibration 3 6 18 3 9
*  Manouverability 5 5 25 4 20
Total score 162 o Ler
Weight factor: 6 = important, 1 = negligible
Points: 6 = best, 1 = worst (Score = weight factor X points)



In this case the waterjet is considered to be more suitable than a
CP-propeller. However, the outcome is totally dependant on the
selection of parametres and the weight factors (which will vary from
case to case).

SPEED PERFORMANCE IN STILL WATER

The speed performance of the various concepts is of course dependent on
the individual design. In Fig. 4 and Fig. 5 is shown typical speed
performance curves in still water for vessels of L = 50 m (Fig. 4) and
vessels of deadweight = 185 tons (Fig. 5), ref. 4.

A general observation for cargo carrying vessels is that the SES has a

favourable still water speed performance compared to other hull
configarations above 25 knots.

MOTION  CHARACTERISTICS

In ref. 4 a seakeeping comparison is made between the different vessel
concepts.

When motion characteristics are to be evaluated it is important to
differ between motions in relatively calm waters (e.g. significant wave
height of 2 m) and "rough seas" (e.g. significant wave height of 5 m).

The seakeeping performance of a vessel may be characterized by various
parametres such as absolute or relative motions (between vessel and
sea), motion angles, velocities and accelerations. In addition to
these criterions come other service restricting parametres such as
slamming loads, green water on deck, lack of dynamic stability, etc.

In broad terms a ranking of the different types of vessels seems to be
as follows:

"Calm seas"

* SWATH

* Hydrofoil

* Catamaran and SES
*  Monohull

"Rough seas"

* SWATH (when sufficient air gap)
*  Monohull

* Catamaran

* SES

* Hydrofoil



The critical parametre for each design, w.r.t. service retricitons,
seems to be:

SWATH : air gap

Hydrofoil : distance btw. keel and surface (or distance btw. foil and
keel for submerged foils)

Catamaran : air gap, relatively small buoyance in forebody

SES : air cushion leaks, air gap, relatively small buoyance in
forebody
Monohull : bow height, etc.

The service restriction is strongly dependant on the size of the
vessel. Generally the seakeeping performance improves with the size

> of the vessel.

The classification societies have given ™"Service Restrictions
Natations" to all "Light craft" vessels. The service restriction will
in addition to the limited operational range from refuge specify
reductions in speed versus sea state.

In addition to classification rules there are other seakeeping

standards of which some deals with comfort for passengers or working
conditions for the crew.

The 1S0 criteria for encounter frequencies of 1.0 Hz and above for
example indicates for example that light manual work is impared at
vertical acceleration of 0.4 g and larger. If this criterion is used
to evaluate the operational restriction of different vessel types with
a displacement of about 200 tons and a service speed around 40 knots,
the soeed should have to be reduced at the following wave heights if
the work took place in the bow area (see, ref. 4):

Restrictions due to accelerations at bpw:

ship tyoe | Tspeed | sign. wave height
*osaTH T knots | 36m
* Hydrofoil 45 knots 2,6 m
* Catamaran 35 knots 1,8 m
* SES 45 knots L,Im
*  Monohull 20 knots 10m




It should be noted that the monohull has relatively excessive bow
accelerations. IT the midship area had been the site in question, the
results would have been:

Restrictions due to accelerations midship:

ship type | speed | sign. wave height |
< swath 0 kots | R
k Hydrofoil 45 knots 3,2 m
¥ Monohull * 20 knots 2,7 m
k Catamaran 35 knots 2,5m
* SES 45 knots 1,5m

SPEED REDUCTION IN HEAD SEAS

An important parametre for most high speed craft is the speed reduction
qualities in head wind and seas. At high speeds the aerodynamic
resistance may amount to a considerable part of the overall resistance.
This 1is particularly true for SES and ACYs.

The same vessels as mentioned in ch. 4 have the following speed
reduction characteristics in head seas:

Speed reduction characteristics:

P Y et e L L L L Y Y Y L L L LY L L W oL LDl ol E ol bt

Ship type Speed Speed sign. Reduction
still water waveheight 3.m In percent

*  SWATH 30 knots 26 knots 13%

* Hydrofoil 45 knots 36 knots 20%

* Catamaran 35 knots 27 knots 23%

*  Monohull 20 knots 15 knots 25%

* SES J 45 knots 18 knots 60%
------------- N PR - N POy B




MANOUVERABILITY

The manouverability is of course dependent on propulsion system, rudder
arrangement, etc. In general terms, however, the following ranking is
mostly true with respect to mdnouverability in a slow-speed situation:

SES (on cushion)
Catamaran
Monohull

SWATH

Hydrofoil

ok ok X %

At high speeds the ranking would have been:

* Catamaran

*  Monohull

*  SWATH

* SES

* Hydrofoil

The SES has a favourable manouverability at low speeds due to large
transverse separation of the propulsion units. This arrangement also
improves the position holding capacity. Due to the small draft,
relatively large areas exposed to wind and small frictional resistance
and drag forces, the SES is, however, relatively sensitive to wind (and
less sensitive to current).

