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FOREWORD

THIS HYDROFOIL HAMDBOOK HAS BEEN PREPARED
BY 0IB3S & COX, INC. ACTING AS THE DESIGN
AGENT OF THE BATH IRON WORKS CORPORATION
UNDER OFFICE OF NAVAL RESEARCH CONTRACT
NONR-S07(00). THE FOLLOWING WERE DIRECTLY
RESPONSIBLE FOR THE PREPARATION OF THE
TEXT OF VOLUME It

Mr, 8, P, Hoerner -~ Editor and Contributor
Mr, W. Ho Michel -~ Contributor

Mr. L. W, Ward - Contributor

Mr, T+ M. Buermann - Project Coor.iinator
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IN THR PAEPARATION OF THIS HANDBOOK, USE HAS
BERN MADE OF WORK PUBLISHED 3Y OTH¥RS, EVERY
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FACT BY SUITADLE NOTATIONS AND LISTS CF
REFEREBNC®S, THUS ANY OMISSIONS ART INADVRPTENT,
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HYDROFOIL HANDBOOK

VOLUME 1

DESIGN OF HYDROFOIL CRAFT

INTRODUCTION

The Hydrofoil Handbook 1s subdivided into two volumes, This first

volume presents the more gensral aspects of design and development of

- hydrofoil oraft, as distinct from the more specific hydrodynamie

information in the second volume, All that can be said at this time

regerding eonfigufation and acneral design of hydrofoil systems is

- presented in a form which is believed to be understandable to the

engine¢r sngaged in the art of hydrofoil-craft design.

The materisl 1s arrangsd under chapter headings as indicatéd in
the Table of Contents, In order to give the readar some knowledge of
ths hackground of hydroZoil ressarch and development over the yeare, a
brief historical review is given first of the developed types and of
hydrofoil boats astually buiit. The influence of sire and speed is con-

sidersd nrext, showing the major paramatric relationships of size, spe=d
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CONF1DENTIAL INTRODUCTION

and power.in hydrofoll erafts with indicatic..~ that hydrofoill bL.: .9
have predominant application in small sizes -~d i.; higher speesds - as

compered to displacement-type ships.

[ A synopsis of major considerations infliennirg the choicse of con-

52‘ ;wa ‘ fijuration is given, The advantages (and di .advantizea) of the various

| §  . ' systems are reviewed. Arrangement of componeni parts of the foll system
| aonsidered, Hull shape, construction materials and machinery types

are discussed.

Means of enalysing and calculating performanos characteristics are

presented, insluding such aspects as tnko-off, speod ard turning.

Balance and stability of hydrofoil boats are analysed to some extent and

F Fen e

’ practical conclusions affecting the design are .uade, sﬁructural loading

conditions applicable to hydrofoil srait in gonerai are r.~.u; .nd

methods for structural design of ‘ne foll~ztrut configuration and the

hall are indicat '« Mnmally, N umalysis is made of the various design
studies undertaken to date by Gib%s & Cox, Ina, in one of the Appendixes, g:i

e e it 2 - 2

In praparing this velume, in’:rmetion wam extrasted from available

publications en existing hydrofell boat‘ﬁ Tvalustion of this material

45 based upon the experience the authors have scquired in analysis,

B design, and eperation of such oraft, 8ince thie experience is still

linited, some of the conolumions reached may be eonsidared tentative and

susceptible to revision after further expsrience is gainad. Tt 1s felt,

CONTIDENTIAL
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CONFIDENTIAL INTRODUCTION

howsver, that information based on admittedly limited knowledge should

be includid rather than omitted.

on certain aspects of hydrofnil boats, no information ia available
from outsids sources, In these instances, the authors have presented
the results of their own stvdies, performed under direction of the Havy's
0ffice of Naval Research at (Gibbs & Cox, Inc, The results of these
studies are mar§ detajled than could be presented in this handboock. The
Judgement of the authors in selecting subjects and conclusions, and their
personal preferences in doing so, are naturally invclved to some axtent.
It should alu§ be admitted that this volume is not complete; it does not
yet give the answers to all questions which may arise in the design of
hyﬂrofbil boats. For example, more should be knowr and presented on
dynamic stability, structural weights and machinery aspects. It is hoped
that further development work (including operation of full-size boats)

will establish the experisnce necessary for the treatment of these items,

~
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CONFIDENTIAL ' HISTORICAL DEVELOPMENT

[
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1. INTRODUCTION

The principle of a hydrofoil traveling through water and supporting
a hull is baaically the same as that of a wing travelirg through air and
supporting a fuselage., The fact that the principle -~hould apply to
water as well as air was'known prior to the turn of ths ecentury, and

hydrofoil experiments paralleled ths development of the airplane,

The attractiveness of the hydrofoil-supported craft over the con-
ventional watsr-borne craft iz that it can be operated at high speeds
with the hull out of water, substituting a more efficient lifting
surface (the foil) for the large hull, the drag of which becomes

. QE} : sxsessive at high speeds, Another important feature is that the foil

e g s

R Y R e e i e e 6 i

" 48 not influvenced by waves to the extent that the hull would bej the
hydrofoil-supported craft, therefore, has better riding qualities and/or

higher sustained speeds in a seuiuy.

N
Al

Prograss in the devslopment of hydrofoil boats was slow, however.
The dosiro for apeed was met by the airplane, while efficiency of trans-
port was mst by the displacement ship operating st slow speeds. Never-
theless, & surprisingly large number of hydrofoll boats have been
designed, built and tested during the last fifty years, In recent years,
with the advance in marine technology and the urge for higher ship speeds,

hydrofoils have been given more and more attention,

Hydrofoll systems muy be classified under four basic types,

<§§" indicated as followa:
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HISTORICAL DEVELOPMENT

Multiple~Foil "Ladder" Systems, Such configurations employ
units of two or more foils arranged one above the other,
similar to a ladder, Control of the craft's height relativa
to the water surface is afforded by the alternate submergencs

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

Surface~pPiercing "V" Foil Systems, This configuration
smploys V-shaped foils whose tips plerce through the water
surface, Control is afforded by the increass or decrease

of f0il ares, as required,

Subtmerged Foil with Planing Surface Control. This configur-
ation employs a large load-carrying foil completely submerged,
with piaﬁing surfaces at the forward end of the oraft,
Control is afforded by the planing surfaces maintaining their
pocithn at the water surface, while the craft trims to
diffsrent angles thus imrosing changes in foll angle and

consequent changes in fodl 1ift, as required.

Fally Submerged Poll Systems., This configuration employs

fully-submerged foils., Control is afforded by remote means
(mechanical, elsotrical, etc.) that change the angles of
attack of various foil components in relation to the eraft,
thus changing the 1ift, as required,
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CONFIDENTIAL HISTORICAL DEVELOFMEINT

There are many variations of tha above systems and various com-
binations of different elements., Most of these configurations have
been explored almost concurrently in the early experimental years, but
actual developmants of usable craft proceeded roughly in the chronological
order, »s listed atove. QGenerally, each type of system ia somewhat more
difficult to design and perfect than the preceding one; attaining,

howsver, somewhat greater efficiency and refinsment of control,.

Progress is contimuing in the development of all types and arrange- _
ments, The historical review presented herein will describe briefly the
elsments of the various systems, their development and psrformance
chafactoriltiol, and soms of the sctual oraft that have been built and

operated uti’ising hydrofoils.
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CONFIDENTIAL HISTORICAL DEVELOPMENT

There are many variations of the a':cve systems and various com-
binations of different elements, Most of these configurations have
bean explorad almcst concurrently in the early experimental jaara, but
actual developments of usable craft proceeded rovghly in the chronological
order, as listed above. QOenerally, each type of system is somewhat more
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 will describe briefly the
eslements of the various systems, their development and performence
characteristios, and some of the astual eraft that have been built and

operated utilising hydrofoils,.
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CONFIDENTIAL HISTORICAL DEVELOTMENT

NOTATION

length of hull in ft
resistance in b
total weight in 1b
total weight in tons

speed, usually in knots

5; < > ® mw

. 14ft over drag ratio
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CONFIDENTTIAL HISTORICAL DEVELOFMENT
2. MULTIPLE-FOIL LADDER SYSTEMS

Mt the turn of the century (1898 to 1908) Forlaninil was ax-
perimenting with multiple foil systems attached to the sides of a boat

by
5

-~
. V=207

{Figurs 1.1)
rungs of a ladder, losing supporting area as the unit emerges from the
weter and gaining submergad area if it becomes more deeply immerased.

A netural type of height stabilization is thus provided. By combining
two such system-, ones at each side of the boat, lateral stability is
readily obtained. By arranging two or more units in tandem fashion,
longitudinal stability is also provided, This multiple-point method
of stabilisation, preferably at three points, is also employed in most
of the later designs of hydrofoil craft., - Forlanini's (and Crocco's)
boats seem to have been in the neighborhood cf 1.5 tonc and 75 HF,

reaching maximum speeds in the order of LS knots.

Between 1908 and 1918, Guidonil ut4lizing Forlanini's results,
applied sets of V-shaped multiple foils to meaplare fleate (Figure 1.1)

‘ 1n order to facilitate their take-off, He and his anncriates in the

Ttalian Navy successfully overated more than ten differant seeplanes
betwesn 1400 and 55,000 1b total weight, with betwaen €0 snd 3200 HP.
The average foil loading in this development wam in the order of LOO
or 500 Ib/ft2 total projected foil area. Reportedly, take-off am well
as landing on the "hydrovanes™ was very smooth and in this recpec’ |

preierable to the hesvy pourding on ordinary planing floats, Ouldoni
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{8} PORLANINI BOAT

4
U

G

t) cmocco moar

o=

b4
4

(C) SUIDONI FLOAT

EARLY ITAL!AN DESIGNS
(REF, 1)

FIGURE 1.1

also realized the 1hf1uence of the craft size vpon the dimensions of
the foil system (in relation to those of the floats or boats) re-
quired to 1lift the airplane weight out of the water. In this reepect,
he reports that it became somswhat difficult to dr=ien foils 4n the
necessary size for the heavier seaplanes,
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CONFIDENTIAL HISTORICAL DEVELOFMENT

The maximum flying speeds of the airplanes involved at that time
were only 60 to 130 mph. The Italian development evidently came to an
end when, even in taking off, the aircraft speeds grew into one cleas
higher than those of water craft, Cavitation and ventilation muet have
pored problems which could not be ovarcoms, Nevertheless,‘rcferences 2
to § prove that interest and experimentation in hydrofoils as a means

of assisting aircraft in take-off, were resumed from time to time,

Experiments with multiple or ladder-type hydrofoil systems were
later repeated in Canada. A 5 ton eraft designed by Baldwin was built
and tésted around 1918 by Alexander Oraham Bell's research group on a
‘lako in Nova Scotia. Propelled by a pair of aircraft engines and air-
screws, the craft reached 70 mph = 60 knots (probably ;n smooth water),

'Thc Bell-Baldwin craft had an appearance similar to sn airplane, with a
cylindrical fuselage and stub wings supprorting engines and lateral foil

wnits., For 1llustrations of this design see references 6, 25 or 27.

Another multiple-foil motor boat was designed and built around
19k2 tor NACAQS. Arrangement and appearance appear to be similar to
the Canadian craft described in the next paragraph. No reonlta seem

to be reported, howsver, on the NACA boat,

The Canadian vay7 recently constructed a hydrofoil beat in th
order of 5 tons. The configuration, typical oflthe miltirie-foll
rrinciple, i1s presented in Figure 1.2, Test.ed in waves beiwesn 1 and

2 £t height, the minimum resistance of 20% {Figure 1.3) s higher than

CONFIDEYTIAL
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CANADIAN MULTIPLE-HYDROFOIL BOAT R-IGO (REF.7);
FULL-SCALE TRIAL RESULTS IN | TO 2FT WAVES,

FIGURE 1.3

the Bell-Baldwin's optimum smooth-water value (which can be derived

from refesence 6, as in the order cf %), At any rate, becanse of

interference between foils and supporting strots and possibly becauvse

of Ventilation, the efficiency of tne ladier-tyne hyvdrofodl system 18

gererally low, Disregarding this aspect, thn Carxdian boat has

|2
successfully operated at hirh spead in roveh vater=, Vholorraphs of f
this craft are presented in referenee 27. j
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CONFIDENTIAL HISTORTCAL DEVELOPMENT

A more modern multiple design (using V-shaped foils is the bost
designed by John H, Carl & SOnsa. A 12 £t model of the 53 ft craft

is shown in FPigure l.L. Employing one central strut for each of the

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

FIGURE 1.4

foil units, the mimber of corners is effectively reduced. The astruts
are raked and the foils are swe; t hack, 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 more than 6 tons.
Figure 1.5 shows a calm-water minimum resistence ratio of 13% for the
53-foot craft. The maximum speed obtained with a pair of LS50 HP air-
craft engines and air propellers is between 70 and 80 knots., Photo-

graphs of this craft are presented in reference 27.
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W:18,000L8.

X % 12 €T MODEL (AGAINST FULL-SCALE SPEED)
/ Oz FULL SCALE CRAFT (AUTHOR'S INTERPRETATION)

-
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20 40 60 80

V (KNOTS)

RESISTANCE RATIO OF CARL'S BOAT (REF B).
FIGURE 1.5
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CONFIDENTTAL HISTORICAL. DEVELOPMENT

3.

SURFACE~-PIERCING FOILS

Another means of stabilization is by surface-piercing, V-shaped
foils. Upon varying the depth of submergence of such foils, their
1lifting area increasea and decreases, respectively, automatically pro-
viding height stabilization., Because of the V-shape, these foils can
also have lateral stability of their own. Combining one such foil with
e small stabilizing foll attached to the stern of a boat can, therefore,

result in a stable configuration, such as Tiet jena’ designlh’ls.

The first example of a surface-piercing V-shaped foll seems to be

 Orosco's design, {llustrated in Figure 1,1. Ouidoni adopted this shape

in his multiple system,

Tietjens, a German asrodynamicist, demonstrated small boats (in the

order of 20 £t in length and up.to 2L knots in speed) on the Delaware

- River in 1932 and in Berlin in 1936, ' During the last war his single
O owynagedl design was employed in building a larger-sirs boat for the
German ﬂivy at the Vertens Boatyardls. Today, Vertens is producing

hydfbfcil boats in severzl sises, designed to the same configuration,

One of them 1w shown in Mgure 1.6,

Von Schertelld started his work en hydrefoil boats in 1927 using
lurfloo-pioroinc "y" foils, By 1935 he had complated 8 experimental
boats, He then ptarted development of a larger, pamssnpsr-carrying

boat for the XK8in-Dilaseldsr? Rhein-Schiffahrts Qessalachiaft, ending

CONFINPNTIAL
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P
-

VERTENS (REFS. I5 AND 25).

FIGURE 1.6 |

s
l -V

with a 32 ft demonstration boat 4n 1939 of 50 HP and 29 knots., During

the last war ia conjuriction with the Sachsenberg Shipyard, Schertel

designed, built and tested 8 or more boat types (a total number of

boats about twice that mumber) for t'a »=man Navy. This development

was intended to lead to the perfection of Schnellboats (the German

squivalent of PT boats) for service in the English Channel, The boats

had lengths up to 100 ft and displacements up to 80 tons, most of them

y; having Vimax ® 42 to 48 knots, An example is shown in Figure 1.7. The

Ql» - sketeh in Mgure 1.8 11lustrates the tandem arrangement typical of

_5 ‘ ‘ this development., The Figure also presents some tank-modsl results 1

demonstrating resistance ratios in the order of 3%. Veniilation,

CONFIDENTIAL
I - 1.k
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CONFIDENTIAL HISTORICAL DEVELOPMENT

cavitation and rough water had appreciable influence, howsver, upon

performance, behavior and stability of the full-sirze craft.

: : s,
. . b

I7-TON SCHERTEL-SACHSENBERG BOAT VS-6.
FIGURE 1.7

4[3 | ‘ A far as size anJl speed are concerned, Tietjenalh and.Schertal16
concluded that on a resistance basis, hydrofoil boats are superior to
displacement craft above a certain Froude number, thus favoring

~ higher-speed and smaller-size applicationa.

In retrospect, although Schertel-Sachsenberg's efforts advanced

the art of hydrofoil design, they did not pass the trial phase. At

the termination of hostilities in 19L5, the Russians took over one of

the Sachsenberg boats and most of the engineering staff, According
N  to reference 20, they now have a staff of LOO engireers mostly in the

‘é L Leniugrad area eéngaged in the design of hydrofoil boats to be used for

fast communic¢ation, as submarine chasers (60 tons), anti-aircraft
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CONFIDENTIAL HISTORICAL DEVELOPMENT ‘ L
ncruisera” (10L tons), and landing-craft with speeds up to 55 knots, gif.
Data of boats actually built in Russia are not known. , ;f
s
Von Schertel continued activities in Switzerland after the war. £
» The Supramar Corporation on Lake Lucerne duveloped an "excuréion boat "
. | for 32 paaaongeralé. This boat (Figure 1.9) 4s claimed to have been

in service for thirty or forty thousand miles,

e o g A o T AT
iy B .

s-fou SCHERTEL BOAT ON LAKE LUCERNE,
FIGURE 1.9

"V"-‘iﬁl.ped hydrofril sy:tems have experienced scre difficulties

;' viﬁen turning, plrtiy ﬁécause of ventilation, It seems, however, that ;

) Tictj§nu as well as Schertel have overcome this difficulty by applying i‘?
curved foils of circular-arc form rather than V-shaped folle. Some ‘i»
of their boats are reported to bank inboard in turns, éu‘

1 -1.17
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COMFIDENTIAL HISTORICAL DEVEILOPMENT

It is aleo possible to combine 3 or L single V-foil‘unita, thus
@tatzivg e akility of a 3~ ar h-votnk srviem. This was dere by
she Baker Mamfacturing Company2l in Wisconsin. Pigure 1.10 shows
an urrungimnﬁt'of i retractable *V" shaped folls, Full-scaie

meistmoo results (Figure 1,11) clearly show superiority in per-

formance of this type over any ladder-type system.

" BAKER BOAT FOR ONR (REF 21).
FIGURE 1.10
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(%)-y. 904{

CAVITATION-VENTILATION

FULL-SCALE TRIAL RESULTS OF THE
BAKER BOAT (REF.2l).

FIGURE 1.1
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CQNFIDENTi@& HISTORICAL DEVELOPMENT

L.

STABILIZATION BY PLANING DEVICES

Another means of stabiliszing hydrofoil eraft is by planing skids
located at both sides of the bow, In flying condition, the height of
the planing surface is approximntely fixed at the surface of the water,
Between 10 and 20% of the boat's weight is carried by the skids. The
main foil, located aft of the craft's CO and fixed relative to the hull,
adjusts itself to the proper angle of attack as the hull trims about the

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

The described system may be named after its original designer,
Gr&ﬁborg9, who proposed and model-tested such a craft in France before
1939, Model-test results of the NACALO, reproduced in Figure 1.12,

ihow a minimum ratio R/ in the order of 10%. In this system as well as
‘in the later described fully-submerged types, a hump in the fuction of
R sgainst V at “take-off" speed is quite typical.

A

» A small sxperimantal boat was buiit and tested for ONR by the
Joshua ﬂbndy Corp. of :California26 employing Grunberg-type stabilization.
It was found that the planing skids sdd considerably to the resistance.

R Anotﬁdr Grunberg configuration is the 21 ft long landing-craft model
buiit by Gibbs & Cox, Inb.11 (Pigure 1.13), In testing this boat, it was
found desirable to have 10 to 20% of the boat's weipght on the skids,
Planing skids are actually a component going one step hsck to ﬁl&ning

oraft, with pounding and & certain amount of spray involved, Considerable
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ivorovement resulis from incorporating shock absorbers or auxiliary

" foils in the skid system.

| LI
. z SUBMERGED FOIL : | iw é ;;}
£~ /7 |

4 / 1/8 SCALE MODEL OF

sKiDs BOAT , HAVING
4 *30 TONS
LeBEFT

20

R (O

FULL-SCALE KNOTS

CHARAGTERISTICS OF A GRUNBERG GONFIGURATION
MODEL - TESTED BY THE NACA (REF.10).

FIGURE 1.12
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FULLY SUBMERGED FOILS

Fully-submerged hydrofoils camnot give sufficient hydrodynamic
#tability of their own, We may assume that this became evident in
Richardson.White's sxperiments with a dinghy . 191122 which was
squipped with submerged, and only mamually adjustable foils., It is
possible, however, to control and to stabilize a fully submerged foil

corfiguration by means of a suitable "artificilal® control syctem,

A purely mechanical system for controlling a submerged foil syatem
was successfully applied by Christopher nooklz. A® illustrated in
Pigure 1,1k, a pair of fioating and/or planing "jockeys" "feel" the

‘wkttor surface, The jocksy motions are utilized to control the angles of

attack of fully submerged forward foils. Heipht and roll stabilization

are obtained in a manner, which for each front foil, is similar in effect

%o that 4in a Orunbbrg configuration. Again the rear foil follows in

"weathercock® fashion,

An 1Mitd.gltion by the British Admira’.l.tyu calls the craftv"stable
as a church® in waves, After replacing the air propeller shown in
Figurs 1.1k by a eonventional outboard motor, the Hock configuration
appears to be & favorable design in smaller sizes, The minimm resist-
ance ratio plotted in the graph could be improved by inereasing the

aspact ratio of the foils,
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NOTE: TO DO THE HOOK DRSION JUSTICE, AN

ESTIMATED AMOUNT OF A(RA)E » 0,035 Vey /sec
HAS BEEN SUBTRACTED FROM THE ORICINAL RESULTS.

Lnu\.' s rt
w steLs
w/8 s18 Ls/Ftt

0

v

FT/SEC

{

RESULTS OF A fOWlNG-TANK MODEL INVESTIGATION (REF.13) OF
THE HOOK HYOROFIN BOAT (REF.12).

FIGURE 1.14
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Another means of controlling fully submerged foils is by an

electro-mechanical control system similar to an aireraft eutopilot.

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

combination with a tandem-hydrofoil configuration (Figures 1,15 and 1.15), -

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

sensed by a series of electrical contacts on a pair of tstruts®,

Through a series of relays, electrically driven actuators are positioned,v

thus adjusting the angles of attack on suitable parts of the foll system.

Several arrangements wers investigated in this way:

b,

Controlling all of the forward foil and the two halves of

the rear foil.

Controlling the two halves of the forward foil and all of
the rear foil.

Gontrolling the two halves i“Mcward and only trimming 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, All of the arrangemsnts

~1isted provide control in height, pitching and rolling (also in turns),
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GIBBS & COX RESEARCH CRAFT (REF. 23), OPERATING
IN A FOLLOWING SEA,

FIGURE 1.16

s L

1 . “%ge%
TAKE-OFF  _ _ poftP®

(&)" | o 0300 0,000 £o
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0 2 P s e 0 12 1 s [

KNOTS

GIBBS & COX,INC. EXPERIMENTAL HYDROFOIL CRAFT (RTF, 24);
RESISTANGE WITHOUT PROPULSION PARTS,

FIGURE 117
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CONFIDENTIAL HISTORICAL DEVFLOPMENT

Fully submerged folls may be expected to give the smoothest ride
in a seaway. The advantage of an electrical system lies in the re-
finements that can bs added by using gyroscope-comtrol elements in

' association with the water-level sensing system to provide a variable

control range and a craft behavior which is superior to that of hydro-

dynamically stabiliszed oraft. Automatic control appears to be optimum

e e SPe

[ ‘
P for larger-sisze hydrofoil boats., Migure 1.17 shows favorable resist-

. ance characteristics of the Gibbs & Cox, Inc, experimental craft ]

(Hg\n‘ﬁ' 1.15 and 1.16)0

Another design utilizing submerged foils is that of the Hydrofoil i

Corporltion"’s. tested in 1954, Figure 1,18 shows this boat underway. e

R o R S,

Q:?

ﬂﬁm,wgm.g_?éw . t?““‘fﬁ?r“_ e

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

o | FIGURE 1.18 o

&
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6. OENERAL DISCUSSION -

qfldisplacement.

