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The Hydrofoil Handbook is subdivided into two volunes. This first
volune presents the nore general aspects of design and devel opnent of
hydrofoil  craft, as distinct from the mnore specific hydrodynamc
information in the second volume. Al that can be said at this tine
regarding configuration and general design of hydrofoil systens is
presented in a form which is believed to be understandable to the

engineer engaged in the art of hydrofoil-craft design.

The material is arranged under chapter headings as indicated in
the Table of Contents. In order to give the reader sone know edge of
the background of hydrofoil research and devel opnent over the vyears, a
brief historical review is given first of the developed types and of
hydrofoil boats actually built. The influence of size and speed is con-

sidered next, showng the maor paranetric relationships of size, speed

I - C.l
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and power in hydrofoil craft; wth indications that hydrofoil boats
have predomnant application in small sizes and in higher speeds - as

compared to displacement-type ships

A synopsis of najor considerations influencing the choice of con-
ffguration is given. The advantages (and disadvantages) of the various
systems are reviewed. Arrangenent of conponent parts of the foil system
is considered. Hiull shape, construction mnaterials and machinery types

are discussed.

Mans of analyzing and calculating performance characteristics are
presented, including such aspects as take-off, speed and turning.
Balance and stability of hydrofoil boats are analyzed to some extent and
practical conclusions affecting the design are nade. Structural |oading
conditions applicable to hydrofoil craft in general are show; and
methods for structural design of the foil--strut configuration and the
hull are indicated. Finally, an analysis is nade of the various design

studies undertaken to date by Gbbs & Cox, Inc. in one of the Appendixes.

In preparing this volume, information was extracted from available
publications on existing hydrofoil boats'!. Evaluation of this nateria
is based upon the experience the authors have acquired in analysis
design, and operation of such craft. Snce this experience is stil
limted, some of the conclusions reached may be considered tentative and

susceptible to revision after further experience is gained. It is felt,

I - 0.2
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however, that information based on admttedly limted know edge should

be included rather than omtted.

On certain aspects of hydrofoil boats, no information is available
from outside sources. In these instances, the authors have presented
the results of their own studies, perfornmed under direction of the Navy's
(fice of Naval Research at dbbs & Cox, Inc. The results of these
studies are nore detailed than could be presented in this handbook.  The
judgenent of the authors in selecting subjects and conclusions, and their
personal preferences in doing so, are naturally involved to some extent.
It should also be admtted that this volume is not conplete; it does not

yet give the answers to al questions which may arise in the design of

hydrofoil boats. For exanple, nore should be known and presented on
dynamc stability, structural weights and nachinery aspects. [t is hoped
that further developnent work (including operation of full-size boats)

wll establish the experience necessary for the treatment of these itens.

I-0.3
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of hydrofoil craft

CHAPTER 1. HSTCRCAL DEVELOPMENT OF HYDROFAL CRAFT
1. Introduction
2. Miltiple-Foil Ladder Systems
3. Surface-Piercing Foils
4 Stabilization by Planing Devices
5 FRully Subnerged Foils
6. Ceneral  Discussion
A brief historical review of the devel opment
presented, The operation of various types of systens

and performance figures are discussed.

I' - 101 :
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L | NTRODUCTI ON

The principle of a hydrofoil traveling through water and supporting
a hull is basically the same as that of a wng traveling through air and
supporting a fuselage. The fact that the principle should apply to
water as well as air was known prior to the turn of the century, and

hydrofoil experiments paralleled the development of the airplane.

The attractiveness of the hydrofoil-supported craft over the con-
ventional water-borne craft is that it can be operated at high speeds
with the hull out of water, substituting a nore efficient lifting
surface (the foil) for the large hull, the drag of which becomes
excessive at high speeds. Another inportant feature is that the foil
is not influenced by waves to the extent that the hull would be; the
hydrofoi | -supported  craft, therefore, has better riding qualities and/ or

higher sustained speeds in a seaway.

Progress in the developnent of hydrofoil boats was slow however.
The desire for speed was met by the airplane, while efficiency of trans-
port was net by the displacenent ship operating at slow speeds. Never-
theless, a surprisingly large nunber of hydrofoil boats have been
designed, built and tested during the last fifty years. In recent vyears,
with the advance in marine technology and the urge for higher ship speeds,

hydrofoils have been given nore and rmore attention.

Hydrofoil systens may be classified under four basic types,

indicated as follows:
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Miltiple-Foil "Ladder" Systems. Such configurations enploy
units of two or nore foils arranged one abeve the ot her,

simlar to a ladder. GControl of the craft's height relative
to the water surface is afforded by the alternate submergence

and emergence of one or more of the foils, as required.

Surface-Piercing "v® Foil Systems, This configuration
enpl oys V-shaped foils whose tips pierce through the water
surface,  Control is afforded by the increase or decrease

of foil area, as required.

Submerged Foil with Planing Surface Control. This configur-
ation enploys a large load-carrying foil conpletely subnerged,
with planing surfaces at the forward end of the craft,

Control is afforded by the planing surfaces maintaining their
position at the water surface, while the craft trins to
different angles thus inposing changes in foil angle and

consequent changes in foil [lift, as required.

Fully Submerged Foil Systems. This configuration enploys
fully-submerged  foils. Control is afforded by remote neans
(nechanical, electrical, etc.) that change the angles of
attack of wvarious foil conponents in relation to the craft,

thus changing the lift, as required.

lI"loB
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There are nany variations of the above systens and various com
binations of different elements. Mst of these configurations have
been explored alnmost concurrently in the early experinental years, but
actual developnents of wusable craft proceeded roughly in the chronol ogical
order, as |listed above. Cenerally, each type of system is somewhat nore
difficult to design and perfect than the preceding one; attaining,

however, somewhat greater efficiency and refinement of control.

Progress is continuing in the development of all types and arrange-
ments.  The historical review presented herein wll describe briefly the
elements of the various systems, their developnent and perfornance
characteristics, and some of the actual craft that have been built and

operated utilizing hydrofoils.

I -1k
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length of hull in ft

resistance in Ib

weight in 1D
weight in tons
usually in knots

over drag ratio
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2, MLTIPLE-FO L LADDER SYSTEMS

At the turn of the century (1898 to 1908) Forlaninil was ex-
perinmenting with miltiple foil systens attached to the sides of a boat
(Figure 1.1). Each set of foils is stacked one above the other like the
rungs of a ladder, losing supporting area as the unit energes from the
water and gaining submerged area if it becomes nore deeply i mmersed.
A natural type of height stabilization is thus provided. By conbining
two such systems, one at each side of the boat, lateral stability is
readily obtained. By arranging two or nore units in tandem fashion,
longitudinal stahility is also provided. This miltiple-point nethod
of stabilization, preferably at three points, is also enployed in nost
of the later designs of hydrofoil craft. = Forlanini's (and Crocco's)
boats seem to have been in the neighborhood of 1.5 tons and 75 HP,

reaching naximum speeds in the order of L5 knots.

Between 1908 and 1918, Guidonil utilizing Forlanini's results,
applied sets of V-shaped nultiple foils to seaplane floats (Figure 1.1)
in order to facilitate their take-off. He and his associates in the
Italian Navy successfully operated nore than ten different seaplanes
between 1400 and 55,000 |b total weight, with between 60 and 3200 HP.
The average foil loading in this developnent was in the order of L0O
or 500 :Lb/ft2 total projected foil area. Reportedly, take-off as well
as landing on the "hydrovanes" was very snooth and in this respect

preferable to the heavy pounding on ordinary planing floats. Guidoni

O T-L67
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EARLY ITALIAN DESIGNS
(REF. 1)

FIGURE I.1

also realized the influence of the craft size wupon the dinensions of
the foil system (in relation to those of the floats or boats) re-
quired to lift the airplane wefght out of the water. In this respect,
he reports that it became somewhat difficult to design foils in the

necessary size for the heavier seaplanes,
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The maxinum flying speeds of the airplanes involved at that tine
were only 60 to 130 nph. The Italian devel opment evidently came to an
end when, even in taking off, the aircraft speeds grew into one class

higher than those of water craft. Cavitation and ventilation nust have

[ e — ]

posed problens which could not be overcone. Nevertheless, references 2
to 5 prove that interest and experimentation in hydrofoils as a neans

of assisting aircraft in take-off, were resuned from tinme to tine.

Experiments with miltiple or |adder-type hydrofoil systens were
later repeated in Canada. A 5 ton craft designed by Baldwin was built
and tested around 1918 by Aexander Gaham Bell's research group on a
lake in Nova Scotia. Propelled by a pair of aircraft engines and air-
screws, the craft reached 70 mph~==60 knots (probably in smoth water).
The Bell-Baldwin craft had an appearance simlar to an airplane, wth a
cylindrical fuselage and stub wngs supporting engines and lateral foil

units.  For illustrations of this design see references 6, 25 or 27.

Another miltiple-foil mnotor boat was designed and built around
1942 for NACA®S, Arrangenent and appearance appear to be simlar to
the Canadian craft described in the next paragraph. No results seem

to be reported, however, on the NACA boat.

The Canadian Navy7 recently constructed a hydrofoil boat in the
order of 5 tons, The configuration, typical of the mltiple-foil
principle, is presented in Figure 1.2. Tested in waves between 1 and

2 ft height, the mnimim resistance of 20% (Figure 1.3) is higher than

gl A
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HYDROFOIL BOAT, DEVELOPED BY THE CANADIAN NAVY
(REF. 7)

FIGURE .2
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FIGURE {.3

the Bell-Baldwin's optimum snooth-water value (which can be derived
from reference 6, as in the order of 1L%). A any rate, because of
interference between foils and supporting struts and possibly because
of ventilation, the efficiency of the ladder-type hydrofoil system is
generally low. Dsregarding this aspect, the Canadian boat has
successfully operated at high speed in roush waters.  Photographs of
this craft are presented in reference 27.

| - 1.10
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s

A nore nodern multiple design (using V-shaped foils is the boat
designed by John H Carl & Sons'. A 12 ft nodel of the 53 ft craft

is shown in Figure 1.4, Enploying one central strut for each of the

I2-FOOT MODEL OF CARL'S HYDROFOIL BOAT (REF. 8), AT 25 MPH.

FIGURE | .4

foil units, the nunber of corners is effectively reduced. The struts
are raked and the foils are swept back, to reduce ventilation. The
Carl boat, originally designed for 33 tons, has been built and tested
in half scale size with a displacement of somewhat nore than 6 tons.
Figure 1.5 shows a calmwater mninum resistance ratio of 13% for the
53-foot craft. The maxinmum speed obtained with .a pair of L50 HP air-
craft engines and air propellers is between 70 and 8 knots, Photo-

graphs of this craft are presented in reference 27,

- I -1.11
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3. SURFACE-PIERCING FO LS

Another neans of stabilization is by surface-piercing, V-shaped
foils., Upon varying the depth of subnergence of such foils, their
lifting area increases and decreases, respectively, automatically pro-
viding height stabilization. Because of the V-shape, these foils can
also have lateral stability of their ow. Conbining one such foil wth
a small stabilizing foil attached to the stern of a boat can, therefore,

result in a stable configuration, such a8 Tietjens! designlh’lg.

The first exanple of a surface-piercing V-shaped foil seems to be
Crocco's design, illustrated in Figure 1.1. Quidoni adopted this shape

in his mltiple system

Tietjens, a German aerodynamicist, demonstrated small boats (in the
order of 20 ft in length and up to 2}y knots in speed) on the Delaware
Rver in 1932 and in Berlin in 193. During the last war his single
nyn.foil design was enployed in building a larger-size boat for the
German Navy at the \ertens Boatyard]'5 . Today, Vertens is producing
hydrofell boat8 in several sizes, designed to the same configuration.

One of them is shown in Figure 1.6.

Von Sehartel® started hi8 work on hydrofoil boats in 1927 using
surface-piercing "v" foils, By 1935 he had conpleted 8 experinental
boats, He then started developnent of a larger, passenger-carrying

boat fer ths Kéln-Disseldorf Rhein-Schiffahrts Gesaelschaft, endi ng

I - 1113
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VEBERTENS (REFS. 15 AND 25).
FIGURE 1.6

with a 32 ft denonstration boat in 1339 of 50 HP and 29 knots. During
the last war in conjunction with the Sachsenberg Shipyard, Schertel
designed, built and tested 8 or nore bhoat types (a total nunber of
boats about twce that nunber) for the German MNavy. This devel opment
was intended to lead to the perfection of Schnellboats (the German
equivalent of PT boats) for service in the English Channel. The boats
had lengths up to 100 ft and displacements up to 80 tons, nost of them
having Vyax = L2 to L8 knots. An exanple is shown in Figure 1,7. The
sketch in Figure 18 illustrates the tandem arrangenent typical of
this development. The Figure also presents sone tank-nodel results

denonstrating resistance ratios in the order of 9%. Ventilation,
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cavitation and rough water had appreciable influence, however, upon

performnce, behavior and stability of the full-size craft.

|7-TON SCHERTEL-SACHSENBERG BOAT VS-6.
FIGURE 1.7

1 and Schertellb

As far as size and speed are concerned, Tietjens
concluded that on a resistance basis, hydrofoil boats are superior to
di splacement craft above a certain Froude nunber, thus favoring

higher-speed and smaller-size applications.

In retrospect, although Schertel-Sachsenberg's efforts advanced
the art of hydrofoil design, they did not pass the trial phase. A
the termnation of hostilities in 1945, the Russians took over one of
the Sachsenberg boats and nost of the engineering staff. According
to reference 20, they now have a staff of 00 engineers nostly in the
Leningrad area engaged in the design of hydrofoil boats to be used for

fast communication, as submarine chasers (60 tons), anti-aircraft

I-1.15
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"cruisers® (104 tons), and landing-craft with speeds up to 55 knots,

Data of boats actually built in Russia are not known.

Von Schertel continued activities in Switzerland after the war.
The Supramar Corporation on Lake Lucerne developed an "excursion boat"
for 32 passengerslG‘ This boat (Figure 1.9) is claimed to have been

in service for thirty or forty thousand miles.

2, b ey
( o O A B D

9-TON SCHERTEL BOAT ON LAKE LUGERNE.

FIGURE 1.9

"yn-shaped hydrofoil systens have experienced sone difficulties
when turning, partly because of wventilation. It seems, however, that
Tietjens as well as Schertel have overcome this difficulty by applying
curved foils of circular-arc form rather than V-shaped foils.  Some

of their boats are reported to bank inboard in turns.
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It is also possible to combine 3 or L single V-foil wunits, thus
obtaining the stability of a 3- or L-point system This was done by
the Baker Manufacturing Conqxanyzl-i n Wsconsin. Figure 1.10 shows
an arrangenent of L retractable "y" shaped foils. Full-scale

resistance results (Figure 1.11) clearly show superiority in per-

formance of this type over any ladder-type system

BAKER BOAT FOR ONR (REF. 2I).

FIGURE 1.10
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STABILI ZATION  BY PLANING  DEVI CES

Another nmeans of stabilizing hydrofoil craft is by planing skids
located at both sides of the bow In flying condition, the height of
the planing surface is approximately fixed at the surface of the water,
Between 10 and 20% of the boat's weight is carried by the skids. The
min foil, located aft of the craft's Cg and fixed relative to the hull,
adjusts itself to the proper angle of attack as the hull trins about the

skids, more or less in the fashion of weathercock stability.

The described system may be named after its original designer,
Grunberg”, who proposed and model-tested such a craft in France before
1939. Mdel-test results of the NACAO, reproduced in Figure 1.12,
show a ninimum ratio R'W in the order of 10% In this system as well as
in the later described fully-subnerged types, a hunp in the fuction of

R against V at "take-off" speed is quite typical.

A smal|l experimental boat was built and tested for ONR by the
Joshua  Hendy Corp. of California26 enploying  Gunberg-type  stabilization.

It was found that the planing skids add considerably to the resistance*

Anot her Grunberg configuration is the 21 £t long |anding-craft nodel
built by Ghbbs & Cox, Tne.tt (Figure 1.13). In testing this boat, it was
found desirable to have 10 to 204 of the boat's weight on the skids.

Planing skids are actually a conponent going one step back to planing

craft, W_IQW;?_opp_d;pgDand a certain amount of spray involved., Considerable

I - 1020
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improvement resylis from incorporating shock absorbers or auxiliary

foils in the skid system.

SUBMERGED FOIL

1/8 SCALE MODEL OF
B80AT , HAVING
8 =30 TONS
L=86FT

SKIDS

201

FULL-SCALE KNOTS

CHARACTER ISTICS OF A GRUNBERG CONFIGURATICON
MODEL-TESTED BY THE NACA (REF.i0).

FIGURE .12
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GIBBS & COX RESEARCH CRAFT
IN GRUNBERG CONFIGURATION
(REF. 11)

FIGURE 1.13
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FULLY SUBMERGED FALS

Fully-submerged hydrofoils cannot give sufficient hydrodynamc
stability of their own. \& nay assune that this became evident in
R chardson-Wite's experiments wth a dinghy in 191122 which was
equipped wth subnerged, and only mnually adjustable foils. It is
possible,  however, to control and to stabilize a fully submerged foil

configuration by neans of a suitable "artificial" control system

A purely nechanical system for controlling a submerged foil system
was successfully applied by Christopher I-boklz° As illustrated in
Figure 1.14, a pair of floating and/or planing "jockeys" "feel" the
water surface. The jockey notions are utilized to control the angles of
attack of fully submerged forward foils. Height and roll stabilization
are obtained in a manner, which for each front foil, is simlar in effect
to that :Ln a Gunberg configuration. Again the rear foil follows in

'weathercock” fashi on.

An investigation by the British Admiralty’> calls the craft "stable
as a church” in waves., After replacing the air propeller shown in
Figure 1.14 by a conventional outhoard notor, the Hook configuration
appears to be a favorable design in smaller sizes, The mnimum resist-
ance ratio plotted in the graph could be inproved by increasing the

aspect ratio of the foils.

T - 1.23
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NOTE : TO DO THE HOOK DESI GN JUSTICE, AN
ESTI MATED AMOUNT OF &R/ W %= 0. 035 Vo, 2/sec
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Another neans of controlling fully submerged foils is.by an

electro-mechanical control system simlar to an aircraft autopilot.

Such a system was developed by Gbbs & Cox, Inc. in 1952 and tested in

combination wth a tandemhydrofoil configuration (Figures 1.,15 and 1.16).

As #described in reference 23, the level of the water surface is

sensed by a series of electrical contacts on a pair of "gtrugs®,

Through g series of relays, electrically driven actuators are positioned,

thus adjusting the angles of attack on suitable parts of the foil system

Several arrangenents were investigated in this wayr

a. CGontrolling all of the forward foil and the two halves of

the rear foil.

b. Gontrolling the two halves of the forward foil and all of

the rear foil.

c. Oontrolling the two halves forward and only trimmng the

rear foil as needed.

The last type of control is basically identical to Hook's mechanical

= system of actuating a pair of forward foils. Al of the arrangenments

listed provide control in height, pitching and rolling (also in turns).
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8 COX RESEARCH CRAFT (REF. 23), OPERATING

IN A FOLLOWING SEA.
FIGURE | .16
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Fully submerged foils may be expected to give the snoothest ride
in a seaway. The advantage of an electrical system lies in the re-
finements that can be added by using gyroscope-control elenments in
association wth the water-level sensing system to provide a variable
control range and a craft behavior which is superior to that of hydro-
dynamcally stabilized «craft. Automatic control appears to be optinmm
for larger-size hydrofoil boats. Figure 1.17 shows favorable resist-
ance characteristics of the dbbs & QCox, Inc. experinental craft

(Figures 1.15 and 1.16).

Another design utilizing submerged foils is that of the Hydrofoil

Corporation25, tested in 1954, Fi gure 1,18 shows this boat underway.

I0 -TON EXPERIMENTAL BOAT BY
HYDROFOIL CORPORATION (REF. 25).

FIGURE 1.18
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GENERAL DI SOUSSION

Discussions of the hydrofoil devel opment have been presented in
references 16, 22 and 25. In these publications and in reference 27,
there are also additional photographs showing many of the boats

ment i oned. Some general analysis of their characteristics can be given.

Examnation of the boats listed in the Table on the followng page
shows that nost of those designs have a "Froude nunber” vy, i/
(Atons)l/6 , in the order of 30, although the Canadian multiple-foil
boats® T are in the order of 45. Al known boats are below 100 tons

of  displacenent.

Considering the resistance ratios plotted in the preceding graphs
(and other information), the following generalized groups of hydrofoil
boats my be listed. Essentially, this list is chronological; and it

shows a decrease of resistance and an increase in efficiency wth tine.

Type of System Foot not e (R/W)min (L/D) max
Mul tiple (a) 16% 6
G unberg (b) 11% 9
Piercing (c) 9% 11
Submer ged (d) 8% 13

Average mnimum resistance ratios are estimated for smooth water,
including propulsion parts.

(a) Results in Figure 1,3 (with 20% were tested in waves.
) Only test results on inconplete nodels are existing.
) A maxinum speed, the full-scale value may be higher.
) dbbs & Cox found 6% without propulsion parts.
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TABLE, LISTING A NUMBER COF ACTUALLY
BULT AND TESTED HYDRCFAOL BQATS
RN &

Desi gn £ Reference | Year | Tons
Bel | - Bal dwi n 6 1918 | 4.9
Canadian R 100 7 1952 | 5.6
Carl and Sons 8 195k | 6.7
Tietjens 1L 1932 ?
Vertens-Tietjens 15 1943 | 13
Vertens 15 1952 | 9
Vertens  "Cruiser" 25 1953 | 2.5
Vertens HRunabout 25 1953 | 0.7
Sachsenberg  vsa 16 1942 | 17
Sachsenberg TS 16 1942 | 6.3
Sachsenberg Vvs-8 16 1943 | 80,
Sachsenberg VS 10 16 1943 | 46
Schertel Experi ment al 16 1947 | 2.8
Russian  Sachsenberg 20 1947 | 57
Swiss Schertel Boat 16 1952 | 9.5
Baker  Conmerci al 1951 ?
Baker for O\R 21 1952 | 2.5
Joshua  Hendy 26 1950 | 0.3
dbbs and Cox 23 1952 | 1.0
dbbs and Cox 11 1953 | 1.1
Hydr of oi | Corporation 25 1954 | 10

Y

60
L5
53
20
L6
L6
29
20
53
39
05
82
32
82
L5
1L
23
14
20
21
35

anote

60
60
70-8¢
22
5k
h
35
28
L8
Lo
42"
60
27
50
40
22
35
21
1k
25

1s
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Considering in the presented illustrations the tested functions of
resistance as a function of speed, the Baker boat shows sone increase of
the (R'W value beginning approxinately at 28 knots (possibly because of
ventilation). The Canadian boat has simlarly a critical speed at 35
knots (probably because of cavitation). The fact that Sachsenberg boats
have reached naxinum speeds up to 50 knots and the multiple-system boats
up to 80 knots, can only be understood by assuming that this was achieved

in ventilating and/or cavitating condition.

Unlike speed performance, stability and behavior characteristics
cannot be quoted in numbers. In a general way it may be said, however,
that all wym foil systens, ladder-type foil wunits, Gunberg skids, and
incidence control systems have certain satisfactory characteristics.
Statements on the snmoothness of riding on foils in rough water are found
in various reports. Therefore, higher sustained speeds are expected

from hydrofoil boats.

Sone of the surface-piercing types seem to have trouble because of
ventilation breaking-in along the piercing ends,, especially in turning.
Wth regard to turning, Schertel reports turning circles of between 3
and 7 times the boat length (of 53 ft) for his 17-ton VSG boat. Gihbs
& Cox's 1952 research craftz,"' made turns in the order of L or 5 times

its 20 ft length.

Also, at certain unfavorable speeds, following seas can be trouble-

some. . Obital notions conbine with the forward speed in this case, so

v

: L

I-1.31
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that the foil has the tendency of flying out of the water. Subsequently,
the foil nmay stall, and the boat's hull nmay sit down onto the water,
Schertel‘lé reports,  however, that his 80 ton boat V&8 performed very

well at all headings, traveling at 37 knots, in a 6 by 120 ft seaway.
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| NTRODUCTI ON

@oss weight and speed are basic quantities which determne to
a large extent the function of a vehicle. These quantities are
inter-related as a result of the performance and conponent-weight
characteristics of the craft. This means that mnachinery must be
available on a weight basis to give the power required for a certain
speed.  There are other physical principles which influence size or
speed, such as foil area requirements and SEML(J”' These are
discussed and sone relationships derived. The latter are wused in

conjunction with the results of certain hydrofoil design studies

to conpare hydrofoil craft with existing craft on a size-speed plot.




NOTATI ON

oD =0

Subscripts:
F

o Tt =

SIZE AND SPEED

drag or resistance

weight in Ib, possibly = L
dynamic |ift (also length of hull)
displacement in long tons
lift-drag ratio

effective power (in |b ft/sec)
effective  horsepower

shaft  horsepower

= EHP/SHP = propulsive  efficiency
=1 L/D = overall efficiency
endurance in hours

range in nautical nles

planform area of foil sytem

speed (in ft/sec) 2,
density of water (Ib sec®/ft%)
0.59V2 = (ynamc pressure

14

L/qs = lift coefficient
= D/qS = drag coefficient
foil span

thickness ratio of foil section

= p2/s = foil aspect ratio

length of hull (also [lift)

beam of hull in ft

draft of hull in ft

block  coefficient

weight fraction (with proper subscript)
weight fraction for nachinery and fuel

for foil system
for hull

for  machinery
for fuel

for payload
indicating knots

ST - 2,37
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1.  SPEED PONER-VEI GHT RELATI ONSH PS

a. Required  Power

A craft noving at the speed V (ft/sec) and experiencing a drag
D (in Ib) requires a certain effective power delivered by the

propel ler:
P(1b ft/sec) = DV; EHP = DV/550 = DV, /326 (2.1)

where EHP is the effective horsepower. This relationship nay
be witten in terms of the shaft horsepower SHIP delivered at the
machinery, by introducing the overall propulsive efficiency q,

which is nmeant to include nechanical as well as hydrodynamc

tossks, u S q = RHP/SHP. The above expression (2.1) then

becones:
SHP ' « 6.88 (2.2)
- Vk
A,tgn q L/D
wher e A = displacement in long tons

Vi = speed in knots

L/ = lift-drag ratio

This then gives the power required to drive a craft of the displacenent
A and with the efficiency described by (L/D, at the steady speed W
This expression is a general one, applicable to any condition of
speed and load - indicating the power required for the conditions

consi der ed.