The catamaran has the same adventage as the SES w.r.t. the distance

between the propulsion units and thus a relatively high degree of
manouverability.

COMFORT _QNBOARD

The comfort onboard is often related to Tuxurious interior. However,
gualities such as

noise & vibration
accelerations

are essential w.r.t. comfort.

The noise and vibration conditions onboard is often related to the
position of the main engine and the propulsion system. A waterjet
produces less noise and vibration than a propeller under normal
circumstances.



The following vessel-types are relatively easy to control w.r.t. noise
and vibration:

*  SWATH
*  Monohull
* Catamaran

whereas

* SES
* Hydrofoil

may be somewhat more complex to deal with.

BUILDING  MATERIAL

There are two predominant groups of material normally applied for high
speed craft, namely aluminium alloys and fibre reinforced plastic.

IT the fire protection is done properly and if the desigh = both
globally and locally -is well taken care of along with the workmanship,
both material groups are well suited for building of fast craft. Both
aluminium and FRP or FRP/sandwich is accepted by-the classification
societies on an evenly basis.

In table 8.1. an evaluation of steel, aluminium, FRP/single skin and
FRP/sandwich is carried out. (For method of evaluation, see ch. 14.)



Evaluation of materials for a high-speed craft:

L T T e T

[Parametre

* \Weight

k cost

¥ Production
Qa/qQC

* Fire
resistance

¥ Impact
resistance

* |ce perform

¥ Fatigue
properties

k Water
degradation

k' Noise

k¥ Thermal
insulation

* Damage
detection

¥ Maintenance
& repair

Total score

S e e 0 i ks i S el il D el s b ks e A b oo e e W G A el

Weight factor :

Points

Score

As the weight

earlier,

Weight 1 Steel
factor | wewwes | mamww
oints | score
s | €€~ | e
2X6 12
3 18
3 5 15
4 3 12
2 | s | 1
2 6 12
3 4 12
3 6 18
3 2 J
3 1 3
3 6 18
4 6 24
162
6 = important
1 = negligible
: 6 = best
: 1 = worst
0 = unacceptable

o e o B T} o S D =

Aluminium
points | score
5 60
5 15
4 12
2 8
4 8
4 8
4 12
5 15
2 6
1 3
6 18
5 20

| 185

: Weight factor x points

T . el e T i e it i 0 et S O e S A D B b 1o - Sk o e B

FRP/single
points | score

3| 36

3 9

3 9

6 24

4 8

4 8

6 18

6 18

4 12

4 12

4 12

4 16

181

Table 8.1.

FRP/sandwich 1
points | score
6 72
4 12
4 12
4+ 16
4 a
3 b
6 18
6 18
6 18
6 18
3 9
4 16

223
ol ot bt o et e | o et o e o

is the most predominant parametre for high-speed craft,
the weight factor has been doubled

the weight factor

in this evaluation.

It may vary according to type of trade, exposure to rough seas,
distance to repair

frequency if
facilities,

Nevertheless,

light craft whereas steel,

well suited.

of different materials

impact-loads at quay,
etc.

it seems that FRP/sandwich
due to

climate (ice),

is a material
its high specific weight; 1is
In many cases there may be adventageous to use a combination

well

As explained
is based on a somewhat subjective opinion.

suited for

not too

in order to utilize the best qualities available.
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Fig. 6 shows the weight distribution of a typical passenger catamaran.
It is seen that the hull weight accounts for more than half of the
light ship. This explains the double weight factor in table 8.1. Fig.
7 shows that approximately half of the hull weight is plates, the other
half internal structure. If steel plates are used instead of aluminium
the plate thickness may be reduced in the order of 1 mm for aluminium
thickness of 5 mm at an average. A greater reduction is not realistic
due to requirements to bucking, weldability, etc. Taking this reduction
into account along with the specific weights of steel and aluminium,
the weight of the plates will increase 2.3 times. Even if the rest of
the structure will not increase accordingly it is expected that going
from aluminium to steel will approximately-double the hull weight.

A similar comparison between aluminium and GRP/sandwich shows that a
10% weight reduction is typical by going from aluminium to
GRP/sandwich. In real life these weight figures have a distribution
dependent on weight efficient design as shown in Fig. 8.

Fig. 9 shows typical cost per weight figures for GRP/sandwich,
aluminium and steel when the work hours are included. Fig. 10 shows a
typical distribution of construction costs for a 40 m catamaran in
aluminium.  This figure reveals that the material cost is relatively
small compared to other costs. Therefore new, efficient FRP/sandwich
technology should be considered even if the unit price is high.

S-glass woven roving in a polyester matrix is for example about 3 times
as expensive as normal E-glass roving/polyester (per weight unit).
However, the ultimate tensile strength is in the order of that of
steel and if this material is used in 10% of the most exposed parts of
the structure, the total price of the vessel will increase by only
about 1%, whereas the overall strength may have improved considerably.