Discussions of the hydrofoll development have been presented in
references 16, 22 and 25, In these publications and in reference 27,
ot ~ there are also additional photographs showing many of the boats

mentioned. Soms general analysis of their characteristics can be glven,

fxamination of the boats listed in the Table on the following page

" shows that most of those designs have a "Froudc rumber® Vi, :./

\ 1/6 '
(lstona) / , in the order of 30, although the Canadian multiple-foil zl
’ bbitq6’7 aré in the ordar of LS. Al) known boats are below 100 tons

Considering the resistance ratios plotted in the preceding graphs X
. . (dhd other information), the following generalized grbups of hydrofoil
" boats may be listed. Rssentially, this 1ist is chronologicalj and it

showe a decrease of resistance and an i.sreace in efficiency with time,

insluding propulsion paris.

-

CONFIDPNTIAL
I - 1.99

- Pyps of éyitcu Footnote (RM)min (/D) max %
Multiple () 16% 6 f
Grunberg (b) 1% 9
Piercing (c; 9% 11
Submerged : (d 1.} 4 13

Average minimum resistance ratios are estimated for smooth water,

() Results in Figure 1.3 (with 20%) were tested in waves,
e | (v) Only test results on incomplete models are axisting.
(¢) At maximum speed, the full-scale value msy be hLigher,
(d4) Gibbe & Cox found 6% without propulsion parts,
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CONFIDENTIAL HISTORTCAL DFVELOPMENT
TABLE, LISTING A NUMBER OF ACTUALLY
BUILT AND 1£STED HYDROFOIL BOATS

Design Reference| Year | Tons HP Lt Yknot-s
 Bell-Baldwin é 1918 | k.9 700 | 60 60
Canadian R-100 7 1952 | 5.6 | 1250 | LS 60

Carl and Sons 8 195k | 6.7 900 | 53 70-80
Tiet jens 1L 1932 ? 10 { 20 22
Vertens~Tiet jens 15 1943 | 13 1300 | L6 Sk
Vertens 15 1952 | 9 500 L6 Lk
Vertens *Cruiser® 25 1953 | 2.5 165 29 35
Vertens Runabout 25 1953 | 0.7 30| 20 28
Sachsenberg VSG 16 1962 | 17 100 | 53 148
j Sachsenberg T8 16 192 | 6.3 | 380 | 39 4o
5 {0  sachsenberg vs-8 16 | 1543 | 80 | 3600 | 105 L2
é Sachsenberg V8-10 16 1943 | L6 Léoo | 82 60
" Schertel Experimental | 16 1947 | 2.8 8o | 12 27
_ Russian Sachsenberg 20 |9k |57 | so00 | 82 [ S0
; | o Swiss Schertel Boat 16 1952 | 9.5 Lso s Lo
% Baker Commercial - 1951 | 7 10 | 1l 22
K  Baker for ONR 2 | 1952 | 2.5 | 125 | 23 35
k Joshua Hendy 26 1950 { 0.3 | 10(?)| 1k 21
‘Gibbs and Sox 23 1952 | 1.0 18 | 20 1l
3 gibbs and Cox - 11 1953 | 1.1 50 | 21 25
; Hydrofoil Corporation 25 195 { 10 200 35 ?

)
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CONFIDENTIAL HISTORICAL DEVELOPMENT

Considering in the presented illustrations the tested functions of ' ?4;
j resistance as a function of speed, the Baker boat shows some increase of

the (RMW) value beginning approximately at 28’kn6ts (possibly because of

ventilation)., The Canadian boat has similarly a critical speed at 35 k ;'? %

knots (probably because of cavitation)., The fact that Sachsenberg boats |

have reached maximum speeds up to 50 knots and the multiple-system boats
3‘ ' ,' up te B0 knots, can only be understood by assuming that this was achieved

in ventilating and/or cavitating condition,

Unlike speed paffonmance, stability and behavior characteristics
cannot be quoted in rumbers, In a general way it may be said, howaver,
that all "V" foil systems, ladder-type foil units, Grunberg skids, and

(“k - - incidence control systems have certain satisfactory characteristics.

R A e RN

Statements on the smoothness of riding on foils in rough water are found

‘4n various reports, Therefore, higher sustained speeds are expected

from hydrofoil boats.

e A A

' Some of the surface-piercing types seem to have trouble because of

e
g -

; g ventilation breaking-in along the piercing ends, especially in turning.
: ?l Vith fugard to turning, Schertel reports turning circles of between 3
?i and 7 times the boat length (of 53 ft) for his 17-ton VS0 boat. 0Oibbs
?‘ & Cbx'e 1952 resaarcﬁ cx‘lf‘tzh made turns in the order of L or 5 times L
its 20 ft length, e
%‘_ Also, at certain unfavorable speeds, followirpg seas can be trouble-

mome, Orbital motions combine with the forward speed in this caez, or

R e R AP I I e

R
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CONFIDENTIAL HISTORICAL DEVEIOPMENT
:

that the foil has the tendsncy of flying out of the water, Subsequently,
the foil may stall, and the boat's hull may sit down onto the water,
Schertell6 reports, however, that his 80 ton boat V83 performed very , %}i

well at all headings, traveling at 37 knots, in a 6 by 120 ft seaway,

CONFIDENTIAL
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CONFIDENTIAL SIZE AND SPEED

INTRODUCTION : e

Oross weight and speed are basic quantities which determine to

a large extent the function of a vehicle., These quantities are

inter-related as a result of the performance and component-weight
characteristics of the craft, This means that machinery 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

T R ST T T

‘ apeed, such as foil area requirements and cavitation. These are
R discussed and some relationships derived. The latter are used in
¢
i conjunction with the results of certain hydrofoll design studies
'g (”j to compare hydrofoil craft with existing craft on a size-speed plot.
§ .
¢
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1 CONFIDENTIAL SIZE AND SPEED
3 NOTATION
1 D drag or resistance =
. W weight in 1b, possibly = L b

L dynamic 14ft (also length of hull) b
A displacement in long tons 18

; L/p 1lift-drag ratio e
I P effective power (in 1b ft/sec) MRS
g PP effactive horsepower

% SHP shaft horsepower

S 2 « BHP/SHP = propulsive efficiency

- JH = nL/D = overall efficiency

§ \ T endurance in hours

‘o , R range in navtical miles
! 8 planform area of fnil sytem

1 ‘ v speed (in ft/sec)

gl - Q density of water (1b aacz/ﬁ;b)

g e q - 0.59V2 = dynamic pressure

1A Cr, = L/qS = 1ift coefficient

18 ) = D/qS « drag coefficient

b foil span
: ( ' t/ec - thickneas ratio of foil section

S - A = b2/S = foil aspect ratio

Ck L length of hull (also 1ift)

= B beam of hull in ft

. " H draft of hull in ft
) SN - Cp block coefficient
g k weight fraction (with proper subscript)
N § : P -~ welght fraction for machinery and fuel
b . Subscripts:

i : % F for foil system ' ;
o h for hll 1
S o for machinery g

| S ! for fuel
{ : P for payload ¥
Y k indicating knots
{ : :

B
{
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( - which is meant to include mechanical as well as hydrodynamic

R

CONFIDENTIAL SIZE AND SPERD

1. SPEED-POWFR-WEIGHT RELATIONSHIPS

a&. Required Power

A craft moving at the speed V (ft/sen) and experiencing a drag
D (in 1b) requires a certain effective power delivered by the

‘ pfopellers
v

P(1b ft/sec) =DV; ' BHP = DV/550 = DV, /326 (2.1)

- whera BHP is the effective horsepower. This relationship may
be written in terms of the shaft horsepower SHP delivered at the

machinery, by introduoing the overall propulsive efficiency R

losses, thus 3 - MIP/SHP. The above expression (2.1) then

‘becomes:
JSHP ' e« 6.88 (2.2)
Bton n L/

wvhere [& = displacement in long tons ‘ i
V, " #peed in knots '
1/D . = 1ift-drag ratio

This then gives the powsr required to drive a craft of the displacement
l& and witﬁ the efficiency described by (L/D), at the steady speed Vice

This expression is a general one, applicable to any condition of

speed and load - indicating the power required for the conditiens

considered.
CONFIDENTTAL,
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CONFILTRTIAL SIZE AND SPEED

The power required to be installed in the craft will be that

corresponding to maximum speed and full load condition, i.e.

O N L

(sup)/A) reqrd = %8_58. v, (2.3)

where the notation "EW = “overall" efficiency = y (L/D) has been
1ntroduced for simplicity, n and L/D being those values corresponding .

to maximum-speed and full-load conditions. A chart has been prepared |

e s I
B

(Figurs 2.1) on the basis of this expression, which allows the selection

T e

of power for a given speed and overall efficiency "E". Statistical evidence
48 included in the graph, taken from the Table on page 1.30 of Chapter 1, \ ’ éﬁ{
indicating B values for actually built hydrofoil boats between L and 6,

"at speeds between 10 and LO 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 emphasized that the expression (2.3) refers to a

specific condition in a particular desi-r. This means that variation of

load or speed implies designing of a new craft for the new conditions

selected.

jThe uss of the 1lift-drag ratio appears to be very convenient as a

parameter to express the hydrodynamic qualities of the craft. The

o TN s I

frictional drag (in 1b) of a displacement-type ship varies, approximately

as the square of the speed; because of wave making (as a function

D of Froude nmumbsr) it may also grow corresponding to a power higher than

; two. Thus, the lift-drag ratlo is at least

CONFIDENTTAL
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CONFIDENTIAILL SIZE AND SPEED
L 1 times f{Froud b d hull sh .2.
- ~ [717 me8 f(Froude mumber and hull s ape)] (2.4)

On the other hand, in the case of an aircraft or hydrofoil craft (or a

fast planing boat), the 1ift is due to dynamic pressure on the 1lifting

surface (wing or bottom). Both 1lift and drag depend accordingly on

the square of the speed, Therefore the lift-drag ratio for equal design
conditions (i.e. maximum speed, full load) and for designs of the same

aerodynamic cleanness, is substantially constant. Thus, for such craft,
the Quantity Ee=q (L/D), which includes the propulsive efficiency,

is a good measure of the overall performances; and this quantity should

not vary between similar designs to any'great extent.

To sum up, the power required to be installed in a craft may be

~ found by a aimple relationship (2.3) depending upon full load, maximum

speed and "overall efficiency" E, the latter being substantially constant

between similar designs of high-speed, dynamically supported craft.

-
<

DESIGN EXAMPLE NO. 2.1

What is the SHP required to propel a hydrofoil boat of
A« 50 tons at o speed of V = 1O knots? Assuming a lift-drag
 ratio L/D = 10 and a propulsive efficiency n= 0.5, the overall
efficiency is found to be E = 0.5 10 = 5. Entering the
graph (Figure 2,2) at V = L0 knots, the specific powsar required
is found to be (SHP/A) = S5, for £ = 5. The needed power
- is then 55 50 = 2750 SHP.
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I - ?-7

— B N

[P WEpLIP I A

cw m e m e

o g s




CONFIDENTIAL SIZE AND SPEED

b. Available Power

Disregarding limitations of machinery due to permissible space,
the power available (i.e. possible to be installed) in a craft of
certain bﬁsic characteristics, depends upon the margin of weight left

over for machinery, and upon the specific weight of the machinery. §

To illustrate this dependence, a breakdown of the welght components

of water craft is made as follows:

o gt e

P

"Hull" weight denotes the built weight of the craft excluding

machinery items, but including equipment, outfit, fittings,
hull engineering, etc, This weight component also includes the

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

e I e e Y

ety oo

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

hydrofoil craft.

"Machinery" includes all items required to propel the craft, such

as main engines, machinery foundations, auxiliaries, transmissiocn,

shafting, propellers, etc, Liquids that are not consumed, are

-included too,

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

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

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

cargo, passengers, majil, etc. but not the crew etc. requiied to

CONFIDENTTAL
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( ‘
operate the craft, In a military craft, the armament,
;‘ ammunition and extra crew required for such purposes aras con-
3 sidered as payload too. :
i; There are some marginal ltems difficult to put in one group or
SE . .
L}y another - common se¢nse must be used to place these itema, All the :
?l weight items must be included in one of the four groupings, since
L
‘% their sum must be equal to the full-load displacement.,
f The following assumptions are made as to the primary functional
'.i dependence of the items on the primary variables: j
A
MHyu11n A/ - i ~
' m (SHP) I
H N CR - "Machinery® Am/ 4 2250\ & Jinstalled S (2.5) .
MFueLN Y . (sap) i
_ - - Af A 2250 installed .
"Payload® Ap/ A =k, ' )
where l& = gross welght in long tons _ ‘
-~ with ‘ subscripts as atove
(8HP/A) installed = apecific SHP installed g
n = machinery spscific weight 1b/SHP
e » overall fuel rate 1b/SHP per hour
T = endurance (full power) hours

"k* indicates weight fractions whizch - along with "m" and ®c" -

CONFIDENTIAL
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are constants in a particular design. The sum of those weight
fractions must be equal to unity, giving a relationship between the

variables as followsi

p - -ﬁ‘-'i‘-A:‘-A'-- 1-kp-kp= !SHYAE%E?.HM (m+ cT) (2.6}
Some numerical values for the weight fraction kp are given in

Appendix A", Assuming that the fractions ky and ky have been fixed,

there remains the fraction of the gross weight p- (1 -kp - kp) as

indicated in equation (2.6) - available for fuel and machinery.

Considering a certain type of engine with certain values of "m" and

feh and considering a fixed high-speed endurance T, the maximum power

pdsaiblo‘ to be installed under these conditions is thens
'(S{P/A) available = 22h0.’1/(m + cT) (2.7)

Values of *"m® and "c* for typical engines are also given in Appendix
_WA",  The quantity (m + cT) is seen to be an effective specific
- weight of the machinery, i‘ncluding the fuel for a given endurbance.

£ the rango‘instead of the endurance is specified, the relationship
T = R/, (hours) ‘ (2.8)
may be used, where

R = range at Vi in nautical miles

Vk = maximum speed in knots

CONFIDENTIAL
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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 reguired power to the available power, thus:

2240 p . SHP _- 6,88 v . (2.9)
m+ cT a B

It should be noted that in using basic engine information

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

- other component parts of propulsion have to be added before entering

the value "m" into any calculations, A design example is

presented fo= illustration.

CONFIDENTIAL
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DESIGN EXAMPLE NO. 2.2

(a) what is the payload of the craft considered in Example No.2.l,
on the tasis of a specified range of 300 milea? - 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 left-hand
part of the graph. Two such lines are shown as examples,

Assuming now a "typical gas turbine", it is found that (m + cT)» 10.
For this value and for a value of SHP/A = 55 (as in Example No.2.1)
the upper left-hand part of the graph indicates a weight fraction
for (machinery + fuel) of p wm24%. The payload fraction is then

k. =1~ - pe For an assumed hull-weight fraction of k;, = 0.l,
tge available payload fraction is then kp =1 - 0.4 - 0.2L = 0.36;
and the payload is 8p = 0.36 50 = 18 tons.

ks AT T

(b) wWhat 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.k, the weighf fraction p = 1 - 0.4
, ' 1 = 0.2 = 0,4, Combining this valus with the value of SSPSHP/ton
( -~ 71 in the upper left-hand part of Figure 2.2, the value (m + cT) ==
' ' 16 1b/HP is obtained. Using the gas-turbine line in the lower
left-hand part, the available endurance is found to be T=16 hours.
: Using however, a compound engine (as given in the graph), the endurance
: : is in the order of 21 hours. A similar variation of endurance
(or range and payload) can also be found if comparing a heavier but
more efficient Diesel engine (with ¢ ~ 0.L) with an average
gasoline engine (having ¢ » 0.6). Comoining now Tse 21 hours
with the speed of 4O knots, a range is cbtained in the order of
- Rs» 850 miles,

CONFIDENTIAL
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¢. Maximum 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 maximum speed for a craft having a certain performance,
certain weight characteristics and a specified engine - depending on

the endurance:

Vkmax = 326 E p/(m+ cT) (2.10)
A similar function, depending on the range, is:
Vimax = 326 SE-- ¢ R/m (2.11)

v;t is Qéen that there is no direct influence of size on speed. The
only connection between the two arises when size affects one of the
‘"cohétanta“ (x, ps ™ stc.) in (2.10) or (2.11) above (as it actually

, ¢¢¢3). 'Alad; 1t should be noted that ti» range too, is essentially

’ ~1nd§péndont of size for a given speed, In fact, the only reason

vﬁhy~‘larger displacement craft have higher ranges than smaller ones
’is the beneficial decreaass of the Froude number with increasing size
at fixed speed, which increases the efficiency E. This is not true of
vhydrcroil craft, however, One should, therefore, not expeci inereases

in range or spsed as'the sige is increased.

CONFIDENTIAL
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2.  INFLUENCE OF PHYSICAL SIZE

2.  Hull Versus Moil Dimensions

One fundemental characteristic of hydrofoil craft is due to
the requirement that the craft be supported buovyantly by the hull
when at rest, as well as by the dynamic 1ift of the foil ‘8ystem in
flying condition. The implications of this statement are developed

~ in this diacuaeion from the basic 1if¢ machaniam in each case,

The 11ft of the foil syatem depends upon foil area, 1ift¢
cosfficient, and dynamie pressure 0,5 3 ve, The foil area required
to support the welight of the craft is therefore:

L v « 7904 (2.12)
2o o 2

wvhere S « total foil area (£€2)
¢ = density of water (1b aec"’/rtl‘)
V = speed - ft/sec
|/ =~ speed - knots
C, = 1iflL coefficient
W~ weight - 1b
A - welght - tons

The foil area may be expre=sed by the aspsct ratio "A® and the

maximum foll span "hn with a factor k to represant any aux ary
foll area:s
CONFIDENTIQQ
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s =xvi/h (2.13)
? The foil span required for given spsed and load for the configuration . 
P to be studied is therefore: B
; .
v a _28.2 A2 &/ (2.14) ey
f 2 K2 oy |
é The buoyancy of the hull depends on its submerged volume and on i ii
) g the unit weight of the water (corresponding to 35 ft3/ton). The EE £
k? product of length, beam and draft required to support the craft is ; “ 4
, 7 |
bé therefore ! 1;} i
; i

[

o

-3
|

35 8/0, (2.15)

length between perpendiculars in ft ‘

_ §.
3 )
e

L § . . " B = beam between perpendiculars in ft
draft in ft

oy
L §

block coefficient

o

o ‘.‘angth and draft of the hull may be expressed as ratios of the

 beam, giving for the required hull beam:

H_— g w e nanem A3 | (2.16)
| csl/3(1/8)2/3

B Having derived relationships for the foil span (2.1L) and the

;;’ full beam (2.15), required to support the weight of the eraft, an

CONFIDENTIAL
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i | expression may be written which describes the ratio of this typical
foil dimension to the typical hull dimension:

. 5. A \1/2 1/3 éal/é b
b/B 86(15%")‘ [oB {BL%;] o (2.17) L

The first bracket describes the foil system geometry (it also includes o
the 11ift coefficient). The second bracket describes the geometry and |

the proportions of the hull. The term (A}/B/Vk) represents the

g - effect of size and speed on the foil-to-hull dimension ratio (b/B). This

.5 : ' term is the inverse of a Froude number (Vk/[}/B) based upon volume or

|
% ; ~ load, respsctively, !
|
; <"’ The expression (2.17) states that two craft of different size ‘
. | but with geometrically similar hulls and foil systems (and employing :
: i
F the same 11t coefficients) will have different ratios of linear foil t
!

-

in the .atio of the one-sixth power of their displacement, Since such

& variation 1s not compatible with powering relationships (Equation

2,11 and the following equations) dictating a more or less constant

T T TR

spesd, the result is a growth in the foil dimensions in comparison

F
2
g ‘ o
"f dimensions to hull dimensions, unless the speeds are likewise different
i : .
|
!
{
i
i to those of the hull, as the size is increased in a given type of

eraft, wWhile the hull and foil-system geometry may be adjusted in

R T A o AN ot et

order to delay this growth, there will, nevertheless, be a size, for a
_} ; Agivan speed or power, beyond which the structure of the whole syatem

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

CONFIDENTIAL
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will become unwieldly and difficult to design. This mechanism is

1llustrated in Figure 2.3. It is indicated there

a) in the upper horizontal line, that for V = constant, the

foil system outgrows the hull dimensions upon increasing
the aize A.

'b)  4n the left hand vertical column, that the foil-system

dimensions shrink (for constant hull size), upon increasing
the design speesd,

¢) along the diagonal line, that a constant configuration is

obtained upon varying sise and design speed in such a way
that the Froude number (V/l&?/a) is kept constant,

b. Weight of the Foil System

xln important bonaoquonoe of growiwc\foil dimensions is the
~ structural weight to be spent in building them. If, for instance,
‘tnﬁtitivbly assuming that the weight per cubic foot of foil may bé
'cénstnnt‘in a family of boats designed for a certain constant speed

of opsration - the foll-system weight fraction is seen increasing as

This relationship means hat the foll-weight fraction doubles, for

(2.18)

example, upon increasing the size of the craft in the ratic of L te 1.
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Figure 2.k 41lustrates the variation of the major weight

‘ fractions of hydrofoil boats as a function of size. As indicated in

Appendix "A", the hull-weight fraction (without foil system)

FINAL SIZE LIMIT

PAYLOAD ¢ FUEL

\ .
. - \ \ \
W VAALAM MY W
WS WY \\\\ W\ WA
\“\\\L\\\\ \\\ \\\\ \\\\\\\\\\\\\\\
M_\L \\\ \\ \\\\ \\\\\

MAGHINERY

____——/

o;; —

'IMCREASE OF FOIL-SYSTEM-WEIGHT FRAGTION AS A
FUNCTION OF 8IZE A,FOR CONSTANT DESIGN SPEED

FIGURE 2.4
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decreases slowly as the size Ais increased; the machinery-weight
fraction, on the other hand, seems to increase slowly with the size A,
at constant spesd - if disregarding very small simes, BEssentially, Lhe
sum of the two components may be regarded to be constant. The foll-
system fraction, however, increases considerably as pointed out above,
as the size of the hydrofoil craft is increased., Finally, therefore

a eritical size [\ can be expected where the weight required to be built
into the foll system will hr.e taken away all of the components which
ih smaller sizes are assigned for payload and fuel. Naturally, there
are ways of improving the dasign and reducing somewhﬁt the foil-system
weight below the assumed relationships of Wp~(foil volume). Never-
thelesa, here is one mechanism which contributes to a size limitation

of hydrofoil craft.

6. Operational Limits on Dimensions

.

The previous section describes the effect of size on the ratio
of foil to hull dimensions, Disregarding any ratio, the absolute
foil-system dimensions as such may present operational problema
(docking, etc.) as the site goss up, Appendix "A* gives soms data
from design studies to show this effect, assuming, of course, that no
frovisions have been mades for retracting the foil system. It appears
that the limit on size for conventional harbor operation may be found

in the order of 1000 tons. This i1s not neceasarily a final 1limi%t on

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

craft, 1.e, & large poorly~proportionad structure,.

Other operational difficulties may be encountered with respect
to coming along a pier or another vessel (because of the foil span

being longer than the hull beam).