L= 2.)
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The power required to be installed in the craft wll be that
corresponding to maxinum speed and full load condition, i.e.

(sHP)/A) reqrd = 6.88 i | (2.3)

~d

where the notation "E® = moverall" efficiency = q (L/D) has been
introduced for sinplicity, n and L/D being those wvalues corresponding
to maximumspeed and full-load conditions. A chart has been prepared

(Figure 2.1) on the basis of this expression, which allows the se_I_egtMigp‘

of power for a given speed and overall efficiency WE". Statistical evi dence

U o oot a1

is included in the graph, taken from the Table on page 1.30 of Chapter 1,

indicating ® values for actually built hydrofoil * boats between I and 6,/

at speeds between 10 and 4O or 50 knots. At speeds above 50 knots,
cavitation evidently affects the efficiency (directly and/or indirectly),

thus reducing the overall efficiency to the order of 2 or 3.

It should be enphasized that the expression (2.3) refers to a
specific condition in a particular design. This neans that variation of
load or speed inplies designing of a new craft for the new conditions

sel ect ed.

The use of the lift-drag ratio appears to be very convenient as a

parameter to express the hydrodynamc qualities of the craft. The _

——

frictional drag (iwrlm | b) ”pf a displacenent-type ship varies, approxinately

e

as the square of the speed; because of wave naking, (as a function

of Froude nunber) it may also grow .corrgfpondi ng to a pover hi_gher than

two.  Thus, the lift-drag ratio is at least

iy

I-206‘
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lIS N E%Ztimes f(Froude number and hull shape)l (2.4)

O the other hand, in the case of an aircraft or hydrofoil craft (or a
fast planing boat), the lift is due to dynamc pressure on the lifting 1"’

surface (wing or botton). Eiot\h lift and drag depend accordingly on

the square of the speed. Therefore the lift-drag ratio for equal design

conditions (i.e. mximum speed, full load) and for designs of the same
aerodynamc  cleanness,is substantially constant. Thus, for such craft,
the quanzity E = q (L/D), which includes the propulsive efficiency,

is a good neasure of the overall performance; and this quanEity shoul d

i P VT

not vary between simlar designs to any great extent.
\_,.._./""“""J

To sum up, the power required to ke installed in a craft my be
found by a sinple relationship (2.3) depending upon full load, mnaxi num
speed and "overall efficiency" E the latter being substantially constant

between simlar designs of high&peed, dynamcally supported craft.

DESIGN EXAMPLE NO . 2.1

Wat is the SH required‘to propel a hycirof'oil boat of
A-=50tons at a speed of V = Lo knots? Assuming a lift-drag
ratio L/D = 10 and a propul sive efficiency N = 0.5, the overall
efficiency is found to be ® = 0.5 10 = 5. Entering the

graph (Figure 2.2) at V = Lo knots, the specific power required
is found to be (sHp/A) = 55, for E = 5. The needed power

is then 55 50 = 2750 SHP.
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h. Available  Power

Dsregarding limtations of machinery due to permssible space,
the power available (i.e. possible to be installed) in a craft of
certain basic characteristics, depends upon the margin of weight |eft
over for machinery, and upon the specific weight of the machinery.
To illustrate this dependence, a breakdown of the weight conponents

of water craft is mde as follows:

"Hull® weight denotes the built weight of the craft excluding
machinery items, but including equipment, outfit, fittings,
hull  engineering, etc. This weight conponent also includes the

crew and their effects and the stores. In this analysis, it .
Nk

shall also be understood to include the (foils + struts) in °

hydrofoil  craft.

"Machinery" includes all itens required to propel the craft, such
as min engines, mchinery foundations, auxiliaries, transm ssion,
shafting, propellers, etc. Liquids that are not consuned, are

included too.

"Fuel" nmeans the total weight of fuel, including lubricating oil
and water consumed. However, excess fuel carried for the return

voyage should be considered as "Payload" (below).

"Payload" is the total "useful"load carried by the craft, i.e.

cargo, passengers, nail, etc. but not the crew etc. required to

| - 2.8



w SIZE AND SPEED

operate the craft. In a mlitary craft, the armnent,
ammunition and extra crew required for such purposes are con-

sidered as payload too.

There are some marginal itens difficult to put in one group or
another - comon sense nust be used to place these items. A1l the
weight itens nust be included in one of the four groupings, Since

their sum nmust be equal to the full-load displacement.

The following assunptions are nmade as to the primary functional

dependence of the items on the primry variables:

"Wl | A/ - 1
m [SHP

"Machinery™ Am/ A h 22ho(A )installed (2.5)
"Fuelt ¥ % cT [SHP

AF/A - 22110(3 )installed
"Payload" AP/A = kP

wher e A = gross weight in long tons

with subscripts as above
(sup/A) installed = specific SHP installed
m = machinery specific weight 1b/SHP
c = overall fuel rate 1b/SHP per hour
T = endurance (full power) hours

ngn indicates weight fractions which - along with "m" and "c" -

=

I-2.9
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are constants in a particular design. The sum of those weight

fractions nust be equal to unity, giving a relationship between the

variables as follows:

p= é‘lgé{—= 1 « kh = kg QS\;‘%L\:}nstalled_(m + ¢T) (2.6)
. 22lo
Some nunerical values for the weight fraction kh are given in
Appendix  MA", Assuming that the fractions kh and ky have been fixed,
there remains the fraction of the gross weight p o= (1 - kh = kp) as
indicated in equation (2.6) - available for fuel and machinery.
Considering a certain type of engine with certain values of "m" and
nen and considering a fixed high-speed endurance T, the maxi num power

possible to be installed under these conditions is then:
(SHP/A) available = 2240, p/(m+ cT) (2.7)

Values of ™m" and "c® for typical engines are also given in Appendix
mgn.  The quantity (m+ cT) is seen to be an effective specific
weight of the machinery, including the fuel for a given endurance.

If tHe range instead of the endurance is specified, the relationship
T = R/ (hours) (2.8)

my be used, where

f=s
]

range at vy in nautical niles

x<
[

= maximum speed in knots

I-2,10
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It should be noticed though that the speed V is not a basic

quantity in establishing (sHp/A) available.

A chart has been prepared (Figure 2.2) illustrating the above
relationship (equation 2.7) as well as the required power (equation
2.3). This chart may be used to block out a certain design, i.e. by

equating the required power to the available power, thus:

220 p - SHP < 6.88 v, (2.9)

m+ cT A E

It should be noted that in using basic engine infornation

(such as given in Chapter 3), weights for shafting, propellers and

other conponent parts of propulsion have to be added before entering

the value mm" into any calculations. A design exanple is

presented for illustration.

I - 2011
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REQUIRED POWER VERSUS AVAILABLE ‘POWER

FIGURE 2.2
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DESI GN EXAMPLE NO. 2.2

(a) Wat is the payload of the craft considered in Exanple No. 2.1,
on the basis of a specified range of 300 mles? - Traveling at

the maximum speed of Lo knots, the endurance is found in the

lower right-hand part of the graph (Figure 2.2) in the order of

T = 7.5 hours. For the characteristics (m and c) of the particular
machinery involved, a line can be drawn in the lower [eft-hand

part of the graph. Two such lines are shown as exanples.

Assumng now a “"typical gas turbine", it is found that (m + ¢T)= 10.
For this value and for a value of SHP/A = 55 (as in Exanple No.2.1)
the upper left-hand part of the graph indicates a weight fraction
for (machinery + fuel) of =~ 24%. The payload fraction is then
k, =1 - kﬁ‘ - p- For an assumed hull-veight fraction of kh = 0.k,
tge available payload fraction is then k, = 1 - 0. « 0.24 = 0.36;
and the payload is Ap, = 0.36 50 = 18 tons.

(b) Wat is the range of the craft considered for a specified
payload of 10 tons, which is equivalent to k = 0.2? - For

the hull-weight fraction k, = 0.4, the weigh! fractionp =1 - 0.4
-« 0.2 = 0,4, Conbining this value with the value of EJISHP/ton
in the upper left-hand part of Figure 2.2, the value (m + cT) =
16 |b/HP is obtained. Using the gas-turbine line in the |ower
left-hand part, the available endurance is found to be T=16 hours.
Using however, a conpound engine (as given in the graph), the enduranc
is in the order of 21 hours. A simlar variation of endurance

(or range and payload) can also be found if conparing a heavier but
nore efficient Desel engine (wWth ¢ =~ 0.L) with an average
gasoline engine (having ¢ =~ 0.6). Conbining now T= 21 hours

with the speed of LO knots, a range is obtained in the order of

R == 850 mles.

| - 2.13
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c. Maxi num Speed

By equating the SHP required for a certain speed (2.3) to the
available power on a weight basis (2.7), a relationship can be derived,
giving the mximum speed for a craft having a certain performance,
certain weight characteristics and a specified engine - depending on

the endurance:
Vimax = 326 E p/(m + cT) (2.10)
A simlar function, depending on the range, is:
" Ep . _
Vimax = 326 —L-- ¢ R'm (2.11)

It is seen that there is no direct influence of size on speed. The
only connection between the two arises when size affects one of the
"constartsh (E Ps M etc.) in (2.10) or (2.11) above (as it actually
does). Also, it should be noted that the range too, is essentially
independent of size for a given speed. In fact, the only reason

why larger displacement craft have higher ranges than snaller ones
is the beneficial decrease of the Froude nunber wth increasing size
at fixed speed, which increases the efficiency E.  This is not true of
hydrofoil craft, however. One should, therefore, not expect increases

in range or speed as the size is increased.

I -2.1L
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2. | NFLUENCE CF PHYSICAL Sl ZE

a. Hill  Versus Foil D nensions

(he fundamental characteristic of hydrofoil craft is due to
the requirement that the craft be supported buoyantly by the hull
when at rest, as well as by the dynamc lift o.f the foil system in
flying condition. The inplications of this statement are devel oped

in this discussion from the basic lift nechanism in each case.

The lift of the foil system depends upon foil area, [lift
coefficient, and dynamc pressure 0-59 V2, The foil area required

to support the weight of the craft is therefore:

s e 5w . 79oA2 (2.12)
00 Ve Cy, CL vy
where S = total foil area (ft9)

¢ - density of water (Ib sec2/f'bh)

v = speed - ft/sec

v, = speed - knots

CL = |ift coefficient

W = weight - Ib

A = weight - tons

The foil area may be expressed by the aspect ratio mg® and the

maximum foil span *b"® with a factor k to represent any auxiliary
foil area:

T - 2.15
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S =k b%/a (2.13)

The foil span required for given speed and load for the configuration
to be studied is therefore:
2
b e28.2 472 g/ (2.1L)
0 /2 kl/2
The buoyancy of the hull depends on its subnerged volunme and on

the unit weight of the water (corresponding to 35 ft3/ton). The

product of length, beam and draft required to support the craft is

therefore
LBH =35 4/c (2.15)
where L = length between perpendiculars in ft
B = beam between perpendiculars in ft
H = draft in ft
Cg = block  coefficient

Length and draft of the hull may be expressed as ratios of the

beam giving for the required hull beam

B« serem? 33 (2.16)

CB1/3(L/B)1/3

Having derived relationships for the foil span (2.14) and the

hull beam (2.15), required to support the weight of the craft, an
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expression may be witten which describes the ratio of this typical

foil dimension to the typical hull dinension:

b 8.6 (A \V2 g’LéBg /3 A6 (2.17)
/¥ (k CL ) [CB (B H] Vk

The first bracket describes the foil system geometry (it also includes

the lift coefficient). The second bracket describes the geonetry and
the proportions of the hull. The term (Al/é/vk) represents the
effect of size and speed on the foil-to-hull dinension ratio (b/B). This

term is the inverse of a Froude nunber (Vk/Al/é) based wpon volume or

| oad, respectively. o

The expression (2.17) states that two craft of different size
but with geonetrically simlar hulls and foil systens (and enploying
the sane lift coefficients) wll have different ratios of linear foil
dinmensions to hull dinensions, unless the speeds are |ikewse different
in the ratio of the one-sixth power of their displacement. Since such
a variation is not conpatible wth powering relationships (Equation
2.11 and the followng equations) dictating a nore or |ess constant

speed, the result is a growth in the foil dinensions in comparison

1o those of the hull, as the size is increased in a given type of

craft. Wile the hull and foil-system geometry nmay be adjusted in
order to delay this growh, there wll, nevertheless, be a size, for a
given speed or power, beyond which the structure of the whole system

and especially the connections between hull and foil system (struts)

I- 2017 |
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wll become unwieldly and difficult to design. This mnechanism is

illustrated in Figure 2.3. It is indicated there

a) in the upper horizontal line, that for V = constant, the
foil system outgrows the hull dinensions upon increasing

the size A

b) in the left hand vertical colum, that the foil-system
dinensions shrink (for constant hull size), upon increasing

the design speed.

c) along the diagonal line, that a constant configuration is
obtained upon varying size and design speed in such a way

that the Froude nunber (V/Al/é) is kept constant.

b. Wight of the Foil Syvstem

An inportant consequence of growing foil dinensions is the
structural weight to be spent in building them If, for instance,
tentatively assumng that the weight per cubic foot of foil may be
constant in a famly of boats designed for a certain constant speed

of operation - the foil-system weight fraction is seen increasing as

Wp/W ~ WB/%J w2~ A2 (2.18)

This relationship neans that the foil-weight fraction doubles, for

exanple, upon increasing the size of the craft in the ratio of L to L

I -2.8
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Figure 2.4 illustrates the variation of

the major weight

fractions of

hydr of oi |

boats as a function of

si ze.
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decreases slowy as the sizeA I's increased; the machinery-weight
fraction, on the other hand, seens to increase slowy wth the size A
at constant speed - if disregarding very small sizes. Essentially, the
sum of the two conponents nmay be regarded to be constant. The foil-

system fraction, however, increases considerably as pointed . out. above,
_T_____’—- oo e e -~

as_the size of the hydrofoil craft is increased. Finally, therefore

a critical size & can be expected where the weight required to be built
into the foil system wll have taken away all of the conponents which
in smaller sizes are assigned for payload and fuel. Naturally, there
are ways of inproving the design and reducing somewhat the foil-system
veight below the assumed relationships of Wp~(foil volune). Never-

theless, here is one mechanism which contributes to a size limtation

of hydrofoil craft.

¢, Operational Limts on D nensions

The previous section describes the effect of size on the ratio
of foil to hull dimensions. Dsregarding any ratio, the absolute
foil-system dimensions as such nay present operational problens
(docking, etc.) as the size goes up. Appendix mpm gives sone data
from design studies to show this effect, assumng, of course, that no
provisions have been nade for retracting the foil system It appears
that the limt on size for conventional ‘whiaﬂrﬂbg_r“oﬂpg;‘at}gp»@gg found_

’\_.—-\v‘ NP Y

in the ¢rder of 1000 tons. This is not necessarily a final limt on

I-2.21
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size, as some different type of operation could be developed (in a
way simlar to the development of airports in aviation). The analysis
illustrates, however, one difficulty encountered in large hydrofoil

craft, i.e. a [large poorly-proportioned structure.

Qther operational difficulties may be encountered wth respect
to comng along a pier or another vessel (because of the foil span

being longer than the hull beam.

T - 2.22
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INFLUENCE C- SPEED ON DESI (N

Qonsidering next the effect of design speed upon the character-
istics of hydrofoil craft « at nore o less constant displacenent

weight « we wll first disregard any influence of cavitation.

a) Mchinery Wight

From what is outlined in the preceding section, it is understood
that the foil size required (and the corresponding weight fraction)
decreases as the design speed is increased. Assumng now that in
doing so, the resistance ratio DL remains constant (as explained

in a previous section) = the resistance (in pounds) is found to be

A e A

i ndependent of the design speed. This fact its favorable, and it

nmakes hydrofoil boats superior to displacement-type ships (wthin
the proper range of Froude nunbers). Increasing the speed = even
though wthout increasing resistance « makes an Increased power

output necessary, however.

Increasing the power means increasing the machinery weight.
Therefore, the nachinery-weight fraction is bound to grow (under the
conditions stated above) as the design speed is increased. As
illustrated in Figure 2.5 there wll be a critical speed at which
so much power and so nuch nachinery weight is required that nothing

is left over for payload and for fuel. This limting speed
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F?PPER LIMITS

—_—— EIZ
b

+ FUEL

PAYLOAD

OPTIMUM

+) ASSUMED TO HAVE CONSTANT WEIGHT FRACTION
#} ASSUMEO TO HAVE CONSTANT SPECIFIC WEIGHT

MACHINERY = WEIGHT FRACTION ANO FOIL-SYSTEM FRACTION
AS A FUNCTION OF SPEED, FOR CONSTANT SIZE &

FIGURE 2.5

may be conparatively high; it is not realistic, however, because
sone |ower speed.

of cavitation setting on at

T - 2.2L
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b) influence of Cavitation

At speeds in excess of sone 35 knots, cavitation of foils or
propellers or both begins to become a problem As far as the foil

system is concerned, this problem may be attacked in two ways.

(1) By attenpting to delay the onset of cavitation by
reducing foil loading and thickness ratio. This inplies
a less efficient system due to lighter loading, as is

indicated in Figure 2.5.

(2) Accepting the situation, a fully-cavitating system of
less (but reasonable) efficiency may be designed. This
means possibly a junp in speed, through the transition
range, to avoid erosion due to collapsing cavities in

this range.

At any rate, although cavitation does not form a definite barrier to
the design, the point of incipient cavitation can be thought of as a

dividing point between two different regimes of design. Snce in

7 77— —

v cavitating conditions, the point of inception may in the present

most’ cases pover may not be available to _drive. the craft under super-

state of the art be considered as an upper limt on the speed of

non-cavitating  systens. >
’

I---2.25
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As explained in the cavitation chapter in Volume II, the speed
of incipient cavitation can be expressed by a critical value of the
cavitation number @=p/q. For a given foil section and a specified
loading there is a critical cavitation nunber and, therefore, a
maxi mum dynamc pressure g (corresponding to speed) for a given
static pressure p. In hydrofoil operation, the latter is the sum
of the atmospheric and hydrostatic pressures. The situation is,
therefore, inproved by any increase in subnergence, although not

to a large extent.

Reference 3, (reproduced in reference 1 and in Volune 11,
Chapter 12) shows the critical speed of inception for various
thickness ratios and |ift coefficients of the hydrofoil. Snce a
certain mninum thickness ratio t/c is needed for reasons of
structural  strength, the only other way of postponing cavitation
and of increasing the maximum speed of hydrofoil boats without
encountering  cavitation, is to reduce the [ift coefficient. This
can be done by increasing the foil area. The parasitic resistance
of the foil system (and its weight) is increased in this way, and,
as a consequence, the critical maxinum design speed as nentioned
before is reduced below the theoretical limt in non-cavitating

flow (see Figure 2.5). The critical speed may, therefore, be in the

— e
——

vicinity of 50 knots if pursuing the design principle of avoiding

= vom o ow ataiehs st e o e L g S——
—— - P el

W, i

cavitation.

e st
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Drag coefficient and resistance ratios in super-cavitating
condition are higher than in non-cavitating flow Qualitative
considerations and recently publishedh results of a theoretical
investigation  give promsing prospects, however, suggesting that
by applying proper canber in the lower or pressure side of the foil
sections, hydrodynamc efficiencies may be obtained which are not

very mch inferior to those in non-cavitating condition.

c) Foil-System W&ight

The dependence of the foil-system weight on size for a fixed
weight is discussed in Section 2-b. Following the sane assunptions
(i.e. constant weight per foil volume), a relationship can be derived

between foil weight and speed, as follows.

'The required foil area, on the basis of [ift coefficient, [oad,

and speed is S = W/qCy, (2.19)

The volune (and therefore the weight) of geonetrically simlar foil

systems may be expressed by 83/2, therefore giving

Wl ~ 532 g~ 2 AP (2.20)

where v = design speed
There will, of course, be a limting foil loading (in ]_b/ft2) whi ch
should not be exceeded because of cavitation. Beyond this point,

therefore, the foil weight required my be constant (be independent
of speed).

I - 2.27
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The nmain speed-dependent weight conponents are foil system (W) and
machinery (W,). The latter may be thought of as édontributing to the
dynamc support of the craft through producing the speed required
for the foil system to provide dynamc lift. The sum of the two weight
quantities possesses a mnimum at some point between the condition
of excessive nachinery weight (with small foil size) and the under-
powered large-foil craft. The following functions -indicate this
fact; using equation (2.5), anplified in section 3-a, and equation (2.20)

- the conbined weight fraction of foil system and nachinery is found

to be
(rm) = ) W24 kpV (2.21)
W V3T
were k, and k, are suitable constants. Differentiating  this
equation, the mnimum conbined weight is found for
KV = 3 k(W2 /3y (2.22)

This means, that (for the foil-weight function as tentatively assuned)
the machinery weight should be 3 times the foil-system weight, to

give a mninmum conbined weight fraction; see Figure 2.5.

d)  Structural  Effect

Upon increasing the design speed of a craft of given weight,
the foil size decreases appreciably « as illustrated in Figure 2

Snce at the same tinme the load on the foil or the foils, remins
essentially constant, there mght be configurations; in which the
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loading ratio WS of the foils is wunfavorably high,, The foils nay
be very small while the struts required totransmit the hull weight
to the foils are of the same size and at least the same strength as
in lower-speed designs. Aso, the thickness ratio of the foil

sections may have to be higher for structural reasons. Finally, the

air_resistance conponent of the hull (growing large in conparison to

the foil area) is expected to_ becone appreciable upon_increasing_the

i i

design speed. Al in all, therefore, the resistance ratio of high-
speed hydrofoil boats is expected to increase as some function of the

design speed.

The consideration in the preceding paragraph may also be nade
in terms of size. Upon decreasing the size of a hydrofoil craft,
the required foil area decreases not only directly because of size =
but also in relation to the hull dimensions (as illustrated in
Figure 2.3). As a conseguence, the structural-design of the
resulting tiny foils may cause sone difficulty and the hydrodynamc
drag coefficient (or the DL ratio) should be expected to be increased
on this count. In other words, a lower "limit" in size, or, an upper
limt in speed, and such a linit in the "Froude" nunber (v/Al/é)
can be predicted too, above which design and perfornmance of hydrofoil

craft would become less favorable again.

I - 2029
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L.

POTENTIALITIES OF HYDROFOL  CRAFT

a) Results of Design Studies

An analysis of the design studies carried out by QGbbs &
Cox, Inc. is included in Appendix ®a", These design studies deal
with submerged, automatically controlled foil craft capable of
operations independent of shore facilities; i.e. living and
berthing facilities are included for the crew for the period of
maximum  duration. No specific use was assigned to the boats
i nvestigat ed. An arbitrary percentage of weight was assigned,
however, to "Payload". The Appendix should be studied in order to

gain an understanding of the criteria involved and the results.

The principal result of Appendix mgm is the weight nargin
left over for nachinery, fuel and payload, as a function of the
size of the craft. This information is presented in Figure L of the
Appendi x. By using the expression for maxinum speed as a function
of this weight allowance (equation 2.10 or 2.11) and the above
information in conjunction wth a wparticular engine and assuned
efficiency (Table 11l in Appendix "A"), a curve of maximum speed
versus displacenent for specified conditions o.f range, payload,
and type of engine my be calculated. Such a curve is shown on
Figure 2.6, assuming a range at naxinum speed of LOO nautical

mles, a payload of 20% and a gas turbine unit as listed in Table III.

'l - 2.30
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While this curve should be taken only as an illustration of such
an analysis, the basic characteristigs are pro'bably true of hydro-
foil craft in generalj i.e. there is a size (arcund 1000 tons

in Figure 2.6) beyond which the possible naximum design speed drops

off rapidly due to running out of machinery weight.

Conparison wth Existing Qaft

Appendix "B gives the results of a statistical study of

size and speed of existing water craft along with a discussion of
the possible neaning of these results. This discussion should be
studied in order to interpret Figure 2.6. Figure 1 of Appendix
"Br gives a size-speed plot showing the areas occupied by various
types of craft prior to 1952, and Figure 2.6 is taken from this

plot. It is seen that there is an area between 100 and 1000 tons
above the "Froude" line (V/ Al/é) = 12, not occupied by any existing
craft; and that hydrofoil craft could potentially bridge this gap.
VWile this mght also be true of planing boats,, they have not been
built over about 100 tons, and it is assumed that this is because of
high inpact in a seaway. This would not apply to hydrofoil hoats
to the same degree. Therefore, these could be operated in this
region. It should also be noted that the naximumspeed line for

the hydrofoil craft selected for illustration, crosses the Iline

- AL/6
(v/ A/ ) = 12 at A= 1000 tons. This indicates the probability

I-232
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that hydrofoil craft over 1000 tons would not be practical

as the potential speed would probably be less than that

of a displacement vessel. The generally higher speed of hydrofoi
vessels shown on this line as conpared to planing vessels is due

to the higher efficiency of the forner.