CARGO CARRYING CAPACITY

The cargo carrying capacity can be ranked as follows:

*  Monohull
* Catamaran
* SES

*  SWATH

* Hydrofoil

The SWATH has favourable motion characteristics; but its cargo carrying
capacity is poor due to the small water area. The only way to
compensate this is to allow operation at pontoons, or to take onboard
ballast in transit condition. Either the favourable motion
characteristics are lost or fuel is burnt to transport ballast.
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The SES has reasonable cargo carrying capacity up untill a certain
point. If increased capacity is needed and the L/B/d-figurations are
to be kept within reasonable limits, the only way to achieve extra load
carrying capacity iIs to increase the cushion pressure. This turns out
to be relatively expensive.

All in all one may say that the monohull is best suited for
transportation of cargo with high specific weight. Catamaran and SES
are well suited for light weight cargo, cargo which needs large deck
areas and passengers.

BUILDING COSTS

Fig. 11 shows relative vessel costs per unit weight as a function of

* speed (ref. 5).

The NSFI group system split the ship into 8 groups:

General

Hull

Equipment for cargo

Ship equipment

Equipment for crew and passengers
Main engine w/equipment

Auxiliary engine w/equipment

Ship systems

* ok % % % Ok %k ok

Fig. 10 shows the price distribution of a 50 m lang monohull for speeds
of 20 knots and 30 knots. As it is basicly the main engine that

increases in price as the speed goes up, the figure demonstrates that
speed is a costly parametre for a monohull.

A catamaran would have been less sensitive to the same speed increase,
The SES even less, however, when size and cargo carrying capacity is

increased, the cushion generating machinery will increase relatively
rapidly.

It is difficult to give a general cost comparison between the different
vessel types. However; in the following table it is indicated where

each type seems to have the relatively best performance when relatively
calm seas are assumed (conf. ref. 4).
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Speed 0-20 20-40 40-60
knots knots knots
Displacement
______________________________ P o s S D S Gl A D D S W o o I OB S o B e o o o e ol ol win el
Catamaran SES
0 - 500 t Mono SWATH Hydrofoil
SES
——————————————————————————————————————— LR AR o S e S D ey i W W P B B D S S W
Catamaran SES
500 -« 1000 t Mono SWATH Hydrofoil
SES
Catamaran
1000 - 5000 t Mono SWATH SES
----------------- bttt i 2 08 e o i e e o e b lh e o e o D > e i e o o
OPERATIONAL COSTS
The operational costs can for example be split in:
* capital costs
* fuel costs
crew costs
* maintenance and repair
* harbour and canal toll
The capital cost is reflected by the table shown in ch. 10.

The fuel

costs are of course dependent on the present oil

price. However, for fast craft the fuel is a predominant cost. A
vessel of 20.000 hp in continous service burns fuel for around 10.000
USD per day.

The corresponding figure for a passenger vessel with a 5000 kW main

engine and 10 hours operation per day would be

around 1.500 USD.
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EVALUATION METHOD

When wvarious technical solutions and trade concepts have been analysed
it often appears to be difficult arriving at a final conslusion due to
the complexity of the matter. Although a variety of comparable
technical and economical facts are at hand, the problem is normally to
extract the important factors from the less important ones and to take
into account parametres which are difficult to quantify.

In these circumstances an evaluation matrix is of great help. The
technical and economical parametres are listed vertically. Each
parametre is then to be given a weight factor according to the relative
importance and points according to relative quality or capacity. The
product of weight factor and evaluation point makes the score of the
parametre in question. The alternative with the highest total score
(sum of all scores) is then considered to be the most favourable one.
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Weight Alt 1

Alt 2 |

Parametre
factor:

Points | Score | Points | Score

No 1
No 2

No |

No n

Total score

Weight factor:

* 123456
1 T I I |
negligible Important
Points:
123456
poor " top
performance performance
Score | = weight factor, x points.,
n
Total score = 3 score
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When the total concept, for example a SES versus monohul
or catamaran is to be concluded, it is often useful to
build up the evaluation matrix hierarchically:

l Complete vessel | -

Speed

Machinery
* |Power

cargo/passenger
Capacity

———| New price

Operational costs

Sed keeping Speed reduction
qualities in head seas
Manouverability Accelerations
Lat bow
Accelerations in
Range passenger area
Roll mofion
Comfort characteristics
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EXAMPLE ON SELECTION BASED ON THE EVALUATION MATRIX

The evaluation method outlined

in

ch.

12 has been used

to select a

vessel type for transportation of passengers/cargo or a plane cargo

[ e e e e o e e e e o e o o

= - . o s >

e - - o o

o SR e s D D D L M A D T

20.000

o S0) D o S ) D s B 0 D M L S s S et ke == .

L e

vessel. The basic capacities of the vessel are said to be:
Payload : 185 tons
Range 500 nautical miles
Service speed : Alt. 1: 25 knots
Alt. 2: 50 knots
The following vessel data is taken as a basis for the concept
evaluation.
Speed = 25 knots
Vessel
type Monohull Catamaran
Data
________________________________ f--..—_--_.._—_...-
LOA 86 m 78 m
M.E. power 7000 hp 8300 hp
P o e = A A a8 B B D . r--- ———————————— }- —————————————
Estimated 11.800 12.000
operating costs UsD/day USD/day
___________________ Lo i vt e 0 0 e 0 2 e e e e et e 0 v e v
Speed = 50 knots:
Vessel
type Monohul1 Catamaran
Data '
LOA 89 m 8l m
Y.E. power 47000 hp 36000 hp
Estima_ted 38.000 31.000
operating costs Usb/day UsSD/da
S AR S LS B MRl S 0l s ol gt P ) R D ok D D A D e Al ok e T TP MRS ee et e - e

___________




The vessels are assumed to be built
have been chosen without any significant

weights.)