CONFIDFNTIAL
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3. INFLUENCE OF SPEED ON DESION

Considering next the effect of design speed upon the character-
istics of hydrofoil craft - at more or less constant displacement

weight - we will first disregard any influence of cavitation.

a) Machinery Weight

; ‘ . ‘ From what is ocutlined in the preceding section, it is understocd

_ that the foil sise required (and the corresponding weight fraction)
decreases as the design speed is increased. Assuming now that in
‘doing so, the resistance ratio D/L rem:zirs constant (as explained

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

s R s <1 1 o

iridependent of the design speed. This fact is favorable, and it
makes hydrofoil boats superior to displacement-type ships (within

the proper range of Froude numbefs). Increasing the speed ~ even

though without increasing resistance - makes an Increased power

v e s e o TS O

output necessary, however,

Incfoaaing the power means increasing the machinery weight.,

'Thorbfore, the machinery-weight fraction is bound to grow (under the
conditions stated above) as the design speed is increased. As

11lustrated 4n Mgure 2.5, there will be a critical speed at which

so much power and soc much machinery weight is reguired that nothing

is left over for payload and for fuel, This lirmiting epeed

CONFIDENTIAL
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b) Influence of Cavitation

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

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

(1) By attempting to delay the onset of cavitation by
reducing foil loading and thickness ratio. This implies
a less efficlent 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 jump in speed, through the transition
range, to avold erosion due to collapsing cavities in

this range,

At any rate, although cavitation doeé not form a definite barrier to
the design, the point of incipient cavitation can be thought of as a
dividing point betwéen two different regimes of design. Since in
most cases power may not be available to drive the craft under super-
cavitating conditions, the point of inception may in the present
state of the art be considered as an upper limit on the speed of

non-cavitating systems,

CONFIDENTIAL
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As explained in the cavitation chapter in Volume II, the speed

~ of incipient cavitaﬁion can be expressed by a critical value of the
cavitation number = p/q. For a given foil section ‘and a specified
loading there 1s a critical cavitation number and, therefore, a
maximum dynamic pressﬁre q (corresponding ﬁo speed) for a given
static pressure p. In hydrofoll operation, the latter is the sum
of the atmospheric and hydrostétic pressures. The situation is,
'therefore, improeved by any increase in submergence, although not

to a large extent,

Reference 3, (reproduced in reference 1 andvin Volume II,
Chapter 12) shows the critical speed of inception for various

thickness ratios and 1ift coefficients of the hydrofoil. Since a

certain minimum 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 1ift coefficient. This

| can be done by increasing the foil area. The parasitic resistance
of the foll system (and its weight) is increased in this way, and,
as a consequence, the critical maximum design speed as mentioned
before is reduced below the theoretical limit in non-cavitating

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

| vieinity of 50 knots if pursuing the désign princivle of avoiding

avitation,

CONFIDENTTAL
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Drag coefficient and resistance ratios in super-cavitating

condition are higher than in non-cavitating flow. Qualitative

considerations and recently publishedl results of a theoretical /
| investigation - give promising prospects, however, suggesting that

by applying proper cambér in the lower or pressure side of the foil

sections, hydrodynamic efficilencies may be obtained which are not

et e g N

very much inferior to those in non-cavitating condition.

s

¢) Foil-System Weight

O

The dependence of the foil-system welght on size for a fixed

S s o 4

weight is discussed in Section 2-b. Following the same assumptions'
(1.e. constant weight per foil volume), a relationship can be derived

between foil weight and speed, as follows,

The required foil area, on the hasis of 1ift coefficlent, load,

and speed is .8 = wW/qCy, (2.19)

The volume (and therefore the weight) of geometrically similar foil

systems may be expressed by 83/2, therefore giving

2 1/2 43 '
wF/w~s3/ A~ w //v (2.20)
where V = design speed
There will, of course, be a limiting foil loading (in_lb/ftz) vhich

should not be exceeded because of cavitation. Beyond this point,

therefore, the foil weight required may be constant (be inderendent

of speed).

CONFIDENTIAY,
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The main speed-dependent weight components are foll system (wF) and
machinery (W,). The latter may be thought of as &ntributing to the
dynamic support of the craft through producing. the speed required
for the foil system to provide dynamic 1ift. The sum of the two weight
quanﬁities possesses a minimum at some point between the condition
of excessive machinery weight (with small foil size) and the under- Lo é
powered large-foil craft. The following functions indicate this o
fact; : 31ing equation (2.5), amplified in section 3-a, and equation (2.20)

- the combined weight fraction of foil system and machinery is found

to be |

| W : 1/2
(F"’M) Y kl w + k2V (2.21) .
W V3 .

where k, and k, are suitable constants, Differentiating this

"equation, the minimum combined weight is found for
KV = 3 kg (W/2A3) (2.22)

This means, that (for the foil-weight function as tentativély assumed)

the machinery weight should be 3 times the foil-system weight, to

glve a minimum combined 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..

Since at the same time the load on the foil or the folls, remains

essentially congtant, there might be configurations in which the g«?

CONFIDENTIAL
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| loading ratio W/S of the foils is unfavorably high. The foils may
be very small while the struts required to transmit the hull weight
to the foils are of the same size and at least the same strength as
in lower-speed designs. Also, the thickness ratio of'the foil
sections may have to be higher for structural resasons. Finally, the
air resistahce component of the hull (growing large in comparison to
the foil area) is expected to become appreciable upon increasing the
design speed. All in all, therefore, the resisﬁance ratio of high-
speéd hydrofoll boats is expected to increase as some function of the

design speed.

The consideration in the preceding paragraph may also be made
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 éonsequence, the structural -design of the
reSulting tiny foils may cause some difficulty and the hydrodynamic
drag coeffici;nt (or the D/L ratio) should be expected to be increased
oh this count. In other words, a lower "limit" in size, or, an upper
limit in speed, énd such a 1limit in the "Froude" number (V/;&}/é)
can be predicted too, above which design and performarice of hydrofoil

craft would become less favorable again.
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.

POTENTIALITIES OF HYDROFOIL CRAFT

a) Results of Design Studles

An analysis of the design studies carried out by Gibbs &
Cox, Inc. is included ih Appendix "A", These design studies deal
with submerged, automatically controlled foll 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
investigated. 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 "A" is the weight margin
left over»for machinery, fuel and payload, as a function of the
size of the craft. This information it,presented in‘Figure L of the
Appendix; By using the expression for maximum speed as a function
of this weight allowance (equation 2.10 or 2.11) and the above
information in conjunction with a particular engine and assumed
efficlency (Table III in Appendix "A"), a curve of maximum speed
versus displacement for specified conditions of range, payload,
and type of engine may be calculated. Such a curve is shown on
Figure 2.6, assuming a range at maximum speed of LOO nantical

miles, a payload of 20% and a gas turbine unit as listed in Table III.
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While this curve should be taken only as an illustration of such
an analysis, the basic characteristiqs are probably true of hydro-

foil craft in general; i.e. there is a size (around 1000 tons

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

off rapidly due to running out of machinery weight.

b) Comparison with Existing Craft

Appendix "B" gives the results of a statistical study of
size and speed of existing water craft along with a discussion of o

the possible meaning of these results. This discussion should be

studied in order to interpret Figure 2.6, Figure 1 cof Appendix
‘"B" 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/ 151/6) = 12, not occupied by any existing
craft; and that hydrofoil craft could potentially bfidge this gap.
‘While this might also be true of planing boats, they have not been
‘ builtvovér about 100 tons, and it is assumed that this is because of ‘;
high impact in a seaway. This would not apply to hydrofoil boats |
to the same degree. Therefore, these could be oﬁerated in this
region. It should also be noted that the maximum-speed line for
‘the hydrofoil craft selected for illustration, crcsses the line

s Al/6 . '
(v/ A/ ) =12 at A=£ 1000 tons. This indicates the precbability

CONFIDENTIAL
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that hydrofoil craf;o 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 hydrofoil
vessels shown on this line as compared to planing vessels is due

to the higher efficiency of the former.
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5.

SUMMARY AND CONCLUSIONS

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 practicallin
larger sizes, i.e. above 1000 tons for several reasons,
the most important of which is the abnormal growth of the
foil system with size, causing a decrease in the weight
available for machinery, increasing the structural
complexity éraft, and making the phrysical dimensions
(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 1lift coe’ficient of operation),

It appears that at the present staﬁe of development
there is a speed limit on account of cavitation (in
the vicinity of LS knots) that cannot be exceeded
withbut penalty., Development of boats running at very
high speeds seems to be feasible, however, on the basis
of aircraft-type light-weight machinery. Different

design principles apply in this speed range,
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SIZE AND SPEED

Hydrofoil craft are likely to be limited in range
(while foil borne) as compared to displacement
vessels, In moderately large aizes; cryising in

displacement condition might be considered, however,

~ thus givirig acceptable values of range.
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CHAPTER 3. SELECTION COF CONFIGURATION

Introduction
1. Hull Characterisfins

2. Characteristics of the
Foil System

3. Configuration and Arrangement
k. Structural Considerations
5. Type of Machinery

6. Influence of Stability and
Control

This chapter deals with the prelimiﬁary design of hydrofeil
craft - the basic blocking out of hull, foil system, machinery and
drive, Aspects affecting the design of hydrofoil craft have been taken
from several of the other chapters of the Handbook. S3election of the
components;is discussed in light of the physical rrinciples invelved,

such as hydrodynamics, arrangement, siructures and centrol,
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NOTATION

< g = %5 ¢ D>

Subscripts:

CONFIGURATION

displacement in long tons

1ift of hydrofoil (alsc length of hull)
weight of craft (in 1b)

safety factor

stress in 1b/in°

"wing" area of foil

spead

= V/gl. = Froude number
density of the water

= 0,5 g Ve = dynamic pressure

= 1/qS = 1ift coefficient

angle of attack of foil

foil span

foll chord

= b/c = aspect ratio

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

specific engine weight (1b/HP)

fuel rate in 1b/HP per hour

for normal operating speed
for take-off
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Lo 2 o SR R

INTRODUCTION

| In the preliminary design of a hydrofoil craft the main features of
the craft are established by the selection of foil system; machinery,
transmission, and other components as well as by the determination of
the way in which the deadwcight is utilized to meet the tactical or

commercial requirements of the eraft., In this chapter, some of the more

important ¢onslderations in this selection of components are discussed.
An attempt is made to limit this type of material to that which can be

’rather definitely established by physical reasoning underlying a basic

- selection, of by conclusive practical experlence, of which there is

‘v comparaﬁivély little in the case of hydrofoil craft. This means that

thers will be some aspect of preliminary design left uncovered; in these
cases the designer must rely upon his judgement, a situation which is
not n¢# in other fields of engineering design. Moreover, there are
othér criteria, such as attractiveness, haLitability, etc, which may be

important but which are considered to be outside the gcope of this

presentation. Finally, it must be obvious from Chapter 2 that the hydro-
foll craft is highly suitable for some pur-;oses 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 components, the principal

characteristics (size and speed) must be assumed. This should ke done

CONFIDENTIAL
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in the light of the relationships presented in Chapter 2, with the

main purpose being to meet whatever requirements have been specified
for the craft, The assumed size and speed may turn out to be
incompatible with the requirements, in which case a new selection must
be made and checked against the requirements. Methods of analysis for
use in this regard are given in Chapter L and in the later chapters;
mastery of these methods is necessary in order to proceed with the
design. On the basis of such information, the present Chapter deals
with arriving at a sensible selection of a configuration which can

then be analyzed and improved upon.
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DFN“IAL ~ CONI"IGURATION

HULL CHARACTERISTICS

' The huli of a hydrofoil toat performs much the same function as
that of any other water craft, i.e. to give buoyant support (in floai~

ing conuition or at rest), and to provide enclosed spacey etc, At

 spéeds equal to and less than take-off speed the'hﬁll is required to

operate, at va.lous conditions of loading, with reasonable resistance

characteristics and absence of any strong tendency t» squat, to throw

 spray, or to b¢ unstable. Roughly speaking, a hull which has proved

'ﬂéuccéséful withou foils at a speed near take.off speed will be adequate

for a hydwofo*; craft if certain cther requirements are met., fJhus a

hull designed'for s hydrofoil craft may in gensral resembie *hat of a

convsntional boat designed for a speed close tn take off, Therefore,

AY
]

for an aszumed teke-oft speed (of 20 knots for exampie), the Froude

‘mamber at take-off speed will vary with size, calling for different

’;JtypéS'bf'hulls for different sizes, Table 3.1 shews *hiz *rend based

‘upon carta?n aqsumptlons as to speed-lenglh ra'ics {nvnlved’ the Table

shoqu ﬁot be taken, however ; 83 anything mare thzn o~ eiample of the

trenda in?olved.

Another fastor which influences the huli form is the consideration

‘of‘connecﬁing the folls to the huil through struts. Ir thiz respect

+hn lﬁw cbine found on planing boats is certalnly advarts sgects in cotting
down thn raquired length of side atrute, For this resson snd @ince a

peaning hall 1s indicated for Frouds .mumber rescens {(Takls 1.0) through-
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out mosﬁ of tﬂe‘spéed range, this type of hull is usvally found in

conﬁectioh With hydrofoil craft, although some notéble exceptions exist \
(éee Chaptef 1, Figures 1.2 and 1,18), The chine type hull has the
additionéliadvantage of being less expansive in construction as compared

to a-rouﬁd4bdttom shape.

Approximate average values of "Froude" mumber,
displacement.-length ratio and of the resulting -
-displacement for various types of marine craft.

3
1 v . ‘
! _5_ ‘ Hull Type —-,!x TS;S
VI (1,200)3 o
wpto 1.2 | Ship-Type Hull 150 700 and up
1.2 = 1.9 Destroyer Type gBo 100 - Loo
1.5 - 2.5 Semi-Planing 140 Lo - 300
2.5 « 5,0 | Planing Hull 1ho 0.5 - Lo
5.0 and up | Stepped Hull 10 . |  uptoo.s | N
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CONFIDENTIAL CONFIGURATION

2. CHARACTERISTICS OF THE FOIIL SYSTEM

The aelectioh cf a type of foll system to be compatible with the
basic concept of a particular craft is an important step in the block-
ing out of the design of the craft. Examples of different foil types
.are given in Chapter 1., Tatle 3.2 attempts to classify these types
according to the method employed to vary 1ift with submergence in order

to provide stability,

TABLE 3.2

Various Types of Foil Systems

L Type © Shape Method
R —— et
reefing ladder systems by area
éurfacéipiercing V-shaped foils ] by area
: plahing-_ ' . - planing skids # "by area
§ fully submerged submerged foil by angle

; # considered here, only for stabilization

The first thﬁng to determine is whether to use a reefing (or
;E surface-piercing) foil system, which is inherently statls, or a submerged
foll system which requires the additional complication of stabilizing

skids or of foil angle control (auvtomatic or mechanical), Surfacs-
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piercing "V" foils appear to be efficient (low drag) and comparatively
simple. Ventilation originating from the piercing ends restricts their
1ift coefficient, however, especially in waves and in turning. Where

relatively small high~speed craft are desired for operation under

moderate conditions, area stabilized configurations are desirable.

On the other hand, i1 applying fully submerged foils, they have to be
stabilized by means of & more or less sensitive electro-mechanical
apparatus. It is, therefore, suggested that this ty.. of design is
more suitable in 1arger-aize.craft. Appreciable advantages are
expectéd4with respect to stability, seakeeping and banked turning in b

the resulting systenms,

With regard to stability, two foils are required in longitudinal i
~ arrangement, As illustrated in Figure 3.1, the two may either be
apprbximhtely of the same size ("tandem"), or one of them may be com- g

paratively émall, essentially serving as &'control- and stabilization

surface, The latter type may either be "canard" (with the control
surface forward) or "airplane® (with the smaller foil in the rear, as i

in conventional airplanes)., Generally, tandem systems are more sultable j

for larger craft (low Froude numbers). The "single" foil types are ;
preferable in smaller oraft (at higher Froude numbers).

The 1ift "L™ of any foil system or wing depends on the fluid

- density Mo", the area "S", speed "V", and the lift coefficient "Cp"

which in turn depends primarily on the foil's angle of attack X, i.e.:

CONFIDENTTIAL
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. e - o -

L = ¢, 0598V = (doj/dX)ex q 8 (3.1)

where dCp/Ma= 1lift-curve slope

q = 0.5 8 v - dynamic pressure -

For reefing systems, and with a view toward ventilation at the ends L
of surface-plercing foils, a 1ift coefficient in the order of Cy, = 0.3
may be suitable for such systems; and this coefficient will approximately
be constant over the flying speed range as the area changes. Minimum

( flying speed is obtained for maximum (total) foil area (span) submerged.

S

Considering fully submerged hydrofoil systems, their wetted area
. 1s, of course, fixed. The design of this type hydrofoil has to take o ;

“into account both a sufficiently large area to facilitate take-off, and

i o

© the drag of this area at k> maximum speed of the craft. Their 1ift »
'coéfriciént necessarily varies as a function of speed, so that equation
k (3.1)‘1! satisfied, As an upper practicai 1imit, C;, = 1.0 may be assumed

 _(bécause of stalling) for plain sections. The required foil area

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

BEquation (3.1) 4s true at any speed at which the craft is wholly

foil-borne and, therefore, must apply at take-off (subscript "r") and
at normal operating speed (subscript "o"). The flying speed range,

therefore, corresponds to

(Vo/¥p)2 = (Cp/Cpo) (Sp/S,) (3.2)
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For a fully submerged system, Sp = S,. The speed range is

accordingly:

Vo/Vp = \[Crp/Cro (3.3)

For Cyp = 1 (as mehtioned‘befbre) and for Cp, = 0.25 (for example), the

speed range is {E- = 2,

In a poor design, take-off may be made impossible by high hull-

and foil resistance (hum@). This means that in flying condition (if

‘reached by some boost of thrust) available power and foil design may be

compatible 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 lowered. The
reduction in take-off speed reduces the "hump" resistance (and increases

the available thrust),

CONFIDENTTAL
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I’L[ L l\ i .
% ' ' -
0) CANARD b) TANDEM £)" AIRPLANE"

POSSIBLE COMBINATIONS OF 2 FOILS IN A SYSTEM

FIGURE 3.1

L)RIGHT =ANGLE DRIVE

Ve

b)vee -oRive

PAIR OF STRUTS IN "V"

d)CHaIN DRIVE

POSSIBLE DRIVE SYSTEMS IN HYDROFOIL BOATS

FIGURE 3.2
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W

CONFIGUTMATICN AND ARRANGFMENT

Having determined the basic type of the foil system in Section 2,
the particular configuration mvst 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 indevendently of the others,
Because of this,.these three items will be discussed together in this

section.

Transmissions are elther "right angle" (involving bevel gears) or
"inclined shaft", there belng variations of each such as chain drives
or vée-driVes (see Figure 3.2). The machinery location is éither
forward or aft in relation to‘the center of gravity; and since the
méchinery is in general the largest fixed weight that can be shifted in
this manner, its location is of utmost imnqrtance in varying the center

of gravity of the complete configuration,

There is another consideration having teo do with the relaticrship
between foil- and engine location in the afrplane and canard systers,
In either case it is assumed that the smaller of the twc foils, i.e,
the "=uxiliary" foll, is placed in a reasonable location near the bow
or stern. The location of the other components of the craft (excern!
for machinery and main foil) skall also be given, It ig alsc assurcd

that tnere is a specified load distribution between main ard zuvilisr,
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CONF 1T TTAL CUNFIGURATION

foil in each case (for example in the ratio of 2 to 1) o that ihe

center of 1ift of the foil system is below the centef of gravity of
the craft configuration. Proceeding in this manner, it is found that

' the center of 1ift tends to follow the main foil around. Likewise, the ? .
center of gravity of the craft will follow the engine location. There-~
fore, (to provide necessary balance) the engine and the main foil will o
follow each other., In order to provide reasonable foil separation, it |
i8 then evident that the most compatible machinery locations are forward %

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

From Figure 3.2 it is sesn that all the different types of drive
require one or more struts for support. Since the folls likewise

require support, the temptation is strong to combine the two; it follows %

S T

] | ' that with a single shaft, one or three struts should support the related

foil and for twin shafts, two struts may be utilized. With a minimum

e

? mumber of struts (to reduce drag), low afpect fatio foils result from

"strﬁétural considerations. This is desif;ble for higher speeds where

drag due to 1ift is minimum. For lower speeds, more struts and higher
‘aspect ratios result in the best characteristics. In practice, high

speéd fbils have aspect ratios of L to 6 and slower craft in the order

of 8 to 12. Moreover, the engines should be placed in such a manner as

to minimize the length of shafting (notice that the vee-drive in Figure

3.2-b with the engine aft, is poor in this regard). The resuiting
inter-relationship is obvious in attempting to make attractive com-

binations of the various types of drive and foil confipuraticrs.
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S T AR

With regard to size (and location) of the struts, directional
stability (as explained in Chapter 6) and turniﬁg performance (as
descrlbed in Chapters L and é) mus* be taken into account. It may \
'é very well be that the lateral strut area required is larger thar o

found necessary for structural support.

The question now arises as to what type of drive to use. It is

L » assumed in this regard that location of the propeller(s) forward is

undesirable from the standpoint of vulnerability. The use of an inclined

: shaft; therefore, seems to be indicated for the airplane configuration, ;

‘and a right-angle drive seems to be most suitable for the canard arrange-~ o
ment, If in the latter case the right-angle drive (which does not seem

“to be readily available) should involve too much development work, a vee.

T N
H
t ]

drive forward may be considered at some cost in weight of shafting (see ; :

Figure 3.2-b). A vee-drive (integral with the engine) might also be _; :

employed in the case of the airplane corfiguration in order to cut down

the installation angle of engine and shaft.

The question of the number of engines (and shafts) may be decided

from cohsideratioﬁs’of available engines and required power. As an -

additional factor in this regard, utilization of existing foil struts

may be considered - as mentioned before. For example, in a configuration
with an inclined-shaft drive and two struts on the rear foill, twin chafts
would be preferable to a single shaft for which an additiocnal strut

would have to be provided.
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In conclusion, an effort should be made to avoid additional struts
and excessive shafting in a configuration, by careful consideration of

the inter-relationship between machinery location, type of drive and

foil configuration - recognizing that there will be cases where some '

compromise on the optimum combination must be made. ‘
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L.  STRUCTURAL CONSIDERATIONS

In selecting the foil configuration from a hydrodynamic point of

o

view one cannot lose sight of structural requirements, There are

B

certain combinations of loading, aspect ratio and foll section which
are impossible to use, for a given material, without exceeding the oy

yleld stress. This is especially true of foil systems designed for ! |

high speeds with high foil loadings and small thi kness ratios, the

 latter necessary to avold cavitation. : 5

 Structural considerations are presented in Chapter 5, Equation

(5.18) gives the requirements on the foil section as discussed above.
The expfession may be simplified somewhat and rearranged to show the 1

limiting "aspect ratio between struts":

, ’Gg t/c Covd
"A" - (A/n)max - 1105 T p— (3n3) ' i
max F W/ Lo
N ) "i
where A = aspect ratio of the foil
n = number of struts ;

G = yield stress

7 S b g COR  S

F = factor of safety §

and the rest of the notation as defined in Chapter 5. The foil section
is assumed to be solld as a limiting case. The foil tips ouvtside the
struts are assumed to be cantilevered and to be dimensioned in such a way

that the deflection curve of the foil has a horizontal tangent at tn:

1o
[
i
¥

i

¥

&

¥
£,

struts,

CONFIDFNTIAL

I hd 3-16




CONF'IDENTIAL CONFIGURATION

S e,

The maximum load experienced by a hydrofoil craft operating in
waves is higher than the static load (corresponding to the weight).

Methods are indicated in Chapter 5 to determine such loads., For

I b e T SO

comparison of various designs, it is more convenient, however, io

ey

express W as the static design load on the foil, and F as a factor o

< o

combining the ratio of total load to design load (load factor) with

R L ST

the material factor of safety, :
. }

Equation (3.3) is {llustrated in Figure 3.3 assumirg two

representative materials and a factor of safety F.= L. Such a graph

can easily be made up for other materials (having different G values)

for different values of F, Foll configurations with values of "A"

exceeding that given in the graph are not possible structurally.

e e
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.t 1 i 1 Y 1' i ;
\ \ 0) CAST ALUMINUM |
6 +24,000 1p/int T \
NN
l Ny \ \ - '
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N \\ T 0%
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° |
() 40 000 1200 1600 ‘
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CONFIGURATION

DESIGN EXAMPLE

Check the feasibility of an aluminum foil (with G =
2};,000 lb/inz), supported by two struts, assuming
the loading tb be 800 1b/ft° and assuming that a
thickness ratio t/c = 10% cannot be exceeded because

of cavitation,

Flgure 3.3 gives an aspect ratio between struts of
A" oz 3 for the stated conditions. Including the
cantilever foil tips (each assumed to have a per-
missible aspect ratio outside the struts equal to
0.5 5A”), a total aspect ratio in the order of 6
would then be feasible, Employing a higher-strength
material (steel with 6 = 60,000 1b/in?) , & value of
PA" = 5 is found in the graph for t/c = 10%, which

is appreciably higher than that for aluminum.
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TYPE OF MACHINERY

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

weight, possibly at the expense of fuel consumption,

The engines available for hydrofoil appliéation include internal.-
combustion gas engines (such as those in‘aircraft), gas turbines which
may be compoﬁnded with other types, and possibly some of the new light-
waight diesel engines., A tabulation of the estimated characteristics
of some of these engines is presented in Table 3.3. Also, Table A.II
6f Apﬁendix "AY pives some estimates of total installed weight of

machinery and auxiliaries.

