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Su~nrnary 

7'he history of hydrofoil boats is traced from the earliest days of their development, and the 
niai~i systems that have been invented are considereti in their original and present-day versions. 
'The aclvarltages of this type of craft, cori~pared with liigh-speed pla~iing boats, are describcci. 
These co~i-iprise in particular lower ,resistallce and better aild Inore comfortable behaviour in 
rougll water. 

It is argued that serious application of the hydrofoil principle had to await the developme~lt 
of a~lalogous design concepts in the field of aeronautics, and of stlitable strr~ctural mclhotls ancl 
niaterials. The ground work necessary for the successC~tl design and construction of passenger 
ferries carrying ~ t p  to 70 people, was not available until the 1940's, ant1 even so  the aftermath 
of the war delayed pi-actical nchievernent until the early 1950's. 

Thc problems of designing s~ lch  ferries, work boats, sports boats and so forth of LIP to, say, 
50 tons displacerne~lt, and having ctuisi~lg speeds oC around 40 la~ots ,  are now coi~sidcred to 
be solved. These craft can operate salisl'actorily in co~nparatively rough seas (e.g. up  to 6-ft. 
waves, depending on  boat size) anci also at.  high speecl on inland waterways. It is expected 
that inany s~icll vessels will be btlilf anrt will give exccllci1t service in the next Sew years, anci 
that the present rather limited disposable load (a htel and payload together of about 25 per cent 
of all-up weight) will be improved. This improvement will come in part from a decrease in 
percentage structure weight arising fri.01~1 filrtt~er developments in the technicllles of co~ls l ruc t i~~g  
the hydrofoils. 

i t  is shown that a n  outstat~dingly new field of marine craft performance is ope11 to any vessel 
that can travel at, say, 70 knots, with a lift-to-drag ratio of 15 and a propulsive elficiency 
of 65 per cent. Special purpose designs using hyilrofoils and having speeds of a t  least 60 knots 
arc possil)le now, but disposable load is small. Serious consideration of hydrofoil craft designs 
capable of speeds in the 50 t o  100 knot range awaits the devclop~llent of efficient practical 
supercavitated hydrofoils. 

Descriptions are given of the major detailed design considerations that determine the Ilyc11-ofoil 
configurations. They are in particiilar, cavitation, static and ciynamic stability, and strl~ctur;tl 
requirements. 

Some model tests made by Saunders-lioe, in connection with the Canadian t1rrr.s ( / 'Or research 
hydroroil boat, are discussed. 

Introdoction 'These are a reciilccd resistance, a greater inaxirnulu speed for n 

several papers presenteci before ~l~~ ~llslitLltioll i n  recellt given power, a inore coinfortable ride, and an ability to tnaintain 
years have been concerned with subjects which lie rather outsicie Weed in  sevcrc cont'itio!ls. 
,Ile rnaill streall1 of llaval arcllitecture. Even so, these su(,jccts All x l ~ ~ ~ i t t e d l y  rather c\lrSOry exal~lination of the T ~ < A N s A ~ ~ ~ O N ~  
have a llistory, illvolving theoretical and practical hasrevealed ol:c prcvio~ls cor~tributioo in which hytlrof~ils were 
developllicnts of  considerable interest, both in their own riglit thecentre of  interest. This was given by R. L. Townsin(l) in 
and in relation to sortie orthodox ship dcsig11 problems. 1954. 11 was concernetl only with towi~lg tank tests on a par- 

Examples illclLlde: "Yacht 'resting" acid "'The Planing I'er- tic~llar lalllinai' flow I~ydrofoii seclioll, tlic res~tlts of which are 
formallce, ]"essures and Stresses in a I-rig[j-Speed J J a ~ ~ ~ l c ~ l , "  Of illl~resi i l l  coilneclion will: 11t111 resistance and propeller, 
both given in 1956. rudder, appendage, onci stabilizer design, quite apart frorn 

The present paper is another in the same category; it extends l l~cl~ofoj l  boats. 
cor~sideration of the design problcrns of high-speed craft t o  one 'I'hcre is, however, a S.N.A.M.E. paper by Uuermann, L.eehey, 
of the least familiar solutions, the hydrofoil boat. and S t i l ~ e l l , ( ~ )  which was presented in November 1953, and 

Craft mol~ntecl on wings which fly just uncler o r  penetrating gave a val~table getleral review o f  cievelol~n~etlts up to that date. 
the surface of the water, have attracted the attention of inventors I t  Itas been cisawn ~ i p o ~ t  frequently in preparing the present 
for ovcr fifty years, the period of development of the aeroplane. co~llribution. 
This intercst has arisen f ~ o m  one or Inore of several potential In view o f  the rather specialized interest that the subject has 
advantages, in comparison with other high-speed marine craft. Ilithcrto attractcti, and the author's fairly recently acq~lireti 

* Chief t'.ngit~eer (Hycirodytlamics), Sa~~ntfcrs-Roe, Ltci. mcmber.hip of The Institution, a few words of explanation 
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C. A.  dc 1 anibcrl's Ilydrofoil boat as pate111 specification, 1891 

U.S.A.: Carl XCfrl-4 

Ful ly  subnlerged ~ncidence controlled. Meocliatli, 1906 

0 0 0 0 0 0  

, 

I'laliing support rorwnrd. Gr~!iibesg, 1931 

FIG.  1 . - - C O ~ ~ P A I I I S O N  BI I WLFN HISIORICAI AND CONIEMI'ORARY 
FXAMPLTS 0 1  FOlJR IIASIC tIYDI10101L CONTlCiUIIACIONS 