The operating costs
insurance,
etc., as well

harbour toll,
as capital

include running costs such as crew;
consumables,
costs and fuel costs.

based on continous operation during the day.

Before an evaluation

sea keeping qualities should be estimated.
speed reduction in seastate 4 and 6

the environment).
vessel
given.

matrix

v = 25 knots (head seas is assumed)

Vessel
type

Criterion

- - D > D s 2t i

Speed reduction ,
ss 4

o ad ol ol b B D A -

Speed reduction
SS 6

Max. allowable wave

helght (0,4 g bow)

“Vessel
type

Criterion

Speed reduction
ss 4

Speed reduction
SS 6

[ S il ot ks o s b S o P i i D o s pap

Max. allowable wave

height (0,4 g bow)

b e 10 it e e A et o e 0 e i = 0 et e s

Monohull Catgmaran
(2 knots | 1,4 knots
5 knots | 5,0 knots
(s | 49m
____________ B U
eas 1Is assumed)

Monohull Catamaran
"‘gta‘;;;;;‘""5‘5";;;;;‘
1570 knots | 10,0 knots.
Ca2n | 42m

e s o 0 o it S e o e i

SS 4 abt. 2,1 m significant wave height
SS 6 abt. 4,5 m significant wave height

in FRP/sandwich.

maintenance,

The operating

b ok ooh "0 o b 08 LR 8 8 4B WS -

SES

Lt e tr s i 0 s 2 e e P s o

(o 0w e s it e ot e e o ot e

o o o 0 e ot ot e et

(Aluminium might
influence on prices and

husbanding,
minor modifications,

cost is

is to be established some characteristic
In the following table the
is given (speed reduction due to
Also the maximum significant wave hight in
may operate according to

which the

the 0.4 bow-acceleration criteria is

- ottt et e i et ke e e e

e ot = o o o s e o g

(P 1S i - et B et k1w

B 0 e e e D 0D s e = e

b o e s v s o >

Bt 0 2 o e e e e

[ L e

(O 0 L U e 1 e o8 B e e et o
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The tables show that the SES has a significant speed reduction in head
seas.
The accelerations of a SES is of course dependent on the ride control
system. The accelerations in the above tables assume the SES being
fitted with a reasonably good ride control system..
In the following tables the monohull, catamaran, SES and SWATH is
compared by means of an evaluation matrix as describen in ch. 12. Only
the highest level in the hierarchy is shown. Two speed, 25 an 50
knots, and two sea states, "Calm weather" and seastate 6, are
considered:
v = 25 knots, "calm seas"
Vessel ] Monohull Catamaran SES SWATH
t_ype WGight (el b may | PED e t i | ouk e s g S ) O 4] et ot e e £ Y e o e bl ok p |8 b k0w
factor |'oints | Score | Points | Score| Points | Score | Points | Score
Parametre | |
Building price 6 4 5 30 6 36 2 12
Operating pricel 6 5 i 5 30 5 30 3 18
Speed reduction 4 5 720 5 20 4 16 6 24
head seas
Motion charac- 2 4 8 5 10 5 10 6 12
teristics
Manouverability, 2 3 6 4 8 5 10 3 6
dead siow
Manouverability; 1 5 5 5 5 4 4 4 4
service speed
______________ [ R b ot el bk |} ] b o b o de"'- o =0 et s ot e ot Bt ol e et e | ol [Py Y.
Total score 93 103 106 76
______________________________ tmotrn | aemeae | m€-€- M | ot | e
v = 25 knots, seastate 6
Vessel Monohul} Catamaran L SES T SWATH l
type BIGNTE | = m e e e e e e
factor
Parametre oints | Score|Points | Score | Points | Score| Points |core I
Building price 6 4 24 5 30 6 36 2 12
Operating price 6 5 30 5 30 5 30 3 18
Speed reduction 5 4 20 4 20 1 5 6 30
head seas
Motion charact 4 4 16 4 16 2 8 6 24
teristics
Manouverability 1 3 3 4 4 5 5 3 3
dead slow
Manouverability 2 5 10 5 10 4 8 4 8
service speed | ___ | L J
Total score 103 t 110 E 92 l | 95 ;




P

U

v = 50 knots, calm seas
N Vessel Mono
type Weight ram~an
factor
Parametre Points
Building price 6
Operating cost 6 3
Speed reductign 4 5
head seas
Motion charact+ 2 4
teristics
Manouverability 2 "3
dead slow
Manouverability 1 5
service speed
Total score
ool 1 2 e B8 i ol B o o b il o et o e gy |t B
v = 50 knots, sea state 6
——————————————— P ol i b o o] 0w e wl o
Vessel Mono
type Weight p==wem-
factor
Parametre Points
Building price 6 3
Operating cost 6 3
Speed reduction 5 4
head seas
Motion charac- 4 5
teristics
Manouverability 1 3
dead slow
Yanouveralibity 2 5

service speed

bt e 0 e o o s e e e e o

Total score

"o 8 ol b S 8 e A e D e s e |

With the chosen weight factors and points given

conclusions can be drawn:

* The SWATH would require unrealisticly
speeds which makes

* The SES

calm seas.