1 -233
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5.  SUMMARY AND CONCLUSI ONS

From the foregoing analysis, the size and speed potentialities

of hydrofoil craft appear to be as follows:

a) Hydrofoil craft do not appear to be practical in
larger sizes, i.e. above 1000 tons for several reasons,
the nost inportant of which is the abnornal \grovxth_\ of the
foi| system with size, causing a decrease in the ueight
availatﬂa for machinery, increasing the structural
complexity craft, and mking the physical dinensions

(draft, beam etc.) unwieldly.

b) Hydrofoil craft are essentially in a high-speed
category.  Cavitation, therefore, has considerable
influence upon the design (thickness ratio of foil-and
strut sections and [lift coefficient of operation).

It appears that at the present state of devel opment
there is a speed limt on account of cavitation (in
the vicinity of L5 knots) that cannot be exceeded
without  penalty. Developnent of boats running at very .
high speeds seems to be feasible, however, on the basis

L L N

of aircraft-type light-weight machinery. Dfferent

war

deysiﬂgn ;;}inciples apply in this speed range.




c)

SIZE AND SPEED

Hydrofoil craft are likely to be limted in range
(while foil borne) as conpared to displacement
vessel s. In noderately large sizes, cryising in

di spl acement condition might be considered, however,

thus giving acceptable values of range,

ST - 2.35
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CHAPTER 3. SELECTION COF  OONFH GURATI ON

[ ntroduction

1. Hull Characteristics

2. Characteristics of the
Foil System

3. Configuration and Arrangenent
L. Structural Considerations
5. Type of Machinery

6. Influence of Stability and
Control

This chapter deals with the prelimnary design of hydrofoil
craft - the basic blocking out of hull, foil systsm nachinery and
drive, Aspects affecting the design of hydrofoil craft have been taken
from several of the other chapters of the Handbook. Selection of the
conponents is discussed in light of the physical principles involved,

such as hydrodynamics, arrangenent, structures and control.

I i 301
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el

Subscriptss

cr

CONFI GURATI ON

displacenment in long tons

lift of hydrofoil (also length of
weight of craft (in Ib)

safety factor

stress in 1b/in?

"wing® area of foi

speed

= V/gL = Froude nunber

density of the water

= 0.5 8 v2 = dynamic pressure
= L/qs = lift  coefficient

angle of attack of foil

foil span

foil chord

= b/c = aspect ratio

number of struts in one foil
aspect ratio between struts
thickness ratio of foil section
endurance  (hours)

specific engine weight (1b/HP)
fuel rate in |b/HP per hour

for normal. operating speed

for take-off

I- 3.2
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| NTRODTJCTI ON

In the prelimnary design of a hydrofoil craft the main features of
the craft are established by the selection of foil system machinery,
transmssion, and other conponents as well as by the determnation of
the way in which the deadweight is utilized to neet the tactical or
comrercial requirements of the craft. In this chapter, some of the nore
inmportant considerations in this selection of conponents are discussed,
An attenpt is nmade to limt this type of material to that which can be
rather definitely established by physical reasoning underlying a basic
selection, or by conclusive practical experience, of which there is
conparatively little in the case of hydrofoil craft. This neans that
there will be some aspect of preliminary design left uncovered; in these
cases the designer must rely upon his judgement, a situation which is
not new in other fields of engineering design. Moreover, there are
other criteria, such as attractiveness, habitability, etc. which may be
inportant but which are considered to be outsfde the scope of this
presentation. Finally, it nust be obvious from Chapter 2 that the hydro-
foil craft is highly suitable for some purposes but not for others, and
that there are regions of size and speed in which advantages exist. This

should be kept in mind in the preliminary design stages,

In order to proceed with the selection of conponents, the principal

characteristics (size and speed) nust be assunmed. This should be done

I-3.3
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in the light of the relationships presented in Chapter 2, wth the
main purpose being to neet whatever requirenents have been specified
for the craft. The assumed size and speed may turn out to be
inconpatible wth the requirements, in which case a new selection nust
be made and checked against the requirenents. Methods of analysis for
use in this regard are given in Chapter L and in the later chapters;
mastery of these nethods is necessary in order to proceed wth the
design.  n the basis of such information, the present Chapter deals
with arriving at a sensible selection of a configuration which can

then be analyzed and inproved upon.

I“Boh




CONFIGURATION

1. HULL CHARACTERISTICS

The hall of a hydrofeil boat performs much the zame funciion as

that of any other water craft, f.e. to gilve buevant support {(in floabt-
3 9 24 A s

ing condition or ab rest), and to provide enclosed space, etz., A%

jo

speeds eqaal 1o and less than take-off speed the huil is required to

Y]

OpErERLE, &

conditions of lecading, with reasonable resistance
characteristics and absence of any strong tendency toe squat, to throw
spray, or bo be unstable., Roughly speaking, a huil which has proved

21 be adequate

pdo

a speed near taks-off speed w

T AR IS SR G S-S & e . YRS oo e vy e e
Iziog hydreloll crvalr A certain other requiremenits are meb. Thus a

a hydrofolil craflt may in gensral ressemble *hat of a

o . bear designed for a speed close to tske off, Therefore,
rerosrn agseansd take-olf speed {of 20 knots frr swemple), the Froude
Fambes sl take-off speed will vary with size, calling for different

oy e ST e s YA I - ol . i S S SO X d
types of halls for different sizes, Table 3.1 shows this trend based

involved: the Table

zn ewxample of the

down the required length of side struts. For this rssson and since a

planing tu. 18 dndicated for Froude-mumber prezscns (Tabls 3,1) through-
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out most of the speed range, this type of hull is usually found in
conneation Wth hydrofoil craft, although sone notable exceptions exist
(see (hapter 1, Figures 1,2 and 1.18)., The chine type hull has the
additional advantage of being |ess expénsive in construction as conpared

to a round-bottom shape.

Approximate average values of "Eroude® nunber,
displ acenent-length ratio and of the resulting
di spl acement for various types of marine craft.,

v, A A

—_— Hul I. Type e Tons

T (L/100)3 s
up to 1.2 Ship-Type Hull 150 70¢ and up
1e2 < 1.9 Destroyer Type 80 106 - hoo
1.5 - 2,5 Semi-Planing 1ho LO - 30C
2.5 = 5,0 Planing Hull 1ho G5 = LC
5.0 and up Stepped Hull 150 up to 0.5

I = .306




A CONFIGURATION

2. COHARACTERSTICS G THE FOL SYSTEM

The selection of a type of foil system to be compatible with the
basic concept of a particular craft is an inportant step in the block-
ing out of the design of the craft. Exanples of different foil types
are given in Chapter 1,. Table 3.2 attenpts to classify these types
according to the nethod enployed to vary lift. wt!? submergence in order

to oprovide stability.

TABLE 3.2

Various Types of Foil Systens

Type Shape ‘ Method

= - .
reefing ladder systems by area
surface-piercing V-shaped foils by area
pianing planing skids s by area
fully submerged submerged foil by anglse

% considered bere, only for stabilization

The first thing to determine is whether to use a reefing {(or
surfacs-plersing ) foil. system which iS inherently stabtle, or @ submerged
fril system which requires the additional conplication of stabilizing

skids or of foil angle control (automatic OF mechanical). Surface-

A
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piercing "y foils appear to be efficient (low drag) and conparatively
sinple.  Ventilation originating from the piercing ends restricts their
lift coefficient, however, especially in waves and in turning. \here
relatively smll high-speed craft are desired for operation under
noderate  conditions, area stabilized configurations are desirable.

Oh the other hand, if applying fully subnmerged foils, they have to Se
stabilized by means of a nore or lees sensitive eiectro-nechanical
appar at us. It is, therefore, suggested that this type of design is
more suitable in larger-size craft. Appreciable advantages are
expected with respect to stability, seakeeping and banked turning in

the resulting systens.

Wth regard to stability, tw foils are required in |ongitudinal
arrangement., As illustrated in Figure 3.1, the two nay either be
approximately of the same size ("tandeni), or one of them may be com
paratively smail, essentially serving as a control.- and stabilization
surface. The latter type may either be ncanard® (With the control
surface forward) or mairplane" (with the smaller foil in the rear, as
in conventional airplanes). Generally, tandem systems are nore suitable
for larger craft (low Froude nunbers). The w®singlen foil types are

preferable in smaller craft (at higher Froude numbers).

The lift wgmw of any foil system or wng depends on the fluid
density o™, the area "gw, speed »yr, and the lift coefficient ngpn

which in turn depends primarily on the foil's angle of attack QX , i.e.:
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L = €, 0598V = (d0/dxX)ex q S (3.3)

wher e dCI_/clm* lift-curve sl ope

q « 0.5 e V2 e dynamc pressure

For reefing systems, and with a view toward ventilation at the ends
of surface-piercing foils, a lift coefficient in the order of L = 0.3
my be suitable for such systems;. and this coefficient wiil approxinately
be constant over the flying speed range as the area changes. M ninmm

flying speed is obtained for naxinum (total) foil area (span) submerged,

Considering fully submerged hydrofoil system;, their wetted area
is, of course, fixed. The design of this type hydrofoil. has to take
into account both a sufficiently large area to facilitate take-off, and
the drag of this area at the nmaximum speed of the craft, Their 1ift
coefficient necessarily varies as a function of speed, so that equation
(3.1) is satisfied. As an upper practical 1imit,Cy = 1,0 may be assuned
(because of stalling) for plain sections. The required foil area

naturally follows as a result of the speed selected or specified.

Equation (3.1) is true at any speed at which the craft iS wholly
foil-borne and, therefore, must apply at take-off (subscript *T") and

at normal operating speed (subscript "o"). The flying speed range,

therefore, corresponds to

(V,/Vp)? = (Cpp/Cro) (Sp/S,) (3.2)

T -39
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For a fully subnerged system ST = S,. The speed range is

accordingly:

Vo/Vp = \/Cr1/Cro (3.3)

For Cpp = 1 (as nentioned before) and for ¢, = 0.25 (for exanple), the

speed range is \E' = 2

In a poor desfgn, take-off nay be made inpossible by high hull-
and foil resistance (hunp). This nmeans that 4in flying condition (if
reached by some boost of thrust) avaiiabie power and foil desfgn nay be
conpatible with each other, in a craft of reasonable performance, but
that the craft would not be able to take off. This would indicate an
increase in foil area so that the take-off speed is |owered, The
reduction in take-off speed reduces the "hump" resistance (and increazes

the available thrust).
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Q) CANARD b) TANDEM C)" AIRPLANE "

POSSIBLE COMBINATIONS OF 2 FOILS IN A SYSTEM

FIGURE 3.1

Y, [ J
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Q) INCLINED SHAFT £ ) RIGHT-ANGLE DRIVE

sy | O

Sy | SO | —

PAIR OF STRUTS IN "v"

b) VEE - DRIVE d ) CHAIN DRIVE

POSSIBLE DRIVE SYSTEMS IN HYDROFOIL BOATS

FIGURE 3.2
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3.  CONFIGURATICN AND ARRANGEMENT

Having determined the basic type of the foil system in Section 2,
the particular configuration must be determined., A cursory study of
the situation shows that foil configuration, machinery location, and
type of drive (assuming underwater propulsion) are inter-related to
the extent that one should not. be selected independently of 2.he ¢ thers,
Because of this, these three items will be discussed together in this

section,

Transmissions are either ¥righ t angle" (involving bevel. gears) or
Pinclined shaft, there being variations of each such as chain drives
O F vee-drives (see Figure 3,7), The machji nery location i s either
forward or aft in relation %o the center of gravity; and since the

machinery is in genera.l the largest fixed weight that can be shifted :n

this manner, its location is of utmost importance i n varying the center

of gravity cf the complete configurstion,

There is another consziderabtion having fo do with the relaticnshiv

between feoil- and engine location in the airplane and canard systens.

7

In eitner case it is assumed that the smaller of the twe foils, i.e
the "auxiliary" foil, is placed in a reasonable location near the bow
or stern. The location of the other components of the craft (excepr'

for machinery and main foil) shall also be given. 1t is alsc assumed

that tnere is a specified load distribution between main and suxiliary
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foil in each ease (for exanple in the ratio of 2 w0 1) so that ihs
center of lift of the foil system is below the center of gravity of
the craft configuration. Proceeding in this manner, it is found that
the center of |ift tends to follow the main foil around. Likewise, the
center of gravity of the craft wll follow the engine location, The re -
fore, (to provide necessary balance) the erlg_i_fl_e and the main foil will
fol | ow each other. In order to provide reason;k;[éwnfoil separation, it

is then evident that the nost conpatible nachinery locations are forward

far the airplane, and aft for the canard system, respectively,

From Figure 3.2 it is seen that all the different types of drive
require one or more struts for support. Since the foils [ikew se
require support, the tenptation is strong to conbine the two; it follows
that with a single shaft., one or three struts should support the related
foil and for twin shafts, two struts may be utilized Wth a minimm
nunber of struts (to reduce drag), low aspect ratio foils result from
structural ~ considerations. This is desirable for higher speeds where
drag due to lift is mninum For lower speeds, more struts and higher
aspect ratios result in the best characteristics., In practice, high
speed foils have aspect Patios of [ to 6 and slower craft in the srder
of 8 to 12, Moreover, the engines should be placed in such a marner ss
to mnimze the length of shafting (notice that the vee-drive in Figure
3.2-b with the engine aft, is poor in this regard). The resulting
inter-relationship is obvious in attenpting to nake attractive com

binations of the various types of drive and foil configurations.

I-3.13
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Wth regard to size (and location) of the struts, directional
stability (as explained in Chapter 6) and turning performance (as
described in Chapters L and 6) nust be taken into account. It nay
very well be that the lateral sStrut area required is larger than

found necessary for structural support,.

The question now arises as to what type of drive to use. It <s
assuned in this regard that location of the propeller( s) forward is
undesirable fromthe standpoint Of wvuinerability. The use of an inclined
shaft, therefore, seems to be indicated for the airplane configuration,
and a right-angle drive seems to be nost suitable for the canard arrange-
ment. If in the latter case the right-angle drive (which does not seen
to be readily available) should involve too mich development WOrk, a wee
drive forward may be considered at some cost. in weight of shafting (see
Figure 3,2-b), A vee-drive (integral wth the engine) mght also be
enployed in the case of the airplane configuration in order to cut down

the installation angle of engine and shaft.

The question of the nunber of engines (and shafts) nay be decided
from considerations of avalabe engines and required pover, As an
additional factor in this regard, utilization of existing foil struts
my be considered -~ as nentioned before. For exanple, in a cenfigurati cn
with an inclined-shaft drive and two struts on the real- foil, twn shafts
would be preferable to a single shaft for which an additional strut

woul d have to be provided.

I - 301)-'-
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In conclusion, an effort should be nmade to avoid additional struts
and excessive shafting in a configuration, by careful consideration of
the inter-relationship between mnachinery location,, type of drive and
foil configuration = recognizing that there wll be eases where sone

compromise on the optinum combination nust be made.

\Iﬂ = 3015



o CONFI GURATI ON

L.  STRUCTURAL QONSI DERATI NS

In selecting the foil configuration from a hydrodynamc point of
view one cannot lose sight of structural requirements. There are
certain conbinations of loading, aspect ratio and foil section which
are inpossible to use, for a given material, wthout exceeding the
yield stress. This is especially true of foil systens designed for
high speeds with high foil Ioadings and s./rrﬁla;'_g»@i&c_“l'gness ratios, the

latter necessary to avoid cavitation.

e e

Structural considerations are presented in Chapter 5. Equation
(5.18) gives the requirements on the foil section as discussed above.
The expression may be sinplified somewhat and rearranged to show the

limting "aspect ratio between struts":

G t/c
npn z (A/n = 11.5 = “/~ .
max (A/n)max | FT WS (3.3)
where A = aspect ratio of the foil
n = nunber of struts
G = vyield stress
F = factor of safety

and the rest of the notation as defined in Chapter 5. The foil section
is assumed to be solid as a limting case. The foil tips outside the
struts are assumed to be cantilevered and to be dinensioned in such a way
that the deflection curve of the foil has a horizontal tangent at the

struts.

e _
I-3.16
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The maxinmum |oad experienced by a hydrofoil craft operating in
waves is higher than the static load (corresponding to the weight).
Mthods are indicated in Chapter 5 to determine such |oads. For
conparison of various designs, it is more convenient, however, to
express W as the static design load on the foil, and F as a factor
conbining the ratio of total load to design load (load factor) wth

the mterial factor of safety.

Equation (3.3) is illustrated in Figure 3.3 assumng two
representative materials and a factor of safety ¥ = L. Such a graph
can easily be made up for other naterials (having different & values)
for different values of F. Foil configurations with values of maA"

exceeding that given in the graph are not possible structurally,

I-3.17
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DESIGN  EXAMPLE

Check the feasibility of an alumnum foil (wth G =
24,000 1b/in2), supported by two struts, assumng
the loading to be 800 1b/ft.2 and assumng that a
thickness ratio t/c = 10% cannot be exceeded because

of cavitation.

Figure 3.3 gives an aspect ratio between struts of
mn = Jfor the stated conditions. Including the
cantilever foil tips (each assumed to have a per-
mssible aspect ratio outside the struts equal to
0.5 mAm), a total aspect ratio in the order of 6
would then be feasible. Enploying a higher-strength
mterial (steel wth (3 = 60,000 1b/in?), a value of
mar = 5 js found in the graph for t/c = 10%, which

Is appreciably higher than that for alumnum

I -3.19
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TYPE oF MACH NERY

A typical hydrofoil craft appears to be a high speed craft in
which the nachinery constitutes a larger fraction of the total weight.
Enphasis  should, therefore, be placed on machinery of smll specific

wei ght, possibly at the expense of fuel consunption.

The engines available for hydrofoil application include internal-
conbustion gas engines (such as those in aircraft), gas turbines which
my be conpounded with other types, and possibly some of the new Ilight-
weight diesel engines. A tabulation of the estimated characteristics
of some of these engines is presented in Table 3.3. Aso, Table A1l
of Appendix mA" gives some estimates of total installed weight of

machinery and auxiliaries.

A good rmeasure to use when trying to decide which type of engine
is best for a particular application, is to estimte the total running
time mrr at high speed per trip and to form the product (m + eT) where
"m" IS the specific weight of the engine and "c" the fuel rate.
Qoviously, high values of T call for low fuel rates at the cost of
machinery weight and vice-versa. (Qoss-over points wusually exist
between two different types. Depending upon endurance and range
required, therefore, one or the other engine type wll come out to be

nmore suitable.

| «3.20
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Another consideration presents itself with respect to range.
The craft nust have a radius of action large enough to allow for patrol
and other tactical requirements. A possible answer is to cruise in
di splacement condition at sone low speed at a fraction of the naxinum
hor sepower . Indeed, since this amount of power is likely to be little
in conparison to that of the main unit, it nmay be worthwhile to pro-
vide an extra cruising engine, at a conparatively small cost in weight,
which would have a better fuel rate than the main nachinery. O
course, this proposition may be made even nore attractive by using
the sane fuel in each type (for exanple, diesel fuel in a diesel
engine for cruising and in gas turbines as main engines). Ay
selection of cruising radius and length of high-speed operation
would be possible in such an arrangement. An exanple of this

application is shown in Reference 2 of Appendix uA",

| - 3.21
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Engi ne Boei ng Chrysl er Packard
Type Gas Turbine | Gasoline | 16(e) Die:
Continuous Rating (SHP) 160 200 800
at run per mnute 2900 3800 2000
Maxi num Rating (SHP) (1200)
at run per mnute
, ™ .
Fuel  Consunption (a), { 1.30 0.53 { 0.l
in (Ib/HP) per hour e
Hours Between Overhaul s 1200
Status of Devel opment Har dwar e Har dwar e O Paper
Approxi mate  Dinmensions:
Length (ft) 5.0 4.0 10. 1
Wdth (ft) 2.8 2.7 3.7
Hei ght  (ft) 2.9 2.6 4.7
Wi ghts (D)
Bare Engine in Ib 230 1103 Lh30
Specific  (Ib/HP) 1.hh 5.52 5.53
Accessories in Ib 60 976
Specific  (Ib/HP) 0.38 1.22
Foundations in |b 32 (288)
Specific  (Ib/HP) 0.20 (0.36)
Liquids (d) in Ib (6L) (L32)
Specific ~ (Ib/HP) (0.L0) (e.5L)
Sub Total in Ib 386_ 6126
Sub Total Specific “2.h27 7.65
NOTES
(a) at continuous HP, not including lube oil

(b) The specific weight
including ducting weights
including fuel

instead of

(c) not
(d) not
(e) Mrk 12, with 6

Val ues

Is based on continuous output

8 cylinders,
in brackets are approximate or estinated.

s testing

Al turbines are geared down to the “quoted rpm val ues.

The gear

weight is included in the *bare™ weight.



>ackard W100 |GM Allison | Wi ght Napi er | Fairchild | Metro-Vick
Gasol i ne Gas Turbine|jasoline | E-1L5 :Diesel | Gas Turbine § 3as Turbine
1400 1600 1700 1750 2350 4000
2000 2400 1600 1100
2500 2000 3250 305 4,800
2800 2900 2050 1190
(0.58) 0.75 s | 0.34) 0.72 0.85
750 500 700 1000
Har dwar e Devel opment | fardware { Testing O Paper Testing
11.3 8.5 8.5 8.8 17.8
3.8 5.3 5.0 2.4 7.3
5.0 5.3 3.8 2.l 6.k
L32k 2700 3700 3600 6725 9721
3.09 1.75 2.18 1.89 2.86 2. 43
S8h (1380) (1530) 1900 1500 (3200)
0.h2 (0.80) (0.90) 1.00 0.64 (0.80)
510 (640) (510) ( 550) ' 1000 (1600)
0.36 (0.L0) (0.30) (0.36) 0.43 (0.L0)
691 Eého) (680) (1300) 9LO EléOO)
0,49 0. 40) (0.L0) | -(0.5h) 0.L0 0. 40)
6109 5360 6430 7350 10165 16121
L.36 3.35 3.78 3079 4.33 4.03
TABLE 3.3

LIST CGF MDERN LIGHT-VEGHT ENGNES WVHCH MY BE CONSIDERED
SUTABLE FCR APPLICATION IN HYDROFOL CRAFT

e

I - 3022
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INFLUENCE COF STABILITY AND GONTRQL

CGener al

The subject of stability and control (particularly in waves) is
a difficult one on which to give definitive advice to a designer of

hydrofoil  craft. Certain general reconmendations can be nade, however,

The stability problens of hydrofoil craft are basically simlar to
those encountered in aircraft, wth the additional restriction that
hei ght _nust be governed within narrow limts in calm water and in waves.
Furthernore, it can be shown that, although hydrofoil speeds are con-
siderably slower than those of aircraft, notions happen faster owng to
the denser medium involved. Manual control of these motions (and of the

flying Tlevel& therefore, does not appear to be practical.

There are two stabilizing elements (foils or foil ends) required
in lateral respect. Snlarly, there are tw foils required in fore and
aft locations to provide longitudinal stability. The choice between
"tandem", "canard" and "airplane™ arrangenents (see Section 2) is
primarily a matter of considerations apart from stability (such as craft
size). A nunber of foils greater than two or foil positions greater than
three, is possible (for exanple, four foil wunits), and may be useful for

certain  applications.

| - 3023
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In waves, the type of flight path is inportant. In conditions
where the height of the waves is less than strut length, a level path
with very little change in height is optinum accelerations being
held to a passenger-confort level. \Wen the waves are nmuch higher than
strut length (and longer than boat Iength), the flight path should
essentially contour the wave surface. Finally, for noderate-size waves
an intermediate flight path is desirable. For smaller hydrofoil boats,
whose strut lengths are restricted, certain wave conditions are

expected in which it is no longer practical to fly such craft.

Longi t udi nal Characteristics

Mst hydrofoil craft to-date wutilize inherently stable con-
figurations. Their static stability can be appraised by means as out-
lined in Chapter 6. Mthods of analyzing the dynamc characteristics
of such craft when operated in a seaway have not generally been
established, although equations of motion have been formilated and

sonme computor studies undertaken.

In general, the best center of gravity location, both for reasons
of longitudinal stability and passenger confort, is somewhat forward
of the position which would result in equal load per unit area on all
hydr of oi | s. As the CG is nmoved forward from this point, the craft notioa
wll become increasingly oscillatory wuntil eventually a dynamcally

unstable condition wll be reached. As the OG is noved aft, notions

| = 3.24
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are nore highly danped but the craft is less inclined to return to
equilibrium until a point is reached where divergence Wll occur.
Won noving the GG still further to the rear, the static stability

will finally be exhausted.

Generally, the greater the foil separation, the hfgher wll be
the wundanped natural frequency of the craft. However, there are
certain conditions that should be observed in considering foil
separation. The farther a given foil is from the CG, the larger are
the variations of its submergence for a given amplitude of pitch angle.
Thus, for a large foil separation, the angle through which the craft,
can pitch wthout causing a foil to broach and causing the hull to
touch the water at the other side, is nore restricted than for a
shorter foil separation. In addition, a craft with a high undanped
natural frequency wll be responsive to water disturbances (orbftal
nmotions and waves) up to approxinmately the undanped natural frequency.
Snce it is wusually desirable to minimize craft reaction to waves
(except for low frequencies and large anplitudes) it often seens to

be convenient to restrict foil separation.