A good measure to use when trying to decide which type of engine
is bedt“for a particular application, is to estimate the total running
time "I™ at high speed per trip and to form the pruduct (m + cT) where

"m" is the specific weight of the engine and "c" the fucl rate.

Obviou81y; high values of T call for low fuel rates at the cost of

machinery weight and vice-versa. Cross-over points usually exist
between two different types. Depending upon endurance and range
required, therefore, one or the other engine type will come out to be

more suitable,

CONFTDNTTAL
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CUlis i DENTIAL CONFIGURATION

Another consideration presents itself with respect to range.
The craft must have a radius of action large ancugh to allow for patrol
and other tactical requirements. A possible answer is to cruise in
displacement condition at some low speed at a fraction of the maximum
horsepower. Indeed, since this amount of power is likely to be little
in comparison to that of the main unit, it may be worthwhile to pro-
vide an extra cruising engine, at a comparatively small cost in weight,
which would have a better fuel rate than the main machinery. O0Of

course, this proposition may be made even moré attractive by using

the same fuel in each type (for example, diesel fuel in a diesel

‘engine for cruising and in gas turbines as main ehgines). Any

selection of cruising radius and length of high-speed operation
would be possible in such an arrangement, An example of this

application is shown in Reference 2 of Appendix "A",
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Engine Boeing Chrysler Packard Packar.
Type Gas Turbine | Gasoline | 16(e) Diesel | craso
s g et ey R e Prpe s e e ——— sy ereser o ettt e ae———
Continuous Rating (SHP) 1 200 800 1k
at run per minmute 2900 3800 2000 20
Maximum Rating (SHP) - (1200) 25
at run per mimte 28
Fuel Cona“mption (‘), | 1.30 0053 O.hl (00
7 - in (1b/HP) per hour
k Hours Between Overhauls 1200 75
Status of Development Hardware Hardware | On Paper Hard
Approximate Dimensions: |
Length (ft) 5.0 k.0 10.1 1
| Height (ft) 2.9 2.6 L.7 5.
’ Weights (b) :
¢ | Bare Engine in 1b 230 1103 Ll30 L3
Specific (1b/MHP) 1.hk 5.52 5.53 3.
Accessoriss in 1b 60 976 5¢
Specific (1b/MP) 0.38 1.22 0.
Foundations in 1b 32 (288) 51
Specific (1b/HP) 0.20 : (0.36) 0.
Liquids (d) in 1b . {6hL) (L32) 65
13 S Specific (1b/MP) * (0.40) (0.5L) - 0.
‘ T . Sub Total in 1b 386 6" 26 6]
Y » g ' Sub Total Specific 2.L2 H 7.65 b,
NOTES:s
(a) at continuous HP, not including lube oil
(b) The specific weight is based on contimiocus output
, : (¢) not including ducting weights
1R _ ’ (d) not including fuel
. (e) Mark 12, with 6 instead of 8 cylinders, is testing
Values 4in brackets are approximate or estimated.
All turbines are geared down to the quoted rpm values.
The gear weight is included in the "bare" weight.




"] Packard | Packard W-100 | GM Allison | Wright Napier Falrchild | Metro-vick
1 | 16(e) Diesel | (Gasolins Gas Turbine|Gasoline EDieael Gas Turbins | Gas Turbine
800 1400 1600 1700 1750 2350 L00o
2000 2000 2Loo 1600 1100
(1200) 2500 2000 3250 3015 1800
| 2800 2900 2050 1190
0.1 (0,58) 0.75 0.45 0.3k 0.72 0.85
750 500 700 1000
On Paper Hardware Development [Hardware ; Testing On Paper Testing
10.1 11.3 8.5 8.5 8.8 17.8
3.7 3.8 5.3 5.0 2.L 7.3
L7 5.0 5.3 3.8 2.1 6.kt
Lh30 L32k 2700 3700 3600 6725 9721
5.53 3.09 1.75 2,18 1.89 2,86 2,13
976 - 58l (1380) (1530) 1900 1500 (3200)
1.22 o.h2 (0.80) (0.90) 1.00 0.64 (0.80)
{288) 510 ( 6L40) (510) (550) 1000 (1600)
(0.36) 0.36 (0.L0) (0.30) (0.36) 0.L3 (0.L0)
2&32) 691 (640) (680) | (1300) 9L0 (1600)
0.54) 0.L9 (0.40) (0.L0) | - (0.5h) 0.L40 (0.L0)
676 6109 $360 6490 7350 10165 16121
7.65 .36 3.35 3.78 3.79 4.33 4,03
1
jous output TABLE 3.3
LIST OF MODERN LIGHT-WEIGHT ENGINES WHICH MAY BE CONSIDERED
) 1s testing SUITABLE FOR APPLICATION 1N HYDROFOIL CRAFT
EM',ed.
Fpm values. CONFIDENTIAL
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CONFIUENTIAL CONFIGURATION

6.  INFLUENCE CF STABILITY AND CONTROL

General

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 recommendations can be made, however.

The stability problems of hydrofoil craft are basically similar to
those encountered in aireraft, with the additionallreairiction that
height must be governed within narrow limits in calm water and in waves,
Furthermore, it can be qhown that, although hydrofoil speeds are con-
siderably slower than those of aircraft, motions happen faster owing to
the denasr medium involved. Mamual control of these motions (and of the

flying levaiL therefore, does not appear to be practical.

There are two stabilizing elements (foils or foil ends) required

in lateral respect. Similarly, there are two foils required in fore and
aft locations to provids longitudinal stability. The choice between
. "tandem®, "canard" and "airplane" arrangements (see Section 2) is

primaril;faymatter of considerations apart from stability (such as craft

size). A number of foils greater than two or foil positions greater than
three, is possible (for example, four foil wnits), and may be useful for

certain applications.

CONFIDENTIAL
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In waves, the type of flight path is important. 1In conditions
where the height of the waves is less than strut length, a level path
with very 1little change in height is optimum, accelerations being
held to a passenger-comfort level. When the waves are much higher than
strut length (and longer than boat length), tha flight path should
essentially contour the wave surface, Finally, for moderate-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.

Longitudinal Characteristics

Most hydrofoil craft to-date utilize inherently stable con-
figurations., Their static stability can be appraised by means as out-
lined in Chapter 6., Methods of analyzing the dynamic characteristics
of such craft when operated in a seaway.have not generally been
established, althoﬁgh'equations of motion have been formulated and

some computor studies undertaken.

In general, the best center of gravity location, both for reasons
of longitudinal stability and passenger comfort, is somewhat forward

of the position which would result in equal load per unit area on all

hydrofoils. As the CG is moved forward from this point, the craft motion

will become increasingly oscillatory until eventually a dynamically

unstable condition will be reached. As the CG is moved aft, motions
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CONFIDENTIAL CONFIGURATION

are more highly damped but the craft is less inclined to return to
equilibrium until a point is reached where divergence will occur.
Upon moving the CG still further to the rear, the static stability

will finally be exhausted.

Generally, the greater the foil separation, the higher will be
the undamped natural frequency of the craft., However, there are
certain conditions that should be observed in considering foil
geparation. The farther a given foil is from the CG, the larger are
the variations of its submergeince for a given amplitude of pitch angle.
Thus, for a large foil séparation, the angle through which the craft
can pitch without causing a foil to broach and causing the hull to
touch the water at the other side, is more restricted than for a
shorter foil separétion. In addition, a craft with a high undamped
natural frequency will be responsive to water disturbances (orbital
motions and waves) up to approximately the undamped natural frequency.
Since it is usually desirable to minimize craft reaction to waves
(except for low frequencies and large amplitudes) it often seems to

be convenient to restrict foil separation.

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

conslideration in conventional airplanes where the CG is close to the

CONFIDENTTIAL
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CONFIDENTIAL CONFIGURATION

main surface (wing). In hydrofoil craft, however, not only are the
configurations usually such that the CG 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 importance, Coupling can be reduced by arranging the

foils so that the product of the distances from front foil to CG and C

from rear foll to CQ are approximately equal to the square of the

craft'é radius of gyration. It is sometimes advisable, however, to

R

keep the gyradius of the craft as low as possible, which will contribute
a lower damping ratio. Upon analysis, most hydrofoil craft of practical 3§
configuration will be found to be overly damped, introducing increased {5

time lags. The former may be particularly undesirable in instances

e G,k A Y < myon,

when it is necessary for the craft to follow wave contours., A smaller

gyradius will also increase the range of feasible CG locations within

the boundas of stability considerations.

Artificial Control

§ Artificial (autopilot) control can, and has been applied to a

| variety of fully submerged foil systems. In this connection, analyses
of dynamic stability of hydrofoil systems have been and are being done,
inclvding computor and simulator studies. The equations of motions can
be used to predict satisfactorily the behavior of a given craft.

Theoretically, any submerged foil system (with sufficiently large

CONFIDENTTAL
I - 3026




CONFIDENTIAL CONFIGURATTON

control surfaces) can be stabilized by a properly designed control

| system. For good resulté, the foils and the control system should be

developed together, however, to meet the design specifications.

Submerged, artificially controlled foil aystems will require at
least one water level sensing device and some combination of inertial

references to provide proper information for control in all axes.

Control surfaces for fully submerged foil systems are sither flaps
or pivoting foil sections. The former are structurally convenient for
larger craftj however, they must be rotated through approximately twice - é
the angle that wouid be required of the whole section, Static and '
dynamic hinge moments originate in the articulation of both foils and

( ?, flaps; they must be taicen into account in designing a servo system.

A successful control system must maintain a proper elevation above

the water, minimize the effect of orbital wave motions, restrict

3

I
b
:
¥
i
N

accelerations and provide reasonably damped characteristics. Three

control surfaces in "canard" or “airplane® arrangement seem to be

optimum (with the largsr foil split in two halves for roll control).

| Whether'the larger area should ba forward or aft is still debatable.

With regard to hydrofoil craft stabilized by an autopilot system,

it seems preferable to minimize water-induced disturbances as they are

first encountered. The longitudinal component of control should,

therefore, be predominant in the forward fbil.
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The servo system should be capable of adjusting lift under
designed loads at a minimum of twice the undamped natural frequency
of the craft; or put in a manner more familiar'to control system
engineers, the characteristic time lag of the servo system should not
be greater than one-half to one-third the time lag of the craft and

preferably less. This condition may restrict foil separation,

The sensitivity of the craft in pitch, i.e. the amplitude of
response in pitch at a given frequency of wave encounter approximately
increases directly as the speed and inversely as the foll separation,
while the amplitude of response in heave increases as the square of
the speed and inversely as the foll separation., However, for a given
sea state, the frequency of encounter of water disturbances increases
with the speed, but variatiocn in apparent foil angle of attack due to
orbital motion decreases. Thus, the pitch response for a given sea
state does not vary greatly with speed :%:ile the heave response varies
essentially with speed. These statements indicate that speed and foil

separation are primary variables in the dynamic design of hydrofoil

ciaft. For a given apgid, attention to foll separation may help to

obtain a favorable configuration.

R N S et

Lateral Control

Rolling motions, arising primarily from forces encountered abeam,

can be controlled forward or aft with almost ejual effectiveness, /s

CONFIDENTTIAL
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pointed out in Chapter 6, the metacentric height governs the behavior

e e A

irn rolling, yawing 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 "rucdders" can be flaps on the struts or
pivoting struts. The surfaces selected should preferably be furthest
from the CG. Bow steering is both practical and useful for hydrofoil
craft. In artificially stabilized systems, banking can be achieved by
providing the corresponding rolling moments through controlled
differential flap- or foll-angle variations. |

As mentioned in Chapter 6, directional stability can suitably be 5
Judged from static considerations. The lateral areas of struts, rudders '
(and propellers) must be selected in such a way that, under consideration
‘of their respective moment arms, direct:itnal stability is assured. The
resulting dimensions of struts (and other lateral components) may be

different from or may even be opposed to dimensions as derived from

structural or other considerations.

j
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CHAPTER L. PERFORMANCE CALCULATIONS

Introduction

1. Propeller Efficiency

2. Resistance Function of Hydrofoil Craft
3. Take-0ff Performance

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, maximum

speed and range as a function of engine power and hydro-

dynamic resistance. Turning characteristics are treated

on the basis of lateral force available in the foil system,

rather than as a function of power and resistance.
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INTRCDUCTION

There are several performance characteristics of hydrofoil boats
which can be analyzed and/or predicted. The most important ones are

maximum speed, take-off, endurance, range and turning.

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

for the structural design (hydrodynamic lcads).

Figure L.l gives a resistance-apeed function, representative of
a certain class of hydrofoil systems. This illustration serves in
defining the speeds corresponding to the performances mentioned. The
maximum speed is given by the intersection of the resistance function
with the cﬁrve of full-throttle thrust availagle. Maximum range is
obtained for minimum resistance. At take-off, certain hydrofoil
systems show a hump; a check on take-off distance helps determine
whether this would be a weak point in performance. There are other
types of performance, however, which do not depend primarily upon

thrust and resistance; such a consideration is turning.
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RS ERERE PERFCRMANCE CALILATIONS

speed (in ft/sec or in knots)

mass density of water (1b sec2/ftlt)

= 0.5 g V2 = dynamic pressure f 1
planform area of hydrofoil ,

disk arew. of propeller

propeller thrust

= T/qSo = propeller thrust coefficient

rotational speed of propeller

circumferential velocity of propeller

= V/u = advance ratio = V/qnd

propeller- or propulsive efficiency

= R = drag or resistance

= D/qS = drag coefficient ,
11ft produced in the foil system ;
= 1/qS = 1ift coefficient s ’
- CDP/CLB = parasitic drag ratio :

weight of a craft (in 1b) s
= 1/(R/W) = 1ift-drag ratio :
= 1/(L/d) = resistance ratio

engine power in HP P
fuel consumption in 1b/HP per hour S
force available for acceleration .
take-off distance S
= 2r = turning dlameter; also oropeller diameter

= W/g = mass of craft N

centrifugal force in turning :
number of propeller blades : ;

L R e e

Y S,
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Subscripts: |

5 B indicating propeller blades
T - for take-off condition ‘
H indieating hull '
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RESISTANGE R

FULL-THROTTLE THRUST

MAX RANGE

HULL ¢ FOIL SYSTEM

PARASITE RESISTANCE

. -
. -
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-
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SPEED V

GENERAL RESISTANCE - SPEED FUNGTION
OF HYDROFOIL BOATS

FIGURE 4.|
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of the propeller is increased. The number of blades z is taken

ARG

PRETTORMAMI® TATCUTATIONS

PROFELLER EFIFICTENCY

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, éhe characteristics of
such propellers are basic for all types of performance. They are

discussed as fnllows,

Induced Efficiency

Propellers have two ways of dissipating energy; the induced
losees involved in the jet of water (axial velocity and "rotation")

which is left behind - and frictional or parasitic losses. For

~ the induced losses, theoryl indicates certain minimum values. ;

The corresponding maximum induced efficiency decreases, as shown ;
in Mgure L.2, as the hydrodynamic di~k loading Cp = T/a3, 1is

1nc;'eased; and it also decreases as the advance ratio A= V/rnd

into account by using the effective advance ratio A, corresponding !

to the ratios‘listed as follows:

forz = 2 14/6[ = 2.35
- 3 = 1.85
= L =  1.63
= 5 = 1.L9
= oo = 1.00
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FIGURE 4.2

Marine propellers are usually designed so that their induced
efficiencies are between 80 and 95%.
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T TEAY PENFORMANCE CATLSUTATIONS

DESION EXAMPLE NO. L.J

CALCULATION OF INDUCED FROPELLER EFFICIENCY

I . ‘ In designing a propeller to prcduce a thrust o.
T = 1000 1b at vk = 30 knots, the hydrcdynamic loading

may be selected to correspond to
CT = T/qSo = 002

where T = thrust (in 1b)

g So = a2w/l = disk area
and the dynamic pressure

q=0.5¢g V2 = 2600 1b/ft2

The required disk area is then a
S, = 1000/0.2 2600 = 2,0 ft2

and the diameter is d=«1.6 ft. For an assumed propeller-shaft

- speed of n = 2000 rpm, the circumferential speed of the

propellers tips is

u=den/60=170 ft/sec o

A s ihe

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

A = V/u=1.7 30/170 = 0.33; A = 1.85A~0.6

R e SN MR By ar g

Figure L.2 indicates an induced efficlency of ny = 0.%90.
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Parasitie Eiiwciency

The parasitiec losses can approximately be Laken into account by

..L = -:-I'-—-. + 0.7%, (h.1)
I i

- where &= CDp/bLB" average or effective parasite-drag-lift ratio of the

- propeller-blade sections., This quantity depends upon the sectional

shape and above all upon the average 1ift coefficient Cyp at which the
blades are designed to operate. In marine propellers, the minimum

drag-1ift ratio is in the order of
g = ch/cLB = 0.01/Cyp (L.2)

To avoid the onset of cavitation (and possibly for structural reasons
too) the so0lidity of marine propellers is usually hign, the blade-
1ift coefficients are correspondingly low (below Cip = 0.1). As a
consequence, their parasitic losses are between 10 and 25%, which is

appreciably higher than in air propellers.

Total Efficiency

Design Example No. L.2 demonstrates the calculation of
total efficlency. Experimental results on the characteristics
of marine propellers are presented in publications such as

raferences 2 and 3,
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DESIGN EXAMPLE NO. L.2

CALCULATION OF TOTAL PROPELLER EFFICIENCY

Assuming a solidity ratio "s" = Sp/s, = 0.5, the average
1ift coefficient in the blades of the propeller as

consldered above, is approximately

C1p = 2 O A2/mgn = 0.4 0.332/0.5 = 0.09

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

1/q = 1.10 + (0.7 0.11/0.2) = 1.L9; n = 67%.

Figurerh.B presents some statistical evidence (taken from
Gibbs and Cox files) on the maximum efficiency of marine propellers
as a function of the speed of advance. The dick loading (in tons/ft2)
is seen ihcreasing, thus keeping the thrust coefficient (Cr) roughly
bétween 0.4 and 0.6. Above 20 knots, the loading increases at a

lesser rate, however, so that Cp 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 emargency

periods of time,
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JUNFTORNTIAL PERFORMANCE CALCULATIONS

Hydrofoil boats are usually thought-of as operating at higher speeds,

batween 30 and 50 knots. Between 30 and LO 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
approximately constant advance ratio)\ 3 and this advance ratio can be

selected to coincide with maximum efficiency. Resistance characteristics

i
i
N

of hydrofoll boats are basically different, as illustrated in Figure h.1.
The resistance is comparatively constant; indeed, hump resistance at take- : ;
off speed (if any hump) may be equal to the resistance at maximum speed.

As a consequence, the propeller is necessarily running at different advance

(:, ratios )~; and it is no longer possible to have nearly maximum efficiency
throughout the operational speed range. As in aviation, it seems to be

necessary to design the propeller for maximum efficiency at a sﬁeed which

is tentatively $0% of the maximum, Somewhat Eedqced'efficiency has to be
accepted in the range of lower speeds; and it should be checked that take-

o:£~is insured. A very suitable application in hydrofoil craft would be a i

Variablenpitch propeller,

Cavitating Propellers

As mentioned before, high speed marine propellers (for destroyers,
for example) are designed with a view toward avo*ding cavitation, : ‘_§
This means that their solidity is very high (in the order of 70%) to *

keep the thickness ratio and the 1ift coefficient in the blades as
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iow as possibtle, Their efficiency is consequently lowered (by some
10 or even 20%) in comparison to a propeller designed for more
moderate speeds. However, even at reduced efficiency; design of non-
cavitating propellers no longer seems to be possible above some LO
knots., Fully cavitating (and/or ventilating) propellers have been
used, however, for many years in racing motorboats, up to the present
record spéeds exceeding 150 knots. It has also been reported that
such propellers do ‘not exhibit erosion - evidently because the vapor
bubbles are collapsing in the fluld space behind the propellers

(rather than on the blades).

The design of cavitating propellers is still hampéred 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 optimized for cavitating conditions. Fb:‘example, if employing
preperly cambered pressure sides, the characteristics of cavitating
blade sections can be improved over those of the flat-sided shapes

which are usually applied in marine propellers. In concluding, it

seems possible to design fully-cavitating propellers for high speeds,
having efficiencies which are of the same order as those of

destroyer-type propellers,
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e O

There are other possibilities of water propulsion such as the
so-called pump jet (where the propeller is located inside an expanded
lower-speed enclosure)., Such devices will not be discussed here,
however. In higher speeds, propulsion by mezns 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 lower speeds,
the efficiencies of air propellers are probably not as high as

those of water propellers - unless excessively large diameters are

employed.
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2.  RESISTANCE FUNCTION OF HYDROFOIL CRAFT

Detailed information on the drag of various components of
hydrofoil systems 1s presented in various chapters of the second
volume of this handbook. Chapter 1 of this volume also gives infor- .

mation on the total resistance of various tested hydrofoil boats

(mostly in flying condition). Resistance is also discussed in the

followlng, this time in a more summary manner.

Generally, there are three components of drag in hydrofoil craft,
the 'hull resistance (plus foil-system drag) in floating condition, i
the parasitic resistance of the foil system .nd the induced drag of

the hydrofoil.

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

“

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

Parasitic Drag

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

§ D, = CDp Qs (L.3)

where q = dynamic pressure

8 = planform area of foll

and the profile-drag coefficient in the order of Cpp = 0.01.
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Very roughly it can be said that in average clean hydrofcil systems
(including struts and appendages) Cpp is doubled (is~0.02), Using
this value, equation {L.3) indicates the parasitic drag component as

illustrated in Figure L.1l.

Induced Drag

The minimum induced drag of a fully-submerged plain foil

corresponds to
2
CDi x CL /‘“'A (L.b)

where CL = 1ift coefficient

A = aspect ratio of the foil

The induced drag of a hydrofoil system is higher, however, because of
the proximity of the water surface (biplang 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 1ift too is doubled as against the coefficient

indicated in equation (L.k).

Summarizing, 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
Cp =% 0.02 + 2Ly (k.5
T A
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It should be noted that the parasitic component of drag (in pounds)
increases as the square of the speed, while the induced component
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 displaceﬁent vessals, .

In the design of a hydrofoil boat, the resistance calculations

must be carried out using accurate values for the drag coefficients.

SRS g T o

One and the same craft will also have somewhat different resistance

_as a function of loading. The outlined procedure, using the rough

4 e . -

values as indicated, may serve, however, to give a general feeling

for the mechanism of resistance in this type of craft, To be sure,

foll systems which change their submerged area during operation

(surface-piercing "V foils, for example), have a somewhat different o

composition of resistance,
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DESIGN EXAMPLE NO. 3

CALCULATION OF FOIL RESISTANCE

b)

A 1ift coefficient suitable for high-speed operation may
be C;, = 0,2. For an assumed aspect ratio of A = 8, the

induced coefficient is then in the ordei of
Cps = 2 0.22/8e= 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 D/L = CD/CL is equal to 0.023/0.2 = 11.5%

In a fully-submerged foll system, the 1ift coefficient
increases as the speed is reduced, in the proportion of
CI'AVI/Va. At half the maximum speed, for insctance, C; is
four times the value at V.. which is Cy = 0.8 in the
example considered. Since the 1ﬂéﬁced drag coefficient is
proportional to CLZ, this coefficient varies as (1/v’*).
For the conditions assumed, therefore, Cpy = 16 0.003 =
0.0L8 and the total drag coefficient Cp = 0.02 + 0.0LB

= 0,068. The corresponding resistance ratlo is D/L =

0,068/0.8 = 8.5%, at half maximum speed.
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2 e s

3. TAKE-OFF PERFORMANCE

General

‘ﬁ Every hydrofoil system requires a certain minimum speed (minimum '
,g dynamic pressure) before it is able to 1ift 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 foll system. This resistance f ; 
| increases with speed, érom zero to a certain value which is in many b
designs a hump. The minimum flying speed (with the hull above the water) ; f
corresponds to the maximum available 1ift-over-dynamic—pressure value Lo
of the foil system. In fully submerged designs this usually means the o
‘maximum 1ift coefficient. In surface-piercing and for multiple-panel

systems, the maximum subﬁerged foil area is applicable at the take=~

off speed.

Take-off analysis includes:

(a) take-off speed ms minimum flying speed

(b) resistance in the take-off range

(e) take-off distance.