* The catamaran

in seastate 6.

hull

- e o

e

(o D el G ko T T S D Rl ok 0 ] D R e e B B B e g D A e

Catamaran
Points | Score
4 24
4 24
4 16
5 10
5 10
5 5

89
..-e--d-L,-me-- ]

S - B 1t ot g

Catamaran
Points Score
= M-C e

4 24

4 24

5 25

4 16

4 4

5 10

103
______________ p

SES SWATH
da Lol T T Y e g by | = -
Points | Score {|Points | Score

6 36 n.a.
6 36
3 12
5 10
5 10
4 4
108
__________ n--L---—----L - b il el
____________________________ ;

SES SWATH
Points|Score Foints Score
------- 8 U SUTOUNUOUN SUNUIIS

6 36 |n.a.
6 36
1 5
2 8
5 5
4 8
|
_____________ | SR S
}
%8 | ]
______ I SR D

the following

is the most favourable alternative for both speeds

- o -

large engine power for high
it unsuitable for the 50 knots-case.

in

is the most favourable alternative for both speeds



It should be mentioned that the required deck area is relatively large
compared to the cargo weight (185 tons).

IT the deck loading had been increased i1t is assumed that the monohul)
would have come out more Tavourably.

Nevertheless, both the catamaran and the SES appear to be interesting
alternatives to traditional, low to medium speed, monochull
transportation, particularly for high-value, light cargoes.
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TYPES OF HIGH SPEED LIGHT CRAFT.
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ATTAINABLE PROPULSIVE EFFIENCY (1967)
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Weight distribution of a typical

passenger

catamaran:

L = 42 m, velocity = 36 knots.

| “eight .
(tons)

54%
27%
19%
Materials lMain Equipment ,
(aluminium)| Machinery | outfitting
& systems

Fig.6



Typical hull weight distribution of a medium
size, fast craft.

_Neight.
SO% , SO%
Hull, Frames,
plates stiffeners,
etc.

Fig.7



TYPICAL DISTRIBUTION OF HULL WEIGHT
FOR DIFFERENT MATERIALS.
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Fig.8
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Price distribution for a 50 m long monohull
car ferry, GRP/sandwich or aluminium hull.
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RELATIVE PLATFORM COSTS

PER UNIT WEIGHT

BUILDING COSTS OF DIFFERENT TYPES OF ADVANCED
MARINE VEHICLES AS A FUNCTION OF THE SHIP SPEED.
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DESIGN DEFARTHMENT MAENAGEMENT

FAS D PETHUD FOR DETERMINING AND OHeSK |G

THE MALN DIMENSLOUNS OF A WATERJET
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The reialiansg Jlven 1n The appendi:x do howsver , Al
caorreclions Lo be made Lo Lhe values oblbained 1 ¥ ol et
neramelerys are (o be laken 1nlo conaderalticon.

Df course lhe diagrams Jive approximale resuils. and are

of use especially for nol very demanding crafi, almool
ajwavs  draiven by fasl dieselr engines nol exceeding 1oy

Lo 1900 Kw, suth as LRIy 180/s% BER series.,

fhe diagrams were 00DLAINEd wusIhig LThe relallong prhdroanesd

1 Lhe appendis under poanl 2. ana atre The toliowriog:

Diagram aof T/P. 1n KN/ZKW and of AArE, 1nomE iy, A

fanclbion o+ G/7F. 1n mHs5. KW, 1n o statye condrlions,

rLodRE 2

iegram or TulF, 1 KN/ HW. Ax ow fUnCLIoOn ot [C P
m3 g KW, AT & consLant speed ot Lhe Lrafl EE K

pAtamelar .

r LOURE o

Wiagram of Lioe oaveral I ettfrizaiencros T]. yowmn oo dbannabaaaon e
Qrsi, at A conslant speed of he crafl as o parameler.
anu ol Lhe values of X, = Y, /Vaq. Again as 8 TuncLion o

q/.



Diagram of Tne maximum vaiues ot [(G/F ana of Lhe opiimun

values of Q7P 1n relation Lo Lhe speed or The cratli.

F1GURE

o

Diagram of Lne values of A,/F. 1in dvnamic conallions,

By

A tunciron of Q/P.

Biradgram of Lne pump head. Ny, N m of rMed, 2% 2 tancuion

ot Q/7F.

rIGURE 7

Dragram of Thne value ot nmeb pernssibrs for Lhe pump, =
a funclion af Q/¥F, and wilh Lhe speed of Lhe crati as o
parametver.