In a system of at least two lifting surfaces,, an acceleration
inposed upon one of them (by encountering a crest or a wave) is likely
to produce a (different) acceleration in the other surface (at sone
distance from the first one). Such coupling effect iS not a najor

consideration in conventional airplanes where the OG is close to the
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min surface (wing). In hydrofoil craft, however, not only are the
configurations wusually such that the GG is at an appreciable distance
from either foil - but accelerations from the outside, through waves,
are the rule rather than the exception. Coupling, therefore appears

to be of greater inportance. Coupling can be reduced by arranging the
foils so that the product of the distances from front foil to ¢cg and
from rear foil to OG are approximately equal to the square of the
craft's radius of gyration. It is sonetines advisable, however, to
keep the gyradius of the craft as low as possible, which wll contribute
a lower danping ratio. Upon analysis, nost hydrofoil craft of practical
configuration wll be found to be overly danped, introducing increased
time lags. The former nay be particularly undesirable in instances
when it is necessary for the craft to follow wave contours., A smailer
gyradius Wl also increase the range of feasible OG locations within

the bounds of stability considerations.

Atificial Control

Artificial (autopilot) control can, and has been applied to a
variety of fully submerged foil systems, In thfs connection, analyses
of dynamc stability of hydrofoil systens have been and are being done,
including computor and simulator studies. The equations of notions can
be used to predict satisfactorily the behavior of a given craft,,

Theoretically, any submerged foil system (with sufficiently large

| = 3.26
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control surfaces) can be stabilized by a properly designed control
system  For good results, the foils and the control system should be

devel oped  together, however, to meet the design specifications.

Submerged, artificially controlled foil systens wll require at
least one water |evel sensing device and some conbination of inertial

references to provide proper information for control in all axes.

Control surfaces for fully subnerged foil systens are either flaps
or pivoting foil sections. The forner are structurally convenient for
larger craft; however, they nust be rotated through approxinately twice
the angle that would be required of the whole section. Static and
dynamc hinge noments originate in the articulation of both foils and

flaps, they nust be taken into account in designing a servo system

A successful control system nust nmaintain a proper elevation above
the water, mnimze the effect of orbital wave motions, restrict
accelerations and provide reasonably danped characteristics, Three
control surfaces in "canard" or Mairplane" arrangement seem to be
optimum (with the larger foil split in tw halves for roll control).

Wether the larger area should be forward or aft is still debatable.

Wth regard to hydrofoil craft stabilized by an autopilot system
it seens preferable to mninmze water-induced disturbances as they are
first  encountered. The Ilongitudinal conponent of control should,

therefore, be predomnant in the forward fbil.
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The servo system should be capable of adjusting lift under
designed loads at a mninum of twce the undanped natural frequency
of the craft; or put in a manner nore famliar to control system
engineers, the characteristic tine lag of the servo system should not
be greater than one-half to one-third the tinme lag of the craft and

preferably less, This condition may restrict foil separation.

The sensitivity of the craft in pitch, i.e. the anplitude of
response in pitch at a given frequency of wave encounter approxinately
increases directly as the speed and inversely as the foil separation,
while the anplitude of response in heave increases as the square of
the speed and inversely as the foil separation. However, for a given
sea state, the frequency of encounter of water disturbances increases
with the speed, but variation in apparent foil angle of attack due to
orbital motion decreases. Thus, the pitch response for a given sea
state does not vary greatly wth speed while the heave response varies
essentially with speed. These statenents indicate that speed and foil
separation are prinmary variables in the dynamc design of hydrofoil
craft, For a given speed, attention to foil separation may help to

obtain a favorable configuration.

Lat er al Control

Rolling motions, arising primarily from forces encountered abeam

can be controlled forward or aft wth alnost equal effectiveness. As
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pointed out in Chapter 6, the netacentric height governs the behavior
in rolling, yawng and sideslipping. A low center of gravity, limited
clearance above the water (strut length) and a large span of foil or

foils, are therefore favorable for lateral stability.

In regard to turning, the ®"rudders" can be flaps on the struts or
pivoting struts. The surfaces selected should preferably be furthest
from the CC. Bow steering is both practical and useful for hydrofoil
craft. In artificially stabilized systens, banking can be achieved by
providing the corresponding rolling monents through controlled

differential flap- or foil-angle variations.

As nentioned in Chapter 6, directional stability can suitably be
judged from static considerations. The lateral areas of struts, rudders
(and propellers) nust be selected in such a way that, under consideration
of their respective monment arms, directional stability is assured. The
resulting dimensions of struts (and other lateral conponents) mnay be
different from or may even be opposed to dinmensions as derived from

structural or other considerations.

| = 3.29



CHAPTER L. PERFCRVANCE CATLGULATIONS

Introduction

1. Propeller Efficiency

2 Resistance Function of Hydrofoil Craft
3. Take-Off  Performnce

L. Speed and Range

5. Turning Characteristics

Performance aspects of hydrofoil craft are presented
in this chapter. After considering propeller efficiency,
methods are listed for predicting take-off distance, maxinum
speed and range as a function of engine power and hydro-
dynami ¢ resistance. Turning characteristics are treated
on the basis of lateral force awiabe in the foil system

rather than as a function of power and resistance.
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| NTRODUCT| ON

There are several performance characteristics of hydrofoil boats
which can be analyzed and/or predicted, The nost inportant ones are

maxi mum speed, take-off, endurance, range and turning

Calculation of performance is useful in basic studies, conparing
hydrofoil craft to conventional-type ships or conparing different
hydrofoil systems wth each other. Prediction of performance is also
necessary in the selection of the nachinery required and as a basis

for the structural design (hydrodynamc |oads),

Figure L.1 gives a resistance-speed function, representative of
a certain class of hydrofoil systems, This illustration serves in
defining the speeds corresponding to the performances nentioned. The
maximum speed is given by the intersection of the resistance function
with the curve of full-throttle thrust available, Mximm range is
obtained for mninum resistance. A take-off, certain hydrofoil
systens show a hunp, a check on take-off distance helps determne
whether this would be a weak point in performance. There are other
types of performance, however, which do not depend prinarily upon

thrust and resistance; such a consideration is turning,
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Not ation
v speed (in ft/sec or in knots)
Q mass density of water (b sec2/rtlt)
a = 0.5 ¢ V2= dynanic pressure
S planform area of hydrofoil
so disk area of propeller
T propel ler  thrust
Cr = T/aSo = propeller thrust coefficient
n rotational speed of propeller
u circunferential velocity of propeller
A = v/u = advance ratio = v/qnd
7 propeller- or propulsive efficiency
D = R = drag or resistance
cD = p/qs = drag coefficient
L lift produced in the foil system
cL = L/qs = lift coefficient
£ = Cpp/Cyp = parasitic drag ratio
w weight of a craft (in Ib)
L/D = 1/(R/W) = lift-drag ratio
R/W = 1/(L/d) = resistance ratio
P engine power in HP
c fuael consunption in [b/HP per hour
F force available for acceleration
x take-off  distance
d = 2r = turning dianmeter; also propeller dianeter
M = Wg = mss of craft
Z centrifugal force in turning
A namber of propeller bl ades
Subscripts:
B indicating propeller blades
T for take-off condition
H indicating hull

I-0L.3
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1

PROPELLER  EFFICIENCY

As far as performance is a function of the available thrust,
the propeller efficiency has a certain influence. Using convention-
al propulsion by means of water propellers, the characteristics of
such propellers are basic for all types of performance. They are

discussed as follows.

Induced Efficiency

Propel lers have two ways of dissipating energy; the induced
losses involved in the jet of water (axial velocity and "rotation")
which dis left behind - and frictional or parasitic losses. For
the induced losses, theory! indicates certain mnimm val ues.

The corresponding maximum induced efficiency decreases, as shown
in Figure 4.2, as the hydrodynanic disk loading CT = T/q3, is
increased; and it also decreases as the advance ratio A= V/ynd

of the propeller is increased. The nunber of blades z is taken
into account by using the effective advance ratio A, corresponding

to the ratios listed as follows:

for 2z = 2 l+/l = 2,35

2 3 = 1,85

= 4 = 1.63

= 5 = 1.49

= &0 = 1.00
<

T - L.5
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FIGURE 4.2

Marine propellers are wusually designed so that their induced

efficiencies are between 80 and 95%
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DESIGN EXAMPLE NQ L.l
CALGULATION G- |INDUCED PROPELLER EFF G ENCY

In designing a propeller to produce a thrust of
T = 1000 Ib at Vk = 30 knots, the hydrodynamc | oading

may be selected to correspond to

where T = thrust (in |b)

So = dw/lL = disk area
and the dynamc pressure

q = 0.5 ¢ V¢ = 2600 1b/rt?

The required disk area is then
S, = 1000/0.2 2600 = 2.0 ft2

and the diameter is d=1.6 ft. For an assumed propeller-shaf:

speed of n = 2000 rpm the circunferential speed of the

propellers tips is

U=den/60=170 ft/sec

and the advance ratio is (for a nunber of blades z = 3)

A =V/u=1.730/170 = 0.33; A = 1.85A=0.6

Figure .2 indicates an induced efficiency of ny = 0.9%0.

A

I—h.?
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Parasitic  Eficiency

The parasitic losses can approxinately be taken into account by

_:E._ = 1 + 007%- (hﬁl)
d !

where ¢= CDP/CLB = average or effective parasite-drag-l1ift ratio of the

propel | er-bl ade sections. This quantity depends wupon the sectional
shape and above all upon the average lift coefficient Cyg at which the
blades are designed to operate. In narine propellers, the mninum

drag-1ift ratio is in the order of
£ = ch/oLB = 0. 01/Crp (L.2)

To avoid the onset of cavitation (and possibly for structural reasons
too) the solidity of narine propellers is usually high, the blade=-
lift coefficients are correspondingly low (below Gy = 0.1), As a
consequence, their parasitic losses are between 10 and 25%, which is

appreciably higher than in air propellers.

Total  Efficiency

Design Exanple No. L.2 demonstrates the calculation of
total efficiency. Experinmental results on the characteristics

of marine propellers are presented in publications such as

references 2 and 3.
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DESIGN EXAMPLE NQ  L.2
CALQULATION C TOTAL PROPELLER EFH QG BENCY

Assumng a solidity ratio "s" = Sg/s, = 0.5, the average
lift coefficient in the blades of the propeller as

considered above, s approximtely
CLB =2 Crp 'X2/nsn = 0.4 0’332/0“5 = 0.09

Wsing equation (L.2),&1is found to be in the order of 11%.
Equation (L.1) then yields

1/q =110 + (0.7 0.11/0.2) = 1.49; q = 674.

Figure L.3 presents some statistical evidence (taken from

dbbs and

Cox files) on the naxinmum efficiency of marine propellers

as a function of the speed of advance. The disk loading (in tons/ft2)

s seen increasing, thus keeping the thrust coefficient (CT) roughly

between 0.4 and 0.6. Above 20 knots, the loading increases at a

lesser rate, however, s that CT is reduced. This is done to avoid

cavitation

and the efficiency decreases accordingly. Operation

of such propellers above a design speed in the order of 35 knots -

at reduced efficiency - can only be maintained for short energency

periods of

time.

I - L.10
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Hydrofoil boats are wusually thought-of as operating at higher speeds,

between 30 and 50 knots. Between 30 and 4O knots, the total propeller

efficiency may be in the order of 60%

In conventional displacement ships, the resistance increases with
speed in such a way that the propeller can be designed to operate at an
approxi mtely constant advance ratio)(; and this advance ratio can be
selected to coincide wth maximum efficiency. Resistance characteristics
of hydrofoil boats are basically different, as illustrated in Figure 4.1
The resistance is conparatively constant; indeed, hunp resistance at take-
off speed (if any hunp) may be equal to the resistance at naxi num speed.
As a consequence, the propeller is necessarily running at different advance
rati os>\; and it is no longer possible to have nearly maximum efficiency
throughout the operational speed range. As in aviation, it seens to be
necessary to design the propeller for nmaxinum efficiency at a speed which
is tentatively 90% of the mximum  Somewhat reduced efficiency has to be
accepted in the range of lower speeds; and it should be checked that take-
off is insured. A very suitable application in hydrofoil craft would be a

variabl e-pitch propel ler.

Cavitating Fropellers

As mentioned before, high speed narine propellers (for destroyers,
for exanple) are designed with a view toward avoiding cavitation.
This neans that their solidity is very high (in the order of 70%) to
keep the thickness ratio and the lift coefficient in the blades as

..

T - L.11
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low as possible. Their efficiency is consequently lowered (by sone
10 or even 20%) in conparison to a propeller designed for nore
moderate  speeds. However, even at reduced efficiency, design of non-
cavitating propellers no longer seenms to be possible above some LO
knots.  Fully cavitating (and/or ventilating) propellers have been
used, however, for nany years in racing motorboats, up to the present
record speeds exceeding 150 knots, It has also been reported that
such propellers do not exhibit erosion - evidently because the vapor
bubbles are collapsing in the fluid space behind the propellers

(rather than on the blades),

The design of cavitating propellers is still hanpered at the
present time by the lack of an adequate theoretical system covering
highly solid designs and cavitating section characteristics
Generally it can be stated, however, that the fully-cavitating propeller
can be optimzed for cavitating conditions, For exanple, if enploying
properly canmbered pressure sides, the characteristics of cavitating
blade sections can be inproved over those of the flat-sided shapes
which are wusually applied in mrine propellers. In concluding, it
seens possible to design fully-cavitating propellers fcr high speeds
having efficiencies which are of the sane order as those of

destroyer-type propel l ers

[ - L.12
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There are other possibilities of water propulsion such as t he
so-called oump jet (where the propeller is located inside an expanded
| ower-speed  enclosure).  Such devices wll not be discussed here,
however. In higher speeds, propulsion by neans of air propellers has
also been applied. Efficiencies in the order of 70% appear to be
realistic at speeds in the vicinity of 60 knots, For |ower speeds,
the efficiencies of air propellers are probably not as high as

those of water propellers « unless excessively large dianeters are

enpl oyed.
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3

RESI STANCE FUNCTION OF HYDROFOI'L  CRAFT

Detailed information on the drag of various conponents of
hydrofoil systems is presented in various chapters o.f the second
volume of this handbook. Chapter 1 of this volune also gives infor-
mation on the total resistance of various tested hydrofoil boats
(mostly in flying condition). Resistance is also discussed in the

followng, this tine in a nore summary manner.

Generally, there are three conponents of drag in hydrofoil craft,
the hull resistance (plus foil-system drag) in floating condition,
the parasitic resistance of the foil system and the induced drag of

the hydrofoil.

Hull resistance can best be estimated on the basis of tow ng-tank
results, such as those in reference L, for exanple. The influence of

unloading is indicated in the later section on take-off.

Parasitic Drag

The parasitic drag of a plain hydrofoil is in the order of

Dy = ch q 8 (L.3)

where g = dynamc pressure

S = planform area of foil

and the profile-drag coefficient in the order of ¢y, = 0.0L.

T - bk
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Very roughly it can be said that in average clean hydrofoil systens
(including struts and appendages) Cpp is doubled (isr0.02). Using
this value, equation (L.3) indicates the parasitic drag conponent as

illustrated in Figure L.l.

Induced Drag

The mnimum induced drag of a fully-subnerged plain foil

corresponds to

Cpi = CLZ/‘WA (L.L)

where ¢

L [ift coefficient

#

A aspect ratio of the foil

The induced drag of a hydrofoil system is higher, however, because of
the proximty of the water surface (biplane effect) and on account of
effects such as planform shape, downwash (if any), strut interference
and ventilation at piercing ends (if any). Very roughly, it can be
said that the drag due to lift too is doubled as against the coefficient

indicated in equation (L.L).

Sunmarizing, the resistance of a hydrofoil system (in flying con-
dition) can roughly be estimated through equation (L.3), with the drag
coefficient given by

2

¢y =% 0.02 + 2L (L4.5)
T A

I - L.15
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It should be noted that the parasitic conponent of drag (in pounds)
increases as the square of the speed, while the induced conponent
decreases considerably as the speed is increased, As a conse-
quence a function of resistance against speed is obtained which is

basically different from that in displacement vessels.

In the design of a hydrofoil boat, the resistance calculations
nmist be carried out using accurate values for the drag coefficients.
Oone and the same craft wll also have sonewhat different resistance
as a function of loading. The outlined procedure, wusing the rough
values as indicated, nay serve, however, to give a general feeling
for the nechanism of resistance in this type of craft. To be sure,
foil systens which change their submerged area during operation
(surface-piercing "v» foils, for exanple), have a somewhat different

conposition of resistance*

I - 416
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DESIGN EXAMPLE NC. 3
CALQUATION C FOIL RES STANCE

)

b)

A lift coefficient suitable for high-speed operation may

be O = 0.2. For an assuned aspect ratio of A = 8, the

induced coefficient is then in the order o.f
Cps = 2 0.22/8%« = 0.003

on the basis of a parasitic drag coefficient CDP = 0.02,

the total coefficient is 0,02 + 0.003 = 0.023 in this case

and the ratio DL = Cp/cy is equal to 0.023/0.2 = 11.5%

In a fully-subnerged foil system the lift coefficient
increases as the speed is reduced, in the proportion of
CL~1/V2. At half the maxinum speed, for instance, Cr,

four tinmes the value at V which is CL = 08in the

max
example considered, Since the induced drag coefficient
proportional to CLE, this coefficient varies as (l/Vh).
For the conditions assumed, therefore, Cp; = 16<0.003 =
0.0L8 and the total drag coefficient Cp = 0.02 + 0.048
= 0.068. The corresponding resistance ratio is DL =

0.,068/0.8= 8.54, at half maximm speed.

i'S

is
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TAKE-CFF PERFCRVANCE

Gener al

Every hydrofoil system requires a certain mninum speed (mninm
dynamc pressure) before it is able to lift the craft's weight clear of
the water. During the take-off run, resistance is roughly that of the
hull in floating condition plus that of the foil system This resistance
increases wth speed, from zero to a certain value which is in many
designs a hunp. The mnimum flying speed (with the hull above the water)
corresponds to the maxinum available |ift-over-dynamc-pressure value
of the foil system In fully submerged designs this wusually neans the
mximum |ift coefficient, In surface-piercing and for mltiple-panel
systens, the maxinum submerged foil area is applicable at the take-

off  speed.

Take-off  analysis includes:
(a) take-off speed =~ mnimum flying speed
(b) resistance in the take-off range

(c) take-off distance.

Take-OFf  Speed

During the take-off run, the hydrofoil system develops lift,

starting from zero at |owest velocities and increasing wth speed

I-1).18
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according to some function, to the condition where 1ift L equals the

weight W  Cenerally,

L=Cqu=CLO.59V25 (L.6)
where QL = [lift coefficient

g = dynamc pressure

S = subnerged foil area

S - water density

For L = w, the take-off speed is accordingly

Ay 2 (L.7)
VT ® o  —
5 ¢

DES QN EXAMPLE NO L.L
TAKE- OFF  SPEED

Wiat is the take-off speed of a 10-ton boat, having a foil
area of 25 f£t2 gpg operating at take-off speed at a [ift
coefficient of Cp, = 0.87

For WS = 22400/25 = 900 1b/ft2, and , = 2lb sec?/et! ) tne

take-off speed is

900 2
T .2 08 — 20 knots

T - L4.19
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It may be possible in certain designs to utilize fully the
maxi mum  hydrodynamcal |y possible lift coefficient of foil section
and wing arrangement involved. In this respect, approximite

sectional values are as follows:

symmetrical  sharp-nosed section Cymax = 1.0
symetrical  round-nosed  section 1.2
average circular-arc section 1.2
favorable aviation-type section 1.y
However, in actual operation these values may not be reached because

of the following reasons:

(a) MNon-uniform [lift distribution along the span.
(b) Struts and other parts may disrupt the [lift distribution.

(c) Because of dynamc |ift wvariations in tine, the effective value
my be sonmewhat |ower than the static maxinmum

(d) In tandem and simlar systens, one foil my reach the
maxi mum while the other is still below maxinm

(e) In proximty of the water surface, the maxinum |[ift

coefficient my be lower than in unlimted flow

To quote one experience, 'the maximum coefficient in Gbbs and Cox's
tandemfoil Research Craft® was found to be Cymax = 0-9, while the
expected value of the 194 thick symmetrical round-nose section enployed

is in the order of 1.15.

| - .20
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Take- O Resi st ance

In designing a foil system its parasitic resistance my be
known in flying condition. This type of resistance should then be
increased on account of all conponents (struts, propulsion parts)
which are more deeply submerged during take-off as conpared to the

flying condition.

The induced drag during the take-off run depends upon the
percentage of craft weight taken in lift by the foil system This
lift depends on the angle of attack, which for a fixed foil depends
on the trim of the craft during take-off (for a controllable foil,
the angle of attack may be varied as desired). In general, it nay
be suitable to consider Cy to be constant through the take-off
range (equal to Cyp - the [lift coefficient at take-off). The induced
drag can then be calculated according to the principles presented in

Volume |1 of this Handbook.

As the foil system develops lift, the weight supported by the
hull (the hull's displacement) decreases during take-off, reaching
zero as the take-off speed is attained. The hull resistance decreases
accordingly. This resistance is essentially a skin frictional com
ponent, proportional to the wetted area, plus a wave-making conponent
which is a function of the displaced volume (weight) of water (and of

Froude nunber, of course). As suggested in Reference 6, the frictional

I - )-Lozl
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conponent decreases only little as the hull is unloaded; subsequently
this conponent drops "suddenly"™ to zero as the hull finally separates
from the water. For the hulls investigated in Reference 6, the

residual resistance varies approximately in proportion to

2

2 2
/ Wi\ _ (W-I\ _ [load on the hull :
= = ()—ch)
\ W W/ total weight

This function is valid for constant speed (or Froude nunber).

Knowing the resistance-speed function of the fully loaded hull, the

resistance in nore or less unloaded condition is then approxinately

R R R W, 2
et (—H-) (L.9)

Ro R, R, \W

where R/ resistance f(V)

Rf friction conponent in fully loaded condition

o]
1"

residual  conponent

Actually, the frictional resistance may sonmewhat decrease during the

process of unloading, depending upon shape and trim of the hull.

Take- Of f Di stance

After having determned the resistance-speed function, the Ilength
of the take-off run can be calculated as explained in Reference 6. -
The acceleration from rest to take-off speed corresponds to the
differential between the available propeller thrust T and the resist-
ance of hull plus foil system This differential or wunbalanced thrust

force is wutilized in accelerating the craft:

T - L2
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C

F = T-R = M av/d(time) (L.10)
where M = w/g = mss of the craft.

The take-off distance is then

v
T

X & 0.5 | e d(VE) (L.11)
€ F

Rewritten in terms of the dynanic pressure g = 0.5 ¢ vé, this function

o
W 1
X -- . j‘ - dq (L.12)
F
NN

wher e Y’ = unit weight of water

is

T = 4indicating condition at take-off spaed

Ae illustrated in Figure L.lL, this equation can be solved graphically
by plotting (1/F) againet q. The area under the curve represents the
take=off distance x.

Using an average (effective) value for F, and after substituting

the dynamie pressure at take=-eff

ar = (W/8)/0rp (Le13)

I - l&.&"
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SHAPE OF THE CURVE CORRESPONDS
TO CONDITIONS IN FIGURE 4.i

n-ns AREA IS PROPORTIONAL
_ T0 m<msrmce x

GRAPHICAL INTEGRATION OF TAKE-OFF
DISTANCE

FIGURE 4.4

equation L. 5 becomes

W W/s

wheres = foil area

Crp = available 1ift coefficient at take-off.

I - L.2h

(L.1h)
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The distance IS thus proportional at least to the square of the]

weight W

The force Fgyy is naturally depending upon the power installed
in the craft as well as wupon the hydrodynamc resistance. If know ng
the hunp- or take-off value of F, denoted as FT, the average force
is roughly

To + 3 F'T

F = (4.15)
av h

where T, = full throttle thrust at V = 0.

Vertical FEise

In airplanes, the vertical notion during the take-off run is
negligibly small in conparison to the horizontal distance (let's say
in the order of 1 to 1000). In hydrofoil boats, this ratio is mch
greater,  however, possibl'y in the order of 1 to 10. Sone power has
to be expended in lifting-the craft. Reference l suggests a

corresponding increase of the take-off distance in the order of

AX

h W/Fp (L.16)

where h

vertical rise of the craft

rr = (T - R at take-off speed

The additional distance (equation L.16) is not just a small

correction; in.practical cases, it seems to have a magnitude sinlar

to the basic run (equation hL.1L).

| = L.25




PERFORMANCE  CALQULATI ONS

DESSQN EXAWPLE NQ k.5
TAKE-OFF DI STANCE

Wat is the take-off distance (from rest to flying) of

A@bbs and coxt's 20 ft Research Qaft having W= 2100 1bs,
wWs = 130 1b/ft, a take-off speed of 7 knots, a vertical
rise h = 2.8 ft, an unbalanced thrust of 170 1bs at take-

off speed, and a T, = LOO 1bs ?

Equation L.15: Fg, = (LOO + 3-170)/L = 228 | bs

' . - 2100 _ 130
Bquation h.ik:x 28 6L, 0.8 = 24 ft
Equation 4.16; Ax = 28 2100/170 = 35 ft

The total run would thus be 59 ft; tested were some

6oor 62ft.5

T =L1.26
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SPEED AND RANGE

Maxi mum  Speed

As indicated in Figure 4.1,

the nmaxinmum speed is evidently a

function of resistance and available power:
Pyp = VknotsPlb . \knots = 326 PypMp
T o 326 -RI'W
where n, = nmechanical efficiency
np = Ppropeller efficiency
DESIGN EXAMPLE NO 4.6
MAXI MUM  SPEED
Assuming, for instance:
w = 10 tons DL = 10%
Tlm = 0.9 qp - 0.6
P = 500 BHP
the maxinum spged (equation 4.17) is
Vg = 326 0-90.6500 . 39 knots
0.1 22,400
The question my, however, be the other way around: what is
the power required to drive the assuned craft at a speed of
39 knots? king again equation (L.17):
p = _39 220 . 550 p
"0.9 0.6 326
I - h027
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Naturally, the resistance of the foil system may somewhat
increase by fouling or damage (surface roughness). Aso, the power
output of the nachinery may deteriorate with time, thus reducing
maxi mum speed. It should also be kept in mnd that the usual resist-
ance predictions do not include the additional drag caused by waves and

the dynamic notions of the craft when operating in a seaway.