U.S.A. : Kesenrch craft 

Europe: Aquaviotl Aqunsfroll24/40 

Europe: Supranlar 70 passenger ferry 



oncerning tlle technical experience underlying the paper nlay be catan~aralr fitted with f o ~ ~ r  transverse "Iiydroplancs" [Ref. (2)l. 
n order. Whether this was, in  lact, the same craft has not been 

In 195 1 the Canadian Defence Research j3oard was seeking ascertained. A sltetch fro111 the specification is shown in Fig. 1. 
31.itisli collaboration in their hydrofoil boat research progrztmrne. Although the "hydroplanes" were of aerofoil section, their 
I'he s~rcccssft~l clcsig~r of a hytirofoil craft has bcen found to vertical location relative to  the 1.1ull would s~tggcst that they 
equire a combination of naval architectural aiid aeronautical behaved as planing surfaces at  specd. This appears to have been 
)rinciples and experience, concerning hydrodynan~ics, strt~cture, t r ~ ~ e  of a number of appl ic;~t io~~s of hydrofoils to potential air- 
lrid powering. craft and successful planing craft made a t  the turn of the century. 

'The Saunders-Roe group of compa~lies has for many years In 1907 Wilbur and Orville Wrigllt made solne experiments 
)ten coilcerned with the design and construct io~~ of fast marine a t  Dayton, Ohio, on a catamaran scrpportecl by hydrofoils 
:raft and of aircraft, in partictllar flying boats. i n  view of this [Ref. (2)]. It  is interesting to spec~~la te  on  the possible res~ilts 
:xpcrience the iirrn was req~~es tcd  l o  carry out a survey of the of their having concentrated on the dcvcloprue~it of this idea, 
~ractical possil~ilitics of hydrofoil craft, as a rest111 of which . rather than on the aeroplane. 
;evcral design studies were produced under contract. All this Fig. 1 also shows early patents and current examples of f o ~ ~ r  
,vork, with which the author was associated, led to the design basic and fundanlentally difFerent conceplions of a hydrofoil 
ind construction for Canada of the Arus d'Or, which was system. All the other types that will be referred to in this paper 
aunched at  Beaumaris, Anglcsey, i n  April 1957. can be treated as variants, some of them very signilicant variants, 

An  extensive series of niodel tests was made, in support of of these f o ~ ~ r .  
he work, by the staff of the cot-upany's test tanlts. This pro- The p a t c ~ ~ t s  will be c~iscusskci first. 
:ranime of experiments was contracted for by the British 
4dmiralty. Illherent Drrrlrghf Cotztrol ctJ' Arerz rtsitig Luc/r/er Foil Uiiifs ; Since 1951 the author has had the opportunity of physically 
:xamining, and in most cases attending demonstrations o r  trials I-lydrofoils may be cotnpletely submerged a t  all desig11 
>f, a b o ~ i t  a doze11 hycirofoil boats in Europe, Canada, and the operating coilditions, or. may pass through the water surface 
[Jnited States. These had eight basically differellt hydrofoil with change in operating condition, in which case the draught 
:onfigurations, representing indepe~ldent solutiolls of the &sign may be said to co~ltrol the area used for producing water lift. 
~problems. Ladder hydrofoil units vary area with clraught in this way. 

When preparing t1lis paper tile choice lay between giving a The original ladder \[nil appears to  have been developed by 
.ietailetl ;\ccount of work leiding to the desigll and construction the ltalia11 Bnrico Porlanini in the years 1898 to 1905, wit11 
~f the Br~ls d ' o r ,  or  attempting to extend the general survey application to seaplanes in mind, and several patents in his name 
;ive~i in the S.N.A.M.E. paper already ~nentioned. have been examined. A marine craft of 1.65 tons displace~nent 

In view of growing interest in the practical possibilities of was demonstrated on Lalte Maggiore in 1906. It lifted clear of 
[his type of craft, anci the difficulties that the non-specialist has the water and reacheci a specd of 38 knots, using a 75 hp eitgine. 
i l l  appreciating the significant difrere~lces betweell tile various It  is said to have beet1 stable in sinall waves, b ~ ~ t  tlie patents show 
,ly~ir(>foil systellls tllat are  colnpetillg for p~lblic attention, it a Itistory of iiicrcasing coolptexity, clearly arising fro111 attempts 
,v;~s co~lcluded that a11 overall survey would be the "lore val~lable lo overcollie defects in beliaviour. 'I'frese included adjtrstment 
j t  tile present time. Several operational craft have been latlnched of the lacider in height and attitucie relative to the hull, modifica- 
In Europe since the S.N.A.M.E. paper was writtell, alltf some tion of the ladder construction, introduction of auxiliary ladders 
.,f the ljossibilities then illdicated have now becon~e act~lalities. which were to be retractable at  high speed, introduction of safety 

A nlultiplicity of design approaches is common in the early ladders intended to cnter the water only irl eruergency, and use 
jtages of any form of t ransportat io~~,  since the problems to be of aerodyniimic damping surfaces. 
jolvcd are not then f ~ ~ i l y  appreciated, or devclolp~~1e~lts in other 'The hydrol'oils I'orming the S L I I I ~ S  of the ladders all had their 
ields, such as metalll.lrgy, have llol yet reached the stage where spans horizontal, in conditions of zero heel, so that their indi- 
.he simple aesthetic solutioll can be employed. vidt~al contributions to lift rn~lst each have fallen suddenly to 