The curves are oblained bv equaliing Lhe nel nead avari-

apble 1o Tnal regquired of Lhe pump.

FIGURE &

Diagram of Lhe value ot Lhne characlerisiic numper &% -

Lributable Lo ine pump Laking cavilaltion 1nby  accoun.,
as & funclion of Q/F amd wiih Lhne speedl of Lne crafi o=z

& parameler.

EIGURE 9

Diagram ot 7V, &y a tuncLion ot L/, WwW1Ln Lne speed O
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speea 1lselt drops.

(e valwe o OL.% 1 rete~s Lo Lhe waipes Laren 32 B
Dasls  tor che caloculallon, AT WL Oh May L8 L0 -
s1dered AS ihean VE LSS tor We ) SR AVEITERR

The relations shown indicate Lhat efticisncy M.
increases as Lhe pump efficlency ﬂkn and 1npul et
trcrency 4},mb 1NCrease and as Lhe edlernal 1oss
faclor B, decreaszes,.

The value ot Ulhe characlLeristic number of (nhe L=
lakeg 5 = 0.6% refars lo very well made pumps, &g
15 rarely achiaved in commerclal o walerlels, T
same may be said tor Lthe =fficiency ?}n = 0,88,
The relations under poilnl 3 of the appendix make
it possible Lo calculate how M+, T/, R/ p  and

. )
nfP vat-y as Q’l.p, ?(.,_mb, Eyand ](,gvary.

The most urgent problem is that of calculatingthe
parameters of the watlerjetfor a crafitwhose bare
hull resistance ata speed V,is R,, whileati =z
speed V,. ¢ Vo 11 15 R, s0 Lhal R./Fg = (V. ./Va)™,
where i i cansiderably less than 2 {planing ot
semi—planing hulls or aperali10On with a reduced
number of propellers).

The optimum value of Q/P and the magimumvalueof
TJ./P=R/P are found in figure 4. fromwhic hPg =
R

o and Q. = Q/P.P, are obtained.

R/P



It it 13 FT2lithal (he vajue tOuyniiforQ@ 1¢ toi
h14h and would 1ead to an eXceSsively Dui}.
water-jet, 11 15 possible to see in figure 3, tor
the velocity curve Vg, what value of Q/F allaws o
performance within acceptable limits: then 1lne
relevant value of T_ /P is obtained from ¥figure Z.
five and A, , are obtained Ffrom figures 5 andg
respectively, while Ay, = Qq/0.7V,.

It should be pointed out that the value +0uiid §fo:
P, is the power absorbed by the gpump; to fi.ndth=
power of the engine Pg 11 IS NecCe$sary to daivide
by Tthe drive etficiency, which for & walerjel 1
denerally 0.98. From figure 9. 1n which “he curves

referred Lo Lhe speed V., 13 entered wiln T i Fg s

the To P 1 obLlained which makes 11 powsipls Lo
get F .
" Tu /PX

From Ffigure 2, in addition, @,/F, 1% oblained, anu
Thus Qi and consequently hy,..

From figure 11 the value of hg.u/teee For- P_ /F, 1 ¢
obtained which makes it possible, haow being equal
tQ the value awvailable at the speed V.-, to tina
havar reprebenting the net head for which ttie pume
may be designed lo require heo, at the speed \ .
wilh the working thrust of T,,.

This value may be lower than, equal to or grealer
than that available at he speed Vg gJiven

frugure 10.

b

\
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If it is lower. this means that the pump shkopula be
designed less fast than i1s permilted by Lhe speen
Vo- therefore with @Q,/P, figure 7 gives, for tne

speed V. : ] p
vll

and therefore :

Yo\
My My ( Tx )
If 15 is equal, this means that the pump may bDe

designed with reference to the speed V., Tor tiie
net head, and therefore from figure 7 enlering
with Qo/Ps for Va.

IT it is greater, Lhismeans that'Lhe pumphas to
be designed ajgain with reference to the speed Vo
with Qg/Ps, bul at the speed V, a net head LOwer

than that available Will be requ:i red.

In special cases, the watlerjel may be designea (g
Jive a specific static Uthrust, after which TLhe
speed reached by the boal at constant power 1¢

determined.

[y}

In this case, the value of T, /P, 1l=ading Lo
walerjel o f acceptable dimensions 1s selected 1n
figure 1. The same figure glves Lhe value of
Ave Fos; entering figure S wilh this vatue Jif-
ferent value5 of Q/P are obta:ined for the various
speeds. and from figure 4 the corresponding T,/P,

values. It is then rposgssiple Lo draw the curve of



the wOrking thrust as & function of the speed
at the constant power P,. This curve has to pe
compared with the bare hull resistance curwve ot
the craft in order to obtain the achievable speeq.
Note that the T,/Po values may be obtaineu
directly also from fiqgure 9.

The design revolutions ng, are ¢given by figqure 7

entering with Q,/P, for “the speed V, = O.

- If we knOw the capacity @, and head hvo of a
walterjel at a number of revolutions n,, within the (‘)
Iimi ts of Lhe coefficients 0f the diagrams tne
power Po 18 found from the curve in figure 6.