Take-0ff Speed

During the take-off run, the hydrofoil system develops 1ift,

starting from zero at lowest velocities and increasing with speed .
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according to some function, to the condition where lift L equals the

weight W. Generally,
L = CLas = C 0.5 ¢ v2s (L.6)

where Cp = 1ift coefficient

q = dynamic pressure

S = submerged foll area
g = water density
For L = W, the take-off speed is accordingly
st W 5 n
e M 2 (L.7)
S «9Cy

DESIGN EXAMPLE NO. L.k

TAKE-OFF SPEED

What is the take-off speed of a 10-ton boat, having a foil
area of 25 £t2 ang operating at take-off speed at a 1ift
coefficient of Cy = 0.8 ?

For W/S = 22400/25 = 900 1b/£t?, and g -2 sec?/rt! ) the

take-off speed is

00 2
200 5 = 33 £ < 20 knots

vV -
T . sec
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It may be possible in certain designs to utilize fully the
maximum, hydrodynamically possible 1ift coefficient of foil section
and wing arrangement involved. In this respect, approximate !

sectional values are as follows:

symmetrical sharp-nosed section Cpmax = 1.0

symmetrical round-nosed section 1.2
: average circular-arc section 1.2
!
z
? favorable aviation-type section 1.5

However, in actual operation these values may not be reached because

of the following reasonss

PR

2 (a) Non-uniform 1lift distribution along the span. i
(v) Struts and other parts may disrupt the 1lift distribution.

(¢) Because of dynamic 1lift variations in time, the effective value
~may be somewhat lower than the static maximum,

(d’ In tandem and similar systems, or» foil may reach the

maximum while the other is still below maximun.

(e) In proximity of the water surface, the maximum 11ift

coefficient may be lower than in unlimited flow.

To quote one experience, '‘the maximum coefficient in Gibbs and Cox's
tandem-foil Research Craft® was found to be Cppay = 0.9, while the
f expected value of the 19% thick symmetrical round-nose section employed

is in the order of 1.15.
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CONEIDENTIAL

Take-0ff Resistancs

In designing a foil system, its parasitic resistance may be

known in flying condition. This type of resistance should then be

% ' increased on account of all compohents (struts, propulsion parts) oo

which are more deeply submerged during take-off as compared to the

flying condition.

|

i

|

g The induced drag during the take-off run depends upon the BN
P

j » L

percentage of craft weight taken in 1ift by the foil system. This .

1ift depends on the angle of attack, which for a fixed foil depends i

on the trim of the craft during take-off (for a controllable foil, ;

the angle of attack may be varied as desired). 1In general, it may

( ' be suitable to consider Cy to be constant through the take-off
The induced

T T T R A, A o 1 e oo

range (equal to Cyp ~ the lift coefficient at take-off).

s -

f

i

! drag can then be calculated according to the principles presented in
f ‘ ~

f
[
|
3

A

ks
£
1o

Volume II of this Handbook.

As the foil system develops 1ift, the weight supported by the

g 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 component

which is a function of the displaced volume (weight) of water (and of

Froude number, of course). As suggested in Reference 6, the frictional
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component decreases only little as the hull is unloaded; subsequently
this component 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
| /WH = w-ﬁ\ . {load on the hul])2 (L.8)
\ W W / total weight

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

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

resistance in more or less unloaded condition is then apprcximately

R R R | W 2
R R, R, AW/

where R, = resistance f(V) ' ;

Ry = friction component in fully loaded condition

R, = residual component

N

Actually, the frictlional resistance may somewhat decrease during the

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

e e e et et et

Take~0ff Distance

After having determined the resistance-speed function, the length
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 unbslanced thrust

force is utilized in accelerating the craft:

CONFIDENTTAL
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F = T -R = MdV/d(time) (L.10)
where M = W/g = mass of the craft, \

The take-off distance is then

! . VT .
wolyo, .

) X = 0.5—- --'d(V ) . (h.ll) co

; g F : ‘ ‘
0 oo

2
Rewritten in terms of the dynamic pressure q = 0.5 g V , this function

t is

LA . e

x = —dq (L.12)

C 7L

o]

where Y’ = unit weight of water : §
v ,

indicating condition at taic-off speed

As illustrated in Figure L.lL, this equation can be solved graphically

by plotting (1/F) against q. The area under the curve represents the )

take-off distance x.

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

the dynamic pressure at take-off

ar = (W/s)/Cyp (L.13)
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CONFIDENTIAL

SHAPE OF THE CURVE CORRESPONDS
TO GONDITIONS IN FiGURE 4.1

THIS AREA IS PROPORTIONAL
TO TAKE-OFF DISTANCE X

GRAPHICAL INTEGRATION OF TAKE-OFF
DISTANCE

FIGURE 4.4

squation 4.5 becomes

W
L./ (L.1h)
Fav CLT

where S - foil area

Cir ™ available 1ift coefficient at take-off.
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The distance is thus proportional at least to the square of the

welght W.

The force Fyy is naturally depending upon the power installed
in the craft as well as upon the hydrodynamic resistance. If knowing
the hump- or take-off value of F, denoted as Fp, the average force
. ie roughly
To +3 F&

Fay = ; (L.15)

where To = full throttle thrust at V = 0,

Vartical Rise

In airplanes, the vertical motioh during the take-off run is
negligibly small in comparison to the horizontal distance (let's say
in the order of 1 to 1000). In hydrofoil boats, this ratio is much
greater, however, poséibfy in tﬁaborder of 1 to 10. Some power has
to be expended in lifting.the craft, Referencé L suggests a

corresponding increase of the take-off distance in the order of
x = nw/m | (L.16)

where h = vertical rise of the craft

Fp = (T = R) at take-off speed

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

correction; in .practical céses, it seems to have a magnitude similar

to the basic run (equation L.1lL).
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DESIGN EXAMPLE NO. L.5
TAKE-OFF DISTANCE
\\
What is the take-off distance (from rest to flying) of
Gibbs and Cox's 20 ft Research Craft having W = 2100 1lbs,
§ W/S = 130 1b/ft, a take-off speed of 7 knots, a vertical
|
5 rise h = 2.8 ft, an unbalanced thrust of 170 lbs at take-
off speed, and a T, = LOO 1lbs ?
Equation L.153 Fgy = (LOO + 3-170)/Lh = 228 1bs
Bquation L.l x = 2100 _ 130
d 228 0. = 2 £t
L Equation 4.16s Ax = 2.8 2100/170 = 35 ft
The total run would thus be 59 ft; tested were some :
60 or 62 ft.5 : S

bt Aadia s
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L.  SPEED AND RANGE

Maximum Speed \

As indicated in Figure L.l, the maximum speed is evideutly a

function of resistance and available power:

P - vKnQEEElE. 3 Vknots = 326 __?HPZVIE. (bL17)
HP 26 R/W
m qp 3

where 1, = mechanical efficiency

o = propeller efficiency

DESIGN EXAMFIE NO. L.6

MAXTMUM SPEED
Assuming, for instances
W = 10 tons D/L = 10%
By = 0.9 qg - 0.6

P 500 BHP
-the maxinum ip?ed (equation hai?) is

\'/ = 326 0.9 0.6 500 39 knots
max 0.1 22,L00

The question may, however, be the other way around: what 1is
the power required to drive the assumed craft at a speed of

39 ¥nots? Using again equation (L.17):

0.9 0.6 326

CONFIDENTIAL
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Naturally, the resistance of the foil system may somewhat
increase by fouling or damage (surface roughness). Also, the power
output of the machinery may deteriorate with time, thus reducing
maximum speed. It should also be kept in mind that the usual resist-
ance predictions do not include the additional drag-éaused by waves and

the dynamic motions of the eraft when operating in a seaway.

Cruising Speed

Cruising spsed may be defined in a more or less arbitrary manner,
However, one distinct speed in many hydrofoil craft is that at which
the resistance has a miniﬁum value (see Figure Li.1). At this
speed, the induced drag coefficient is equal to the "constant" parasitic
coefficient. The 1ift coefficient, at which the minimum occurs, can

therefore be evaluated from equation (L.h);

Cropt ™ VCDP ™ A/2 (L.18)

Employing the basic definition of the 1lift coefficient (equation L.6), for

L = W, the dynamic prassure at which the optimum occurs is found to be

Qopt, = /3 (L.19)
Cropt

The corresponding speed follows from

- ‘/ . |2/ b.2
Vopt 2 qopt/ ] | : CLOPF (L.20)

.
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where 9 = water density
W = weight of the craft

S = planfofm area of foil

At this speed, the craft reaches a maximum range.

Range

As indicated by Bregust's equation, quoted by Dieh17, the
range is

W
Range (nautical miles) = 750111ilog—2- (L.21)
¢ D Wx

E . where 1 = propulsive efficiency = n, Tp
;Q ' | ¢ = fuel consumption in 1b/HP per hour
| - L/D = W/R = average 1ift-drag ratio

W, = dinitisl weight -

W, = final yeight

. DESIGN EXAMPLE NO. L.7
; ' CALCULATION OF RANGE

What is the range of the craft, defined in the preceding
example, having one ton fuel in the total weight of 10
tons, for an optimum R/W = 8% and a fuel consumption c =

0.5 1b/MP per hour?

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

{ Range = _758‘50.5b O?égh6 = L66 nautical miles

o
¥
B
I
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Practical aspects of range in the design of hydrofoil craft I

; are presented in Chapter 3.

. B
Endurance . b

¢
_ C
The endurance is according to Breguet’ _ i

Endurance (hours) = 650 vwlL%Q [ 1 __1 ] (L.22)
Vknots B/W | Wxib Wolb

ek o BT £

where notation is as indicated in connection with equation (L.21). The ‘
I
maximum endurance is found somewhere between the speed of maximum range ; i
i
and the minimum flying speed; that is, at the point where in Figure L.1

the term (V times R) reaches a minimum. In many designs, this speed ;

e 5 *

of maximum endurance is close to the minimum speed. ; ' é

Range and endurance are necessarily limited in those hydrofoil

boats which are designed for higher speeds.\‘This is not so much @

because of the resistance ratio (which is favorable in comparison to E

other higher-speéd craft) - but rather because of the bigger and heavier

i machinery required for these higher speeds. As explained in Chapter 2,
the increased machinery weight takes away a considerazble portion of the

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

CONFIDENTIAL
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5.  TURNING CHARACTERISTICS

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

circle depend, are as follows.

(eneral

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

be assumed to exist,

As illustrated in Figure L.5, a centripetal force Fiateral is

’required in a turn, to support the mass of the craft against the

centrifugal force 2. This force is

i 2 = MVr =2WV2/gd = -Flaperm) (L.23)

where d = 2r = diameter of turning circle
M = W/q = mass
V = tangential speed of craft

It is explained in Chapter 6 of this volume, that Fjateray 18 produced

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

Cu L ULNTIAL
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GEOMETRICAL CONDITIONS IN TURNING
FIGURE 4.5
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Turning Performance

¢

Solving equation (4.23) for the turning diameter:

d - 2r -i V2 2 V2 = 2 vz/a (h.Zh)

g Frat/W g a/g

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

In a fully submerged design, the available lateral foil-system force
Fiat may be proportional to V2, In this case, therefore, the diameter
is indicated by the derived equation to be independent of the speed.
In a surface-piercing system with essentially constant 1ift coefficient, Co

F1at/q 1s increasing (together with submergence and wetted foil area)

as the speed of operation is decreased. By comparison, therefore, this
type of hydrofoil boat is expected to turn in smallest circles at lowest :

speeds, :

Referring the turning diameter to the Iangth of the craft's hull

‘ d& ] 2F12 W/Flat (L.25)

where Fj - V/fg-r- Froude number on f.

This equation indicates that for avgiven type of foil system (with
Fiat/w = constant), the turning diameter increases in proportion to
the square of the speed for which the bcat is designed (dimensions
are variable in this case rather than fixed as in the preczding

paragrarh ).
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DESIGN EXAMPLE NO. L.7

TURNING DIAMETER

W = 10 tons and V = 20 Knots ?

:
i | what is the turning diameter of a craft havirng
The available lateral force can be estimated on the basis

of the information in Chapter 6. As indicated by equation
(hozh)’

s o e = i

2 1.692 202
- 9 = 1’-10 ft

32.2 0.5

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

Referred to the length of such a boat, the ratio d‘f is

in the order of L.

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

also be. of interest:

time (seconds) = d®/V = 1.85 dp/Vy, io (L.26)

Other Considerations

As mertioned before, aspects of stability and control have been

disregarded here. It should also be mentioned that in tandem systems

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

CONFIDENTIAL
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(see in Figure L.5) than the forward foil. Generally it may, therefore, 3

not be possible to obtain a maximum of forces (and moments) helpful ;-

L

in turning in each of the two foilas of such systems. This problem '

i

is less important, however, in "singie"-foil configurations (where E

‘ 5
J one foil carries most or all of the 1oad). T
i Practical experience in turning performance is limited. '2
f .qchertel8 mentions for his surface-piercing designs, diameters in ;

; the order of 3 to 7 times the hull length. The Gibbs & Cox tandem
Research Craft’ showed a minimum ratio d/f = L.2, with a submerged

(controlled) foil system, utilizing end plates.,
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CHAPTER 5. STRUCTURAL CONSIDERATIONS

ls Introduction

2. Load Criteria 'and Loading
of Foils and Struts

3. Structural Design of
Foils and Struts

L. Hull-Structural
Considerations

5. Materials

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

in the construction of hydrofoil craft are also discussed.
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THTSODUCTION

The principles of structural design for hydrofoil craft are simply
adapted from the fundamental design principles of aircraft wings.uud of
hwulls in shipbuilding. There are essentially no new problems involved
in the analysis and the design of hydrofoill structures once the loadings
of the varlous components are known. It is in the establishment of loaqd

cerdteria and the derivation of loading conditioné, however, that tloprs

‘in little information with respect to hydrofoil craft.

There has beén no systematic advancement of structural design
criﬁeria due to the fact that hydrofoil eraft have generally hien
experimental in nature, with only a few small craft in actual service
operations. The fact that most boats that have been built and operated,
are small and light in weight has minimized structural requirements.
Also, in theyinterest of demonstrating craft feasibility, overly strong
foil»strﬁt structures have been provided in many instances to inéurs
spainst structural failure. It has not been of particular intereut in
these cases to determine accurate or probable loading values; and there

was usually little prior experience to fall back on.

In several instances, foll load factors and loading conditions have
v« advanced for particular types of craft, based on data obtained {rom
Hqmanon

rmall models or experimental craft of the same confiemration. y

“here uat been little service experience to indicate whethner thie wuse oF
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0N FIDENT IAL STRUCTURAL CONSILERATIONS

those factors would provide a satisfactory structure or one 1.

inherently weak or overly strong.

Generally, then, the underlying reason for the lack of repre-
sentative load criteria and adequate loading conditions is the lack
of experience in hydrofoil operations. Most craft have not been in
service long enough to allow investigation of fatigue limitations, have
not experienced the extreme conditions anticipated, or have not been cf

such size or intended service to require a minimization of structural

' Weight. Little has been done or is available on structural tests of

hydrofoil 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
dérived for use, have generally been adopted by Gibbs & Cox, Inc. in the

desigh of hydrofoil structures, pending the develépment of more refined

information as experience increases, It is considered that the loads

derived are conservative to a degree which varies (to some presently
unknown extent) with the type of configuration and the intended service

of hydrofoll craft, The eriteria are not so conservative, however, as

 to penalize pefformancé by the burden of excessive structural weight.

It is not considered within the scope of this chapter to present
detall structural design methods and analyses. Rather, approximate
methods and relationships suitable for roughing out an adequate foll-

strut system arc presented to be used in deriving preliminuary sizes and
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arréngement&. A method for determining virtual hull weights «

function of foil loading is also presented for use in analyiing Tl

girder stresses.

The various factors that influence the choice of materials for
the foil-strut configuration and for the hull have also been indicated,

without going into detail as to the comparative qualities of the various

materials.
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Notation

Gy, foil 1ift coefficient

CLopt foil 1ift coefficient due to camber | o L

: dCL ‘

[ - 1ift curve slope of the foil

| dX _ : ¥

E Cs side force coefficient B
ey
ETF . sida=forca-curve slope of the strut
\'f speed of craft
Vi speed of craft in knots )
H wave height (crest to trough - ft) |
A wave length - ft | ;
N number of cycles of loading !
T specified service life of craft - hrs , (
L/S design loading of foils o
Ar/s additional loading of foils E

v x
%El - 8ide loading of struts Co
8

W total load on foil (L + L.1)

! W foil weight, 1bs

| h foil submergence o

f T frequency of wave encounter

) W orbital velocity of water particles

5 ke flap effectiveness

[ P.) flap deflection, radians
/’: - extreme angle of strut section, radians
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LOAD CRITFRIA AND LOADING OF FOILS AND STRUTS

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 times combined with the operational requiremeats of the craft

,ih such waves., Thus, if all the operating factors were known - if the

probabilities of the see state were fully accountable and the operations

- of the craft were specified as to speed, maneuvers, limiting accelerations,

etc, - it would be possible to estimate accurately the full loading

~spectrum of hydrofoils. That is, on the basis of probatility, 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 factnrs.
. . BRI \

chevéf; the state of knowledge of the varlous factors is very

klimited, at the - -ent time. It is only within the past few years that

Ty o
by

any really useful, accurate information on the state of the sea has been
develoﬁed,‘and years of research are still ahead, before such information
is adequate for general use. The actual loading éxperienced by‘hydro~
foils in service must also be determined by various measurements on
various craft under various conditions before valid conclusions can be
drawn. Finally, it is necesséry to know the intended service of a
particnlar craft to be designed or analyzed in ofder to establish the

probable operational requirements under various sea conditions.

CONFIDENTTAL
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Therefore, at the present time, load spectra cannot be ...

e e TS et T e

defined, and it is necessary to set up such criteria that produ:ze o

loadings that are characteristic of those expected in service,

The pfopoSed load criteria, for the loads on foils and struts,

specify that the loading shall be investigated under the following ?

e RS ST T A, w3

conditions:

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

or normal conditions of operation in normal sea conditions,

2. The magnitude and frequency of the loading under maximum sea

conditions, at the highest negotiable speed.

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

e v cmi i 1 s e

possible speeds under normal and maximum sea conditions.

e

\
These conditions cover normal operations where the loadings occur

‘frequent ly (and wenerally nt higher speeds) and abnormal operations

wheré the_loadings are extreme but occurring infrequently (and generally

at lower épeeds). Depending on the intended service of the craft,
several different cases may have to be investigaied under each condition
to determine the maximum severity of the loadings. Thus, for a craft
normally operating at a eruising speed somewhat lower than maximum speed,

the loading at cruising speed will be less severe but more frequent than

at top speed.
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E: Average Loading Conditions

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

influence of surface waves that normally would prevail.

The average waves to be met by a hydrofoil craft are, of course,
dependent. on the service of the craft and the waters in which it is to
operate. A summer passenger or excursion boat operating in protected

| watérs'is less subject to large seas than an ocean-going patrol craft.

It is, therefore, impossible to generalize on such a condition.

‘.ﬁéﬁevéf, the most prevalent sea condition in all waters is so calm

as compared to the more severe conditions likely to be encountered, that

“the loada normnlly experienced would be comparatively small. Even at

very high frequencies, the resulting low stresses in the structure would

‘generally be well below the fatigue limit.

Theréfore, in order to get some usable design information from this
condition, the criterion may be somewhat restated. The wavés that can
be negotiated sy the craft at its design (or maximum) speed without
appreciable craft accelerations,'may be considered to be the prevailing
or average sea, Extending this concept, the following is proposed for

the average or prevalent loading condition:
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The craft is considered proceeding at maximum design = -

‘a wave of height equal to the average submergence az deaiu: ‘
\

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 maximum instantaneousvloading on the fciis can be congidered

S

to oceur when the foll 1s below the position of maximum wave slone

(maximum vertical orbital velocity), and thus at the design submcrpgence.

The additional 1ift generated by the foil under these conditions, may

be generally expressed as

dc dCy/doc -
Ao, - 2% | iy ]E_}s e =2Mh/p (5.14)

is the additional 1ift coefficient

»,

dc ‘ .V\ . -
L 4s the 11ft curve slope of the foil at the design
ax submergence (See Volume II for the derivation of

this function)

|
f

E‘ | =
b

[

ﬁ

f

?

|

!

|

f

is the maximum craft speed

Vinax

h 1s‘the design average foill submergence

w is the orbital velocity of the water at the
submergence h

H is the wave height (crest to trough)

A "~ is the wave length
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N

The frequency of encounter is considered to be the average et ..

head sea and following sea conditions:

= Vmax/) (5.10)

The condition where the craft is proceeding in beam seas must be

considered for the lateral forces generated on the struts. The i
horizontal orbital velocity is a maximum at the creét of the wave,

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

each strut
o . ¥ dCg  dCs/dx p [27g p-1-5Mh/A (5.2a)
8 Vmax dot Voax 294 A e84l
‘where Cg 18 the side force coefficient
Y = lateral angle of attack
dog o
—— is the side force curve wlope of the strut at the
dQF' submergence h = 1,5 (See Volume II for the
o derivation of this function)
'wv is the orbital velocity of the water taken at the
average submergence 3/Lh
Viax is the maximum craft speed

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

frequency:

f = \/g/2ﬂ% (5.2p)

ey
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1 v et

]

For surface=-piercing foils, the conditions at the c¢-. ' . -
the wave in head or following seas must also be invez': - :lead,
since the foil is more deeply submerged (1.5 the design cub-
mergence) and the foll structure normally above the wate:
surface becomes loaded. Also, in beam seas, surface-piercing
foils are subject to differential loads, which must be
investigated.

Considering the limiting case where the wave length is 20 times the
height, the loading can be generalized for any craft from equations (5.1) 5

and (5.2) above. Converting speed to knots and rounding off the

mumerical factors for simplicity, we get for

H/A, = b/p = /20 |

 In Head and Following Sea Condition

AL/s = 20 V., dCp/d«

(5.3) ;
N = 300 vkmax T/h :
- In Beam Sea Condition a
SF/sg = 2.1511; Vi max dcs/dv B
(5.h) 8

N = 1800 T/[h

where AL/S 1is the addi&ional loading on the normally submerged
foil, 1b/ft

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

Vimax 1s the maximum craft speed, knots

h is the design foil submergencs, feet

CONFIDENTTIAL
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It is assumed for the purpose of assigning loading values on the structure,

, that'a craft specified to operate in certain waters shovld be able to

1 mﬁjority of th§ waves encountered (although not necessarily the most

STRUCTURAL CONSIDRRATIONS

40y /dx is the 1ift curve slope of the foil at tui. - » o o

dcs/dv is the side force curve slope of the strut z' 'is
submergence 1.5h

N is the number of cycles of loading

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

Maximmm Load Conditions

- The conditions of maximum loading are those in which the craft is
operating in maximum 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.

maintaiﬁfflight under the maximum sea conditions expected in those waters.

At least, it should be able to negotiate, at some reduced speed, a

extreme waves that occasionally arise).

The only correlated information available on actual sea character-
1sti:8 18 that obtained by Sceripps Institute of Oceanography6 for the
103t severe waves experienced in northern oceans, as shown in Figure

Seiy curves "B and WC", From these data, maximum sea conditions can

Le retionalized, as follows:

CONFIDENTTAL
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The curve identified in Figure 5.1 as "most probable v+ .. .. -~ i},

for any given year" (éurve "B") is considered to represent \an

i 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 S |

to represent the most extreme wave that may arise out of the

group of waves that occur.

From statistical analyses, a? indicated by Piersonl, the "average

_;séa" 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§ﬁfvé uAn of the figure. Another point is that one wave in
. ; ;‘*twenty (1/20) will be a 1/10th highest wave. Extreme waves have . 5
| / :;?}50 probability; that is, they are not expected to be encountered I

“"at all ‘and may be ‘considered to ocer only "once in a lifetime",

It appears reasonabla to assume that the maximum waves for any
N :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 L

>(which may be determined from experience or estimeted by Pierson's

methodl). An exception must be made, however, in shallow water, par-~
ticularly when waves are ﬁrogressing from deeper water (such as at the
shore line, or at shoalsj. There, the most severe waves approach the

Idmiting valne of )/H -7,

s, B
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From equations (5.1) and (5.2) given above, the additional

loadings may be generaliszed in terms of wave characteristics and

; craft speed in knots

AL N L TV |

s IZJ—X o b | (5.5)
- 'Tf”LEEl[_ . !22.‘225 e -Thj

o, e e (5.6)

Thq craft spesd and wave characteristics must be determined in order

to derive the loading valiues.

k'The ﬁhiimﬁm speed of the craft is necessarily reduced in maximum
“aéﬁsvfor‘aéveral reasons. FMirst, iIn order to negotiate waves of a
height gréater than the foil-hull clearance, the craft must "track" the
uﬁves to some extent resulting in vertical accelerations which are too
severe for high waves unless the craft spee& is appreciably reduced.