At a mat~lre  stage, a diversity of types will in general still zero as  they passed through the water strrfttce, causing a jerky 
:xist because of the r.equireii,efits of  'iifrerent operational roles. cha~$gc i l l  dfitughl with speed. This is ovcrrcotuc, in ~noclern 
The l)ri111itive s t r ~ ~ c t u r a l  features and colnljlexities of earlier ladder systetns, by provicling the rungs with consitlerable span- 
:oncepis will, liowever, ]lave cfisappeared. An example of such wise angtilar setting lo  the horizontal, ciihcciral angles in the I'ange 
.ievclop~llent call be see11 in fixed wing aircraft, virt~lally all of  20-40 deg. being commonly t~sed;  and arranging their vertical 
~vliich are now ~nonoplanes. spacing so that the lower elid of one r1111g leaves the water surfiice 

f-lydrofoil d e v e l o p ~ i ~ e ~ ~ t  in many respects is still in the "biplane" as the top of the next below comes through it. There can then 
stage, but already a 11u111ber of the direrences between systems be a s111ooth variation of lift with draught. 
:an be justified ill terms of  suitability for different roles. This Nevertlieless, the original Forlanini system had the esscr~tial 
,paper does not, therefore, need o r  seek to advance the clailns of ladder cliaracteris\ics. 11 gave a variation ol' hydrofoil l i R  with 
3ne system above all the others. I t  disc~~sses the advantages draught over a large draught range, allowing the 11~111 to be 
3f each. exceptionally well clear of the water a t  high speed. It  provided 

nlucl~ less immersed hydrofoil area a t  high speed tlian at  low, 
The Historical Roots permitting the use of near opti~nuni lift coefficients in the former 

7Yre Earliest Yeurs eoiiditioll without prej~ldicing the n ~ i n i n ~ ~ ~ i n  foilborne speed. 
The first exteiisive successful application of liydrofoils generally 

The first patent concerning a boat fitted with "hydrofoils" used ladder systems having appreciable dihedral, and was . 
of which the author has fo~ound evidence is in the name of C. A. achieved by Guidoni in Italy. Between 1910 and 1921 lie 
de Lambert, and is dated 1891. The,, inventor, who was of employed foils under the floats of 111a1)y seaplanes, to  reduce 
French birth but Russian nationality, is said to have demon- impact loads and pounding, and i~uprove landing characteristics 
itruted a steamboat, so ecluipped, on the Seine during that year. in rough water. 
The hull did not lift clear of the water, but accordiclg lo press The aircraft had all-up weights ranging from about 1,500 lb. 
reports it had a quite remarkable speed. Stability was inadequate, to  55,000 lb., but successful l l i~t i ts  were only rnade up to about 
tlowever. I n  France in 1897 the Cornte de liambert drove a 13,000 lb. The craft were usually airborne well below 50 knots, 
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anti even so the greater part of the aircraft weight was supported 
by tlte wings at the higher wate~hornc speetls, so tliat the speetls 
of operation :und liytl~ofoil loaclings w e ~ c  coiiil)arativcly low. 
Loading vali~cs of between 300 ant1 800 Ib. per rcl. TI., on the 
submerged areas, are quoted. 

The original foils werc built of steel, this giving place to wooci, 
and finally aluininitlm alloy. 

Guiclorii devclo~~cd a special hydrofoil scctioii which wiil stand 
comparison witli ~notlern designs, altl-to~igli for strt~cturnl reasons 
itss~unll ratio of thickness tochorcl, limits its load-carrying ability. 
H e  claimed to have acllievetl hydrofoil system lift-to-drag ratios 
of between 7 . 0  and 8.0. 

Us~laily each Iloat liacl two lacltiers i l l  tanclem, one well ahead 
of tltc craft centre of gravity, :ttld the other just behinil it. This 
is an trnusual arrn~~gc~nci l t  for surf;tcc craft, but is ;ippropriate 
to aircraft, since it :~llows aerotlyt~a~nic co~ttrol forces to lift the 
front hycirofc>ils clc:rr, at a re:tsonably low spcctl~ thus giving the 
incre:tsed craft attittrdc necessary for take off. I t  wns also 
claimed to reduce the ci:lngcr of ciiving. 

Longit~~dinal  stability scclns to have bcc~i quite satisktctory 
but, as  might be expcctctl, directional i~tst:tbilit.y was coninion, 
esl,ccially witli twin float dcsigns. Vertical fins wcre attaclicd 
aft on  the floats to ,allcviatc this. 

Tl-tc work of Guitfoni is ~tnclerstootl to llz~ve tlcvclopect f ron~  
that of his fellow-cotintryman, C'rocco, \vho expcrilnentctl with 
:I n1;trinc craft supportctl by si~nple nionoplanc dilictlrnl foils, 
: ~ h o r ~ t  1907. 'This is snit1 to 11;lvc attained a s1)cccl of nhout 
48 knots, Itnt ;teronautic;rl aj,l,Iicatioits which werc llis main 
interest wcre not very succcssfvl. 

'The 1t;tli:tit cni>rts alti~;~raltly cc:tsccl wlicci itlcreasing take-olT 
s l ~ e d s  acce~i~i t ;~~cct  problenls of c:tvit;tfion at-rtl stability. 'T'hc 
last patents of this pcriocl that llavc been noted were i i t  tllc ~ra~rli: 
of G. Ikgna anti the Pi:~ggio Ai~.cral't (lon~pany. The :tpplica- 
tioils rnatic in Ilritain on these patcnls are t1:ltctl 1928. 'They 
cotitain the titost interesting itlca or using s i~~ll t lc  nionoplarte 
I-tytirofoils of largc anhetlral, having their tips iiiucli lower thin 
their root attacliiite~its to the It1111 sicks. 'I'l~is gives a high rlcgree 
of inherent stability i l l  roll. I'lnnir~g surktccs are showr~ 211 tlie 
tips, I'or use above 50 knots where :leration and cavit;ttion or tlie 
foils woi~ld O C C I I ~ .  Pcgna was also a co-1t:ttentce of ;I rnt~clt 
earlier specification tlatetl 19 13. 