Quising  Speed

Quising speed may be defined in a nore or less arbitrary manner.
However, one distinct speed in many hydrofoil craft is that at which
the resistance has a mninum value (see Figure L.1). A this
speed, the induced drag coefficient is equal to the "constant" parasitic
coefficient. The lift coefficient, at which the mninum occurs, can

therefore be evaluated from equation (L.L);

Cropt = |fCpp T A/2 (4.18)

Enploying the basic definition of the lift coefficient (equation L.6), for

L = W the dynamc pressure at which the optimum occurs is found to be

e _W/S (1:.19)

qopt
CLopt

The corresponding speed follows from

' 2 W/s
Vopt = VQ Qopt/ ¢ - m (L.20)

-
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where g ° water density
w = Wweight of the craft
s = planform area of foil

At this speed, the craft reaches a naximum range.

Range

As indicated by Breguet's equation, quoted by Diehl7, the

range is

W
Range (nautical niles) = 750 AL 10g—~
cD X

where n = propulsive efficiency = o
c = fuel consunption in |b/H® per hour
L/D = WR = average |ift-drag ratio
W, = initial weight

W, = final weight

(L.21)

DESIGN EXAMPLE NO k.7
CALQLATION O RANGE

exanple, having one ton fuel in the total weight of

0.5 |b/HP per hour?

Wo/W, = 10/9; 1og(10/9) = 0.0L6

- J50 0.5h 0.0L6 . )66 nautical niles
Range 0.5 0.08 b

Wat is the range of the craft, defined in the preceding

10

tons, for an optimim R/W = 8% and a fuel consumption ¢ =

I - h029
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Practical aspects of range in the design of hydrofoil craft
are presented in Chapter 3.
Endurance

The endurance is according to Breguet

Endurance (hours) = 650__!Jfl£;=!h$l [—-L -1 (L.22)
Wknots R/W | Wxib  Wolpg

where notation is as indicated in connection wth equation (4.21). The
maxi mum endurance is found somewhere between the speed of naxi mum range
and the mininum flying speed; that is, at the point where in Figure L.l
the term (V times R) reaches a minimum In many designs, this speed

of maximum endurance is close to the mnimm speed

Range and endurance are necessarily limted in those hydrofoi
boats which are designed for higher speeds. This is not so mch
because of the resistance ratio (which is favorable in conparison to
other higher-speed craft) =~ but rather because of the bigger and heavier
machinery required for these higher speeds. As explained in Chapter 2
the increased machinery weight takes away a considerable portion of the

weight fraction which is otherwise available for fuel (and pay Ioad).

I~ k.30
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A}

5.,  TURNING  CHARACTERI STI CS

Available information on turning performance is little - so far.
General aspects on which diameter and time in a conplete steady-state

circle depend, are as follows.

CGener al

Turning is naturally a matter of control and stability. Rudder
and lateral hydrodynamc characteristics of the foil system have to be
adequate so that turning can be performed. Such conditions and a
sufficient amount of engine power (to overcone added resistance) shall

be assumed to exist.

As illustrated in Figure L.5, a centripetal force Figteral IS
required in a turn, to support the mass of the craft against the

centrifugal force 2. This force is
Z2 = MVe/r = 2W V%/ad = -Figteral (L.23)

where d = 2r = dianeter of turning circle
M = Wg = nmass

v = tangential speed of craft

It is explained in Chapter 6 of this volune, that Fy 4epns; IS Produced

in certain lateral areas (or by banking) of the feoil system

T - b.31
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RUDDER

GEOMETRICAL CONDITIONS IN TURNING

FIGURE 4.5

I-L.32
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Turning  Performance

Solving equation (4.23) for the turning dianmeter:

2 >
i e or a2 23 L 5% (L.2L)
g

g Flat/w a/g

where a/g = Fy,¢/W = centripetal acceleration ratio

In a fully subnerged design, the available lateral foil-system force
Flgt My be proportional to V2, |n this case, therefore, the dianeter
is indicated by the derived equation to be independent of the speed.

In a surface-piercing system with essentially constant [lift coefficient,
Fiat/q is increasing (together with submergence and wetted foil area)

as the speed of operation is decreased. By conparison, therefore, this
type of hydrofoil boat is expected to turn in smallest circles at |owest

speeds.

Referring the turning dianeter to the Iengthlof the craft's hull

a/ ='f%: W/F1at, (k.25)

where i = V/JgT= Froude nunmber on X

This equation indicates that for a given type of foil system (wth
Fi,4/W = constant), the turning diameter increases in proportion to
the square of the speed for which the boat is designed (dinensions

are variable in this case rather than fixed as in the preceding

paragraph).

1.- [.33
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DESIGN EXAMPLE NC 4.7

TURNNG DIAMETER

Wat is the turning diameter of a craft having

w = 10 tons and V = 20 Knots ?

The available lateral force can he estimated on the bhasis

of the information in Chapter 6, As
(L.2bL),

indicated by equation

2 1.69°% 202

d = = HJ.O ft
32.2 0.5

for an assuned acceleration ratio of a/g = 0.5.

Referred to the length of such a boat, the ratio d/} is
in the order of L.

In turning, the time required to conplete a full circle may

also be of interest:

time (seconds) = dw/V = 1.85 dpy/Vyp oo (4. 26)

O her Consi derations

As nentioned before, aspects of stability and control have been

disregarded here. It should also be nentioned that in tandem systens

the rear foil is put to a much higher angle of yaw in turning

I -'h.3h
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(see in Figure L.5) than the forward foil. Generally it may, therefore,
not be possible to obtain a maximm ¢f forces (and nonents) hel pful
in turning in each of the tw foils of such systems. This problem
is less inportant, however, in "single®-foil configurations (where

one foil carries nost or all of the ioad).

Practical experience in turning performance is limited.
scherteld mentfons for his surface-pierzing designs,, dfameters in
the order of 3 to 7 tfmes the hull length. The Gbbs & Cox tandem
Research Craft® shoved a minimum ratio d/f = L.2, with a subnerged

(controlled) foil system wutilizing end plates,

I = hoBS
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CHAPTER 5, STRUCTURAL CONSIDERATIONS

1, Introduction

2, Load Criteria'and Loading
of Foils and Struts

3. Structural Design of
Foils and Struts

4. Hull-Structural
Consi derations

5. Materials

Structural load criteria and resulting loading conditions based
on average and maximum sea conditions, are advanced for foil-strut
configurations and hulls. Approximate formulas are given to determne
prelimnary dimensions of foilvand strut scantlings; nethods to
determine hull load values are indicated. Typical materials for use

in the construction of hydrofoil craft are also discussed
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STRUCTURAL CONSIDERATIONS

INTRODUCTION

Tre principles of struntural design for hydrofoil craft ars sinply
adapted from the fundamental design principles of aircraft wings =i of
rults in shipbuilding. There are essentially no new problems involved
in the analysis and the design of hydrofoil structures once the loadings
6f the various components are known. It 18 in the establishment of load
sy hepria and the derivation of leading conditions, however, trat Lhspe

13 2ittle information with respect to hydrofoil craft.

There has been no systematic advancement of structural design
criteria due to the fact tiiat hydrofoil craft have generally been
experimental in nature, wth only a few small craft in actual service
sparations. The fact that nost boats that have been built and cperated,
are small. and light in weight has mnimzed structural requirements ,
Also, in the interest of demonstrating craft feasibility, overly strong
friiestrut structures have been provided in many instances to insure
.¢ainst structural failure. Tt has not been of particular interest in
these cases to determne accurate or probable loading values; and there

wzs usually little prior experience to fall back on.

In several instances, foil load factors and loading conditions have
t.en advanced for particular types of craft, based on data obtained from

small mcdels or experimental craft of the same configuration. Hewsver,

Py

wuere has besn Little Service experience to indicate whether the use

.
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those factors would provide a satisfactory structure or one

inherently weak or overly strong.

CGenerally, then, the wunderlying reason for the lack of repre-

sentative load criteria and adequate loading conditions is the Iack

of experience in hydrofoil operations. Mst craft have not been in
service long enough to allow investigation of fatigue limtations, have
not, experienced the extreme conditions anticipated, or have not been of
such size or intended service to require a mnimzation of structural.
weight. Little has been done or is available on structural tests of

hydr of oi | configurations, particularly in regard to stresses experienced

in operation and the conditions under which they occur.

The load criteria presented herein and the loading conditions
derived for wuse, have generally been adopted by QGbbs & Cox, Inc. in the
design of hydrofoil structures, pending the development of nore refined
information as experience increases. It is considered that the |[oads
derived are conservative to a degree which varies (to some presently
urkrown extent) wth the type of configuration and the intended service
of hydrofoil craft. The criteria are not so conservative, however, as

to penalize performance by the burden of excessive structural weight.

It is not considered within the scope of this chapter to present
detail structural design methods and analyses. Rather, appr oxi mat e
nethods and relationships suitable for roughing out an adequate foil-

strut system are presented to be wused in deriving prelimnary sizes and
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arrangenents. A nethod for determining virtual hull weights zs -
function of foil loading is also presented for use in analyzing holl

girder stresses.

The various factors 'that influence the choice cf materials for
the foil-strut configuration and for the hull have also been indicated
without going into detail as to the conparative qualfties of the various

materials.
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Not ation
CL foil lift coefficient
CLopt foil 1ift coefficient due tc canber
dCr, . .
, lift curve slope of the foil
d&X
Cs side force coefficient
dac
3 side-force-curve slope of the strut
dy
v speed of craft
Vk speed of craft in knots
H wave height (crest to trough - ft)
A wave length « ft
N number of cycles of |oading
T specified service life of craft - hrs
L/S design loading of foils
Arn/s additional loading of foils
(SF)

side loading of struts

Ss
w total load on foil (L + L.L)
Wt foil weight, 1lbs
h foil  submergence
f frequency of wave encounter
W orbital velocity of water particles
ke flap effectiveness
d flap deflection, radians
/b extreme angle of strut section, radians

o
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2. LOAD RTERA AD LODNG O FAOLS AND STRUIS

Load Criteria

The history of the loading experienced by a hydrofoil during its
operating life is dependent on the waves that may be encountered at
various tines conmbined wth the operational requirements of the craft
in such waves. Thus, if all the operating factors were known - if the
probabilities of the sea state were fully accountable and the operations
of the craft were specified as to speed, mneuvers, limting accelerations
etc. - it would be possible to estimate accurately the full |oading
spectrum of hydrofoils. That is, on the basis of probability, the
magnitude and frequency of all the loads that may be experienced in the
lifetime of a foil could be specified, and the hydrofoil structure could

be designed on the basis of accurate, representative load factors.

However, the state of knowedge of the various factors is very
[imted, at the present time. It is only wthin the past few years that
any really wuseful, accurate information on the state of the sea has been
devel oped, and years of research are still ahead, before such information
is adequate for general use. The actual loading experienced by hydro-
foils in service nust also be determned by various neasurenents on
various craft under various conditions before valid conclusions can be
drawn.  Finally, it is necessary to know the intended service of a
particular craft to be designed or analyzed in order to establish the

probable operational requirements under various sea conditions
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Therefore, at the present tine, load spectra cannot be fi..
defined, and it is necessary to set up such criteria that predu:-

loadings that are characteristic of those expected i:n service

The proposed load criteria, for the loads on foils and struts,
specify that the loading shall be investigated under the follow ng

condi tions:

1. The magnitude and frequency of the loading under the average

or normal conditions of operation in normal sea conditions.

2. The nmagnitude and frequency of the loading under naximum sea

conditions, at the highest negotiable speed

3. The magnitude of the loading when turning at the highest

possible speeds wunder normal and maxinum sea conditions

These conditions cover normal operations where the loadings occur

frequently (and generally at higher speeds) and abnormal operations

where the loadings are extreme but occurring infrequently (and generally

at lower speeds). Depending on the intended service of the craft,
several different cases may have to be investigated under each condition
to determne the maximum severity of the loadings. Thus, for a craft
normal |y operating at a cruising speed sonewhat |ower than maxi num speed,
the loading at cruising speed wll be less severe but nore frequent than

at top speed

I-5.7
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Average Loading Conditions

The load on the foils and struts that would normally be expe::ec
to be carried is the design load needed to support the craft in flight
(and to supply the necessary forces in turning), as nodified hy the

influence of surface waves that normally would prevail.

The average waves to be net by a hydrofoil craft are, of ccurse,
dependent on the service of the craft and the waters in which it is to
operate, A sunmer passenger or excursion boat operating in protested
waters is less subject to large seas than an ocean-going patrol crafr.

It is, therefore, inpossible to generalize on such a condition,

However, the nost prevalent sea condition in all waters is so calm
as conpared to the nore severe conditions likely to be encountered, that
the loads normally experienced would be conparatively small. Even at
very high frequencies, the resulting low stresses in the structure would

generally be well below the fatfgue limt.

Therefore, in order to get some usable design information from this
condition, the criterion may be somewhat restated. The waves that can
be negotiated by the craft at its design (or naxinunm) speed wi thout
appreciable craft accelerations, may be considered to be the prevailing
or average sea. Extending this concept, the followng is proposed for

the average or prevalent loading condition:
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The craft is considered proceeding at rmaxinmum design speec:
a wave of height equal to the average subnergence as desigr: :
at that speed (or equal to the air gap to the hull, whichever
is less). The length of wave is assumed to be 20 times the

wave height.

The nmaxinmum instantaneous loading on the foils can be considered
to occur when the foil is below the position of mnaximum wave slope
(maxi mum vertical orbital velocity), and thus at the design submergence.
The additional |ift generated by the foil under these conditions, nay
be generally expressed as

dc dCr/dx - '
A, = L . L-Hf?_%g e ~2MB/) (5.1a)

L Vpax dol Vpax 2

wher e ACL is the additional lift coefficient

— is the lift curve slope of the foil at the design
dC subnergence (See Volume |1 for the derivation of
this function)

Viax is the maximum craft speed

h is the design average foil subnergence

W is the orhital velocity of the water at the
submergence h

H is the wave height (crest to trough)

A is the wave length

I ~ 5.9
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The frequency of encounter is considered to be the average betis«n

head sea and followng sea conditions:

f = Vmax/)L (5.1b)

The condition where the craft is proceeding in beam seas nust be
considered for the lateral forces generated on the struts. The
horizontal orbital velocity is a maximum at the crest of the wave,

where the subnergence is 1.5 times the design subnergence. Then, for

each strut
oL dCs  dCs/dx p [2Tg e L5 (5.2a)
° Viax d& Vinax 2 A
where Cg is the side force coefficient
Y = |ateral angle of attack

dac . .
S is the side force curve slope of the strut at the
day submergence h = 1.5 (See Volune Il for the
derivation of this function)

w is the orbital velocity of the water taken at the
average submergence 3/Lh

Vimax is the naximum craft speed

The frequency of encounter for this condition is then the natural wave

frequency:

f = Jg/2A (5.2p)
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For surface-piercing foils, the conditions at the grzu! of
the wave in head or following seas nust also be inves i.=ted;
since the foil is nore deeply submerged (1.5 the design &ub-
mergence) and the foil structure normally above the wate:
surface becomes loaded. Aso, in beam seas, surface-piercing
foils are subject to differential loads, which nust be

i nvestigated.

Considering the limting case where the wave length is 20 times the

height, the loading can be generalized for any craft from equations (5.1)

and (5.2)

numerical

above. Converting speed to knots and rounding off the

factors for sinplicity, we get for

H/y = W/ = 1/20

In Head and Following Sea Condition

AL/s = 2 o Vi, dop/d«

(5.3)
N = 300 Vkpax T/h
In Beam Sea (Condition
SF/Ss = 2.15{B Vi, dCg/dy
(5.L4)

wher e

N = 1800 t/fn
AL/S is the addigional loading on the normally submerged
foil, 1b/ft

SF/Ss is the side force loading on a strut from the foil
to 1.5h, 1b/ft2

Vkmax 1S the maximum craft speed, knots

h is the design foil submergence, feet

I-5.11
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dCr/dk is the lift curve slope of the foil at subwsrgence h

dCs/dly is the side force curve slope of the strut at the
submergence  1.5h

N is the nunber of cycles of [|oading

T is the specified service life of the craft, hours.

Maximum Load (Conditions

The conditions of nmaxinmum loading are those in which the craft is
operating in maximm waves, The ability of a craft to maintain flight
under severe wave conditions is a function of its configuration,
control  features, speed, and the characteristics of the waves encountered.
It is assuned for the purpose of assigning |oading values on the structure,
that a craft specified to operate in certain watersshould be able to
mintain flight under the naximum sea conditions expected in those waters.
At least, it should be able to negotiate, at sone reduced speed, a
myjority of the waves encountered (although not necessarily the nost

extreme waves that occasionally arise).

The only correlated information available on actual sea character-
istics IS that obtained by Scripps Institute of Oceanographyé for the
rost Severe waves experienced in northern oceans, as shown in Figure
S,.1, curves wBm and wc#, From these data, maximum sea conditions can

be rationalized, as follows:

I-5.12
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The curve identified in Figure 5.1 as "most probable relaticasnip
for any given year" (curve wBm) is considered to represent +ihe
average of the 1/10th highest waves that may be experienced at
sea. The curve identified as "relationship for most extreme
conditions over a long period of time" (curve "C") is considered
to represent the nost extreme wave that nmay arise out of the

group of waves that occur.

From statistical analyses, as indicated by Piersonl, the maverage
zea" that would prevail under these maximum conditions would be
1/2 as high as that for the 1/10th highest waves, and is shown
as curve mA" of the figure. Another point is that one wave in
twenkby (1/20) will be a 1/10th highest wave. Extreme waves have
no probability; that is, they are not expected to be encountered

at all and may be considered to occur only "once in a lifetinme".

It appears reasonable to assume that the naxinum waves for any
body of water possess the characteristic A/H values shown in Figure 5.1,
for all waves up to the longest wave that can be generated in that body
(which may be determned from experience or estimted by Pierson's
metbodl). An exception nust be made, however, in shallow water, par-
tiecularly when waves are 'progressing from deeper water (such as at the
shore 1ine, or at shoals). There, the nmost severe waves approach the

liniting value of MNH = 7.

"

T - 5.1k




iy STRUCTLRAL  OONS| DERATI ONS

From equations (5.1) and (5.2) given above, the additional
loadings nmay be generalized in terns of wave characteristics and

craft speed in knots

AL, g, O o)
s PR o © (5.5)
(s7) | |, Vil 405 oo
s~ VX ay (5:6)

The craft speed and wave characteristics nust be determned in order

to derive the loading val ues.

The naxinum speed of the craft is necessarily reduced in maxinum
seas for several reasons. First, in order to negotiate waves of a
height greater than the foil-hull clearance, the eraft nmust "track" the
waves to sone extent resultfng in vertical accelerations which are too
severe for high waves unless the craft speed is appreciably reduced,
Secondly, there is a reduction in speed due to the average increase in
drag of the eraft operatfng in waves., The reduction in speed nust be
determned individually for each craft on the basis of available power,

foil-strut configuration, dynamc response, allowable accelerations, etc.

The characteristics of the waves experienced are a function of the
general sea conditions. The length and height of the average wave, and
the characteristics of outsize waves in the prevailing sea are, in turn,

functions of the fetch and duration of the generating winds. It is
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inpossible to generalize on these conditions and sone sinplifying
assunptions nust be nade in order to derive probable loading values for

the foil-strut configuration.

The following assunptions are made, applicable to all ocean-going

craft and those experiencing simlar wave conditions:

(a) The prevailing waves are those in which the orbital velocities
are amaxfmum  Thus, for oceans the wave |ength, A = 300 for
average and 1/10th highest waves; A =500 for extreme waves
as shown in Figure 5.2, For restricted waters, the length is

the largest that may be experienced.

(b) Mximum sea conditions are expected to be met 5% of the
operating life of the craft. The 1/10th highest waves under
these sea conditions therefore occur (1/20)2 of 1/hooth of

the tine.

(c) The speed of the craft is assumed to be the maximum that can be
attained under the maxinum sea conditions. This is considered

to be about 75-80% of the mnaxinmum speed in calm water.

(d) The foil may be nore deeply submerged than the design sub-
mergence h, resulting in a larger dCp/deC. However, this is
counteracted by the decrease in orbital effect due to the
decay factor @ ’Trh/ﬁ. Therefore, dCp/de is deternmined at the
nom nal  submergence h, and the decay factor is neglected.

[ O tted i A i MR
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(e) The struts are considered fully submerged (to a point just
clear of the hull)dn deternining dcs/dLy and the strut area

to be |oaded.

On the basis of these assunptions, the maxinum loading conditions

maybe indicated as follows:

(a) In Average Maximum Seas

AL/S = 6 Vi . dCr/de N = 0.75Vkpay T

(5.7)
(SF)/Sg= 6 Vipey dCo/dy N = 20T
(b) In 1/10th Hghest Wves
AL/S = 12 Vipg, dOp/dt N = Vi . T/25
(5.8)
(SF)/Sg= 12 Vip,, dCg/dy N = T
(c) In Mst Extreme Wdves
AL/s =18 W - dCp/det
N = l (509)

(5F)/8g= 18 Wi, dCg/dy

Combined Foil Loading and Side Force

The above loading conditions have been derived to give foil [|oading

and side force independent of each other. Actually, depending on the

-

T 45,18
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i~

angle of encounter of the waves and the direction of orbital velocity
at various positions in the waves, addition of the side force and the
additional foil loading wll occur simultaneously at sone reduced value
of each. The overall effect on the structure may however be greater,

depending on the configuration - and this case nust be investigated.

For sinplicity, the beam sea condition nay be considered to
prevail - and the loadings will then be (SF)/Ss sin g and AL/S cos #
at the specified side force frequencies given abeve, @ is a paraneter
which may have any value to give relative forces on the foil or struts,

as desired for investigation.

Extreme Loading for Actuated Foils. Flaps and Rudders

It is conceivable that for controllable foils, foil flaps or
rudders, extreme loading may be experienced when, at high speed, sone
error in actuating the controllable conponent my result in an excessively
large angle of attack.

This condition should be avoided, where possible, by installing
som form of limting device. In sone instances, such as where

maneuvering s a prime requisite, it may be desirable, however,
to maintain full actuation under all operating conditions and
to accept the loading that results.
The maximum loading that results is that which the foil or other
component in question can develop at maxinmum speed. This loading may

be determned from a dynamic analysis of the craft (for instance, the

I - 5019
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maximum lift on the foil thétb may be generated before the foil emerges
from the water), or in the absence of such analysis may be considered

to be the limting load due to stall or ventilation as given below.

Limting Load Conditions

The loading conditions indicated above nay not be achieved in sone
instances due to the limt of loading that can be generated by the foil
or strut. Thus, a foil or strut may stall out at some lower [ift

coefficient than indicated above because of:

(a) Salling in the aerodynamc sense, where the lift of the foil

cannot exceed a certain value, as determned from airfoil tests.

(b) Cavitation, where the nmaximum lift coefficient attainable is a

function of the speed of the craft (and the pressure distri-

bution of the foil section).

(c) \Ventilation, particularly for surface-piercing foils and struts.

The limting load due to aerodynamc stalling can be considered an
upper limt, applicable to the nore extrene loading conditions treated

above. For a symwetrical, unflapped foil this limt my be taken to be

that corresponding to C = 1,0, (Mximum [lift coefficient of foil

Lmax
sections are somewhat |arger than 1.0, but due to variation in spanwise

distribution, strut interference, etc. the total value is reduced.

I-5.20
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Chapter L indicates that Cpp.. values for some tested hydrofoils are
actually below 1.0). The maxi num possible foil loading is then

L AL _ 2 .

For foils that have canber and/or flaps, Cgmax iS increased by the
lift due to camber and/or due to flap deflection. Converting speed to

knots, the maxi num possible foil |oading may be generalized, as follows:

L L 2
‘S- + 'és_ = 3 vkmax (l + cLopt) (l + kf ;max) (5 11)
where L/S is the design foil |oading, 1bs/ft?
A LISis the additional foil |oading, 1bs/ft?
Vkmax |8 the maximm craft speed, knots

Cropt is the Iift coefficient due to canber
(see Volume I1)

kf is the flap effectiveness (see Volume |1)

me is the mximum flap deflection, radians

The expression has an upper limt in the order of (6 VEM).

For surface-piercing foils, the maxinmm loading may be limted to
some value below that indicated by equation (5.11) above, due to
ventilation. Some indication of the maximumlift for specific foil
shapes is given in Volume II, but at the present tine the data avail -

able are not sufficient to permt generalization for all surface-piercing

I - 5021
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e

foils. Such a limt due to ventilation is very significant however
and where surface-piercing foils are to be enployed specified tests
should be conducted on the configuration to determne the Ilimting

[ift coefficient.