Secondly, thers is a raduction in speed due to the average increase in

drag 6f the craft operating in waves. The reduction in speed must be

determined individually for each craft on the basis of available power,

foil-strut configuration, dynamic 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

CONFIDENTTIAL
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impossible to generalize on these conditions and some simplifying

sssumptions must be made in order to derive probable loading values for

the foil-strut configuration.

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

craft and those experiencing similar wave‘conditions:

(a) ‘The prevailing waves are those in which the orbital velocities
are a maximum, Thus, for océana the wave length, A = 300 for
average and 1/10th highest waves; )\ = 500 for extreme waves

as shown in Figure 5.2. For restricted waters, the length is

the largest that may be experienced.

(b) Maximum sea conditions are expected to be met 5% of the

operating 1ife of the craft. The 1/10th highest waves under

these sea conditions therefore occur (1/20)% of 1/L00R of

the time. o

(c) The speed of the craft is assumed to be the maximum that can bs

attained under the maximum sea conditions. This is considered

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

(d) The foil may be more deeply submerged than tne design sub-
mergence h, resulting in a larger dCy/del. Hcwever, this is
counteracted by the decrease in orbital effect due to the
decay factor € -/ . Therefore, dCy/dx is determined at the

nominal submergence h, and the decay factor is neglected.

CONFIDENTIAL
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(e) The struts are considered fully submerged (to a point just
clear of the hull) in determining d0y/dy and the strut area

to be loaded.,

On the basis of these assumptions, the maximum loading conditions

may be indicated as followss

(a) In Average Maximum Seas

| (5.7)
(SF)/8g= 6 Vipey 9Cs/dy N = 20T
- (b) In 1/10th Highest Waves
AL/S = 12 W, d0 /dC N = Vi T/25
| (5.8)
(SF)/84% 12 Wiy, dCp/dy N = T
g .(6) In Most Extrame Waves
i AL/S = 18V dop/de
N = 1 (5.9)

(SF)/8gm 18 V., dCa/dy

Combined Foil Loading and Side Force

The above loading conditions have been derived to give foil loading

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

CONFIDENTTAL
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Extrems Loading for Actuated Foils, Flaps and Rudders

angle of sncountsr 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 will occur simultaneously at some reduced value
of each., The overall effect on the structure may however be greater,

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

For simplicity, the beam sea condition may be considered to
prevall - and the loadings will then be (SF)/SB ain g and AL/S cos #

at the specified side force frequencies given above, @ is a parameter

- which may have any value to give relative forces on the foil or struts,

as desired for investigation.

Tt 18 conceivable that for controllable foils, foil flaps or
rudders, extreme loading may be experienced when, at high speed, some

AN

error in actuating the controllable componént may result in an excessiyely

large angle of attack,

This condition should be avoided, where possible, by installing
some form of limiting device. In some instances, such as where
maneuvering is & prime requisite, it may be desirable, however,
to maintain fuil 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 maximum speed. This loading may

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

CONFIDENTIAL
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maximum 11ft on the foil that may be generated before the fcil emerges
from the water), or in the absence of such analysis may be considered

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

Limiting Load Conditions

The loading conditions indlcated above may not be achieved in some
instances due to the limit of loading that can be generated by the foil

or strut. Thus, a foll or strut may stall out at some lower 1ift

!

[

f

| ,

E coefficient than indicated above because of':
)

(a) Stalling in the aerodynamic sense, where the 1lift of the foil “

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

e

(b) Cavitation, where the maximum 1ift coefficient attainable 4z a

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

bution of the foil section).

e S

g ' (e¢) Ventilation, particularly for surface-piercing foils and struts.

The limiting load due tofaerodynamic stalling car be considered an
upper limit, applicable to the more extreme loading conditions trsated
above., For a symmetrical, unflapped foil this limit may be taken to be

that corresponding to Cy = 1.0, (Maximum 1ift coefficient of foil

sections ars somewhat larger than 1.0, but due to variation in spanwise

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

CONFIDENTIAL
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Chapter L indicates that Cy,., values for some tested hydrofolls are

actually below 1.0), The maximum possible foil loading is then \
L _ AL 2
5 3 Lmax 0s5 0 Vmax (

For foils that have camber and/or flaps, Cpmax 18 increased by the
1ift due to camber and/or due to flap deflection. Converting speed to
E knots, the maximum possible foil loading may be generalized, as followss

L AL 2

3 + Y * 3 Vemax (1 + cI.op‘b) (1 + k¢ d max) (5.11)
where. 1/8 is the design foil loading, lbs/ft?

'A1/8 1is the additional foil loading, 1bs/ft°

is the maximum craft speed, knots

Vicmax

E Cropt is the 1ift coefficient due to camber
\ (see Volume II)

ke is the fiap effectiveness (see Volume II)

J max 18 the maximum flap deflection, radians

The expression has an upper limit in the order of (6 Vﬁmax).

For surface-piercing foils, the maximum losding may be limited to
some value below that indicated by equation (5.11) above, due to
ventilation. Some indication of the maximum 1ift for specific foll

shapes is given in Volume II, but at the present time the data avail-

able are not sufficient to permit generalization for all surface-plercing

CONFIDENTIAL
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foils. Such a 1limit due to ventilation is very significant however;
and where surface-piercing foils are to be employed specified tests
should be conducted on the configuration to determine the limiting

11ft coefficient, ‘ ’ b

The limiting side force on a surface-piercing strut is also
associated with ventilation. As indicated in Volume II, ventilation
occurs when the angle of yaw exceeds the "angle 6f entrance" of the

~ strut section. Thus the maximum side force on the strut is

-(-?i-)- = 3 (we/ay) p W (5.12)

E .~ wvhere (SF)/S is the maximum side loading, lbs/ft
: ng/dyl is the Tiateral 1lift-curve slope (see Volume II)

; , /B is the entrance angle at the strut section (one-
| - : half the total angle at the leading edge) in radians

N

Cavitation may also limit the generation of 1ift, as is indicated
in Volume II. However, there is insufficient knowledge of this
phenomenon at the present time to determine the effect accurately,

particularly in the consideration of instantaneously applied loads.

Loading in Turns

The loading that may be imposed on a foil-strut configuration in

turns must be analyzed in terms of the configuration employed, and the

turning conditions considered. These depend on the type of configuration

CONFIDENTIAL
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(surface-piercing, ladder, or fully submerged), the method 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 must be analyzed
for the particular design considered. Certain prccedures can be set up,

however, for astimating the forces in a turn.

Thus, for averags conditions:

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

on the configuration in a steady-state turn can be estimated,

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

account for transitory loads prior to steady-state condition.

(¢) The loading due to waves in the average conditién, equation

(5.4) should be superimposed.

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

requirements of the craft.

For maximum sea conditions, & similar procedure may be used, with
the forces due to average maximum and 1/10th highest waves superimposed
at their corresponding frequencies. (It is considered very unlikely to
encounter the most extremé sea loading superimposed on maxirmum turning
load.) - The rssulting loading must be checked to determine that it

does not exceed the 1imit loading, discussed above,

CONFIDENTIAL
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SUMMARY OF LOADING CONDITIONS

Additional Foil Loading Side Force (Per Strut)

——
AVERAGE I0AD | AL/S = 2[R Vi, dCp/dx [(SF)/Sg = 2.15[0 Vi, dC./dy e
CONDITION =
N = 300 Vg, T/h N = 1800 AW |
TMIM LOAD o
CONDITIONS A *
Average AL/S = 6 Vi .. d01/d« (SP)/84 = 6 Vi . dCa/dy
N=1/b Ve . T N=2T
1/10 Highest | AL/S = 12 Vi, d0p/det | (SF)/Ss = 12 Vi, dC,/dy
Waves -
NeV . 1/25 Ne=T
Most Extreme | AL/S = 18 Vi . dCp/de | (SF)/Sg = 18 Vi ., dc./dy
, ‘ Waves ,
A N=1 Ne=1
EXTREME TOADING| L AL 2 (SF) , dCs
(Limiting =+ =" 3 Vo -3V
*foad) 8 8 8, max dq:p
| 1+C
| 9 Oept) (ke max)
uppoF, Lt = 6 Vinax
w1 T T T Tlwen
IOADING IN TURNS|  SEE TEXT SEE TEXT
Notes:

1. Side Force and Additional Foil Loading may be considered acting
simultaneously at the reduced values (SF)/Sgsin @ and AL/S cos f#,
at the corresponding side force frequency.

2. Foil Loading and Side Force cannot exceed the extreme loading
values,

3. Notaticn is given in the text.
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DESIGN EXAMPLE NO. SHT_Lor 1

DETERMINE THE LOADINGS ON THE FOLLOWING FOIL-STRUT CONFIGURATION

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

CONCTHURATICNS

N St s 11 b Nt = i 22 et = e bt

5 1

Lbadigga
"Average Load
Condition

‘Maximum Load
Conditions
(a) Average

" (b) 1/10th
Highest
. Waves

. (¢) Most
Extreme
Waves

Extreme
Loading #

Particulars:
J Design Lift - L = 10,000 1b
'5 Design Submergence h = 2 L
Maximum Speed = 4O knots
- & Strut Length (to Hull) = 6 ft
L Foil Aspect Ratio A=38
S |, N o
o FT Foil Area $ = 12,5 ft2
Struts taper from 1.2 £t chord at foil to 2.4 ft chord at hull.
a0y, 1 - ‘
From Voluma I e " TB.I% ko7
‘ 21r N5
g—g-?- = 2.6 for h = 2 ft
Y =l fully wetted strut

& e fl r40r47 sso¥/p

Nz 300x4074 x gooo T

SE . 2.185{T x40v2.0 = 326

£

Ne80eT/r7 v 1270 T

& endonal s uso’/y .Sg'.". « Gados 4l Q80 W/t

Ne= V+.4'°T + 307 N . 20T

a. 12540447« 22605 SE . 12w40x4) ¢ 1970 Wt

S

N = 40T/p5 v 16T Ne T

4, L, 184054743380 %f SE . 18xsor4l < 2950 /i
N s | N s )

%"*%’ 3246'125 5 uoo*,ﬁ %:: « 3040%2.6 x.25 + 3120 V§

.5%!". <3230% 4.1 5.25 2710 ¥/
[ 3

#Foil assumed to have camber, Cropt = 1.25
Entrance angle of strut assumed to be g =
Strut submerged to 2 ft at LO knots, to 6 £t at 30 knots.,

.é5 (radians).
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CONFIDENTIAL

3. STRUCTURAL DESIGN OF FOILS AND STRUTS

The analysis and design of foil-strut structures combine the
principles of airplane wing design and industrial bent frame design.
There are many good reference books on these subjectsz’B’h, and it is L

not considered within the scope of this work to go into the details of

structural design practices. Rather, approximate metiods and relation-

ships suitable for roughing out an adequate foil-strut system are

presented, for use in deriving preliminary sizes and arrangements of

‘the structure.

Factors of Safety

In connection with the loading conditions outlined above, it is

necessary to apply appropriate factors of safety in the design of the
foil-strut structure.
For the maximum load conditions, the factor common to air foil

design is proposeds

F = 1,15 on the yleld strength
(5.13)
= 1.5 on the ultimate strength

whichever gives the minimum allowable stress, depending on the material

used.

B srmmne
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For fatigus investigations, the factor of safety may be applied
directly to the loading when conducting fatigue tests, Thus, the

material should withstand the following test:

Superimposed Steady loading = F. L/8
Cyclic Loading = F(AL/S) - (5.2h)

Cycles « 4 N

the factor to be used, depending on whether the fatigue tost is to yield

or fracture. When comparing the material to existing tensile and "g-N"

data, the following should be applied®:

5 k :
' T %02 | 2 (5.15)

On g v 1.15

where O ; 1is the calculated stress under steady load, L/S

gy is the yleld stress of .the material
is the calculated stress under load, A L/S

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

qQ
- N

Qv is the allowable strass due to cyelic load
for i N eycles

FPor extreme or limiting load conditions on controllable foils, flaps
or rudders where the extreme loading im considerably greater than any
maximum anticipetad, the structure should be designed to the yleld stress

without any factor of safety.
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" "Foil and Strut Section Characteristics

The loading on a foil section is composed 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 removed.

from the centroid of the mection, as indicated in Figure 5.3. Without

serious error, the total 1lift force may be taken as acting normal to

the foil chord 1line, and the drag ma'y be negiected in caloulating the

structural requirements of the foil section (the drag being small

ORAG

Q) FORCES ACTING CN A FOIL

, |§

LT . Lt

- ——

%) ASSUMED FOR PRELIMINARY
'STRUCTURAL INVESTIGATIONS

s
—
e hC -

gl

C)SIGNIFICANT DIMENSIONS OF BICONVEX PARASOLA

FIGURE 5.3
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B et o e

compared to the 14t snd acting in the direction of large foil strength).

For typical hydrofoil configurations, employing struts along the span

and having relatively thiok-skinned foll sections, the torsional stress

and deflection due to the 1ift moment around the centroid may almo be

neglected in preliminary investigations (excepﬁ vhere large angles of

sweep are employed on relatively slender foil spans).

The structural propertles of the foil section may be approximated

by considering the £011 to be a biconvex parabola, Figure 5.3. The

properties of the section are then
gﬁ e % (t/¢) 2 (1 - k%)
b esey? ol (1 -k
I = 15 (t/e)? ¢ (1 - k) (5.16)
-_2— 3 e 3 - h
aM TOE (¢fe)" e (1 -x)

(t/e) ; (L-%) (av;raga)

where 95 is the cross-sectional area

I {s the moment of inertia sbout the foll chord axis
SM is the section modulus sbout the foil chord axis
c is the foil chord

te 4s the skin thickness

k is the ratio of inner chord to outer chord

t/c is the foil chord thickness ratio

CONFIDENTIAL
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At ¢ o ¢t e et

3

Preliminary Foil Characteristics

The structural analysis of the foil-strut bent can readily Se
made, using the various loading combinations given above, once the
configuration arrangement has been tentatively chosen. For fully sub-
:g V " merged foll configurations, preliminary sizes of foils and struts can
E be determined by considering the foll-strut Jjoints to be pinned inatoadl
of fixed. On this basis, the foil acts as a supported beam under lift-

ing load, the strut acts as a cantilever beam under side force loading,

The submerged foil is then chosen to have the planform as in-
dicated in Figure 5.4, with uniform loading throughout. On this basis,

TYPICAL FOL PLANFORM
. FOR
_ STRUCTURAL INVESTIGATION

FIGURE 8.4
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the following relationships are seen to exists

M(at struts) W/s (b/m)? c/12
(5.17)

c = hns bnbd
(n=1)b (ln-1)A

where M is the bending moment
W/S 1is the loading (L/S + A L/8) derived above

=

4s the number of struts
4s the foil area

is the foil s=pan

o o

c is the foil chord (maximum)

A is the foil aspect ratio (bz/s)

Combining equations (5.16) and (5.17), the following relationships

for the approximate foil characteristcs can be derived:

W/s F Ln=1)A
t/c i T i—,‘,lﬁr x 0,022

3 2
W, - Wiy (Ln-1)b 1‘% x 0.0145 § (pounds) (5.18)

q n2 A 1+k
. W/SF b 1k
ty T n T x 1/2 (4inches)

ners W/S loading, 1b/ft’

F the factor of safety
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T  the maximum allowable stress, 1b/in®
Note; O = ULT. STRESS _ YIELD STRESS
F

1.5 O T 1.8 !

whichever iz less
¥ is the unit weight of the material, 1b/ft3
W/t foil weight, lbs
t/e foil chord thickness ratio
tg foll skin thickness, inches
A foil aspect ratio
b foil span, ft
n number of struts

k ratio of inside chord to outside chord of foil

Preliminary Strut Characteristics

The strut is considered to be a cantilever beam under side loading.
Using the section relationships given in equation 5.16, each case may be
simply and individually analyzed. The section characteristics of the
section at the design wafarline in flight should be considered to
extend uniformly down to the foil attachment to allow for carry-over

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

Foil-Strut Configuration Analysis

Based on the preliminary sizes for the various foils and s*ruts in-
dicated ubove, the complete foil-strut assembly should then be analyzed

on the basis of the various loadings derived in the previous section.
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DESIGN EXAMPLE NO. _s.2_ |suriorz

DETERMINE THE APPROXIMATE WEIGHT -AND
CHORD~THICKNESS OF A FOIL~STRIT CONFIGURATION

The overall dimensions and 1oading of the configuration are shown in
Design Example 5.1. Determine t/c and the weight using aolidé cast
aluminum, using 356-T5 with 24000 Yield, 33000 Ultimate 1b/ftc.

Approximaﬂe chord thickness and weight are determined by considering

the foil-strut intersection pin-jointed, so thai the foil is a simply

supported beam and the struts are cantilever beams. Two conditions

g for the foil are considered:

| "l (a) as a fixed foil, maximum loading of 3380 + 10000 . L4180 lb/ft-2
(example 5.1) and a safety factor of 1.15 on the yield.

(b) as a controllable foil, extreme loading of 6000 lb/'ft.2
(example 5.1) based on the yield without safety factor.

A: FOIL
| ; (a) PMixed Foil
' t/c - 180‘1015 _7_

515000 h.°°‘°22 = 17%

.IET________%'-'LI? 7,103 172
We, oo "L "8 0.0145 » 172 250 1b

(b) Controllable Foil

-

- "ozo 022 = iy
t/e = | 2ho00 °3 *%° z
000 7 10° i
- . ) WO @ NS g . [ = 0 b
Wy ,gzh [ =g o-ous 12 = 2701

Use maximum load condition (2950
1b/ft2) for the section at 6 ft;
extreme loading (3120 1b/ft2) for
the section at 2 ft. Include a
safety factor of 1.15 on the
yield for both.
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DESIGN EXAMPLE NO. sz |esrzorz

(a) Section at 2 ft . ‘ a 
Bending Moment = 8330 ft 1b

) 3 2 _ 8330:1.15
sM (8/105) 1.67 (t/c) 21,000 1L

_ (G115, 105 _
ve = [Giools Bned T 0V =%

(b) Section at 6 ft
Bending Moment = 8L960 ft 1b ' ‘é

., 81960+1.15 105
™ . - 6
ve j 2,000 « 1Lk 8.2,13 1%

Weight of Strut

Assume t/c varies with chord; then the weight may be calculated K.
from the respective sectional areas, corresponding to 2/3 (t/c¢) b
C%. The integrated weight is

Wy = 172 J (areas) = 300 1b
: each

| "o 2 e ¢ FT
Notes Strut weight appears excessive compared to foil weight;

may be greatly reduced by employing hollow sections,
particularly above the 2 ft section,
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L.

HULL STRUCTURAL CONSIDERATIONS

Structural Criteria

The loading conditions to be met by the hull structure may be

categorized, as follows:

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

operations.
(b) The loading imposed on the hull when foil-borns.

(¢) The impact loading due to landing or crashing into the sea.

~ Hull-borne Loading

The normal hull-borne conditions (prior to take-off) are not severe

‘as compared to foil-borne conditions, in general. Standard hull design

procedures can be used to determine the structure where foil-borne

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

Foil-borne Loading

Wﬁgn 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
locations). The reactions at the struts are those associated with the
1ift produced by the folls; also the hull accelerations are a direct

consequence of the foil accelerations.
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The stresses in the hull "girder" can then be determined from the : %“w
weight distribution curve, wherein the "accelerated" values of weight
are used. As indicated in Figure 5.5, the additional hull loading can
be determined from the additional foil loading and the basic hull

loading curve, .

The hull loading conditions are then the same as:ihogqﬁfor the foils
given in the preceding section, and the hull loading is determined from
the corresponding foil loadings, Certain assumptions must be made, how- P

ever, as to the foill loadings, where more than one foil is uaed in a

configuration,

(a) Average Load Condition

In this condition, the assumed wave length is small (20 h) so
that the foils forward and aft may be conﬁidered having the

same orbital effects at the same time, thus both producing

their "average" load at the sams time, at the given frequency
(as given in the preceding section). The hull loading must
then be determined on this basis,

(b) Maximum Load Conditions

For all conditions other than the average condition (a), the

assumed wave lengths are so long that only one foil at a time
will have maximum orbital effects, Thus, the loading is assumed

maximum on one foil but normal on the other. The hull lcadings

and resulting stresses must be investigated for maximum loading

or. each foil in turn.

CONFIDENTIAL
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BASIC WEIGHT CURVE

Litlg® f ury dx

L.C6.

0) BASIC HULL LOADING

A;xrx . E%!f; [AL,(IO-%) +ALy (|- %’{r)]

| AL.[ 1 LL. WHERE A IS THE RADI!S OF GYRATION
3 ‘ OF THE CRAFT

Ay

- X o ——X,

b} ADDITIONAL HULL LOADING
‘ DUE TO
ADDITIONAL FOIL LOADING

CERIVATION OF HULL LOADING VALUES

FIGURE 5.5
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Factors of Safety

The factors of safety to be used for the foil-borne loadings are

taken to be the same as those for the foils and struts given in the

preceding section. Where hull-borne loadings govern in somec aspects
of the design, typical procedures and factors of safety ordinarily

used in standard.marine practice are adopted.

Impact Loading

The hull must be investigated for impact in landing and particularly
for the contingency when the bow "plows in" at maximum speed. The impact ‘s

formula of won Karman6, derived for a two-dimensional wedge as indicated

- in Figure 5.6, can be used to estimate the resulting load. The formula is ,
: P 2 Yl cotet, 1bs
'? A ; = CEDNE
(1 LI XN3 ft 3

! where P = average pressure over the immersed wedge g
‘ (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/ft3

P « density of the fluid (o = d'/g ) 1b sec?/rtl

CONFIDENTIAL
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For investigating the Iimpact pressures at the tow, the speed is
arbitrarily taken to be V, = V.., and the full weight of the craft is
assumed acting over the length of stem, For tﬁe hull bottom, the
gpeed of descent and the area under impact must be estimated for the

particular craft under consideration. iy

The .use of this two-dimensional formula for three-dimensional it
cases, and the high values chosen for speed and weight, result in an
? impact loading that is somewhat severe., It is considered reasonable
f to use the full ultimate strength of the hull material without any
factor of safety, when designing the structure on the basis of impact

loads derived from this formula,

IMPACT CONDITIONS FOR WEDGE

FIGURE 5.6

e Y SR

S
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5.  STRUCTURAL MATERIALS

Foil-8trut Structures

The material 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 requirements

of the craft under consideration., Some material characteristics that

require investigation ares

strength - yield and ultimate strength
; welght

; modulus of elasticity

machineability

weldsbility

corrosive properties

cost
availability

With respect to strength, the choice in many cases will be dictated

by such general considerations as

foil area required

number of struts required (as a function of general
arrangement, lateral area required, etc.)

loading conditions
cavitation (as a function of foil thickness ratio)
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Lightweight materials may be employed. Thus, aluminum is one of
the materials most widely used (lightweight and relatively strong,
good workability, corrosive-resistant, avajlable at reasonable cost).‘ {

Fiberglas reinforced plastics can also be considered for such i

spplications,

As the craft size increases, high-tensile steel becomes more

attractive for use and in the larger sizes considered (above 50 tons)

is almost mandatory.

Hull Structure o i

Generally, hull structures follow the same trend as do the foils,
with increasingly stroné materials required as size (and speed) increase.
; Thus, wood and fibreglass-reinforced plastic hulls are suitable in the
| smaller sizes (up to about 10 tons), with aluminum being next in con-
sideration (up to & hundred tons) and fi\rially high-tensile steel for
hulls of larger displacement. General experience with hull requirements
of existing high speed craft (high-speed runabouts, air-sea rescue
craft, PT boats, etc.) would form the best references for selection of

hull materials and material scantlings for hydrofoil craft of similar

size and speed.