'I'tte next 1nz1,ior step in lacltler Iiytlrolhil tlcvelo~tment was 
matie by Dr. Alex>tntlcr Graham Sell and Mr. Casey Baldwin. 
They ;Ire undcrstootl to have bought the I'orl;~~iini patents in 
1907, and titcueafter they clcsigrictl ;I scrics of craft c;~lled by 
them Flydro-ilro~ncs, and desig~lated t-ID--I and so on. 'l'lley 
were joined by Mr. I'liilip I.,. Rhodes, now well know~k as a 
co.nsultii-tg Naval Architect, practising in New York. 'T'his 
phase of activity culntiitated in 1918, in the constrttction of a 
 evolutionary craft, the 1-lr_)--4, and its operation on tlie I3r:ls 
d'Or Lakes i l l  Can:tda. 'I'he Bell-Daldwin system, incorporated 
in thc FlD--4, was ~tatcntecl a t  that iirllc. Its firrther develop- 
ment, although broken by consider:tblc periods of inactivity, 
h;ts continuetl until today. It has the longest liistory-.--forty 
years---of aiiy proprict:try systeni, and is of pnrticttlnr interest 
to 'Tjic Institution sincc it has been the main Com~nonwealth 
co~ltribution to the srlltjcct. 

In order lo include ~ ~ i c ~ u r c s  of "Bcll--Baldwin" cr:tft in operil- 
tion, not only today b u t  also in the early years, tllis cicvelopment 
Itas been illustmtecl scp;lr;ttely in Fig. 2. 'fhc l-If>-4 is shown 
at s1,ecd in Fig. 2. A titiniber o f  clctails have been obtained 
from Itcf. (3).  The hyclrofoil L I I I ~ ~ S  were of 1;tdcIer type, rather 
similar to those of Forlanil-ti, but with a sligltt dilteclrz~l. 'T'hc 
steerable rcar foil unit, ;\Is0 of ladder type, which acted as a 
rudrier, is o f  par{ictllsl. intercst, 'I'his fcaturc, which retlr~ces 
the tcrlriency of the struts to aerate or cnvjtnte :it high spceci, 
has heen retained on virtu;iily all craft litfed with the Bell--Balclwin 
systc~n. 
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Another important fe;ltu~c waq the suspcnslorl of thc ~ I I J I I I  

foil units flow a steel tube which was crtr r led thror~gh the hull 
Tliis has been ~epcated In rccent Stti>r,tmar craft. In  tlte I l D  4 
case the roll utirts werc attached off ccntte rcl,~ttve to the tribe 
axls, so that a t  high speed, when tlie lift moment cxceetled tllc 
tltag mo~mcat, tlic lower ends of tlic ladtlc~s welt cleflectctl 
fcttw;t~d arid put the re,t~ward sloping restlairling q t~  uts in tcns~on 

The des~gn included a safety ladder at the bow, wlticll caliie 
clear of the water a t  I2rgh sl,ecd, and aerodyrlait~~c s ~ t ~ f r ~ c e s  to 
grvc additional d a m p ~ n g  In choppy water, as ot ~gin:tlly pr opo~cti 
by Forlanini. 

The craft was powe~ed by two 1-~be~ty engines of 350 lip e,~ch, 
driving pusher airscrcws, ant1 IS said to have leaclletl a top spced 
of 61.5 knots, a t  an all-up we~glit of 11,000 lb. The fo11 sectlong 
were developed enipir~cally by Raldwin and Rhodes in extcns~vc 
experiments, and were clalrned to have given a lift-to-drag 
ratlo of 8. 

In lief. (3), Wm. Wasltbnrn Nutting wrote:- 

". . . Then yoif notice tliat you arc travelling over \saves 
1 ;  ft. in height, waves that would take tlte bottorii out of an 
ordinary hydroplane travelling ;tt suclt a speed. There is no 
~0~1n(li17g o r  jolting of tile kincl with wliiclt everyone ~vlro itits 
ridden in a racing hydroplnne is familiar. A slight und~~lntion 
lilte t l ~ a t  you fccl in a J'i~llnian car is the only sensation. Another 
noticeable thing is that when hitting a wave there is no retarciing 
of tlte machine as woi~lcl be tlic case witli a surface plane. . . . 
Then Baldwin gives you the wheel . . . and you fitld that she 
steers with tlie ease of an automobile. . . . I f  you have ever 
flown yo t~  Itnow that fyilig is a OuII business compared to 
skimming over the w:ttcr ;ti 60 kitots, and for this reason tl~cre 
untloubtedly will bc a f ~ ~ t i ~ r c  for the type of sport as well as for 
tl-tc illore serious Lhings at  wliich Dr. L3ell ancl Mr. tlnltlwiri I-tavc 
beeti ail-iling." 

This description is closely al?plicablc to the perfolm:tnce of ;I 
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nu~nber  of the hyclrofoil boats i i l  whicli tlie author has ridden trolling the inciileilce of zero diheclral foils. I n  this a planing 
in recent years. Some oftlre technical reasons wliy Mr. Nt~tling's "sltid" o r  hydroslti as it would now be called, lying above or  
prediction of future devclop~ncnt should have talten some behind the foils i t  controls, is linked to them in such a way that 
thirty-live ycius to be ~i iadc good are considered in this pitper. i T  a t  ;I  give^) sl,cctl the 111.111 heiglit. above the water changes, the 

'l'llsce patents oil tlie Bcll Balclwin systcnl were filed in Dritsin foil atlit~rclcs ore varied so as to oll'sct tlic cllailgc. A particulal. 
in 1920, and incluclccl moclilications to  deflect debris and reduce nrcrit of ii~cide~icc corrtrol is that the craft call be iilade to travel 
the shock when hitting obstructions; these illoditications were in a path which follows tlie wave conlour, so that the liu11 
not incorporated in the actt~al craft. 