The limting side force on a surface-piercing strut is also
associated wth ventilation. As indicated in Volunme II, ventilation

occurs when the angle of yaw exceeds the "angle of entrance" of the

strut  section. Thus the maximum sSide force on the strut is

(SF)
Ss

- 3(dcs/a lp)/5 e (5.12)

where (SF)/s is the nmaxinmum side |oading, 1lbs/ft
dCs/dy is the lateral lift-curve slope (see Volume II)
/FS is the entrance angle at the strut section (one=-
half the total angle at the leading edge) in radians
Cavitation may also limt the generation of |ift, as is indicated
in Volume I1. However, there is insufficient knowedge of this
phenomenon at the present time to determne the effect accurately,

particularly in the consideration of instantaneously applied |oads

Loading in Turns

The loading that nay be inposed on a foil-strut configuration in
turns nust be analyzed in terns of the configuration enployed, and the

turning conditions considered. These depend on the type of configuration

I - 5.22
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(surface-piercing, | adder, or fullysubmerged), the nethod of turning
(whether controlled in roll to bank, remaining level or allowed to heel
outward) and the turning condition (transitional or steady state).
Therefore, loading in turns cannot be generalized but nust be analyzed
for the particular design considered. Certain procedures can be set up,

however, for estimating the forces in a turn.

Thus, for average conditions:

(a) From an analysis of turning (Chapter L) and equilibrium in
turns (Chapter 6), the maximum side force and restoring nonents

on the configuration in a steady-state turn can be estimted.

v (b) To the forces thus deternmined, a factor of 1.5 is applied to

account for transitory loads prior to steady-state condition.

(c) The loading due to waves in the average condition, equation

(5.4) should be superinposed.

(d) The frequency of loading in turns depends on the operational

requirements of the craft.

For maxinmum sea conditions, a simlar procedure may be used, wth
the forces due to average nmaximum and 1/10th highest waves superinposed
at their corresponding frequencies. (It is considered very unlikely to
encounter the nost extrenme sea |oading superinposed on maximum turning
load.) = The resulting loading must be checked to determne that it

does not exceed the limt loading, discussed above.

* ”

I “5023




<« STRUCTURAL  CONSI DERATI ONS

SUMARY G- TOADING QGONDITIONS

additional Foil Loading Side Force (Per Strut)

——
=

AVERAGE TOAD | AL/S = 2[R Vip,, dCp/de |(SF)/Sg = 2,15/h Vi, dCg/dy

CONDITION
N = 300 Vg, T/n N = 1800 TAL
MAXTMIM LOAD
CONDITIONS
Average A LIS = 6 Vi . dCr/da (SF)/8g = 6 Viepax 4Cs/dy
N=1/Lw T N=20T

1/10 Highest | AL/S = 12 Vy .. d0p/de | (SF)/Sg = 12 Vi, dCg/dy
Waves

N = T/25 N=T

Vimax

Most Extreme | AL/S = 18 Vi .. dC;/de | (SF)/Sg

]

18 Vignay dCg/dy

Waves
N=1 N=1
EXTREME LOADING| L AL _ .2 (SF) 532 dCg 6
(Limiting sV 57 ° Ykmax . =3 Vi —
Load) S S 8s d Lf
| (1Cropt)(1#ke0 may) |
uppey, 1ML~ 6Viax
N=1 - N =1
LOADING IN TURNS SEE TEXT SEE TEXT
Not es:

1.

Side Force and Additional Foil Loading nay be considered acting
similtaneously at the reduced values (SF)/Sgsin @ and AL/S cos g,
at the corresponding side force frequency.

Foil Loading and Sde Force cannot exceed <he extrene |oading
val ues.

Notation is given in the text.
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STRUCTURAL CONSINTRATICONS

DEEMGN' EXAMPLE NO. 51 |surier

DETERMNE THE LOADNGS ON THE FOLLOWING FQOL-STRUT  CONF GURATI ON

A fully submerged foil of sinmple form (no sweep, dihedral or flaps)
is supported by two struts, as indicated in the sketch.

Particul ars:
 E— — | Design Lift L = 10,000 Ib
r e VA ] Design Subnergence h = 2 ft
* » Maxi mum  Speed = 40 knots
—_— 5 Strut Length (to Hill) = 6 It
Foil Aspect Ratio A=§
~——oe. (O FT .
Fr Foil Area S =12,5 ft2
Struts taper from 1.2 ft chord at foil to 2, ft chord at hull,
daCr 1
From Volune |1 oy T3+ 17 = 47 /
2w 8-
F2o= 26 for h=2g
Y < b1 fully wetted strut
Loadi ngs

Average Load |8k -2JZs40x47 aszo¥p | SF.215(7 x40x2.63 320
Condi ti on 3 S5

Nz 300x40T4:6000T | N *1800T/7 = 1270 T

Maxi num Load | AL . ¢ x 4 130 2/, SF . 4 1= 980 ¥/
Condi tions g 6*x4ox4Tu30 "/t -;;-6"‘ 0% 419 @
(a) Average | N = 3/4_3;4-07 * 30T N s 20T
(b) 1/20th | AL _ 12x40x4T= 22604 | SE 12,4054, ¢ 1970 ¥/
Hi ghest S Se
Waves N=- 40T/ = LET N T
(c) Most AL _ 1924054123380 %/ | s€ . 18,4024 : 2950 #y
Extrene| S Ss
Waves N =1 Nz )
Extreme L AL _3x4d"x125 :6000*/’(, SF . 3.40%2.6 x.25 23120 7
Loadi ng* §°S S¢

2 3x30% 4. x.25+ 2110 /b

Kl

#Foil assumed to have canber, Cpopt = 1.25
Entrance angle of strut assumed to 'be @ = ,25 (radians).
Strut submerged to 2 ft at 4O knots, to 6 ft at 30 knots.

R
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STRUCTURAL DESIGN OoF FALS AND STRUTS

The analysis and design of foil-strut structures conbine the
principles of airplane wing design and industrial bent frane design.
There are many good reference hooks on these subjects 2’3’lﬂ and it is
not considered within the scope of this work to go into the details of
structural design practices. Rather,, approximate methods and relation-
ships suitable for roughing out an adequate foil-strut system are
presented, for wuse in deriving prelimnary sizes and arrangements of

the structure.

Factors of Safety

In connection with the loading conditions outlined above, it 1is
necessary to apply appropriate factors of safety in the design of the

foil-strut structure.

For the maxinmum load conditions, the factor common to air foi

design is proposed:

F = 1,15 on the yield strength

(5.13)
= 1,5 on the ultimte strength

whi chever gives the mninum allowable stress, depending on the nateria

used:

I - 5026
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For fatigue investigations, the factor of safety may be applied
directly to the loading when conducting fatigue tests. Thus, the

material should wthstand the followng test:

Superinposed Steady Lloading = F. L/S
Cyclic  Loading = F (AL/3) (5.1h)
Cycles = LN

the factor to be used, depending on whether the fatigue test is to yield
or fracture. When conparing the material to existing tensile and nS-N"

data, the following should be appliedsg

kq
01 ,k2 | 1 (5.15)
On gv 1.15
where G ; is the calculated stress under steady load, L/S
gy s the yield stress of the material

d o2 is the calculated stress under load, AL/S

k is a theoretical stress concentration factor,
depending on discontinuities in the structure

d v is the allowable stress due to cyclic |oad
for 4 N cycles

For extreme or limting load conditions on controllable foils, flaps
or rudders where the extreme loading is considerably greater than any
maxi num anticipated, the structure should be designed to the yield stress

wthout ay factor of safety.

‘i
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"Foil and Strut Section Characteristics

The loading on a foil section is conposed of a lift force acting
vertically and a drag force acting horizontally, the total force act-
ing through the center of pressure which is usually somewhat renoved,
fromthe centroid of the section, as indicated In Figure 5.3. Wthout
serious error, the total |ift force my be taken as acting normal to
the foil chord line, and the drag may be neglected in calculating the

structural requirements of the foil section (the drag being smal

LIFT LIFT
DRAG
a} FORCES ACTING ON A FOIL b} ASSUMEO FOR PRELIMINARY

STRUCTURAL INVESTIGATIONS

ts
: - 1
| | 1
P —
! c -

C)SIGNIFICANT DIMENSIONS o f BICONVEX PARABOLA

FIGURE 5.3

W
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Lo

‘"ié R T
dodi b ki

compared to the Ilift and acting in the direction of large foil strength).
For typical hydrofoil configurations, employing struts along the span
and hating relatively thick-skinned foil sections, the torsional stress
and deflection due to the lift noment around the centroid may also be
neglected in prelimnary investigations (except where large angles of

sweep are enmployed on relatively Blender foil spans).

The structural properties of the foil section may be approxinated
by considering the foil to be a biconvex parabola, Figure 53 The

properties of the section are then

¢ - .3?. (t/0) 2 (1 = k2)

e 3 boq Lk
b= 105( b/e)” e (1 =1k (5.16)

SM = 125 (8/c)2 3 (1 = k)
tg = (t/c) ; Sl - k) (average)
wher e ¢ is the cross-sectional area

I is the nonment of inertia about the foil chord axis

SM is the section nmodulus about the foil chord axis

c is the foil chord
tg is the skin thickness
k is the ratio of inner chord to outer chord

t/c is the foil chord thickness ratio

I - 5029
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Characteristics

The structura

made, using the various
configuration arrangenent has been tentatively chosen.,

merged foil configurations, prelimnary sizes of foils

analysis of the foil-strut bent

be determned by considering the foil-strut joints

of fixed. On this basis, the foil acts as a supported beam under

ing load, the strut

The subnerged foil

acts as a cantilever beam under

can

| oading conbinations given above

and struts

to be pinned

side force |oadfng.

is then chosen to have the planform as in-

dicated in Figure 5.4, with uniform loading throughout. On this basis,
! ; i
: o2

IV NV

-b

TYPICAL FOIL PLANFORM
FOR
STRUCTURAL INVESTIGATION

FIGURE 5.4

I-5.30

readily be

For fully sub-
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the following relationships are seen to existr

M(at struts) = WS (b/n)2 ¢/12

(5.17)
bns _ _bnb
(Ln-1)b (kn-1)A

where M is the bending monment
WS is the loading (L/'S +A LS derived above
n is the nunber of struts
S is the foil area
b is the foil span
C is the foil chord (maxinum

A is the foil aspect ratio (b2/s)

Conbining equations (5.16) and (5.17), the followng relationships

for the approximate foil characteristics can be derived:

/e = W/S F (Ln-1)a

0
T ngrad ¢ 0 %

< - 3 - 2
o . P—'wf F i)b Jitz x 0.0145 ¢ (pounds) (5.18)
n

by ngSFbI-k

- X 1/2 i nches
T afi ( )

where WS |oading, 1b/ft.2

F the factor of safety
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QT the naximum allowable stress, 1t/in?

@ . UT. STRESS . YIELD STRESS
Note: .. F T 115 °

whi chever is less

¥ is the unit weight of the material, 1b/ft3
w/t foil weight, Ibs
t/e foil chord thickness ratio
tg foil skin thickness, inches
A foil aspect ratio
b foil span, ft
n nunber of struts

k ratio of inside chord to outside chord of foi

Prelimnary Strut  Characteristics

The strut is considered to be a cantilever beam under side |oading
Wsing the section relationships given in equation 5.16, each case nay be
simply and individually analyzed. The section characteristics of the
section at the design waterline in flight should be considered to
extend uniformy down to the foil attachment to allow for carry-over

moments at the foil-strut joint, and for internal mechanisms, etc

Foi | -Strut  Configuration  Analysis

Based on the prelimnary sizes for the various foils end struts in-
dicated above, the conplete foil-strut assenbly should then be analyzed

on the basis of the various loadings derived in the previous section

Jlny
| 5.32
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DESIGN EXAMPLE NO. 52 |ewrsorz

DETERM NETHE APPROXIMATE WEIGHT -AND
CHORD-TH CKNESS OF A FOL-STRUT  CONFI GURATI ON

The overal | dimensions and | oading of the configuration are shown in
Desi gn Exanple 5.,1. Determine t/c and the weight using .'E,QLiLd.é cast
alumnum using 356-~Téwith 24000 Yield, 33000 Utinate 1b/ft.

Approximate chord thickness and weight are determned by considering
the foil-strut intersection pin-jointed, so that the foil is a sinply
supported beam and the struts are cantilever beans. Two conditions
for the foil are considered

(a) as a fixed foil, maxi numloading of 3380 + 10000 . 4180 lb/ft2
(exanple 5.1) and a safety factor of 1.15 on the yield.

(b) as a controllable foil, extrene |oading of 6000 1b/ft 2
(exanpl e 5.1) based on the yield wthout safety factor

Ac FOL
(a) Fixed Foil
'h180-1.15 7 .
t/c 21000 " L 0,022 17% '
180-1.15 7 103
Wy 2,000 -l.l --8—-0 0.0145+172 = 250 | b

(b) Controllable Foi

6000" 7
= ———— g .0.022 ]
t/c l 5 19%

21,000 *
8000 7 103 .
Wy = - 0 -0145 -172 = 270 |b
b "J2hooo" L' 8
B. STRUTS

—~— Use maxi num | oad condition (2950

10 1et L trnresrpe 1o/£t2) for the section at 6ft;
i extrene |oading (3120 1b/£t2) for

the section at 2 ft. Include a
safety factor of 1.15 on the
yield for both.
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«\"‘» h

ESIGN EXAMPLE NO. s [smzors

(a) Section at 2 ft
Bending Monent = 8330 ft |b

_ 3 2 _ 8330-1.15
SM = (8/105) 1.6° (t/c) 21,0001L4

8330+1.15 105
t L . { -
/e 2400014k B-1.63 | ° W% = 108
(b) Section at 6 ft
Bendi ng Moment = 84960 ft |b
tfe = [O4960e1.15 K 105 164

2,000 » 1} 8-2.13

Vi ght of Strut

Assume t/c varies with chord; then the weight nay be cal cul ated
fromthe respective sectional areas, corresponding to 2/3 (t/c)

c2, The integrated weight is

Wy = 172 ) (areas) = 300 I b
each

/7
e
,f/ 1
- ~ K8
SCoTE A0S
0 9 [ 6 FT

Note: Strut weight appears excessive conpared to foil weight:
my be greatlg reduced by enploying hollow seations
particularly above the 2 ft section

I - 50311
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HALL STRUCTURAL QONSI DERATIONS

Structural Citeria

The loading conditions to be nmet by the hull structure nay be

categorized, as follows:

(a) The loading conditions nornmally expected in hull-borne

operations
(b) The loading inposed on the hull when foil-borne

(c) The inpact loading due to landing or crashing into the sea.

Hul | -borne  Loadi ng

The normal hull-borne conditions (prior to take-off) are not severe
as conpared to foil-borne conditions, in general. Standard hull design
procedures can be used to determne the structure where foil-borne

| oadings are not expected to govern, such as the aft end of the craft.

Foi | -borne  Loadi ng

When the craft is fully foil-borne, the hull is subjected to bend-
ing and shear stresses as a beam supported at several points (i.e. strut
| ocations). The reactions at the struts are those associated with the
lift produced by the foils; also the hull accelerations are a direct

consequence of the foil accelerations

I - 5035
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The stresseé in the hull "girder® can then be determned from the
weight distribution curve, wherein the "accelerated" values of weight
are used. As indicated in Figure 5.5, the additional hull loading can
be determned from the additional foil loading and the basic hull

| oading curve.

The hull loading conditions are then the sane as “thogesfor the foils
given in the preceding section, and the hull loading is determned from
the corresponding foil loadings. Certain assunptions nust be nmade, how
ever, as to the foil [loadings, where nore than one foil is used in a

configuration,

(a) Average Load Condition

In this condition, the assuned wave length is small (20 h) so
that the foils forward and aft may be considered having the
same orbital effects at the same tine, thus both producing
their "average® load at the sane tine, at the given frequency
(as given in the preceding section). The hull loading nust

then be determned on this basis.

(b) Maxinum Load Conditions

For all conditions other than the average condition (a), the
assumed wave length8 are 80 long that only one foil at a time
will have maximum orbital effects. Thus, the loading is assuned
maximum on one foil but normal on the other. The hull [oadings
and resulting stresses nust be investigated for naximum [oading

on each foil in turn.

I - 5036
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BASIC WEIGHT CURVE

L|""Lz B Iu!’,(dx

OJ BASIC HULL LOADING

Allfx

s g [ {1+ 9) s 0ua - 1))

AL, WHERE A IS THE RADIUS OF GYRATION
! OF THE CRAFT

ALy

-X

| +X

b) ADDITIONAL HULL LOADING
DUE TO
ADDITIONAL FOIL LOADING

DERIVATION OF HULL LOADING VALUES

FIGURE 55

| —.
| = 5. 37
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vivb .

Factors of fety

The factors of safety to be used for the foil-borne |oadings are
taken to be the same as those for the foils and struts given in the
preceding section. \Were hull-borne loadings govern in sone aspects
of the design, typical procedures and factors of safety ordinarily

used in standard marine practice are adopted.

I mpact  Loading

The hull nmust be investigated for inpact in landing and particularly
for the contingency when the bow "plows in" at nmaximum speed, The inpact
formula of von Kamané, derived for a two-dinensional wedge as indicated

in Figure 5.6, can be used to estimate the resulting load. The formia is

P . gvoz ﬂ‘cotocz lb’;_ (5.19)
2x g x5\3 £t
(1 +==—)
where P = average pressure over the imersed wedge
(normal to the water surface) 1b/ft
V, = entrance velocity of the wedge ft/sec
oL = deadrise angle
X = half-breadth of body at a given distance
W = weight per foot of body 1b/ft
X = specific weight of fluid 1b/ft>
p = density of the fluid (o = &g ) Ib sec?/rtlt

<.
I - 5.38




; “ STRUCTURALCONSTDERATICNS

For investigating the inpact pressures at the bow, the speed is
arbitrarily taken to be Vo = v, .., and the full weight of the craft is
assuned acting over the length of stem For the hull bottom the
speed of descent and the area under inpact nmust be estimated for the

particular craft under consideration

The use of this two-dinensional fornula for three-dinensiona
cases, and the high values chosen for speed and weight, result in an
inpact loading that is sonewhat severe. It is considered reasonable
to use the full ultimate strength of the hull material wthout any
factor of safety, when designing the structure onthe basis of Inpact

| oads derived from this formla.

b A4
/1

IMPACT CONDITIONS FOR WEDGE

FIGURE 5.6

| «5.39
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5.  STRICTURAL  MATERIALS

Foi |l - Strut Structures

The nmaterial to be used for foil and strut structures is dependent
on many factors, some of which are inherent to all hydrofoil craft while
others are functions of size, speed and general operational requirenents
of the craft wunder consideration. Some material characteristics that

require investigation ares

strength = yield and ultimate strength
wei ght

mdulus of elasticity

machi neability

wel dability

corrosive  properties

cost

availability

Wth respect to strength, the choice in nmany cases wll be dictated

by such general considerations as

foil area required

nunber of struts required (as a function of genera
arrangement, |ateral area required, etc.)

loading  conditions
cavitation (as a function of foil thickness ratio)

I - 5.)40
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Lightweight naterials may be enployed. Thus, alumnum is one of
the mterials nost wdely used (lightweight and relatively strong,
good  workability, corrosive-resistant, available at reasonable cost).
Fiberglas reinforced plastics can also be considered for such

appl i cations.

As the craft size increases, high-tensile steel becomes nore
attractive for use and in the larger sizes considered (above 50 tons)

is alnmost mndatory.

Hil | Structure

Generally, hull structures follow the same trend as do the foils,
with increasingly strong naterials required as size (and speed) increase.
Thus, wood and fibreglass-reinforced plastic hulls are suitable in the
smal ler sizes (up to about 10 tons), wth alumnum being next in con-
sideration (up to a hundred tons) and finally high-tensile steel for
hulls of larger displacement. General experience W th hull requirenents
of existing high speed craft (high-speed runabouts, air-sea rescue
craft, PT Dboats, etc.) would form the best references for selection of
hull naterials and material scantlings for hydrofoil craft of simlar

size and speed.

I"Sohl
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CHAPTER 6. BALANCE AND STABILITY OF HYDROFOIL SYSTENG

| NTRODUCTI ON
A. LONG TUDI NAL CHARACTER STI CS
1. Longitudinal Bal ance
2. Longitudinal Stability
3. Longitudinal  Design
B. LATERAL CHARACTER STI CS
1. Rlling Sahility
2. Eguilibrium in Turning

3. Drectional Sability

Balance and stability of hydrofoil systems about the various
axes are considered in approximtive fashion. The static prerequisites
for obtaining longitudinal stability are presented. Wth respect to
lateral stability and behavior in turns, sinplified conditions
are investigated, giving sone practical indication on how to design
a stable foil system « Dynamc behavior is not included in this

Chapter.

| »6.1'
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| NTRODUCT! ON

In the design of a hydrofoil boat, the size of the foils formng
the system and their location wth respect to the center of gravity
of the total configuration « are of primary interest. The essential
characteristics in this connection are the stability of the craft (about
the various axes) and the limtations of the hydrodynamc forces due
to stalling (separation), ventilation and possibly cavitation. The
present report deals in an approximate way wth such requirements and

some limtations of balance and stability in hydrofoil systens.

As quoted from Diehll, ngn airplane is statically stable if any
displacement from a given attitude sets up forces and noments tending
to restore the original attitude". An airplane "is dynamcally stable
if the resulting motion is stable, that is, if any oscillations due to
static stability are quickly danped”. Static stability can be con-
sidered to be a limting case, and it is a prerequisite of dynamc
stability. ny fair degree of static stability is wusually acconpanied
by dynamc stability". iy static conditions (in calm water) shall be
considered in the present report. Knowedge of the dynamc behavior
of hydrofoil boats (particularly in waves) has not yet been devel oped

to such an extent that a treatnment sufficient for design analyses could

be presented in this Handbook, at this tine.

T---6.2
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4 ED

It is felt for nost practical purposes, that in hydrofoil craft
resistance and propeller thrust approxinately cancel each other for
small deviations from trim condition, wthout producing forces and
mnents worthy of consideration. These longitudinal forces are,
therefore, omtted in this Chapter; only lift, lateral forces and the

monments resulting from them are taken into account.

Most of the considerations are also primarily qualitative. Even
as such, the treatment is in sone instances only tentative, essentially

because of limted experimental evidence.

The definition of axes, angle and nonents in analyzing three-
dinensional notions, is somewhat conplex. Essentially, a reference
system fixed to the flow will be used in this report. No specific
distinction is made in the text between this system and that of the
water surface - fixed in the vertical direction and in the horizontal
plane.  Angles and nmoments are as listed in the notation. Among these,
the pitching angle 0 is neant to be that of the craft, while the angle
of attack (measured from zero-lift attitude) primarily applies to the
individual foils. Also, in this report, "yawing" is defined as an
angular  displacement (rotation) - while sideslipping (in pure form

refers to a straight notion.

I ""603
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BALANCE AND STABILITY

angle about longitudinal axis (roll)
angle of attack measured from zero |ift
downwash angle (behind foil)
craft angle about lateral axis (pitching)
angle about wvertical axis (sideslipping or yaw ng)
monent about lateral axis
= M/qS = coefficient of longitudinal noment
monent about vertical axis
= N/qs = coefficient of lateral noment
metacenter  point
lift of hydrofoil
weight of hydrofoil craft
longitudinal distance between foil and GG
longitudinal distance between foils
speed (ir ft/sec)
= 0.5 @ V¢= dynamc pressure
"wing" area of foil

_?=I|ft coeff|C|ent
centr| ugal force (in turn)
lateral force (in turn)

= F1at/9 S at = lateral force coefficient
normal -force coefficient

foil span

foil chord

= b2/5 = aspect ratio of individual foil
biplane factor

height or submergence

indicating particular foil

i ndi cati ng' subner ged area

i ndi cating. ref erence area
lateral area

for forward foil

for rear foil

= normal (to the foil panels)
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A LONG TUD NAL CHARACTER! STI CS

1 Longi t udi nal Bal ance

To provide longitudinal equilibrium,’it is evidently

required that in Figure 6.1 b:

LI + L, = W

, (6.1)
L ® 12 x2
where wln refers to the forward, and "2® to the rear foil. The
[ift of each foil is
Ly = (ch/dQ‘),?‘Sx q (6.2)
wher e Sy = foil area
g = dynamc pressure O.Eg v2

angle of attack

CL = |ift coefficient

As dervived from the basic information in Chapters 1 and 2 of Volune

1, the lift-curve slope can approximately be represented by
dog°{/dCL = 10" + K (20" /A (6.3)

wher e A = aspect ratio

K = biplane factor

1-6.51
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‘— vwGC G // Vv

Sx—i~ w L,

>

Q.} GRUNBERG SYSTEM

K_ 0C6G // Vv

v
82——'- w — S|
L, L,
»-———-———-Xz—~——>-u——-—-—-)(|——‘—»-

b) TANDEM SYSTEM

LONGITUDINAL MECHANISM OF HYDROFOIL
BOATS

FIGURE 6.1
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To be accurate, K is not a constant in a heaving and pitching foil
system  For the purpose of this investigation, we nay, however,
assume K to be approximately constant, for exanple in the order of

K= 15

In a tandem system the rear foil is exposed to a certain downwash
coming from the forward foil. In proximty of the water surface this
downwash angle is, under certain conditions, estimated for "conventional"

hydrofoi| configurations to be in the order of

a > .._i_. (6.4)

A

deLl
where the supl script wim refers to the forwbrd foil. This angle should
be added to the two conponents of Equation (6.3) to obtain the "lift

angle" do/dcy, of the second (rear) foil. - Practically, there is no

influence of the second foil wupon the forward foil.

Conbining equations (6.1) and (6.2), the craft is found to be

bal anced longitudinally provided that the followng equality is achieved:
O (dop/dedy Bja X T (dCp/dN, Spa X (6.5)

Four design paraneters are effective in each foil; the lift-curve slope
(depending upon aspect ratio and submergence ratio), the area S the
moment arm x and the angle of attack. 'Mny conbinations of these would
provide the required equality. Awong these, usually only the stable ones
are of practical interest. Stability requirenents are considered in the
next section.
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It E
2. Longi t udi nal Sability

=

Bt o

&

Consi dering the systems in Figure 6.1, the [lift forces originating
in the foils provide certain moments about a suitable lateral axis.