- ) ”v 7R
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CHAFTER 6. BALANCE AND STABILITY OF HYDROFOIL SYSTEMS

INTRODUCTION

A. LONGITUDINAL CHARACTERISTICS
1. Longitudinal Balance
2. Longitudinal Stability
3. Longitudinal Design

B. LATERAL CHARACTERISTICS
1. Rolling Stability
2. Equilibrium in Turning

3. Directional Stability

Balance and stability of hydrofoil systums about the various
axes are considered in approximative fashion. The static prerequisites
for oﬁtaining longitudinal stability are presented. With respect to
lateral stability and behavior in turns, simplified conditions
are investigated, giving some practical indication on how to design

a stable foil system. - Dynamic behavior is not included in this

Chapter.
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INTRODUCTION E

In the design of a hydrofoil boat, the size of the foils forming
the system and their location with respect to the center of gravity
f of the total configuration - are of primary interest. The essential
é characteristics in this connection are the stability of the craft (about
3 ihe various axes) and the limitations of the hydrodynamic forces due
to stalling (separation), ventilation and possibly cavitation. The
present report deals in aﬁ approximate way with such requirements and

some limitations of balance and stability in hydrofoil systems.

As quoted from Diehll, "an airplane is statically stable if any
displacement from a given attitude sets up forces and moments tending
to restore the original attitude". An airplane "is dynamically stable

~ if the resulting motion is stable, that is, if any oscillations due to

static stabllity are quickly damped®. Statix stability can be con-

sidered to be a limiting case, and it is a prerequisite of dynamic

stability. "A fair degree of static stability is usually accompanied

F

by dynamic stability". Only static conditions (in calm water) shall be é
consideréd in the present report. Knowledge of the dynamic bchavior
of hydrofoil boats (particularly in waves) has not yet been developed
to such an extent that a treatment sufficient for design analyses cculd

be presented in this Handbook, at this time,.
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It is felt for most practical purposes, that in hydrofoil craft
resistance and propeller thrust approximately cancel each other for
small deviations from trim condition, without producing forces and
moments worthy of conslderation. These longitudinal forces are,
therefore, omitted in this Chapter; only 1ift, lateral forces and the

moments resulting from them, are taken into account.

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

because of limited experimental evidence.

The definition of axes, angle and moments in analyzing three-
dimensional motions, is somewhat complex. 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 divection and in the horizontal
plane. Angles and moments are as listed in the notation. Among these,

the pitching angle O is meant to be that of the craft, while the angle

of attack (measured from zero-1ift 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 motion,
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NOTATION

A PNO
Kol bmp<»ﬁ:v§§z§xeom9n
a8 ‘

Cnormal
b R

¢
A
K
h

Subscripts:s
x
sub
o+
lat
1
2
normal

BALANCE AND STABILITY

angle about longitudinal axis (roll)
angle of attack measured from zero 1lift
downwash angle (behind foil)
craft angle about lateral axis (pitching)
angle about vertical axis (sideslipping or yawing)
moment about lateral axis

= M/qS = coefficient of longitudinal moment
moment about vertical axis
= N/qS = coefficient of lateral moment
metacenter point
1ift of hydrofolil
weight of hydrofoil craft
longitudinal distance between foil and CG
longitudinel distance between foils
speed (ir ft/sec)
= 0.5 @ V2= dynamic pressure
"wirg" area of foil
« 1/q8 = 1ift coefficient
centrifugal force (in turn)
lateral force (in turn)

= F1at/q4 S1at = lateral force coefficient
normal-force coefficient

foil span

foil chord .

= b2/3 = aspect ratio of individual foil
biplane factor

height or submergence

indicating particular foil
indicating 'submerged area
indicating reference area
lateral area

for forward foil

for rear foil

= normal (to the foil panels)

]
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CONFIDENTIAL BALANCE AND STABILITY

gt ceaketdisndW St S s e

A,

LONGITUDINAL CHARACTERISTICS

1. Longitudinal Balance

To provide longitudinal equilibrium, ‘it is evidently

required that in Figure 6.1 b

L1+L2-H

I x = Ly xp

(6.1)

where "1 refers to the forward, and non to the rear foil. The

1ift pf each foil is

Ix * ‘(ch/de%sxq (6.2)

whers Sy = foll area
q = dynamic pressure 1.5 9 v2
ol « angle of attack

CL = 14ift coefficient
As dervived from the basic information in Chapters 1 and 2 of Volume

11, the lift-curve slope can approximately be represented by
dR°/dc, = 10° + KX (20° /A) (6.3)

where A = aspect rstio

K =~ biplane factor
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Lo L <
- 1 -
O.) GRUNBERG SYSTEM
\ ?CG : v o
v §
i
Ll f.‘.;
“mxz vl‘ x""’"'-’ﬁ
b) TANDEM SYSTEM

LONGITUDINAL MECHANISM OF HYDROFOIL
BOATS

FIGURE 6.!
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To be accurate, K is not a constant in a heaving and pitching foll
system. For the purpose of this investigation, we may, however,

assume K to be approximately constant, for example in the order of

K = 1050

v

In a tandem system, the rear foil is exposed to a certain downwash

coming from the forward foil. In proximity of the water surface this

downwash angle is, under certaln conditions, estimated for "conventional"

hydrofoil configurg&ibna to be in the order of

| 1l
dcry TA

where the ad‘gcript wln refars to the fbrwbrd foil. This angle should

be added to the two components of Equation (6.3) to obtain the "1ift

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

influence of the second foil upon the foiward foil.

Combining equations (6,1) and (6.2), the craft is found to be

balanced longitudihally provided that the following equality is achieved:

B T S

O (dCy /a0, S,ax = O(dc,/d), 8, x, (6.5)

Four design parameters are effective in each foil; the lift-curve slope
(depending vpon aspect ratio and submergence ratio), the area S, the
‘moment arm x and the angle of attack. Many combinations of these would

provide the required equality. Among these, usually only the stablo ones

are of practical interest, - Sﬁability requirements are considered in the

next section.,
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2. Longitudinal Stability

Considering the systems in Figure 6.1, the 1ift forces originating
in the folls provide certain moments about a suitable lateral axis,

Considering first one individual foil, its moment. contribution in terms

of a non-dimensional coefficient is

M/aSk = (L/aSx) (Sx/8) (x/f) : (6.6)

(e}
s
n

- where M = moment = L,

q = dynamic pressure
total foil area in the system

W
n

S, area of the particular foil
X = moment arm
‘x = suitable length of reference
The 1ift is
L =08 = (d;/dot)etq Sx - (6.)

where Cp, = 1ift coefficient
oK = angle of attack or pitch

and dCy/dx possibly as explained by equation 6.3. The slope of the
moment coefficient against the pitching angle of the craft (for fixed

foil setting) 1s

dC,/d8 = (dCy/dex) (8,/8) (x/£ ) (6.8)
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vhere 8 = pitching angle. Th;; quantity (dcm/de) is a measure for the
contribution to static stability by the considered foil. Defining !
the moment arm to be positive for foll locations forward of the

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

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

In fully submerged foil systems, the 1lift may be considered only
to depend upon the angle of attack ¢f; accordingly (dCL/dO()a . constant
(seeequation 6.3). In surface-piefcing or ladder-type systems, the
1ift also varies considerably with submergence; that is, with submerged
area. Based upon a suitable reference area Ss (which has to be
independent’ of submergence H and which could be, for example, the total
or maiimum of the foll system), their 1ift coefficient is Cr+ = L/qs, .

This coefficient is approximately . .

Cpy = (ch,ub/do()e((d(ssub/s';)/de] ® (6.9)

where Cyayp = 1ift coefficient on submerged area
Sgyp ™ Submerged area ‘
S+ = reference area’
e § = angle of atﬁack of foil section

-] = pitching angle of craft
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In a system, pitching about the point indicated by the length x, the

height variation is Ah=x ®; the variation of submerged area is

consequently
dSgup/d® = (dSgyb/dh)(dh/de) = (dSgyp/dh)x (6.10)

with © in radians. The quantity (dS,/dh) is given by the design of the
foil unit considered. Equation 6.9 indicates that in the area-changing
types of hydrofoils, the 1ift is no longer a linear function of the
pitching angle ©; the angle of attack varies together with the sdbmerged
area. As a conseqQuence, tne slope of 1ift and moment increases with the
pitching angle in foils behind the center of longitudinal rotation -

ahd it decre&ées for locations ahead of the axis. Figure 6.2 illustrates
the rasulting type of cm(e) function. The static contribution (dcm/de)
is hot constant; instantaneous values (for example, for the trim condition)

can be taken, however, from such a plot as the tangent at the

A}
A}

particular angle of attack,
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FORWARD FOIL

~

POINT OF OPERATEON\

PITCHING ANGLE ©

* - COMBINED MOMENT

REAR FOIL-

- LONGITUDINAL MOMENT OF AN AREA-GCHANGING
TANDEM SYSTEM
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Longitudinal stability requires arrangements with at least
two foils in tandem, one behind the other. In dealing with such a system,
it is convenient to refer the 1ift coefficients to one and the same
area, which may be selected to be the sum of the individual areas (8).
‘ As requirement for positive stahility it follows then from equations

(6.5) and (6.8) that

(dey /dex) 5(85/8) (xp/R) & (doy/ack); (8, /8)(x, /R ) (6.11)

vhere "1" refers to the forward, and "2" to the rear foil. The
distance x measures to the center of pitching rotation - to be
discussed later. All of the parameters in this function are
geometrically determined in the design of craft and foil system.
To provide stability, the lift-curve slope and/or the area and/or
the aiétanée of the rear foil have to be larger than those of the
forward foil, For equal dCp/dex , therefors, the loading Ly/S, of

the rear foil (a function of Sy and x,) has to be lower 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 fundamental, however, in the
opsration of & hydrofoil boat. Height stabilization can be obtained
by using.multiple-foil (ladder-type) or V-shaped surface-piercing

systems or some planing device or by suitable artificial means.

£
e
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(angle-of-attack .control). In the planing skids of the "Grunberg"

system. (see Chapter 1), for example, a strong height stabilization

is obtained'by‘making the variation of wetted surface (dsx/dh) large.
The "Hook" system (also descrilbed in Chppter 1) basically uses the
same principle, transforming, however, the (dsx/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

"autopilot" system, as developed by Gibbs & Cox, Inc.? for this very

purpose.

In aircraft, the center of longitudinal rotation (pitching) is

j 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 motion. If for
instance, one foil is rigidiy fixed (if pcsgible) with respect to the

N surface of the water, then this foil is evidently the hinge axis

“about which any pitching motion may take place. A complete analysis

of this problem has not yet been established. Two limiting cases

will be considered, however, in the section which follows.
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3. Long}tudinal Design

In the design of & hydrofoil system, the requirements of balance
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) Configuration with Height-Stabilized Forward Foil. Upon

fixing the submergence of the forward foil (as for example,
in the Hook configuration, described in GChapter 1), the

axis about which the craft is free to pitch (in calm water)

is essentially ét the forward foil; the cgﬁter of gravity is
expected to move up and down correspondingly. The balance
of the rear foil is then simply 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

o
 §

(W/Ly) 8, (6.12)
where W = total weight |

fraction carried by rear.foil

o

e
[

submerged area of rear foil
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Pquation 6.8 then changes to

dCp/d® = (dC,/del) (L) (6.13)

5 where pm*. - M/qstx and th? angles in radians,
5 | Evidently, however, in some configurations,'the 1ift

on the main (rear) foil corresponds to

LA = x/} (6.1k)

where x = distance between forward foil and C.G. The
siability of the sy=tem, therefore, increases as the

square of the CG location} (x/ 1). As experience with a

craft, stabilized by planing skids in place of a forward

foil (Grunberg type), has shown, the limitation of such
system as to stability is found in the skids. With too little
| weight on them, they are liable to rive dynamically (in waves)
above the water surface. This phenomenon can be understood

‘ upon studying the upper part of Figure 6.1. As the craft

fl pitches up (possibly about the center of gravity), the

| distance (l_- x) and consequently the atabilizing;moment of

W with respect to 8, - reduce appreciably. It also appears
that the skids upon leaving the water, cease decreasing their
moment (no slope with respect to S, as center of pitching).

A load fraction in the order of 20% on the skids was therefore,

found to be a minimum requirement for successful operation of the

Gibbs & Cox craft,
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gymmetrical Fully-Submggged Tandem System. A tandem con-

figuration which is essentially symmetrical fore and aft,

with approximately 50% of the total weight on each foil, may
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 discusséd in connection with equation 6.9. In the con-
sidered tandem system with S, = Sl’ forward shifting of the CG
appears to be very effective with respect to stability;

x2 increases while X, decreases et the same time. The
stability increases in proportion to the amount of shifting. -
The 1ift-curve slope is a function of the aspect ratio.

Also taking into account the effective downﬁash possibly

coming 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.

Surface-Piercing System., Values for (dS,/dh) can be derived

as a function of the dihedral angle of a surface-piercing
hydrofoil. Referred to the "original® or any other suitable

basic span "o" of a rectangular V-shaped folil,

d(s,/s) _ dof) o 2/
a(nfo) . a(n/v) /tanr
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Thus, longitudinal stability is favored by small dihedral
angles, The expression can easily be used in equation 6.6,
by combining it with the "S" (as defined there) and the
momsnt arm x. Under certain conditions, equation 6.1k

also applies to slanted multiple~ladder-type foil systems,
with [ indicating the lateral angle of the foils against the
horizontal. - Considering a fore-and-aft symmetrical
aurface-piercing tﬁndem ceafiguration, the axis of pitching
motion may again be that through the center of gravity. -
Because of their area-changing characteristics, surface-
pigrcing foil systemsare basically expected to provide

higher static pitching stability than fully-submerged (constant-
ares) hydrofoils. Stability conditions are similar to those
under (b). As a practical example, the Schertel-Sachsenberg
tendem boatslt (see Chapter 1 for\;llustration), had some

LS% of the total weight on the rear foil and some 55%

on the forward foil.
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B. LATERAL CHARACTERISTICS

l. Rolling Stabllity

In one or more pairs of surface~piercing foils, each arranged
side by side (as for example in the Canadian designs or the Baker
boat) or in any Grunberg-type configuration (with a pair of skids),
balance and stability about the longitudinal axis may not be
much of a problem, Reatoriné forces are produced by way of
submergence differentials in the foil units. 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, "V" shape would be
restricted to comparatively small angles. Also the submerged
area is, of course, constant. Surface-piefcing hydrofolls are,

A

therefore, discussed as follows,

Upon folling, one end of thé foilvbecomes more deeply
immersed; the other one emerges accordingly by a certain amount
Ab. The corresponding 1ift differentiasls AL (as marked in
Figure 6.3) form moments about the C3 of the boat. Assuming now

- that the 1ift differentials are produced only in the piercing
points, a metacentric point "M",.y is found. The craft is then

expected to be stable in rolling as long as the CG is below the
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METACENTRIC HEIGHT IN V-SHAPED
HYDROFOILS

FIGURE 6.3
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metacenter. Actually, however, it is believed that with a

change at each side in submerged span, the 1ift is slightly changed
over the entire span of the foll. As a consequence, the metacentric
height due to pure rolling (without yawing) is believed to be somewhat

below the "M" .. as indicated in Figure 6.3.

Rélling may also be caused or accompanied by yawing. In this
respect, the angle of attack is increased in one half of a V-shaped
foil; and it ie decreased in the other half. For the center of
pressure of the differentials, we may assume points at half panel
span at each side., Figure 6.3 shows the corresponding second

metacenter "M"min’ which is lower than that as determined by the

plercing foll tips.

Actually, assuming that rolling combines with yawing (in phase),
there are two components of rolling moment. Positive rolling stability
may, therefore, exist for certain positions\bf the CG above‘"M"min
(but below'"M"Q‘x). An effective metacenter is expected in this
way whose lbcetion betwesn """max and "M"min depends upon the
respective moment'contributions of the yawing and rolling

components,
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2. Equilibrium in Turning

Conditions in a turn are complex; angles and motions about all
three axes are involved and coupled with each other. Assuming, however,
that the craft is kept at constant longitudinai tfim, by some
suitable means, it seems to be possible to split up the remaining
problem into two components. In fact, this seems to be a case where
treatment is simpler than in aviation (where such a separation is not

very realistic).

A) Balance About the Vertical Axis

Assuming 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 1llustrated in Figure 6.L, a centripetal force Fy,. is
required to support the mass of the cf&ft in a turn against the
centrifugal force Z. This force 1is

2 = WP = /g - g, (619

where d = 2r = diameter of turning circle. The force F;,. has to
be provided hydrodynamically in the foil system in some lateral
areas. These areas are found in struts and/or in the foils

themselves by banking them or through dehedral shape.

CONFIDENTIAL

I-6.21




S TURNTT AT RALANCE “1D_81a01LI1¥ “

RUDDER

GEOMETRICAL CONDITIONS IN TURNING
FIGURE 6.4

NPT v .
L"Ct':‘ [P TT‘I".I




CONFIDENTIAL

(a)
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Struts. Upon putting the boat at an angle cf sideslip

(by means of the rudder), lateral forces are produced in

the struts (if any) corresponding to

Flat = q S1at (dCyat/dW) (6.16)

where Y = anglé of sideslip at the strut (or struts).

The maximum lateral force which a surface-piercing strut may
provide, corresponds to the available maximum lateral 1ift
coefficient. As presented in Chapter 7 of Volume II, for
symmetrical sections and "conventional" submergence 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 similar and
higher coefficients in fully-ventilated condition, i.e. at

much higher sideslipping anglss.

End Plates. In fully submerged hydrofoils, end plates are
an effactive means of providing lateral forces. Their
cosfficients can be determined as a function of‘aspect ratio
and angle of attack, employing the low-aspect-ratio methods
as presented in Chaptér 1 of Volume II. Their maximum

lateral 1ift coefficient may be in the order of 0.9.
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(¢) A Surface-Piercing V-Foil gives a lateral component, in

sideslipping condition, caused by angle-of-attack and 1lift
differentials in the two foll panels. In each panel, the

lateral force éomponent is

Flat = Loanel tanl” | (6.17)

where [ = dihedral angle. This also means that the
lateral force coefficlent C;,; is equal to the 1lift

coefficlent Cy (each based on their respective projected

area) - both of which are equal to the coefficient Chormal
(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 1ift and increamed
lateral force; the inner panel has decreased quantities.
Considering now the outer panel, its hydrodynamic limitation

1s given by the "maximum" coefficient G, . ., - and this

maximum is given by the onset of ventilation. Therefore, the
available lateral-force coefficient of the complete foil

(equal to a pair of panels) clat (on the sum of the laterally

projected panel areas) is equal to the available quantity ACormal

(the difference between design-lift coefficient Cy and the
coefficient when ventilation takes place). This differential
may only be small, depending on the average 1ift coefficient

of operation and the type of foil section used. The
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available value may further be reduced because of the craft's
rolling moment due to centripetal acceleration which makes

additional forces necessary on the outboard half of the foil.

(d) Banking. Upon banking a straight hydrofoil, the lateral

! : force is ‘ :

Flateray = L tan# | (6.18)

where @ = banking angle. As extreme limits of banking 5
conditions may be considered of one wing tip emerging from
the water and the hull touching the water surface at the

other side,

Considering realistic dimensions (for submergence and angles),
lateral forces seem to be obtainable in average operating conditions

in the order of

Al

Flateral = (0.1 to 0.7) W; a/g = Fy M = (0.1 to 0.7) (6.19)

where W = total weight of craft

a = lateral acceleration. ;

It may also be possible to combine two or more of the mentioned devices, k
and to increase the lateral force in this way. The m&st effective g
method of producing lateral forces seem to be fully submerged end

plates. It i= suspected that surface-piercing "V foils are the least

rellable means in turning (because of ventilation in the outboard

foil panel).

e e e ok
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* B) Balance About longitudinal Axis

Bqaidea balance in the lateral forces, adaquate equilibrium is
also required with regard to the longitudinal axis. As long as the C3
is above the "second" metacenter "M".;, in Figure 6.3, the boat is ex-
pected to heel outward, For a location below that metacenter, positive
banking will be cbtained in turna. The heeling angle may be more or
less proportional to the distance between "M" .. and C3 (both in

i _ sign and magnitude).

Lateral design is further complicated by the forces in lateral
areas such as struts (if any) and the rudder. As 1ndicated in Figure
6.5, the metacenter ("maximum" or "minimum" alike) is lowered on

acoount of such lateral forces., Struts cad other lateral areas may
be desirable, however, with respect to directional stability and
turning performance; or they may poaq?bly be required for structural

- _ reasons,

It is desirable, of course, to have the boat bank in turns.
Locating the CQ below "™M"min is difficult, however, in many con-
figurations because of a certain clearance between keel and water

surface as fignired for operation in waves. Figure 6.6 shows several

actually built designs of the surface-piercing type. In case (a), the

boat will roll to a position which is stabilized by wetted area 2
differentials at the piercing points (and by corresponding lift dif-

ferentials over each half span)., A way of improving the behavior
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INFLUENGE OF A LATERAL AREA
[ UPON METAGCENTER AND
4 EQUILIBRIUM IN A TURN

FIGURE 6.5

e i g

of this configuration is indicated in the forward

(barking)
anking moment. - In cases

foil provides some positive b
ovided that

(b) and (c), positive banking can ve expected, Pr

other components éuch as struts, rudders and propellers do

not counteract too much.
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The metacentric heights indicated in Figures 6.3 and 6.5 are
comparatively low for practical applications. To keep the boat on
even beam, dihedral angles in the order of and below 20° and/or

lagger span ratios b/H are required. The metacenter 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 be said that rolling stability may also be
‘provided by means of the electro-mechanical control system mentioned
before. References 2 and 3 describe the successful operation of

such a system in connection with straight, fully-submerged hydrofoils.
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3. Directional Stability

The rolling motions of a hydrofoil boat may be balanced and
stabilized by suitable means such as multiple units, V-shape

characteristics, or artificial control. On this assumption, static

stability about the vertical axis can be analyzed in a manner which
iﬁ similar to procedures in longitudinal stability. Also, if
disregarding discontinuities in the lateral forces due to
ventilation, static siability 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

| dCp (iCut\ 1% dCratl S2 x2 (ch&t) 83 x3 .
gy avA s I’ (dﬂl’i s { Wh s ) (6.20)

vhere n = 4indicating moment about vertical axis

Cn = N/q S/e- correspording coefficient

moment arm

»”
]

X. = sujtable length of reference
8 = suitable area of reference

Crat = lateral force coefficient

q) = angle of yaw
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I -6.30




BALANCE AHLAS;>HILITi

In this equation, "1" refers to the lateral area of the forward set of
struts, "2" to the rear set (if any), and "3" to the rudder; see

Figure 6.L for illustration. Directional stability is obtained,

provided that the sum of the (an/de) components is negative
(that is, "restoring"). In design, this is achieved by making the
rear areas and/or moment arms and/or lift-curve slopes larger than the

corresponding values in the forward set of struts.

The lateral "1ift"-curve slope (dCLat/dq’) depends very much upon

the type of lateral surface. Some estimated values are as follows:

a) Surface-plercing struts connecting foil and hull, may be

considered to be limited at their lower end by an end plate
or "“wall", thus doubling their effective aspect ratio. At
higher Froude numbers, the water surface determines the
% | upper end of the struts - in hydrodynamic respect - as
| derived from reference 5. Thsrefora, the effective aspect

ratio of such struts is approximately

| | ‘A =2h/c (6.21)

. where h = submergence and ¢ = strut chord. In practical

cases, this aspect ratio may be in the order of 2 or 3.
Disregarding the second-order non-linear component, the
lift-curve slope is then in the order of dCp,./d¥ ~ 2.5

to 3.5 as can be found 6n the basis of Chapter 7 of Volume II.
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Much the same values of lift-curve slope may apply to end
plates which can be used in hydrofoil systems. 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 submerged) V-foil are known by theor 6. The differential
force in each panel corresponds to the variation of the normal-

force coefficient indicated by

de 1l 1
—normal . ‘- (6.22)
dCrormal 2T *r‘mormal

- wheye "normal® indicates conditions normal to the panel. The

variation of the angle of attack (normal to the panel), is

given by
bl sy = Potnl | (6.23)

Combining these two equations, Cp,...7 can be found for each
foil panel. The lateral coefficient in each panel (on lateral

projected area) is then

' 4Cnormal
Crat = Cnormal ™ o Y sinl (6.2h)
orm
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For a pair of panels (with differentials % Ao‘normal)’ the

lateral force corresponds to

Fiat = 2 Cat S sinl (6.25)

This force thus increases as the square of the dihedral

angle r. :

|
i
{

Using the derived parameters (dClat/d\I’), equation 6.11 may be
readily employed in an approximate analysis of static directional ;
stability of hydrofoil craft. ad
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ANALYSIS OF GIBBS & COX DESIGN STUDIES

Introduction

1. Survey of Available Material

2. Basic Parameters and Relationships
3. Analysis of Data

L. Observations and Conclusions

.Several design studies have been carried out at Gibbs & Cox, Inc.

in 1953 under ONR's Hydrofoil Research Contract. These studies are

analyzed to determine the primary characteristics of this type craft.