In order to apply this waterjel for a speed V,. 11
15 necessary tOcheck=usi1nyFlrgqgure7=-1hatne
is lower than the value found entering the curve
referred to V, with Qg/Pg. Theworking thrust oo-
tained will be given by Ffigure 2. entering, A
vsual, with Qo/Q,, while the efficiency of the je:
will be given by figure 3, and the value of &, - 1)
given by Tfigure 5.

Figure 3 will show whether it i1s more expedient I:
work with a greater capacity and a smaller heag o

vice versa at constant power.

In Lhis case, figure 3 9gives the newvaluecof
Au/Psy while figure 2 wili agive T,/P,. I i, 1S

greter than Q,/P,, it 1% necessary to checl ng



ajainusing figure 7.

3.5 - Given a. walerjet with G, hrter Tuer Ner Var Fue

it is possible to use the diagrams to draw TLhe
curves of the working thrusts as a function of V¥
and the cavitation limit curve, and, given R =
R(V), the power curve as a function of n and V.

The net head required by the pumg at No Hewvo
revolutions is obtained from figures 7 ana 10.

If this is lower Lthanthe net head availableat.
the speed V,, given again by figure 10, the curve
of the thurst at constant power Pg may be maln-
tained at least up to the speeii t0 which #H oo

corresponds.

in effect, taking into account the drogpin capacily as
the speed decreases at a constant numberof ravolutions,
1l may be maintained up Lo a lower speed. Lha., is to £av
up to the speed wnich, enterin] the diagram in figure =
with Avo’Pas corresponds to Qu/Pa = (Ge/Pe .
{(Hhavu/Naveal™.

A thrust curve al the power F, 15 Optained 1mmediale.ry
from fiqureb5, entering, for the varipus speeds, wiltis
AL/P. and reading the QP values and tlile co-responding
TW/P  in figure 2. The curve may bedrawn ur to a value
o0fQ,/P. = Go/Po . Nevo/Tlmuws

Thecurve of the power absorbedalong LheR=R{(V)curve



4

is obltained for each R as described under point 3.2.

number of

- EXRMPLE

4 . 1= As

Tho

revolutions 1sfound withn./ng = (P/Fa)1/Z.

an exampleot the yseof the gdragrams, . e L

ol

cOnsider a semidisplacemenl of about 140 |1,., Wt

Lthe followindresistance curve:

‘V'
%

\%

= 13 knols = 7.716 m/s 45.1 KN
= 20 knots = 10.zZ88 m/s 86.7 KN
=25 knots = 12.8&6 m/s 111.3 5 K

At a speedof 15 knols, operatingwith a force 4

adds another 15 KN to the resistance to headway.

propulsion
tion at
two water

Sizingo f

S~

Th 2

equipment must consist of 3 water-lets. Upera--

15 knots in force 4 seas must besustained bLw

jets.

the walerjelmust thus hpdone for

37. 12 KN at 25 knots
30 KN at 15 knots
In this case the resistance follows the law R./Rao

(15/25,©-2=2,

From f13ure 4 the optimum values of Q/pP = Q.0044 an ,

T./P = 0.0%98 are obtained, thus

Pa

= 933 KW Qo = 4.10 m>/s.

o~

Consideringt h e capacily escessive, fromfigure 3it, 14

seen {tlal. i0sing ane pi)int Only on efticrency, Q/F

1e



0.0034 and T, = 0.0392 may beachieved, and consequently
Pe = 947 KW, G, = 322 m3/5, hyo = 25.8 m, X,s = 1.875,

aue = 0. 1335 m2,

The following areobtained from figure 9:P,. = 3508 KW,

Gn/Pe = 5.04/10%, Q. = 256 m3/s, hvw = 17.3 m, X, =

From figure 11the following 15 obtained

Navw/Flava = 0.66
enteringwithP, /Fo,=0 .53 6.
Hawsw beingl 3 . 7 m,it follows that I-,,, = 17.7 i,
greater than hao =14.5mreferred to a speed Vg= 25
knOts.
The pumpmay therefore designed for a mayimum number of
r-evolutions obtained entering figqure 7 with G, = ¢.003

and Vo= 2% knots.

Ng = 15.27 rep.s. 1S obtained, equar to Y16 r.p.m.
The waterjel designed 1nthis way w il l be capable 0+
developing the statlic power Jiven by figure 11 tor

Favse/Have = 8.8/14.5=0.607. Lhat 15 to say PL/P, =
0.475, P,.= 450 KW.

Entering {figure 1 wllhA,/P, = 0.. 1335/45%0 = 29.6&6/ 10"
mé&/Kk the follwinglsobtained

Q/P = 5.04 Q = 2.27 m3/5

§.95/10¢2 T = 40.28 KN

T/p



CONCLUSIONS

The graphic method referred to above makes 1t possible
to solve rapidly all the problems related to walerjets
in average design coniiitrons.

The relationsgiven tnpoint 3 of the appendix allow T«
values found to be corrected vrapidalyi f dJiffereni
parameters are used.