A 13ritish patent in the name of Marks, and clatecl 1921, 
ticscribes ;i " I o c ~ ) ~ i i ~ ~ t i v ~ "  boat 011 ladder foils which hauls a 
twirl of foilborne cars! Tliis patent was comm~~iiicatcti lo 
Marlis by Bnldwin. 

Bctweelr 19 18 rttid 1939, Baldwin repeatedly riiade LIIISLICCCSS~LI~ 

attc~rrl)ts to iiitercst the Americztn Navy departnient in the 
project, and in ref. (2) it lras bcen suggest$d tlrat this might 
Ii:tve been eltic in part to a tendency to porpoise i i i  a seaway. . 

During this period about a dozen smt~ll sporting and pleasure 
craft, ranging in length fro111 12 to 35 li., wcrc designed under 
tlre direction of Mr. liliodes, usually for private clieilts, These 
are said to have giver1 their owners good service, but systcniatic 
performance figures were not, of course, obtainetl. I)ctails of 
some of the craft ;ire ~~ndcrstood to be approximately as follows:--- 

The HI)-  12 hact a round bilge hull, soirie 30 ft. long, fitted 
witlr chine strips, and rcachccl a speecl of about 50 knots. 

h l i r s  U.S. 3 was it r-;icing craft, with n round l ~ i ~ l l ,  some 
35 St. long, cnrploying a 650 hp engine, at a displaccmcnt of 
6,500 Ib. 'l'he craft is clninlcd to have acliicvccl u specti of 
80 lalots. IJnlbr~uriatcly il was clcslroycd by lire ;tfter two rt111s. 

I3otli tlle above craft Ir;ttl poi~ited sterns. 
'I'licrc was also an interesting small outboard craft witli a 

sqrrare transom, whicl~ had the inair1 foils aft and the rlrdtler 
foil fe>rwarct for CC; reasons. It behaved normally. 

Classified work was ~tndcrtnken in Cimitda during the last 
\\!;II.; and this has lccl to ~[rrrerit activity, involving developments 
of the Dell--13altlwin systcm, strcli as tire procluction of the 
1Ir.cr.s (1 ' O r ,  already ~neniionecl. 

L>uring the 1930's, the Joli~i S a ~ n ~ i e l  While Conlpany of 
Cowcs, Isle of Wight, in associatioil with Captain I la~npdcn 
and Mr. 13. C. Carey, filed about five patents for craft fitted 
with ladder foil u~iits. A vessel is known to have been built 
arrci run in tlie SoIei~t, and is said to have bccotvte foilborire, but 
tlre author is iiot aware of ;my detailed pi~blishecl information 
on it. 

'I'lre patents show a nirmber of interesting variations on tlie 
1;lddcr principle. These include cantilever siispension of tlie 
hyclrofoils from a single central strut, which has since bee11 
e~irployed by Mr. W. Carl in Atnerica. 'I'here are also swept-back 
struts 2nd hytlrofoils, with ;11rii willlout clil~edral, anit a braced 
girder coiistr~rctioa which, together witli tile hull shell, forms a 
hca~lr to carry the liyrlrofc)ils. The 111111 111;1y be attached lo tlre 
girder by viljralio~~ d~rrr~pirig litslcr~ing,~. '1'11~ p n l e ~ ~ l s  sliow ;IS 

~lr;uiy as fifteen rungs on  a ladder; stlch a numbcr wot~ld be 
likely to give a high resista~lcc and to suffer from serious c:tscade 
i i t c c c i c  Fixcd nic~lti-ri111g I ~ W I '  ladders and not stccrable 
rear foil units are illustratccl. All ~irlvontagc of the latter has 
tilrcaciy beet1 ine~ttioneci in connection with tlre Bell- Baldwin 
systc111. 

Ilaving discussed tlic early work on the ladclcr system in 
det~til, the next basic design principle will be considered. See 

In 1906 a Bsitisll patent application was i-t?ade by an A~nerican 
citi~en, W. M. Meaclia~n. I'ro~n the modern standpoint, tlrc: 
systc~ll was re~narkablc, ~ i o t  Tor employing latiders, which wcrc 
ill tire circimistances unnecessary, but for tlie systcm of con- 

remains effectively above tile water, withotrt having to provicte 
so Inrgc a clearance between it and tlre hyclrofoils as w o ~ ~ l t i  
otherwise be ilcccssary to cope witli correspondingly critical 
wavc coiiditions. Me;~cl~a~lr 's pittcirt provides for fixed foils 
also. 

In 191 1 a C,rpt,iln I<~cliurdson, [J.S.N. (let.), and  a Mr. White, 
fitted a dinghy will1 fc~lly subrriergecl Foils eniploying rnarll~al 
incidence coi-tt~.ol for stabilization and rnant~t~vring. This croft 
is illustrated i l l  Ref. (2). 

'I'hc systcm clue to the F ~ . e n c h ~ i l a ~ ~ ,  V. Gr~lnberg, is sllow~l 
next. It was palcntcd in (>real Britain in 1934. St~pport  is 
sul>plicd by pluni~rg floats forward and a completely sub~qcrgecl 
lryclrofoil aft, whicli is fixed rclativc to the Iiull. Tlie planing 
bodies rtlust Sollow tile sctrface of the sea provided tlrat co~i -  
clitio~is are not so severe tlrat tlrey btrry o r  sltip off ;tt higli spcccl. 
I'or exan-iplc, i f  ;it a given spcetl tlrc foil sinlts, the craft pilclics 
uboi~t t l ~ e  plani~ig boclics u ~ i t l  incrcascs the incidence of tlie 
hyclrofoil wliicli is iixcd to it, so tllat a restoring inc~.crncnl of 
lift is gcueraterl. 