Investigation of the results of a selected "family" of designs

indicates the existence of an "optimum" size between 50 and 100 tons.

The maximum "reasonable" craft size within 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 rpresently

occupied by other conventional marine craft,
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INTRODUCTION

Thé following is an overall analysis of a series of design studies
completed to date at Gibbs & Cox, Inc. The results of two of thess
studies have been reported formallyl’z. Table A.I gives a survey on

the various configurations investigated.

The procedure followed in the analysis is similar to the "family
of ships" technique used in the preliminary design of ships. This
implies that the data used represent actual ships. Although the design
studies considered are general in scope, thers are certain character-
‘ 1gtics 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 assumptions made at the time of their

conception. The material is investigated with this in mind, selecting a

useable "family" of boats, the pertinent da%a of which are listed in

Table lxII. The analysis consists of determining the important parameters

to be'used, cross-plottihg various data from the design studies, and then

combining these plots to give a representation of the :ffects of variations

in the basic parameters, on the major 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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l. SURVEY OF AVAILABLE MATERIAL

Basic Criteria

In general, the following basic criteria apply to the design

atudies.

Hull - The hull is a "sea-going" structure with the necessary
superstiructure. Contemporary materials and methods of con-

svruction are employed.

Foil System - The foil systems employed are fully submerged, auto-
P matically controlled configurations. The foil loading is kept
below that at which cavitation might be expected to occur. No

provisions are made for retraction of the foils (and struts).

Propulsion - Light-weight machinery suitable for marine use is

employed. Since some of the mcst suiﬁable engines are only in the
development stage, certain assumptions have been made concerning

their characteristics, Underwater propellers are used exclusively.

Equipment & Qutfit - The usual navigational equipment and mooring

fittings are provided consistent with an ocean-going craft.

Permanent berthing, messing, and sanitary facilities are provided

for the crew,
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"Payload" - No specific use 15 assigned to the designs: instead a
certain amount of deadweight and corresponding internal space is

reserved and labelled "payload"., The "D" series is an exception to

this, since it is designed for air-sea rescue purposes.

Selection of "Family" | ;

A general survey of the existing design studies (see Table A.I) was
made in order to select a "family of ships" for use in the analysis.

The Ibilowing conclusions are reached:

(a) The main effort in the "B" series was expended in trying out
different combinations of hull form, foil configurations and
types of drivé. Since the experience gained in this study is
réfli&&od in the subsequent design studies ("C"™ through "pn),
and since one of the latter series ("E") is of the same dis-

placement (100 tons) as "B", it will not be necessary to use

! the "B" series in the analysis.

(v) The remainder of the series, "C" through "f", were designed in
sufficient detail to permit a weight analysis of various com-
ponents spanning a range of sizes from 20 to LOO tons., These

will be used as the family in the analysis. The "D" series

was designed with a specific purpose in mind; i.e. an air-sea
rescue craft, requiring very little payload. This should be

kept in mind when applying the results of this design.
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TABLE A.1 =-- SURVEY OF EXISTING MATERIAL

Foil . o
Series Code | Hull Form | Config. | = Fngine Drive B
) o P “‘“‘“— = par-smee 2 ._‘..__P
; ' ‘ B-2 . Tandem acelle
3o | Stepred Singl
..........'h "g ° : | Inclined
| 100 Ton B Tandem Wright _
| Study of B-5 | singte roelte
* |various B-6 wppo Tandem e
Configurations, | B-7 Single Mhero
Hull Forms & “B-8 Tandem Inclined
Transmissions . ™ ' STl
- ngle
B-10 | pound Tandem li Units Nacelle
B-11 | Bottom Single .
. B-12 Tandem Inclined
S0 Ton C-1 Napier E-145
: Basic Study c-2 stepped Airplane f o Inclined
in more detail 2
; C-3 \ Napier E-1L5
than previously | 2. nppn d
done . c-h T Canar Packard W-100| Nacells
20 Ton D-1 Packard W-100| Inclined
, ' — | St
! w{gﬂ 3§3°§§:2§: D-2 Stepped Atrplane Solar Nacelle
é oo Ton E-1 Packard W-100
| : wigg "cE g%:?ﬁ: E-2 FT anar Napier E-1LS acelle
F-l Fairchild ‘
L4OO Ton e | "Destroyer" Canard Nacelle
F-2 ye | Napier E-1L5
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BASIC PARAMETERS AND RELATIONSHIPS

There are a great many quantities, ratios and adjectives which may
be used to describe or evaluate various aspects of a craft or its
performance. From these, a limited number (the most important ones)
are selected for use in the analysis, Some of the numbers are important
in an absolute sense (for example, the draft which may have physical
limits due to harbors). Others are best expressed in terms of ratios
to other quantities (such as drag expressed as lift-drag ratio in terms

of the displacement weight of the craft). There are certain relation-

ships t.tween the quantities selected. It will, therefore, be necessary

to establish which ones are independent (assumed) and which ones are

dependent quartities (resulting from assigning values to the independent

_variables).

AN

'In many cases, the definitions depan& upon the point of view. For
example —ndiaplacemenx, speed, foil-and propeller efficiency, and the
power are related by a single equation., Should the speed now be con-
gidered a result of power and displacemen: for a given configuration,
or should the speed be selected thus requiring a certain power? The
answer to this question depends on the particular requirements of the
craft and possible limitations on the quantities due to other factors

(such aa cavitation, for example, or weight).

CONFIDENTIAL

I - A6

VIR TS et




"CONFIDENTIAL DESIGN STUDIES

Basic Parameters

The following parameters have been selected for use in the analysis.
Where possible, the nature of the parameter as used is indicated (as
"independent" or ndependent")., If "dependent", there is also mgntioned
what other parameters or considerations are priﬁarily responsible for

its determination. Thus:

Displacement (or "Size") - nA" - The normal displacement in long

tons., This is the most basic quahtity used; it will be treated as
an independent variable until the conclusion, when the question of

maximum size is discussed.

Power - "SHP" - The maximum contimious shaft horsepower. This
quantity is sometimes important in an absolute sense but is more

often expressed in a specific manner (SHP/A).

N

Speed - "V " - The maximum continuous speed in knots corresponding to

SHP and Z& defined above is usually important as an absolute value.

Range - "R" - The range in nautical miles is defined for the above
conditions of [, Vi 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 maximum speed should, neverthe-
less, give a measure of the distance potentialities of the craft,
The so-defined range will in general be proportional to that in

conventional definition.
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i Efficiency - "E" - is an overall efficiency of configuration and
propulsion, given as the product of the 1ift-drag ratio "L/D" and
the overall propulsive coefficient n = EHP/SHP; thus:

E = g L/D (A.1)
This efficiency is defined as that corresponding to speed V) and

load A given above,

Engine - The t),.e of engine and transmission is given (gas turbine,
diesel, inclined shaft, etec.). The fuel rate "c" (1b/SHP per hour)
and the specific weight "m" (1b/SHP, including auxiliaries and

transmission) correspond to engine type and horsepower involved. E.’?
The qﬁantities "m" and "c" are usually contradictory, i.e. a ;
"light-weight® engine generally is not as economical as a heavier

more complex plant and vice versa.

Maximum Draft - "H" - is the draft of the foll system, including

propellers 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

E hull, whichever is the greater, i.e. the greatest transverse

dimension of the craft.

Length - "L" - is the "length between perpendiculars" of the buoyant
' part of the hull - employed to classify the hulls by the speed-

length ratio (Vi/VT) which is important in consideration of wave

making resistance, inception of planing, etc.

g
8
i
52
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(3) "Fuel" - the fuel oil and lubricating oil consumed by

propelling 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.

(L) "Payload" - useful weight carried, such as cargo, passengers,
extra fuel, armament, ammunition, radio and radar, etc. as
well as the extra crew required for a military vessel is

included in this group.

The primary relationships of these weights to the basic parameters

are assumed to be as follows:

(1) Hull A - (A/MA (A.3)
(2) Machinery A, - 5—2'355 (we/A) A (A.Ls)
¢ R
(3) Fuel Ay - o (sp/A)A (A.5)
(L) Payload A, - Ay A (A.6)

The sum of these weights must be equal to A; giving:

a- &4 - A/ )

(m + C R/Vk)

(SHP/l&)available = 2210
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This is the power which can be installed or which is "available"

in a craft, if the quantities on the right-hand side of the equation
are given. The ratios llh/z&; m and ¢ generally depend on other
parameters such as displacement, power, and type of engine. The quantity -
R/Vk can be called the maximum-speed endurance, "T" in hoursj it is seen,
therefore, that machinery and fuel have a total specific weight =

(m + ¢T) for a given maximum-speed endurance,

The above framework will form the basis for a weight analysis to
follow (Section 3). Equating "required" and "available" power, gives an

additional relationship between speed, efficiency, useful load, range, and

engine characteristics:

W = 32620 -Ay/h - Ay0) -Sr (A.8)

or in terms of the maximum-speed enduraaca "1

(r - l}hqu -»:d;¢2\) (A.9)

(m + cT)

vk = 326 B

It is imporﬁant to note that the range (or endurance) is not dependent

on size except as size influences the other parameters. In a high-speed

displacement-type ship the quantity E increases with size for a fixed

speed due' to the reduction of the Froude number (wave resistance); the

range may therefore be increased. A hydrofoil craft on the other hand

is characterized by an essentially fixed value of E, regardless of
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DY R S AT A sy

size, One should therefore not expect larger hydrofoil craft toitravel

e

further than smaller ones.

Another important relationship between the 'size and the physical

R R

dimensions may be derived. The buoyant 1ift of the hull depends on §
_ the displaced wolume (say Lj) and the foil 1lift depends on the square _ g g
of the spsed and the foil area (say b2v2). Since the two must be

equal, we have a relationsihip between a foil dimension and a hull

dimension:

b2 ~ A2 5 or b/L ~ O/EA (A.10)

L
R P

f
; . For a fixed speed V, the foll dimensions will, therefore, tend to
"outgrow" the hull dimensions as the size increaées, an important ratio

for example being the ratio of the foil span to hull beam. The result-

. m e

]
o R T R s

ing structural configuration accordingly tends to become unwieldy beyond
f . & certain size. The maximum draft "H" dépends on both, a hull- and a

foil dimension and will, therefore, have an intermediate growth

5 characteristic.
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3.

ANALYSIS OF DATA

Breakdown of Wbights

For purposes of analysis, the basic weight breakdown as given in
Section 2 is used, with the "Hull" group (1) further divided as follows:

l-a Hull Structurs
1-b Foil System

l-¢c Equipment, Qutfit, Crew, Effects, Stores, Fresh Water

Pertinent data for the designs to be included in the analysis (see
Section 1) are given in Table A.II.

Groups l-a, l=b and l-c are plotted in Figure A.l against the
gbsolute size A as percentages of the full-load displacement Z\.

Group l-a, the hull structure, is more or less constant over the size

'range‘ihvaatigéted with a small amount of\fedundancy in the smaller

siges, This is logical since the hull bending moment is not an important

structural criterion in the establishment of the plating thickness in
ships of the same size range; the local conditions usually goverh.
Group l-b, the foil system, shows a steady percentage growth with size
(proportional to 1\3/2) as 1ndicated by the increasing relative

dimensions of the foil system with increasing size at a more or less

-constant speed (see Section 2), This effect becomes extremely important

in the largest sizes considered. Group l-c, representing the effects
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D) HULL STRUCTURE (GROUP 1-0) .

A-FULL LOAD DISPLAGEMENT -TONS

FIGURE A.l
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of "services" (berthing, messing, manning the craft, etc.) decreases
with size, this being a logical result of proportiorally smaller crews
required on larger craft., Figure A.2 shows the "™hull"-group components
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
corresponding to the basic criteria assumed (see Section 1), there is
an optimun margin remaining at about 100 ton., This means that larger
craft suffer from high-foil-system weights, and smaller craft from
‘certain redundancies in respect to crew, services, hull, etc. It should
be emphasized 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. One should not expect
small boats to have the accommodations and complete independence of

shore facilities for long periods of time as do larger craft.

Speed and Power

Hawing.determined the margin of weight available for machinery, fuel
and payload, for a glven size, selection may be made between the relative
weights of these items depending on speed, range, and deadweight re-
quirements of the design. The latter are "useful" qualities; emphasis

may be placed on one of them at the expense of the others.
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There are many ways 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
variables). Also, fixed speed and range may 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 ramific&tions 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 A.II shows
that the speeds involved do not differ radically between the designs.
Payload has been selected at about 20% of the full load.#* Furthermore,
there appear to be two definite types of engines employed; the gas
turbine with a high fuel rate, but low specific weight, and the heavier,
but more efficient compound engine. It should be sufficient, therefore,
in this analysis to consider four variations; two types of engines and
two types of overall design conceﬁts as sh&&n in Table A.III. In one
pair of designs, the emphasis 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 with power, are tentatively established by Figure A.3. The
required SHP/A 1s given in Table A.III. This Table, in conjunction

with Figure A.3 gives a function of machinery weight against displacement

#An exception to this is the 20-ton boat, which was designed
as an air-sea rescue craft with small payload requirements.
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TABIE A.III

TYPES OF ENGINES AND CRAFT
CHARACTERISTICS SELECTED FOR ANALYSIS

a) Engines Selected for Analysis

4 e e . ®

1 i g A 5 S K e e e 21 e L0 S

P

Gas Turbine Compound
Specific weight "m" - - - See Figure A5 - - -
~ Fuel rate "c" | 0.72 0.36
| b) Craft Characteristics Selected
High Speed Moderate Speed
. Design Design
‘Maximum Speed - Vi ' L8 35
Propulsive Coefficient 0.50 0.60
(L/D) Ratio 8.8 11.5
Bfficiency - B hoh 6.9
(sHP/A) required ' 75 35
| r-
10
' | e —1
. /p.
g __.._c—;!——-""‘”mwno '
§ e /—.—e
E . ) __—‘-—T’_——‘" "'
O PSR i
Lgas
0 TURBINE
s 1,000 ~ ' 10,000 106,000
TOTAL INSTALLED POWER-SHP
SURVEY ON THE SPEGCIFIC WEIGHT OF "MACHINERY"
FIGURE A.3
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for each combination of each engine and design, Finally, by aséuming
20% payload, the remaining welght may be translated into range. A
corresponding range curve is shewn in Figure A.lL, showirz the
superiority of the compound engine on this basis for all but the
larger (over 200 ton) high-speed craft. The latter case represents
a conditién where the better fuel rate of the compound engine is
n;gétad by the smaller amount of fuel available due to the large

machinery weight.

w2000}~ 4 ‘ = ===} MODERATE SPEED-COMPOUND ENGNE—F- w
-~ — s
a = -~+“~ Pl
- T~ '
. MODERATE SPEED-0AS TURBINE "~
1000 =" |mon sPeED-comPoUND ENGINE i l
— 1 _~F— T o
| : HGH SPEED-GAS TURBINE ST oo
|| ~ T |
2 og- ~ ~ds Lo o
.‘ - A=FULL LOAD DISPLACEMENT- TONS S
RESULTING RANGE FOR VARIOUS TYPES OF MACHINERY, :
ON THE BASIS OF 20% PAYLOAD g
FIGURE A.4
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The foregoing analysis shows that the "optimum" hydrofoil craft
in this series lies between 50 and 100 tons, and that the range of
such boats 4s limited by comparison if a8 reasonable amount of payload
is to be carried. Figure A.5 further illustrates the relationship

: between range and payload for craft near the mentioned optimum

(1000 tons).

It should be emphasized again that the range referred to above
is at maximum speed, and that suitable cruising conditions may be
utilized either at a lower flying speed or in displacement operation
(ses reference 2) to give a greater radius of action. In respect to
displacement operation, the larger sizes will be more efficient because

of the lower speed-length ratio involved at some acceptable "floating"

speed (say 15 knots).

. s .o N - __Jr
“\ : (@ MOCERATE SPEED - COMPOUND L_

S N . ® MODERATE SPEED-GAS TURS. ]
{ 3 PPy AN, S @ HIGH SPEED-COMPOUND 4
| -3 NN\ \\\ < @ wGH SPEED-GAS TURe.
@ ) —5% N B ey @—- MOTE! POINTS SHOWN INDICATE FUELT
5 S 20 o o~ - - WEIGHT EQUALS PAYLOAD.
g 10 R OMN A S~
' « “@ S T~

& o , SN, B PO

1000 7000 30C0 4000

‘ RANGE 1IN NAUTICAL MILES
RESULTING PAYLOAD VERSUS RANGE FOR A =100 TONS
FIGURE A.S
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Other Considerations

‘There are other considerations which are important in determining
the usefulness of a design, one of tnem being the physical limitations
of harbors, dry-docks, channels, etc, Figure A.6 shows the variation
of huli beam, foil span and maximum draft with‘aize. 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 assumed (especially the span-beam
ratio). All of them tend to show, however, that there is a size
limitation for hydrofoil craft. This point will also be discussed from

other arguments in Section L.

Finally, there is another effect of increase in size noticeable in
Table A.II, namely the change in hull form. This may be simply expressed

as a decrease in the speed-length ratio at some speed near take-off

(proportional to the maximum speed) due to the increase of hull length,

Thus a destroyer-type hull is called for in the LOO ton design while a
"PT" type is utilized in the smaller sizes and possibly a stepped hull

in very small hydrofoil boats.
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FOIL SPAN-I00FT.
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CONFIDFUTTAL

I - A023

F“"““""’"m pe




o LT AT, DESTGN S™MIDIES

L. OBSERVATTONS AND CONCLUSIONS

Regarding Size

The analysis shows the importance of size on performance and
feasibility of hydrofoil craft., For the type considered, an optimum

in the useful load capacity (or range) is found between 50 and 100 tons.

In lurger 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 Iy
consgidered (at a max4mum speed in the order of L5 knots). Smaller craft

appear to suffer from a certain structural redundancy. Also, the decrease

indicated in the performance of such smaller craft is =2vidently due to the

. fixnd eriteria in this series regarding the accommodations and services to
be provided. Certainly small hydrofoil craft must be feasible, as they

have been built, However, in designing them, most of the facilities

mentioned above have been eliminated, and the range is reduced. ; i

| ‘ " Aside from the effect of =ize on performance, it is shown that the
physical dimensions of hydrofoil craft may become unacceptably large. ? %
In the family of boats considered (at speeds in the order of LS5 knots)
this occurs again in the neighborhood of 1000 tons (or higher, .
respectively), as at this size draft and foil span become 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. -

Also shown is the phenomenon of the foil span outgroﬁing the hull beam,

the ratio b/B being 2 at 500 tons (for speeds in the order of LS knots).

It shall be emphasized once more that the results and limitations

s o

T S T s

equated directly apply only for the operational conditions of the series
considered. A very important parameter is tha design spsed. For speeds
higher than L5 or 50 knots, the hydrofoil-system dimensions (Figur~ 5)
will bq reduced, In this respect, the maximum practical size of hydro-

foil craft is then expected to be higher than found in this analysis.

Comparison with Other Craft

A discussion of the area of existing surface craft on a size-speed

; plot is presented in Appendix "B", It is interesting to compare the
position of the type of hydrofoil craft considered in this series with

- that of other (existing) ocraft. Figure A.7 has been prepared to

llustrate this relationship. An area is shown approximately between

100 and 1000 tons, above the limiting lines for displacement vessels

(defined by the Froude number Vk/ AV 6. 12), in which the hydrofoil
craft would occupy the sole position. This fact may be emphasized by
trying to conceive of a seaworthy craft of LS5 knots and 300 tons

displacement; a displacement type of this size would not be able to

make this speed (powerwise) and a large "PT" type probably would meet

gserious structural difficulties, if designing for operation in even
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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.

1le characteristics of hydrofoil boats, it would

Utilizing the favorad
be possible to keep the displacement of such a eraft down (as poianted

out in reference 2) at a size which would be governed by the purpose

| (armamentvand equipment) rather than by hydrodynamic considerations.
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APPENDIX B

STATISTICAL STUDY OF THE SIZE AND SPEED OF SHIPS

This study is a size and speed analysis of existing vessels,
A plot of speed versus size is presented in which various types of ¥

vassels are mapped, Some conclusions are made and a tentative outline

is given for further analysis,
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SIZE-SPEED PLOT i

Various types of vessels have been mapped on a logarithm chart of

speed versus size (Figure B.l). The material has been taken from

published sources such as "Jane's Fighting Ships", several yachting
books by Uffa Fox, and the magazine ™Marine Engineering and Shipping
Review", The speeds used are thonse “tabulated which probably represent
the speed for contimuous operation rather than the maximum (trial)

spead (exéept for racing boats), The displacement used in the normal
load dispiacement ("atandard" in the case of naval vessels). The areas
occuplied by various types of vessels are identified by name, and are
broken down by use of different symbols into three categories:

"merchant®, "naval®, and "high-speed" (planing) vessels,

In addition to the points on the plot representing individual
vessels, there are several lines drawn, The first ((i)) is the "Froude
numbert 1ine'wt/1§l/6 = 12 determined iA such a manner that all dis-
placement-type vessels fall below it. A second line ((:)) reprasents
statistically the maximum speed for all vessels, over most of the size
range. Between 100 and 1000 tons, there is a gap, however, where the

Froude mumber (1ine (1)) forms the limit. The two lines will be further

discussed below. ULines of constant (ZS/V) are drawn in for convenience;

they do not have special significgnce; however,
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DISCUSSION OF PLOT

The "Froude" line ((:)) represents a maximum value of Vk/1§}/6 for

existing displacement vessels. From the relationship

/INT
v,/ Al/6 - 10 Vk,
g (A/(1/100)3) /8

it is seen that the line means a maximum speed-length ratio combined with
a minimum displacement-length ratio, fast destroyers have both these
characteristics;s they are, therefore, important in establishing the

function. The line represents a limit for displacement vessels. This

premise is substantiated by an inspection of the small-displacement
range (1 to 100 tons). All the vessels in this range, above the "Froude’
line <:), are of the planing or semi-planing type. At the higher dias-
plasements (1,000 to 100,600 tona), the fastest vessels do not “~llow

this line; rather the limit is indicated by line (:).

We will tentatively say that no vesael can exceed the limit of
line (:) because, for one reason or another, it cannot carry any more
power in addition to performing its normal function. Many factors go
into establishing this 1limit,. - At preéent we can only note that the
increase in this line at small diaplaéements i8 probably due to lower

machinery specific weights, characteristic of smaller power plants,

The inter-relatlonship of the two .lnes is interesting. Below 100

tons, enough power may be installed %o drive a8 vessel well over the
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speeds practical for & displacemenc-type hulls planing hulls are there-

fore used. Conversely, large vessels (over LOOO tons) cannot be driven
at high speeds commensurate wlith their size due to a lack of power,
The cross-over point is at about 1500 tons, in the region of destroyers.

These vessels are the fastest displscement vessels of any size existing

today.

Finaily, e mﬁsﬁ notice that there is a region under line (:) and
abova line (:) from 106 to 1000 tons which is not occupied by any exist-
ing type of craft. This is evidently due to the fact that PI'-type
ve;sels have not beer built over 100 tons, possibly due to their poor
seaworthiness at high speeds, It may be that hydrofoil—euppofted boats'

-  are most suited for operation in this region.
FUTURE WORK

This study should be extended by iﬁvestigating existing vessels in

ﬁdré ée£a11 on the basis of ailability and requirements of weight and
pbﬁeff'“Such analysis would essentially deal with tﬁe depenrdence of line
! ‘<§) on & grest many factors such az resistance or machinery specifié

? weight, The inveatigation should enable one to discuss the gpeed limits
| from the standpoint of these factors, and to point out premising areas

for future development.
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