Considering first one individual foil, its mnoment contribution in terns

of a non-dinmensional coefficient is
o, =Wask = (L/asx) (Sx/s) (x/{) (6.6)

where M = nonent = LX
q = dynamc pressure
S = total foil area in the system
s,= area of the particular foil
X = nonent arm
}= suitable length of reference

The lift is

L =Ca85 = (dc;/dX)olq Sx (6.7)

wher e cL= [ift coefficient

ok = angle of attack or pitch

and dCL/do( possibly as explained by equation 6.3. 'The slope of the

moment coefficient against the pitching angle of the craft (for fixed

foil setting) %s

4C,/d8 = (dCp/dex) (5,/8) (/4 ) (6.8)

1-608
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where @ = pitching angle. Th;? quantity (dCp/d®) is a neasure for the
contribution to static stability by the considered foil. Defining
the nonent arm to be positive for foil locations forward of the

center of pitching motion, the corresponding positive value of (dcC,/de)
evidently indicates negative stability. In other words, by convention,

a negative sign of (dcm/de) is neant to indicate positive stability.

In fully submerged foil systems, the lift may be considered only
to depend upon the angle of attack g; accordingly (ch/do()o(f_. constant
(seeequation 6.3). In surface-piercing or ladder-type systens, the
lift also varies considerably wth submergence; that is, wth submerged
area. Based upon a suitable reference area s (which has to be
i ndependent of subnergence H and which could be, for exanple, the total
or maximm of the foil system, their lift coefficient is C+ = L/qgs,.

This coefficient is approximtely

Cp = (d0pp/300) o (s, /50700 | @ (6.9)

lift coefficient on subnerged area

=
=
)
195
Q
ﬁ
)
o’
"

Sgyp = Subnerged area

S+ = reference area'
ol = angle of attack of foil section
8 = pitching angle of craft
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In a systeh] pitching about the point indicated by the length x, the
height variation is Ahax ©; the variation of subnerged area is

consequently
dSgub/d® = (dSgyb/dh)(dh/d8) = (dSggp/dh)x (6. 10)

wth @ in radians. The quantity (dSy/dh) is given by the design of the
foil unit considered. FEquation 6.9 indicates that in the area-changing
types of hydrofoils, the lift is no longer a linear function of the

pitching angle ®; the angle of attack varies together wth the submerged
area. As a consequence, the slope of |ift and nonent increases wth the
pitching angle in foils behind the center of longitudinal rotation =

and it decreases for locations ahead of the axis. Figure 6.2 illustrates
the resulting type of cm(e) function. The static contribution (dcm/de)
Is not constant; instantaneous values (for exanple, for the trim condition)
can be taken, however, from such a plot as the tangent at the

particular angle of attack.
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Longi t udi naI‘ stal;ilit;; réqﬁires arrangements wth at |east
two foils in tandem one behind the other. In dealing with such a system
it is convenient to refer the lift coefficients to one and the same
area, which may be selected to be the sum of the individual areas (9.
As requirenent for positive stahility it follows then from equations

(6.5) and (6.8) that
(dey /ack) 5(5,/5) (xp/k) = (d0p/aek); (8,/8) (x, /K ) (6. 11)

where ®n1n refers to the forward, and "2m to the rear foil. The
distance x measures to the center of pitching rotation - to be
discussed later. Al of the paraneters in this function are
geonetrically determned in the design of craft and foil system
To provide stability, the lift-curve slope and/or the area and/ or
the distance of the rear foil have to be larger than those of the
forward foil. For equal dCy/dec, therefore, the |oading L‘?/S2 of

the rear foil (a function of 3o and x2) has to be |ower than that

of the forward foil.

Positive longitudinal stability as defined in equation 6.11,
would not mean any height stabilization. A fixation in this respect is
usually not required in aviation, is fundanental, however, in the
operation of a hydrofoil boat. Height stabilization can be obtained
by wusing mltiple-foil (ladder-type) or V-shaped surface-piercing

systems or some planing device or by suitable artificial means

I-6.12
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(angl e-of -attack control). In the planing skids of the "Grunberg"

system (see Chapter 1), for exanple, a strong height stabilization
is obtained by making the variation of wetted surface (dS,/dn) large.
The "Hook" system (also described in Chapter 1) basically uses the
same principle, transforning, however, the (dSy/dh) of the "jockeys"
into a (dok/dh) quantity of the forward foils. The forward foil

may also be height-stabilized by means of an electro-mechanical
mautopilot" system as developed by Gbbs & Cox, Inc.? for this very

pur pose.

In aircraft, the center of longitudinal rotation (pitching) is
usually considered to be the center of gravity. For hydrofoil craft,
this axis does not generally seem to be correct. The required height
stabilization necessarily restricts the pitching mtion. [f for
instance, one foil is rigidly fixed (if possible) with respect to the
surface of the water, then this foil is evidently the hinge axis
about which any pitching notion may take place. A conplete analysis
of this problem has not yet been established. Two [imting cases

will be considered, however, in the section which follows.

I - 6;13
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3. Longi t udi nal Desi gn

In the design of a hydrofoil system the requirements of bal ance
and stability have to be combined. Regarding longitudinal character-
istics, therefore, equations 6.5 and 6.11 have to 'be satisfied.

Some typical configurations are considered as follows:

a) COonfiguration wth Height-Stabilized Forward Foil. Upon

fixing the submergence of the forward foil (as for exanple,
in the Hook configuration, described in Ghapter 1), the
axis about which the craft is free to pitch (in calm water)
is essentially at the forward foil;, the center of gravity is
expected to nove up and down correspondingly. The balance
of the rear foil is then sinply determined by one side of
equation 6.5 or by equation 6.7. The stability of the
system follows from equation 6.8, for x =X. It seems to be

useful, however, in this case to define a fictitious total

area
S, = (Wiy) s, (6.12)
where W = total weight
L, = fraction carried by rear.foil .
S, = subnerged area of rear foil

I -614
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Equation 6.8 then changes to
dC,/de = (dCL/do() (L) (6.13)

wher e Cm-l- = M/qS.,.X and the angles in radians.
Evidently, however, in sonme configurations, the [lift

on the main (rear) foil corresponds to

L/ = x/f (6.1L)

where x = distance between forward foil and CG The
stability of the system therefore, increases as the

square of the GG location (x/l). As experience wth a

craft, stabilized by planing skids in place of a forward

foil (Gunberg type), has shown, the limtation of such
system as to stability is found in the skids. Wth too little
weight on them they are liable to rise dynamcally (in waves)
above the water surface. This phenomenon can be understood
upon studying the upper part of Figure 6.1. As the craft
pitches up (possibly about the center of gravity), the

di stance (K- x) and consequently the stabilizing moment Of
W with respect to Sx = reduce appreciably. It also appears
that the skids upon leaving the water, cease decreasing their
mnent (no slope with respect to Sx as center of pitching).

A load fraction in the order of 204 on the skids was therefore,

found to be a mninum requirenent for successful operation of the

Gibbs & Cox craft.
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b) Symmetrical Fully-Subnerged Tandem System A tandem con-

figuration which is essentially symetrical fore and aft,

wth approxinately 50% of the total weight on each foil, nay
be expected to oscillate about the lateral axis through the
center of gravity. Balance of such system is given by
equation 6.5. Conditions for positive static stability

are discussed in connection with equation 6.9. In the con-
sidered tandem system with §,= S;, forward shifting of the GG
appears to be very effective with respect to stability;

Xy increases while xI decreases at the same time. The
stability increases in proportion to the amount of shifting. =
The lift-curve slope is a function of the aspect ratio.

Aso taking into account the effective downwash possibly
coning from the forward foil, the aspect ratio of the rear
foil (and/or area and distance x as explained before) should

be somewhat larger than that of the forward foil,

c) Surface-Piercing System  Values for (dS,/dn) can be derived

as a function of the dihedral angle of a surface-piercing
hydrofoil.  Referred to the m"original™ or any other suitable
basic span mb" of a rectangular V-shaped foil,

d(sy/s) _ dlw/) _ 2/p.. (6. 14)
d(h/b) d(h/b) / tanl"

I-6.16
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Thus, longitudinal stability is favored by small dihedral

angles.  The expression can easily be used in equation 6.6,
by conbining it wth the mg" (as defined there) and the
nonent arm x, Under certain conditions, equation 6.14

also applies to slanted nultiple-ladder-type foil systens,
with I indicating the lateral angle of the foils against the
horizontal. = Considering a fore-and-aft symmetrical
surface-piercing tandem configuration, the axis of pitching
nmotion may again be that through the center of gravity. =
Because of their area-changing characteristics, surface-
piercing foil systemsare basically expected to provide

higher static pitching stability than fully-subnerged (constant-
area) hydrofoils. Stability conditions are simlar to those
under (b). As a practical exanple, the Schertel-Sachsenberg
tandem boatsh (see Chapter 1 for illustration), had sone

L5% of the total weight on the rear foil and some 55%

on the forward foil.
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B, LATERAL  OHARACTER STICS

1. Rolling Stability

In one or more pairs of surface-piercing foils, each arranged
side by side (as for exanple in the Canadian designs or the Baker
boat) or in any Qunberg-type configuration (with a pair of skids),
bal ance and stability about the longitudinal axis nay not be
mich of a problem Restoring forces are produced by way of
subnergence differentials in the foil wunits. The only other
hydrofoil system likely to provide balance and stability about

the lontitudinal axis is the V-shape.

In a fully submerged foil system wnym shape would be
restricted to conparatively smll angles. Also the submerged
area as, of course, constant. Surface-piercing hydrofoils are,

therefore, discussed as follows.

Upon rolling, one end of the foil becomes nore deeply
imersed; the other one emerges accordingly by a certain amount
Ab. The corresponding lift differentialsal (as narked in
Figure 6.3) form noments about the OG of the boat. Assumng now
that the |ift differentials are produced only in the npiercing
points, a netacentric point "M, is found. The craft is then

expected to he stable in rolling as long as the GG is below the
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met acenter. Actually, however, it is believed that wth a
change at each side in subnmerged span, the lift is slightly changed
over the entire span of the foil. As a consequence, the netacentric

height due to pure rolling (wthout yawng) is believed to be somewhat

below the mMv .. as indicated in Figure 6.3,

Rolling may also be caused or acconpanied by yawing. In this
respect, the angle of attack is increased in one half of a V-shaped
foil; and it is decreased in the other half. For the center of
pressure of the differentials, we may assune points at half panel
span at each side. Figure 6.3 shows the corresponding second
metacenter WMH

min? which is lower than that as determned by the

piercing foil tips.

Actually, assumng that rolling conbines wth yawng (in phase),
there are two conponents of rolling nonent. Positive rolling stability
my, therefore, exist for certain positions of the CG above "M
(but bel ow "M"max). An effective netacenter is expected in this
way whose |ocation between "MN ax and "M" 5o depends upon the
respective noment contributions of the yawng and rolling

conponent s.
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in Turning

Conditions in a turn are conplex; angles and motions about all
three axes are involved and coupled with each other. Assumng, however,
that the craft is kept at constant longitudinal trim by sone
suitable means, it seens to be possible to split up the renaining
problem into two conponents. In fact, this seenms to be a case where
treatment is sinpler than in aviation (where such a separation is not

very realistic).

A) Balance About the Vertical AXis

Assumng that equilibrium and stability is also provided
about the longitudinal axis, keeping the craft essentially on even

beam « conditions about the vertical axis are as follows.

As illustrated in Figure 6é.L, a centripetal force ¥y, is
required to support the mass of the craft in a turn against the

centrifugal force 2z, This force is
2
Z = MV /I' = sz/gd = "Fla.b (6015)

where d = 2r = diameter of turning circle. The force Fy,; has to
be provided hydrodynamcally in the foil system in sonme |ateral
areas. These areas are found in struts and/or in the foils

thenselves by banking them or through dehedral shape.

I-621
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GEOMETRICAL CONDITIONS

FIGURE 6.4

IN TURNING

I -6.22




| S BANCE AD STABILITY

3 & %

g
A e
(a) Struts. Won putting the boat at an angle of sideslip

(by neans of the rudder), lateral forces are produced in

the struts (if any) corresponding to

Flat = q Sat (dC1at/d¥ ) (6.16)

where W = angle of sideslip at the strut (or struts).

The nmaxinum lateral force which a surface-piercing strut may
provide, corresponds to the available maximum lateral [lift
coefficient. As presented in Chapter 7 of Volune II, for
synmetrical sections and "conventicnal® sSubmergence ratio,
this coefficient is in the order of Cp, = 0.15 for sharp-
nosed and 0.35 for round-nosed sections, before ventilation
sets on. It is possible, however, to obtain simlar and
higher coefficients in fully-ventilated condition, i.e. at

mich higher sideslipping angles.

(b) End Plates. In, fully submerged hydrofoils, end plates are
an effective mneans of providing lateral forces. Their
coefficients can be determned as a function of aspect ratio
and angle of attack, enploying the |owaspect-ratio methods
as presented in Chapter 1 of Volume IlI.  Their naxi num

lateral lift coefficient may be in the order of 0.9

I-623
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A Surface-Piercing V-Foil gives a lateral conponent, in

sideslipping condition, caused by angle-of-attack and [ift
differentials in the two foil panels. In each panel, the

lateral force conponent s

Flat = Lyanel tanl (6.17)

where [= dihedral angle. This also neans that the

lateral force coefficient Ciay iS equal to the lift

coefficient Cy (each based on their _respective _projected

area) - both of which are equal to the coefficient C .. 4

(on panel area). In non-sideslipping straight motion,
the lateral forces in the two panels naturally cancel each
other. In a sideslipping turn, however, the outer panel has
increased angle of attack, increased lift and increased
lateral force; the inner panel has decreased quantities.
Considering now the outer panel, its hydrodynamc limtation

is given by the "maximum®" coefficient C = and this

normalx
maximm is given by the onset of ventilation. Therefore, the

available lateral-force coefficient of the conplete foil
(equal to a pair of panels) C;_, (on the sum of the laterally
projected panel areas) is equal to the available quantity ACpormal

(the difference between design-lift coefficient Cp and the
coefficient when wventilation takes place). This differential
my only be smll, depending on the average |ift coefficient

of operation and the type of foil section used. The
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available value my further be reduced because of the craft's
rolling noment due to centripetal acceleration which makes

additional forces necessary on the outboard half of the foil.

(d) Banking. Uwon banking a straight hydrofoil, the latera
force is

Flatera] = b tan @ (6. 18)

where ¢ = banking angle. As extrene limts of banking
conditions may be considered of one wng tip emerging from
the water and the hull touching the water surface at the

other side

Considering realistic dinmensions (for subnergence and angles),
lateral forces seem to be obtainable in average operating conditions

in the osrder of

Flateral=(01 tO 0. 7) W a/g = Flat/w = (Ool to 007) (6.19)

where W = total weight of craft

a = lateral acceleration.

It my also be possible to combine two or nore of the mentioned devices,
and to increase the lateral force in this way. The nost effective

method of producing lateral forces seem to be fully- subnmerged end
plates. It is suspected that surface-piercing mvt foils are the |east
reliable neans in turning (because of ventilation in the outboard

foil panel).
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* B) Balance About Longitudinal Axis

Besi des balance in the lateral forces, adequate equilibriumis
also required with regard to the longitudinal axis. Aslong a8 the cg
i s above the "second™ netacenter "M"p4n in Figure ‘6.3, the boat is ex-
pected to heel outward. For a location below that netacenter, positive
banking will be obtained in turns. The heeling angle may be nore or
less proportional to the distance between ™" .. and ¢g (both in

sign and magnitude).

Lateral design is further conplicated by the forces in lateral
area6 such as struts (if any) and the rudder. As indicated in Figure
6.5, the metacenter ("maxi muni or "minimum® alike) is |owered on
account of such lateral forces. Struts and other lateral areas may
be desirable, however, with respect to directional stability and
turning performance; or they may possibly be required for structura

reasons.

It is desirable, of course, to have the boat bank in turns.
Locating the CO bel ow "M"y4p, is difficult, however, in nmany con-
figurations because of a certain clearance between keel and water
surface aslééquired for operation in waves. Figure 6.6 shows several
actual Iy built designs of the surface-piercing type. In case (a), the

boat will roll to a position which is stabilized by wetted area
differentials at the piercing points (and by corresponding lift dif-

ferentials over each half span). A way of inproving the behavior

I - 6.26 )
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INFLUENCE OF A LATERAL AREA

UPON METACENTER AND
EQUILIBRIUM IN A TURN

FIGURE 6.5

(banking) of this configuration |s indicated in the forward
foil provides sone positive banking nonent. - In cases
(b)Y and (c), positive banking can be expected, provided that

other conponents such as struts, rudders and propellers do

not counteract too nuch,

I~ 6.27
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The nmetacentric heights indicated in Figures 6.3 and 6.5 are
conparatively low for practical applications. To keep the boat on
even bheam dihedral angles in the order of and below 20" and/or

larger span ratios b/H are required. The netacenter can be raised,

however, by cutting out a portion in the center of the foil (done by

Vertens, see Chapter 1), as illustrated at the bottom of Figure 6.6.

Finally it shall ©besaid that rolling stability may also be
provided by neans of the electro-mechanical control system mentioned
before, References 2 and 3 describe the successful operation of

such a system in connection wth straight, fully-submerged hydrofoils.

Ilf - 60 28
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3, Directional S abi

The rolling motions of a hydrofoil boat may be balanced and
stabilized by suitable neans such as mltiple units, V-shape
characteristics, or artificial control. ¢n this assunption, static
stability about the vertical axis can be analyzed in a nanner which
Is simlar to procedures in longitudinal stability. Aso, if
disregarding discontinuities in the lateral forces due to
ventilation, static stability characteristics are essentially the
same whether traveling straight or going in a turn. Substituting
lateral areas, angles and forces for the longitudinal ones,

equations 6.8 and 6.9 are converted into
daCp (dCLatj 31 X1 dCLa-g) So xo (dCLmj 83 x3
P el — 5 + —_ = = Z_Z
‘ay ay 1 8 X dq) > 8 & d_‘.t) 3 8 /f

indicating noment about vertical axis

=
(1)
=
D
-
]

Cn = N/q SX*: corresponding  coefficient

X = noment  arm

l = suitable length of reference
S = suitable area of reference
Crat = lateral force coefficient

LI) = angle of yaw

I-6.30
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In this equation, "1t refers to the lateral area of the forward set of
struts, "2m to the rear set (if any), and ®3n to the rudder; see
Figure 6.4 for illustration. Directional stability is obtained,
provided that the sum of the (dc,/d¥ ) conponents is negative

(that is, “restoring®). In design, this is achieved by making the
rear areas and/or monent arms and/or lift-curve slopes larger than the

corresponding values in the forward set of struts.

The lateral m1ift"-curve Slope (dCLat/dq/ ) depends very nmuch upon

the type of lateral surface. Some estimated values are as follows:

a) Surface-piercing struts connecting foil and hull, my be
considered to be limted at their lower end by an end plate
or "™wall", thus doubling their effective aspect ratio. A
higher Froude nunbers, the water surface determnes the
upper end of the struts - in hydrodynamc respect - as
derived from reference 5. Therefore, the effective aspect

ratio of such struts is approxinately

A =2 nhlc (6.21)
where h = subnergence and ¢ = strut chord. In practical
cases, this aspect ratio may be in the order of 2 or 3.
Dsregarding the second-order non-linear conponent, the
lift-curve slope is then in the order of dCy,¢/dy = 2.5

to 3.5 as can be found ¢n the basis of Chapter 7 of Volune II.
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the sane values of |ift-curve slope may apply to end
plates which can be wused in hydrofoil systens. Equally,
rudders (kept fixed by the steering mechanism with or
without a fixed fin) are expected to show values in the
same order of magnitude, depending upon their submerged

aspect ratio.

The lateral forces in a sideslipping (surface-piercing or
fully subnerged) V-foil are known by theoryé. The differential
force in each panel corresponds to the variation of the normal-

force coefficient indicated by

dXpormal — __1__ + 1
dCphormal 2T T Anormal

(6.22)

where "normal™ indicates conditions normal! to the panel. The
variation of the angle of attack (normal to the panel), is

given by
AO(norma.l = Ysinl (6.23)

Conbining these two equations, Cp,ema1 Can be found for each
foil panel. The lateral coefficient in each panel (on lateral

projected area) is then

dCnor mal
Crat = Cnor nal -~ Y sinl (6.2L)
ormal
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For a pair of panels (with differentials + Ao‘normal): the

lateral force corresponds to

Fiat = 2Cyat S sinl (6.25)

This force thus increases as the square of the dihedral

angle .

Using the derived parameters (dCq.y/d¥), equation 6.11 may be
readily enployed in an approxinmate analysis of static directional

stability of hydrofoil craft.
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APPENDI X A

ANALYSIS OF dBBS & OX DESIQN STUDES

I ntroduction

1, Survey of Available Material

2. Basic Parameters and Relationships
3. Analysis of Data

i, Cbservations and Concl usi ons

<Several design studies have been carried out at Gbbs & Cox, Inc.
in 1953 under ONR's Hydrofoil Research Contract. These studies are
analyzed to determne the primary characteristics of this type craft.
Investigation of the results of a selected "family" of designs
indicates the existence of an "optinun' size between 50 and 100 tons.
The maxi num "reasonable" craft size wthin the family considered is
investigated and tentatively set at about 1000 tons. It is shown that
hydrofoil boats are feasible in a size-speed category not presently

occupied by other conventional mrine craft.
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| NTRODUCTI ON

The following is an overall analysis of a series of design studies
conpleted to date at Gbbs & Cox, Inc. The results of two of these
studies have been reported formallyl’z. Table A3 gives a survey on

the various configurations investigated.

The procedure followed in the analysis is simlar to the "family
of ships" technique used in the prelimnary design of ships. This
inplies that the data used represent actual ships. Athough the design
studies considered are general in scope, there are certain character-
istics common to most of them  These characteristics are not necessarily
requirements of all hydrofoil vessels, however. The results of the
present analysis, therefore, depend upon the practicality of the particular
designs and upon the validity of the assunptions nmade at the time of their
conception. The material is investigated with this in mnd, selecting a
useable "family" of boats, the pertinent data of which are listed in
Table 4.JI. The analysis consists of determning the inportant parameters
to be wused, cross-plotting various data from the design studies, and then
combining these plots to give a representation of the effects of variations
in the basic parameters, on the mgjor characteristics of the designs.
Study of the latter enables certain conclusions to be drawn concerning

hydrofoil craft of the type considered.
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1. SURVEY OF AVAI LABLE MATERI AL

Basic Citeria

In general, the following basic criteria apply to the design

st udi es.
Hull = The hull is a "sea-going" structure wth the necessary
superstructure. Contenporary materials and nethods of con-

struction are enployed.

Foil System « The foil systens enployed are fully submerged, auto-
matically controlled configurations. The foil loading is kept
below that at which cavitation mght be expected to occur. No

provisions are made for retraction of the foils (and struts).

Propul sion - Light-weight nachinery suitable for narine use is
enpl oyed. Since sone of the nost suitable engines are only in the
devel opment  stage, certain assunptions have been nade concerning

their characteristics. Underwater propellers are wused exclusively.

Equi pment & Qutfit - The wusual navigational equipnent and nooring

fittings are provided consistent wth an ocean-going craft.
Permanent  berthing, nessing, and sanitary facilities are provided

for the crew

| « A3
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"Payload" - No specific use is assigned to the designs; instead a
certain anount of deadweight and corresponding internal space is
reserved and labelled "payload", The W“p" series is an exception to

this, since it is designed for air-sea rescue purposes.

Selection of "Pamily®

A general survey of the existing design studies (see Table A.I) was
nmade in order to select a "family of ships++ for use in the analysis.

The following conclusions are reached:

(a) The main effort in the wgn series was expended in trying out
different conbinations of hull form foil configurations and
types of drive. Snce the experience gained in this study is
refléeted in the subsequent design studies ("c" through wpey,
and since one of the latter series (wgn) is of the same dis-
placement (100 tons) as ™B“, it wll not be necessary to use

the wBr series in the analysis.

(b) The remainder of the series, ng"™ through "Fn, were designed in
sufficient detail to permt a weight analysis of various com
ponents spanning a range of sizes from 20 to LOO tons. These
wll be used as the famly in the analysis. The "p" series
was designed with a specific purpose in mnd, i.e. an air-sea
rescue craft, requiring very little payload. This should be

kept in mnd when applying the results of this design.

I"th
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TABLE A1 -- SURVEY OF EXI STING MATERI AL

. F o i]l
Series Code | Hull Form | Config. Engi ne Drive .\
= — - #:4
B- | Single |
B-2 Tandem L |
53 St epped ST
' ge &| i ned
100 Ton s: Tanden Wi ght
St udy of - Single Nacel | e
various B- 6 nppN Tandem ‘
Oorln‘li gurations, |[B- 7 PT Single “Aero’ 'nel i ned
Hul | Forns & X |
Transni ssi ons B8 Tandem |
B-Y Single 4 Ui Nacell
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BASIC PARAMETERS AND RELATI ONSH PS

o
L3

There are a great many quantities, ratios and adjectives which nay
be used to describe or evaluate various aspects of a craft or its
performance. From these, a limted nunber (the nost inportant ones)
are selected for use in the analysis. Some of the nunbers are inportant
in an absolute sense (for exanple, the draft which nay have physica
[imts due to harbors). Qhers are best expressed in terns of ratios
to other quantities (such as drag expressed as lift-drag ratio in terns
of the displacement weight of the craft). There are certain relation-
ships between the quantities selected. It will, therefore, be necessary
to establish which ones are independent (assuned) and which ones are
dependent quantities (resulting from assigning values to the independent

variabl es).