The s y s t c ~ l ~  t h ~ ~ s  1r;~s an  i~rlrercrrl incidence control fci~tiirc 
witliot~ t Ille e~nploymel~ t of any meclia~risms or special scilsirrg 
devices. Moclel tests made i l l  the Saint-Cyr l:ttlk, and pt~b-  
listiecl in 1937, tlcrnoiistr:~tetl its Seztsibility, b ~ t t  French devclop- 
iirc~il sccrns tlien to Itavc bccn disco~rtinued. 

Since Lllcrl tltcl.c Iravo bccn several indcpcntlent i~rslnnccs ol' 
the idea being st~~clicd and improved upon by otlicr investi- 
gators. Suc l~  rescar-cli was pro~nptcd by the simplicity of 
llre systcm which provides tlrc ri~ost straiglltforward control 
of incicicnce aiid inherent stability in pitch. Also planing 
bodies cair betrave better thrti~ forward ttyclrofbils in followittg 
sea cot-tdit ions. 

An ol).iection to the systeln as shown in the patent is that the 
t~ydrofoil provicles 110 stability in roll and it has been SCILI~I~ that 
the front plitni~tg bodies m~lst the11 Irnve a track width almost 
ecl11al to the longitudinal distance between t h c ~ n  and the hydro- 
foi l  'Ihis reql~ires a large overall wiclth and prcvents the botlics 
being locntetl bcneutlr a conventional ~ L L I I .  

A~lotlicr, ailtf j,crlraps somcwliat perfectionist, argument is 
that lryilrofoils largely elit~riilate tlrc pounding sustainctl by 
Iriglt-sl~ccd pla11ing craft, ancl tilt11 it is tlicrefore ol>jectioirable 
lo ~.cl;riri l'o~.w;~~.cl planing boclics, which arc likely to have 
po~~ncl i~ lg  and sltippi~tg tcnclencics ussociutcd with tlicni, ant1 
which also Iravc poorcr lifting and resistance characteristics tliitl 
hyclrolbils. In tho <ir.l111berg systcm, Irowevcr, only about 
10 per cell1 oT t l ~ c  ;t11-~11, weight is S L I ~ ~ ~ O I ~ ~ C L ~  by the pla~liiiy 
bociies, and tlrc patent strows tlietn mounted on shock 
absorbers. 

111 1938 a potent was take1.1 oitt by the late Dr. Allan and 
Williain I h n n y  Urolliers l,imited, whicl~ referred to  a scheme 
c~t~y~luyirlg plar~ing stlpport forward and a hyclr~of(>il aft. Tlris 
scl~e~rle hat1 ;I r t~~nlbcr  of resc~nblanccs to the Grunbcrg system. 
As far as t l ~ c  atitlior- is aware there Iias been no publica- 
tion of any inSori i~at io~~ that woulcl inclicnte any f~lrthcr Britislr 
interest in the priirciple. 

'I'lle pal t i cu l ,~~  advantage of "dra~lght co~itrol of area mono- 



plane" cor1figur:ttions is the low resistance oht:titictl by using 
simple high aspcct ratio hytl~.ofoils thl-ongl~o~~t .  

The approp~.iatc p;~tcnt, illustralccl in IGg. I, is that of 
17rhr. 1-1. von Schcrtcl (R:tron I-lans Scllcrtcl von I3t1rtcnbacIi), 
p~~bl i shcd  in Great Britain in 1937. Ilc startcci cxpcrimcnting 
in 1927 and, following tcsts with scven difl'crent boats, achievetl 
his first practical solutio~t in 1936. 'I'hc most characteristic 
feature is the cml~loynient of two siml,lc Ilydrofoil units, of 
about equal area, placed one a t  the stcrn and thc otlier close 
to tlic bow. Tlic units arc of "hoo17" type, in which tlicrc is a 
single member whose clihctlral varies laterally, giving stability in 
roll, and whose cntls are t ~ ~ r n e d  back to attach to tlic hull. 
The turned-back encls, Ilnving anlicdral, rcscn~hle the high roll 
stability Pegna foils, alrcatly rcfe~.red to, wl~ich wcrc proposed 
1 I O I  I I t i  'l'llc I\ytlrofoil cho~.tl, scctitrn slrnpc, 
anel sclli~lg nlay also vary I;ttc~,;~lly, partly for strt~clt~ral reasons. 
120ngitudinal stability is provieled by change of foil lift with 
attitude and with the variation in inir7icrsed foil area, that occurs 
with cliange of draught, :it a given sl?ceci. 'Tliis latter feature 
provided by monoplane hydrofoils, inste;ltl of laildcrs, charac- 
terizes tlic craft dcscribeci in this section. I'oils that ir~itnerse 
riiore area as tlraugllt increases are often descrihccl as "sttrf:tcc- 
piercing." 

[Jntil near the encl of the last war, Sclic~~tel and the <;crman 
sltiphnilder Sac1isenbc1.g coilrtbot-ntcd in tlic dcsign 'iititl con- 
s t r ~ ~ c t i o n  of a n ~ ~ n i b c r  of boats. I<cscarcIi and (losign work 
wet-c dircctccl hy l'rof. Wcinblunl. 'I'ltc Soils werc, i 1 1  general, 
mndc of steel, and in sonic cases wcrc rittccl \vitll I~ydra~~lici~l ly 
contrc>llcd ailerons. 'l'he following vcsscls were tried out over 
a periotl of seven years o n  lakes, rivers, and in tlic Ilaltic, and 
Inany improvements wcrc introduced. 