This method is of use for a preliminary assessment gt
the application of a walerjyelt o a specific propulsior
problem or of the performances achievaperformance 0~
tainable from a walerjel already installed.

It is understood that the development of apropject en-
taiis a far Jrealer commiiment, which r ema i ns Lhe

province of the manufacturers.
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S YMEBOILS

Fag = intake area &
ATR = nozzle area me
< = external loss constant

Cob = intake resistance factor

Flww = net head on intake mo f
hir = total pump heaa

K = chafacterist 1 ¢ number

n = pump revolutions r.r.s
Ne = number of stages in series

P = power absorbed by the pump KW
Fe = power of engine KW

Q = capaci ty of pump m3/s
R = bare hull resistance KN
=] = characteristic number- at intake

T = thrust KN
To = working thrust of Jet KN
YV = outputl speed of jel m/s
Vo = speed of craft =

X~ = Vua/Ve

7 1ms inpul efficiency

N = pump efficiency

/- = overall efficiency of waterjet

p = motion quantity factor

kinetic energy factor

nozzle loss factor

densitly K3/m3

Hel
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APPENDIX
The relations on which the curves in the diagrams are based
are the following :
o [(—2-7 Y L)
Ta, / P A
T * P [( {025 _QP_(M{) * 1+ L ) - 5 v,} )
’77" AWSYLT_, X1=VV_-;< 2Q7P ,{A\/L"]«..Lvo)%" (1)
» . . { N —_— !
D ‘7 AU AR A
; 4
T P
P
- 9 7p 7 Y 7 v ¢ i
+ Sk (el - Vo [}
( f,ozs.g(#y‘) vy ) (3)
4 40,4 o, Yt
o A+ X, ”{._4,398_ ()
/3
I Vo
fr- = (4]
C
o Bos e (7)
‘. Nev. s (e, )

e : (8)
( 1,005 g%






P

[

In static conditions the vadlue of T/P was found with:

ropq (2l it ouer |
P - 10°P ( 4,005 R (1+) R (13)

- P 5%

_4,455 (_3_)%

appro:-:imé‘t.ed in ¢

T 4025 ( Q. 27
3 P T ITS

[EYTN

g2 - The calculations for the curve!, were done using tihe

following mean values

Ne = 0.88
Nimp = 0.59
XE = 0.9
E, = 1

1+ = 1.02
£, = 0.7
X, = Q.7
S = 0.45

The followingrelationsar e thusobtained:

1
Ta -4 015.11. (.ﬁééé.*.Clsﬁﬂ V%t>$ - %, (4’)
P

L
P



4
ﬂr . 0.08%5 ’xl‘(l 683 | 0,524 Jo‘)*_\;_ (3"
alE R
Q
H“ N P_ . (3!\,
P (683 ) -
( 653, 0531 vo):
P )
b, - 04t 00366 V" (4"
N P = 3'6 Q’W% (5')
=
4
Tr - 4035 L, {(_%8} . 0,544 vo")f _vo} (6
P
3
Coobou gt A F (_g_)? (9))
T 4,155( _Q_)% 42
P ° 2
Ao, o,m(_Q_)? (44)
P P



) l
(found by equating 40—543_2[— '44255 (_g__){

p

3 -~ The expressions which make it possible to calculate thas
variationo f Tu/P, 7 v, AL/Pfor a variationinthe

parameters by which they are influenced are :

Q. L4 1,951 ({5
T ik
)
ATr 4 Y, - 4,354 ~ (46)
A1p ) (iﬁﬁm,szw,*){
P
Adr 4 A X 4 4,904 (43)
41 Y J0159 Q' A'] " Q v, (1&8%0,514%} g
P ! 8 f P T;" ° %— ° /3
A
A—p—' g 4,904 (48)
A % (-‘%wsu.%‘)%
P
"H i et d (42)
A1, L (ﬁ:g:é?i* 0521.V' )1
P
RS AL BYANE. (20)
A7+ 2 1,683 ,o,szfv.,)%

P



A As 0,878 V," B

J
L —
AT, (4683 +0,53 V, )1'
A Ta

P . _ 4035 _QP_.V,
A By

2

Al _ _ 4095 Q_ v,
A8, AR

i
M. . 3% .00u59 Y

S o

AnVe . 3 . 0,145‘(.!.5

A, ‘ (%40,4.0,264 \{‘)*V%{

A Xs {0
A A 1 R IY A




The variationo f thev aluesseenwth & variatign

Ao is obtained using

Y,

Ta L
a 5 1 40150 05% -V, Y,
A N, Y (‘J‘_gﬁ:_*o,sﬂ.v,‘){ 03
-
A [ & :
{r 1 405 Q& 0,97 % A
A X, t ("23_3 + 0,521 V.‘.)i 03
P
7
AA. . 4 .g_ 0,5%6 V,
A X, .

n 3 0,295 AR
Xy ) (‘c 1014 0,266 V,‘)f\/_%—

0,5%. V'

AXy o 4

(B
2
-

9
P

v ( 1,683 | 5594

v!

2l

0+

(17)

(48)

(30}

(1)

(3¢)
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