In nmany cases, the definitions depend upon the point of view For
example - displacement, speed, foil-and propeller efficiency, and the
power are related by a single equation. Should the speed now be con-
Sidered a result of power and displacement for a given configuration
or should the speed be selected thus requiring a certain power? The
answer to this question depends on the particular requirenents of the
craft and possible limtations on the quantities due to other factors

(such as cavitation, for exanple, or weight).

| "106
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Basic  Paranmeters

The following parameters have been selected for wuse in the analysis.
\Where possible, the nature of the paraneter as used is indicated (as
"independent" or “dependent"). If "dependent", there is also nentioned
what other paraneters or considerations are prinarily responsible for

its determnation, Thus:

Displacement (or "Size") - "Aw ~ The normal displacement in long

tons. This is the nost basic quantity used; it wll be treated as
an independent variable wuntil the conclusion, when the question of

maxi mum size is discussed.

Power - "sHpP" - The maxinum continuous shaft horsepower. This

quantity is sonetines inportant in an absolute sense but is nore

often expressed in a specific mnner (SHP/A).

Speed - "™ -« The maximum continuous speed in knots corresponding to

SP and A defined above is usually inportant as an absolute val ue.

Range - ®Rr - The range in nautical mles is defined for the above
condi tions of A, \k and SHP; utilizing all the fuel carried. It
should be pointed out that this range is not, as usual, defined for
cruising speed. The definition for naxinmum speed should, neverthe-
less, give a neasure of the distance potentialities of the craft.
The so-defined range wll in general be proportional to that in

conventional definition.

I"Al?
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Efficiency « "E" « is an overall efficiency of configuration and

propul sion, given as the product of the lift-drag ratio "L/D" and
the overall propulsive coefficient y = EHP/SHP; thus:

E = 3L/ (4.1)
This efficiency is defined as that corresponding to speed Vi and

load A given above.

Engine - The type of engine and transmssion is given (gas turbine,
diesel, inclined shaft, etc.). The fuel rate ®e" (1b/SHP per hour)
and the specific weight »m" (1b/sHP, including auxiliaries and
transmssion) correspond to engine type and horsepower involved.
The quantities "m® and "e® are usually contradictory, i.e. a
®1ight-weight" engine generally is not as economcal as a heavier

mre conmplex plant and vice versa.

Maximum Draft - wgn - is the draft of the foil system, including

propel lers when static and fully loaded - i.e. the greatest draft

under any conditions.

Maximum Beam - "b" - iS the greatest span of the foil system or the

hull, whichever is the greater, i.e. the greatest transverse

dinension of the craft.

Length - ®L® - is the "length between perpendiculars" of the buoyant
part of the hull - enployed to classify the hulls by the speed-
length ratio (Vk/\ff.) which is inportant in consideration of wave

making resistance, inception of planing, etc.

=
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Hill Beam « "B" - s the greatest nolded beam of the buoyant hull.

Rel ationships Between Paranmeters

Some basic relationships may be derived by asking how the power
needed to propel a craft of certain specifications shall be determ ned.
Two methods may be used; either, "what power is required for a certain
speed if the overall efficiency is given"; or, "what power is it
possible to provide on a weight basis if a certain type of craft, pay-
load and range are given"? The former can be witten down follow ng

the definitions of.the parameters above:

The latter nust be derived on the basis of what weight allowance is avail-
able for nachinery and fuel, given the gross weight and other weights.
For this purpose, the weights are broken down into sinple categories as

foll ows:

(1) "Hull"™ - ‘including hull structure, foil system equipnent,

outfit, fittings, crew and effects, stores and fresh water.
This group includes all the fixed weight other than machinery

itenms, included in (2) below.

(2) "Machinery" - including main propellering nachinery, auxiliaries,

transmssion, propellers and shafting.

| = A9
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"Fuel" - the fuel oil and lubricating oil consuned by

propel ling machinery and auxiliaries, corresponding to
range "R, Extra fuel carried as cargo or for the return
trip is included in (L) below Feed water if stored and

consumed is also included in this group.

"Payload" - useful weight carried, such as cargo, passengers,
extra fuel, arnmament, ammunition, radio and radar, etc. as
well as the extra crew required for a mlitary vessel is

included in this group.

The primary relationships of these weights to the basic paraneters

are assumed to be as follows:

(1) Hul | 4 - (Ah/A)A (A.3)
(2) Machinery Amz 52%5 (sup/A) A (A.L)
c R
(3) Fuel Ay = 2= o (sep/A) A (4.5)
(k) Payl oad Ay = Aymy A (A.6)

The sum of

these weights nust be equal to A; gi ving:

(1- &A - 4/8) (A7)

(SHP/A)avaiIable = 22lo (m + ¢ R/Wy)

| « A10
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This is tH.e pover which can be installed or which is mavajlable"

in a craft, if the quantities on the right-hand side of the equation

are given. The ratios Ah/A; m and ¢ generally depend on other
paraneters such as displacenent, power, and type of engine. The quantity
R/V; can be called the maxinumspeed endurance, ®* in hours; it is seen,
therefore, that machinery and fuel have a total specific weight =

(m + eT) for a given naxi numspeed endurance.

The above framework will form the basis for a weight analysis to
follow (Section 3). FEquating "required" and "available" power, gives an
additional relationship between speed, efficiency, useful load, range, and

”

engine  characteristics:

v = 326%(1 - Ah/A - AP/A) -%R (A.8)

of in terms of the maximum-speed endurance T

Ak - A7)

(1 -
Vk = 326 E
(m+ cT)

(A.9)

It is inportant to note that the range (or endurance) is not dependent
on size except as size influences the other parameters. In a high-speed
di splacement-type ship the quantity E increases with size for a fixed
speed due'to the reduction of the Froude nunber (wave resistance); the
range my therefore be increased. A hydrofoil craft on the other hand

is characterized by an essentially fixed value of E regard ess of




- A ES OV STOIES

. &

size. (ne should therefore not expect larger hydrofoil draft toltravel

further than smaller ones.

Another inportant relationship between the .size and the physical
dimensions may be derived. The buoyant [|ift of the hull depends on
the displaced volume (say L3) and the foil Iift depends on the square
of the speed and the foil area (say b2V2). Snce the two nust be
equal, we have a relationship between a foil dimension and a hull

di nensi on:

v2/L2 ~ 12, o bIL ~ AV/Sf (A10

For a fixed speed V, the foil dinmensions wll, therefore, tend to
"outgrow" the hull dinmensions as the size increases,, an inportant ratio
for exanple being the ratio of the foil span to hull beam The result-
ing structural configuration accordingly %tends to become unwieldy beyond
a certain size. The nmaximum draft ®"H" depends on both, a hull- and a
foil dimension and wll, therefore, have an intermediate growh

characteristic.

| « Al2



Other  Considerations

There are other considerations which are inportant in determning
the usefulness of a design, one of them being the physical limtations
of harbors, dry-docks, channels, etc. Fgure A6 shows the variation
of hull beam foil span and maxinum draft with size. Cut-off  points
are indicated at a draft of Lo ft, a span-beam ratio of 2 and a foil
span of 100 ft. These cut-off points are difficult to define and they
are sensitive to changes in the values assuned (especially the span-beam
ratio). Al of them tend to show, however, that there is a size
limtation for hydrofoil craft. This point wll also be discussed from

other argunents in Section ,

Finally, there is another effect of increase in size noticeable in
Table A.II, nanely the change in hull form This may be sinply expressed
as a decrease in the speed-length ratio at some speed near take-off
(proportional to the maxinum speed) due to the increase of hull [ength.
Thus a destroyer-type hull is called for in the LOO ton design while a
npry type is utilized in the snaller sizes and possibly a stepped hull

in very small hydrofoil boats.

I =-A2
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FThe f oregoi ng ahal ysi.s shows that the "optimum" hydrofoil craft
in this series lies between 50 and 100 tons, and that the range of
such bhoats is limted by conparison if-a reasonable amount of payl oad
is to be, carried. Figure A.5 further illustrates the relationship
between range and payload for craft near the mentioned optinum

(1000 tons).

It should be enphasized again that the range referred to above
is at mxinmum speed, and that suitable cruising conditions my be
utilized either at a lower flying speed or in displacement operation
(see reference 2) to give a greater radius of action. In respect to
di spl acenent operation, the larger sizes will be nore efficient because
of the [lower speed-length ratio involved at some acceptable "floating"

speed (say 15 knots).

60 }
2 SING @ MODERATE SIPEED—COMPOUND‘
S SRS @ MODERATE"SPEED -GAS TURS. T
- 40— \‘\ - g HIGH SPEEO = COMPOUND <1
é \Q \\\ g HIGH SPEED-GAS TURBS.
® % Y ~ < NOTE! POINTS SHOWN INDICATE FUELT
' 0 & \ @ WEIGHT EQJUALS PAYLOAD.
e \* \\@ \® . T~ ~
g 10 S ~ N S
g o d "~ ~|
0 1000 2000 3000 4000
RANGE IN NAUTICAL MILES
RESULTING PAYLOAD VERSUS RANGE FOR A =100 TONS
FIGURE A.5
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20% payload, the remaining weight nmay be translated into range.

corresponding range curve is shown in Figure A4, showing the

superiority of the conpound engine on this basis for all but the

| arger

(over 200 ton) high-speed craft. The latter case represents

a condition where the better fuel rate of the compound engine is

negated by the smaller amount of fuel available due to the large

machinery  weight.

u;.zooo — — ,_____yoislu'rg SPEED-COMPOUND ENGINE. =4
...I el \l\
A I T~
g MODERATE SPEED-GAS TURBINE “+ ~
31000 | . Qe
z 4 - HIGH SPEED-COMPOUND ENGINE Il
z — ‘ 1\ — T
w g =
g HIGH SPEED-GAS TURBINE ~ T —
‘a 0 | | 3.
) | 100 T~ 10

A-FULL LOAD DISPLACEMENT - TONS
RESULTING RANGE FOR VARIOUS TYPES OF MACHINERY,
ON THE BASIS OF 20% PAYLOAD

FIGURE A.4
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(BSERVATIONS  AND  CONCLUSI ONS

Regarding Size

The analysis shows the inportance of size on performance and

feasibility of hydrofoil craft. For the type considered, an optinmm

in the useful load capacity (or range) is found between 50 and 100 tons.
In larger craft the influence is felt of rapidly increasing foil weight.
This increase would eventually decrease range and payload to an unaccept-
able figure, resulting in an indication of maximum size for hydrofoil
craft which appears to be in the neighborhood of 1000 tons for the type
considered (at a nmaximum speed in the order of 45 knots). Smaller craft
appear to suffer from a certain structural redundancy. Aso, the decrease
indicated in the performance of such smaller craft is evidently due to the
fixed criteria in this series regarding the accommodations and services to
be provided. Certainly small hydrofoil craft nust be feasible, as they
have been built. However, in designing them nost of the facilities

nentioned above have been elinmnated, and the range is reduced.

Aside from the effect of size on performance, it is shown that the
physical dimensions of hydrofoil craft may become unacceptably |arge.
In the famly of boats considered (at speeds in the order of L5 knots)
this occurs again in the neighborhood of 1000 tons (or higher,
respectively), as at this size draft and foil span beconme as large as

draft and beam of a large trans-Atlantic liner. It should be mentioned

-
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here that foil retraction has not been considered in the evaluation. =

A'so shown is the phenonenon of the foil span outgrowing the hull beam

the ratio b/B being 2 at 500 tons (for speeds in the order of L5 knots).

It shall be enphasized once nore that the results and limtations
equated directly apply only for the operational conditions of the series
consi der ed. A very inportant paraneter is the design speed. For speeds
higher than 45 or 50 knots, the hydrofoil-system dinensions (Figure A 6)
will be reduced. In this respect, the maxinum practical size of hydro-

foil craft is then expected to be higher than found in this analysis.

Conparison wth Qher Qaft

A discussion of the area of existing surface craft on a size-speed
plot is presented in Appendix wB®, It is interesting to conpare the
position of the type of hydrofoil craft considered in this series wth
that of other (existing) craft. Figure A7 has been prepared to
illustrate this relationship. An area is shown approximately between
100 and 1000 tons, above the limting lines for displacement vessels
(defined by the Froude nunber Vk/ Al/6 = 12), in which the hydrofoil
craft would occupy the sole position, This fact may be enphasized by
trying to conceive of a seaworthy craft of L5 knots and 300 tons
displacenent; a displacenent type of this size would not be able to
make thia speed (powerwise) and a large "pre type probably would neet

serious structural difficulties, if designing for operation in even

I - A.25
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moderate seas. For illustration, the high speeds required for anti-
submarine craft forces the size of this type upward in displacement.
Wilizing the favorable characteristics of hydrofoil boats, it would
be possible to keep the displacenent of such a craft down (as pointed
out in reference 2) at a size which would be governed by the purpose

(armament and equipment) rather than by hydrodynamc considerations

I bl A¢26
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STATISTICAL STUDY oF THE SIZE AND SPEED OF SHPS

This study is a size and speed analysis of existing vessels.
A plot of speed versus size is presented in which various types of
vessels are nmapped. Some conclusions are nmade and a tentative outline

is given for further analysis.
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SI'ZE-SPEED  PLOT

Various types of vessels have been mapped on a logarithm chart of
speed versus size (Figure B.l). The naterial has been taken from
published sources such as "Jane's Fighting Ships", several Yyachting
books by Ufa Fox, and the magazine "Marine Engineering and Shipping
Review", The speeds used are those -tabulated which probably represent
the speed for continuous operation rather than the maxinum (trial)
speed (except for racing boats), The displacement used 4in the nornal
load displacement ("standard" in the case of naval vessels). The areas
occupled by various types of vessels are identified by nane, and are
broken down by use of different synbols into three categories:

"nerchant”, ‘*naval", and "high-speed™ (planing) vessels.

In addition to the points on the plot representing individual
vessels, there are several lines drawn. The first (@) IS the "Froude
number" line \r'k,/Al/6 = 12 determined in such a manner that all dis-
pl acement-type vessels fall below it. A second line (@) represents
statistically the naximum speed for all vessels, over nost of the size
range. Between 100 and 1000 tons, there is a gap, however, where the
Froude nunber (line ) forns the limit.. The two lines wll be further
discussed below. Lines of constant (A/V) are drawn in for convenience;

they do not have special signiiﬁgﬁpce} ‘however,
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The "Froude® line () represents a maximm value of v/ Al/ 6 for

existing displacenent vessels. Promthe relationship

v/ A6 - 10 Vie/NT ’
( A/(1/100)3)1/8

it is eeen that the line neans a maximum speed-length ratio conbined wth
a mninum displacement-length ratio. Fast destroyers have hoth these
characteristicsy they are, therefore, inportant in establishing the
function, The line represents a limt for HBisplacelent vessels. S
premise IS substantiated by an inspection of the small-displacenment
range (1 to 100 tons). Al the vessels in this range, above the "Froude’
line (1), are of the planfng or semi-planing type. At the higher dis-
placements (1,000 to 100,080 tons), the fastest vessels do not follow

this line; rather the 1limit is indicated by line (2).

Ve wll tentatfvely say that no vessel can exceed the limt of
line (2) because, for one reason or another, it cannot carry any nore
power in addition to performng its nornmal function, My factors go
into establishing this 1imit.- A present we can only note that the
increase in this line at small displacements IS probably due to |ower

machinery specific weights, characteristic of smaller power plants.

The inter-relationship of the tw iines is interesting. Below 100

tons, enough power my be installed to drive a -vessel well over the

f = B03
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speeds practical for a displacenent-type nhullz planing hulls are there-
fore used. Conversely, large vessels (over L0OO tons) cannot be driven
at high speeds commensurate with their size due to a lack of power.

The cross-over point is at about. ZEGO tons, in the region of destroyers.
These vessels are the fastest displacement vessels of any size existing

today.

Finally, we nust notice that thers iS a region under line @ and
above |ine @ from 100 to 1C0C tons which is not occupied by any exist-
ing type of craft. This is evidently due to the fact that FT-type
vessel s have not been built over 100 tons, possibly due to their poor
seaworthiness at high speeds. It may be that hydrofoil-supported boats

are nost suited for operation in this region,

FUTURE: WORK

This study should be extended by investigating existing vessels in
nmre detail. on the basfs of awsilability and requirements of weight and
power,  Such analysis would essentially deal. wth the dependence of Iine
(Q on a great many factors such as resistance or nachinery specific
weight.  The investigation should enable one to discuss the speed limts
from the standpoint of these faztors, and to point out promising areas

for future devel opment.
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3. ANALYSI S oF DATA

Breakdown of \eights

For purposes of analysis, the basic weight breakdown as given in

Section 2 is used, wth the "Hull" group (1) further divided as follows:

l-a Hiull Structure
l-b Foil  System

|-c Equiprent, Qutfit, Qew Efects, Stores, Fresh Water

Pertinent data for the designs to be included in the analysts (see

Section 1) are given in Table A.II.

Qoups l-a, |-b and I-c are plotted in Figure A1l against the
absolute size A as percentages of the full-load displacenent A
Qoup |-a the hull structure, is more or less constant over the size
range investigated with a small amount of redundancy in the smaller
sizes. This is logical since the hull bending noment is not an inportant
structural criterion in the establishment of the plating thickness in
ships of the same size range; the local conditions wusually goverh.
Goup |-b, the foil system shows a steady percentage growh with size
(proportional to A3/2) as indicated by the increasing relative
dinensions of the foil system with increasing size at a nore or less
-eonstant speed (see Section 2). This effect becones extremely inportant

in the largest sizes considered. Goup I-c, representing the effects

i
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TABLE A 111

TYPES OF ENGINES AND CRAFT
CHARACTER! STI CS SELECTED FOR ANALYS| S

a) Engines Selected for Analysis

Gas Turbine Conpound

Specific weight "m" - == See Figure A5 = ==
Fuel rate nen 0.72 0.36

b) Craft Characteristics Selected

H gh Speed Mbderate Speed
Desi gn Design

Maxi num Speed « Vi 48 35
Propul sive  Coefficient 0.50 0.60
(L/b) Ratio 8.8 11.5
Efficiency -« E 4.4 6.9
(sHP/A ) required 75 35

-
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dys of proceeding in the distribution of "useful®
weight.  The deadweight and range may be fixed, for instance, so that a
speed is obtained (based on engine characteristics which are also
variabl es). A'so, fixed speed and range nay be assumed, so that the
payload is obtained as the result. It is not within the scope of this
analysis, however, to consider all of the ramfications involved.
Rather, it is intended to proceed in a logical manner, illustrating the
possibilities of representative hydrofoil craft based on the design
studies considered. In this respect, an inspection of Table A1l shows
that the speeds involved do not differ radically between the designs.
Payload has been selected at about 202 of the full load.* Furthernore,
there appear to be two definite types of engines enployed; the gas
turbine with a high fuel rate, but low specific weight, and the heavier,
but more efficient conpound engine. It should be sufficient, therefore,
in this analysis to consider four variations; two types of engines and
two types of overall design concepts as shown in Table A,III. In one
pair of designs, the enphasis is placed on high speed (avoiding
cavitation, however) and in the other pair on efficiency. The engines
considered are the two variations defined above, the specific weights,
which vary wth power, are tentatively established by Figure A.3. The
required SHP/A is given in Table A,ITI. This Table, in conjunction

with Figure A3 gives a function of machinery weight against displacenment

“%An exception to this ig the 20-ton boat, which was designed
as an air-sea rescue craft wth small payload requirements.
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of "égfﬁicest' (berthing, messing, manning the craft, etc.) decreases
with size, this being a logical result of proportionally snmaller crews
required on larger craft. Figure A2 shows the ®hull" -group conponents
added together. The remaining weight percentage, depending on size, as
shown, is then available for the remaining weight groups (2 to L), i.e.
for machinery, fuel and payload. It is seen that for hydrofoil craft
correspending to the basic criteria assumed (see Section 1), there is
an optimum mrgin remining at about 100 ton. This neans that |arger
craft suffer from high-foil-system weights, and smaller craft from
certain redundancies in respect to crew, services, hull, etc. It should
be enphasized that the latter is not necessarily an indication that
smaller hydrofoil craft are not feasible; rather, it is a result of
maintaining unfair criteria into this range. (e should not expect
small beats to have the accommodations and conplete independence of

shore facilities for long periods of time as do larger craft.

Speed and Power

Having determned the margin of weight available for machinery, fue
and payload, for a given size, selection may be nade between the relative
weights of these items depending on speed, range, and deadweight re-
quirements of the design. The latter are wuseful®™ 'qualities; enphasis

may be placed on one of them at the expense of the others.

I-A.16
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TABLE A.IT -- DATA USED IN THE ANALYSIS

Y- 1

Sl ZE 20 Ton 50 Ton 100 Ton 400 Ton

CODE D-1 D-2 C-2 Cc-3 E=1 F-1 F-2

HIl  Form St epped Stepped |Stepped PT PT D.D PT T
Foil  Configuration Airplane Airplane [Airplane Canard [Canard |Canard Tandem G
Hill Length mgn Lk.0O Lh.o 60. 0 62.5 85.0 170.0 150. 0

Hull Beam mnpn 12.7 12.7 16.0 16.0 2L.5 29.0 35.0

Foil Span "pn 16.7 16.7 24.0 24.0 28.0 60. 0 52.5

Mix. Draft wgm» 9.8 9.8 12.5 12.5 15.8 30.8 29.0
Engines:  Make Packard Sol ar Packard Napier [Packard |[Fairchild [Hypothetical

Type Gas 3as.Turb. |Gas Conpound | Gas Gas. Turb. |Compound

Type of Drive Incl.Shafi |[Rt.Angle |Incl.Shaft Rt.Angle|Rt.Angle|{Rt.Angle |Rt.Angle
Number of Shafts 1 1 2 2 2 3

Engi nes/ Shaf t 1 2 1 1 2 L

ol Speed Vmax, knots |L8.0 42.0 5.0 50.0 50,0 47.5 45,0
‘82| Shaft- Horsepower 1400 1000 2800 3500 30,000 25,000
gg Range “R" 395 . 3L5 620 890 88600 L4oo 715
“ 5l Endurance mpe 7.9 8.2 13.8 17.8 13.8 8.4 15.9
z;,;“,:: Efficiency “E" L.72 5.78 5.53 4.91 L35 L.95
a,| Machy.Spec.Wt.,"m" |7.1 9.2 7.5 6.0 8.34 ko6 8.5

Fuel Rate te® 0.58 0.90 0.58 0.36 0.58 0.72 0.36

we | HUll Struct.. (l-a) |29.5 29.5 21.0 . |(21.4 20.1 20.0 20.0
e3| Foil System (I-b) [10.0 10.0 6.0 6.8 8.0 18.0 16.0
"3l E.& 0. Etc. (1-c) |20.5 20.5 12.2 12.2 13.7 9.3 9.3
£~| Machinery (2) 22.0 20.5 18.8 18.8 18.2 15.2 23.7
&‘E Fuel (3) 15.0 16.5 20.0 20.0 20.0 20.0 16.0
25| Payl oad (k) 3.0 3.0 22.0. 20.8 20.0 17.5 15.0

NOTE:  Hull is alumnum and foils are stainless steel in all cases.
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Engi ne Boei ng Chrysler Packar d Packard W100 [ M Alison | Wi ght Npier.. - -
Type Gas  Turbine | Gasoline | 16(e) Diesel Gasol i ne Gas Turbine|iasoline [E-lL5 Diesel.
Continuous Rating (SHP) 160 200 800 1400 1600 1700 1750
at run per nminute 2900 3800 2000 2000 2Loo 1600
Maxi mum Rating (SHP) (1200) 2500 2000 3250 3045
at run per nmnute o 2800 2900 2050
Fuel  Consunption (a), 1,30 0.53 0.kl (0,58) 0.75 0.45 0.3k
in (Ib/HP) per hour S T
Hours Between Overhaul s 1200 750 500 700
Status of Devel opment Har dwar e Har dwar e O Paper Har dwar e Devel opment [ ar dwar e Testing
Appr oxi mat e Di mensi ons:
Length (ft) 5.0 4.0 10.1 11.3 8.5 8.5
Wdth (ft) 2.8 2.7 3.7 3.8 5.3 5.0
Hei ght (ft) 2.9 2.6 L7 5.0 5.3 3.8
Viei ghts  (b)
Bare Engine in Ib 230 1103 LL30 L32h 2700 3700 3600
Specific  (Ib/HP) 1l.hh 5.52 5.53 3.09 1.75 2.18 1.89
Accessories in |Ib 60 976 58l (1380) (1530) 1900
Specific  (Ib/HP) 0.38 1.22 0.42 (0,80) {0:90) 1.00
Foundations in Ib 32 (288) 510 (6L0) (510) (550)
Specific (I b/HP) 0.20 (0.36) 0.36 (0.L0) (0.30) 20, 36).
Liquids (d) in Ib (6L) (L32) 691 Eého) (680) 1300)
Specific ~ (Ib/HP) (0.40) (0.5L) - 0. 49 0. 40) (0.L0) {0.5L
Sub Total in Ib 386 6126 6109 5360 6490 7350
Sub Total Specific 2.42' 7.65 L.36 3.35 3.78 3.79 .
NOTES )
(a) at continuous HP, not including lube oil
IS based on continuous out put TABLE 3.3

(b) The specific weight
including ducting weights
fuel

(e¢) not

(a) not including

(e) Mark 12, with 6 instead of 8 cylinders,

Val ues

Is testing
in brackets are approximate or estinated.

All turbines are geared down to the quoted rpm val ues.

The gear weight

IS included in the "bare" weight.

LIST OF MODERN LIGHT-WEIGHT ENG NES ¥
SUITABLE FOR APPLICATION IN '}
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