Iicf. (2) contains pliotogtaphs of both the 17-ton patrol 
boat VS-6 and the 80-ton tank transport VS 8, i n  foilbolne 
conelition. 'The perfotmnnce Iigrtres are as prov~dcci by tltc 
Supramar Company, 1 ucerrte, Swit7erl:tnci, of which Sclicr tel is 
now a director. 

h o n e  of the Gel rnan craft was usccl opciat~onally, untlouhtedly 
in nart duc to  non-tccIin~c;tl consicletat~ons. The VS 8. wl~ich 

of the craft centre of gravity, anti a smaller stabilizing foil at 
tile stern. The 1;rtter was in general of f~rlly sttl~rncrged type. 
carricd on a single strut, and iiiight bc stecrable or cal.1.y ;In 
elevator. A s~lnall runabout using this systc~n was built a~id 
operated in America by J. I-lcrz in 1932, and a larger boat w:ts 
constr~~cted and tcstcd near 13crIin in 1936. Speeds of about 
24 knots are said to have bee11 attained. 

During the last war, a craft, designated the VS--7, was built 
in Schleswig, to  the Tietjens systeni, and tested in compari~otl 
with the Sclicrtcl VS- 6. They hot11 hat1 the s;rnic displ:~ccnicn~ 
of 17 tons, brlt the VS--7 provctl the faster, reaching a specd of 
about 55 knots. Its st;tbility ant1 ruanmr~vrability were m~rclt 
poorer, however. Tietjcns has claimecl that both tllc lateral nntl 
longit~~dinal stability of his system were very good. '1.0 enst.!:.c 
thc latter, the ~.c:~r  Toil \Y:IS S C ~  :I( ;I I~ ig l le~~  ; ~ l l i t t ~ i I ~  tIi:111 ~ I I C  
front foil, ant1 had :1 lo\vcr ~,;ttc of cliange of lift coef'ficicn~ 
with attitittle, but nlodcl tests have sr~ggestcd that aeration or 
cavitation rnigltt cause Icmgit~~dinal instability. At least one of 
the later Tietjens foils was swept hack frorn the hull attachnients 
so  that  the attitttde automatically reduced with increase i i i  

spccd, and preventctl the main foil rising too high out of the 
water. This was inte~tdeil to combine high lift at low speeci 
with good czivitntion c1i;iracteristics at high specd. I t  also 
helped to retain lateral st:thility. 

As long ago as 1904 a n  American patent for a sysicril, some- 
w11;lt rescmbling thnt of T'ietjcns, was gi-anted to a man named 
T'Iloinl,son. As recently ;IS 1947 n 20-ft. craft b;tscci on 1I~e s:lnic 
idea, bul in a version d ~ ~ e  lo I lampden and Macl'herson. \\.:is 
brrilt by the firm of Canlper Nicholson ilnd tested in I'ortsmonth 
llarbour up to speeds of about 35 knots. A considerably Inore 
distant relative of both the Sclicrlel and Tictjcns systems has 
becn devised by the Baker Mfg. Co. of Evansville, Wisconsin, 
mainly for use on small pleasure craft. Sirnplc hoop foils rnade 
of extrt~dcd alt~minium alloys arc crnploycd. 'I'lrc hoops 11:tve 
str;tight Vci: lower portions ant1 vertical sides, and  arc simply 
s~lpportcd on circular scction horizontal tubes, which form tlir 
top nlembcrs. Roll stability is achicved by placing hoops, not 
under Ihc hull 21s in the systems previously described, but o n  
either sidc. 111 the normal arrangement a thircl hoop is locateel 
under the hull, forward or aft of the pair, t o  give longittldinal 
stability. A 24-St. rescrtrch craft ernploying four such foils, 
arraliged in two pairs, is shown in ref. (4), fro111 which the 
details that follow have becn obtainctl. Tlle craft, called 
lliglrpocltets, is powered by a 125 h p  Chrysler Crown engine. 
and its lnaxitnu~n speed withottt hydrofoils is 20 knots. Oti 
foils it reaches 36 knots, ancl can proceeii a t  32 knots in waves 
as  high as 4 ft. I n  5 4 .  ocean swells off Floricia, i t  oittran a 
63-ft. air-sea rescue boat having tlic sanic ratetl specd. 

Modcrn examples of the four basic tlcsign principles, sI~o\vn 
in Fig. 1 ,  will now he cotiinientcd upon. 

was :tpparcntly under-lxnvcretl, fell o l T  1 1 1 ~  foils in some following C7rtr.rerlt Eunrrrp/c>s o f  the jhrrr 13risic ,'Sysfcr?;s sea tcsts, but was very st;lblc i l l  head seas. Owing lo mal- 
ft~nctioning of the steering gear, it was damaged by hitting a I t  will be appreciated that.only a limited anloutit of the infor- 
sandbank and was be:tchccl. mation on  some or  the craft now to he descllbed has bee11 

It was dccidcd to conccnttate tlcvclol~ment on the VS 6, and rclcascd. Published figures will be given where available. 
:I nlod~fied steln foil was ~cconimcndcd to ~ ~ n p ~ o v c  stability and 'The Jarlder systcm given in Fig. 1 is that of the Carl XCII 4. 
11elIiaps l o  overcome troubles expcl~cnccd in following seas. The photograph shows t l ~ c  large d~licdral, and that the second 
I t  hay bccn suggestcd that any c ~ a f t  having thc f ~ o n t  and rear rung is running on the surf:~cc. The single ccntral suppo~ting 
foils about cquiclistartt from the centre of gravity will experience struts, the cotnparativcly low aspect ratios of the rungs, and tllc 
serious difficulties in following scaq. l l l e  very successful post- sweep back, are all noteworthy. The inlluence or  t ~ a n s o n ~ c  
war developments of the Supiamar Company, wli~cli include a acroclynan~ics is appare~lt, and tlie design has a most pleasing 
~ n o d ~ l i e d  stern foil, show t l i~s  view to be incorrect. cleanliness and si~nplicity in appearance compared with ~ t s  

The location of "su~l'ace-picrc~~ig" hydrofoils about eyui- ancestor. The aeronautical flavour of tlie propulsioli system, 
distant fore and aft of the craft c e n t ~ c  of gravity is  a definitive and its implication for high design specd, will not have escaped 
characteristic of the Sche~  tel configu~atlons dcsc~ibed, btrt tlie notice. 
e~iiploy~nctit  of hoop foils illone is not. 13r. Otto Tietjens The most recent craft eniploying the Rell -Baldwin system 15 

developed e systcn~ 11avitig a main "l~oop" foil some~vhat forward the Brns d'Ov which, as already mentioned, was lat~nched 111 
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'TIjE HYDROFOIL BOAT; ITS HISTORY A N D  FLJ'TUIIE I'IIOSITEC'TS 

;il  1957, a~ici is seen in Fig. 2 irnciergoing fttitctioning trials 
ilte Menai Straits, North W:~les. 'f'his boat has now been 
t to Canad:), and is ~~ndergoing  extensive research trials 
re. 
['he craL't spccif icat io~~ rcquircd the essential li.ntutcs of tho 
I -Baltlwin hydrofoil systenl to be retainecl. There are three 

I tiiiits, tile rear one of which is steerable. The front ladders 
ie foul- rungs and tlic rear one three, which is a ,considerable 
luction in n~rri~bers coml~ared with tlie 1-ID-4. Tlic rungs are 
:-sliapctl in front elevntio~t wit11 consider-able diltedr;rl, and 
vc relatively low aspect ratio wit11 sonle sweep-back. 'T'he 
:idcrtcc settings i~tcrease from the lower to the upper rungs. 
!e boat is 59 St. long attcf weighs 17.5 tons. It is powered by 
o liolls-Royce "Cirilfon" engines whicli Iiave been mociitieti 
suit niarine conditio~is. 'I'he l i i~ l l  is constructed of aluminiu~i? 
c'ry. 
l'lic recent 20-St. United States Navy research c ra f ,  tliat is 
ntp~iscd with the Meacham patent in Fig. I, employs fully 
biriccgccf foils wltose incitlerice is controlleci by electrical 
iiiight-sensing devices insti .4 o f  mechanical ones. As the 
ltcr level at eitlter of the two fro111 s t r ~ ~ t s  rises, rcsislarices arc 
orted out, ;r~id a step-by-step servo actuates the corrcspondi~ig 
jrt o r  starboard llydrofoil unit. 1)isturbances in both pitch 
it1 roll are 1i:rndlcd in this way, without tlie Soils tending to 
rf~tcc. Ttre cr~tf l  will also follow ;I wave contour, provided 
at tlie servo systc~n can cope with the frequency of encounter. 
'Thc rear foil is also ~ L I I I Y  i~~i~i lessed,  b ~ i t  is rtot ~tec~ssarily 
ciclencc controlled in the above sense. Since tlie front foils 
.e clesigned to follow the surfLtce of the sea, a fixed f ~ ~ l l y -  
rbtnerged reitr foil will 11rovide tlie craft with inherent pitch 
aijifiiy oi' the  runb berg type. 
Several metl~otfs of incidence co~iil.ol using nicclianisms have 

een investigated in recent years. An alti~neter Itas  beer^ used 
> dctc~.mi~rc draught, and fuil incidence change actuators have 
cell controlletl by an  ai~lopilot. 

A inoclertr system cm[~loyirtg ri~ccliitnical sensing devices has 
ceii developed by M r .  Christopher I-look, and give11 the pro- 
isictary nal-ne Ilj~t11.ofitt. l i is basic patent specification was 
sdgcd in 1942. Tlie initial development was irndertaken in 
ifrica, using a n  ole1 llyii~g boat li~111, co~ltinucd in Cowcs, lsle 
)f Wight, and lifterwards in the Uliitccl States, where conversion 
.its for small craft are rtiasketed. One researclt craft employirig 
iis system is 16 ft. long, and has operated well in u bad 4-St. 
:liop off Minrni Ucnc l~ . (~)  Two iiycirosltis are motrrlted on  long 
ockcy arms aliCad of the craft, anti these arc linked, mechanically 
)r lrydsac~lically, to firlly subr~rerged maill hydroSoils, each of 
~h ic l t  supports about one-tlii~cl of the craft all-1113 weight, in 
'ully foilborne conditions. 

Mr. 1 looli has ctescribeil Itis forward hydroskis as "a~itici- 
pators" wllich foretell tlie approach of n wave froiti alieatl, 
bcfore it reaches tltc hydrd'oils. In practice, and as in the case 
of other incidence control systems, in wlrich the sensing dcviccs 
are placed closer to tlicir foils, the f i j ~ ~ / ~ c ! f i , z  behaves sal.isfactorily 
;it other headings to tlte sea. 11 is stated to be parl ic~~li~rly good 
in following sc;ts, prcsirrnably bccailse the slower rate of encounter 
gives tlte hydroskis more time to respond, ailif there is no dajigcr 
of tl~cm skipping off' the wave surFace, as they might clo at high 
rates. A patent of 1945 covcr.s the provision of damping and 
of a ~tlanrr:tlly controlled inciiience setting adjuster in tlle linltage. 
A fully-subrnergccl fixed after foil is inlegral wiilr the p r o p ~ ~ l -  
sion systcin, anci again providcs Cirunberg type inherent pitch 
stability. 

Tlie crurent exponent of tlic Crunberg system, shown in 
Fig. I ,  is the "lnternzrtio~ral Aquavion" company's A~lirr~,st~ol l  
34/40. 'I'llis erilploys two I~yclvolbil-llytlroskis forwtt~.~J, Y C ~  we11 
into the sides of the hull. They plane or1 tlie water surfc~ce a t  
speed. Adequate rolling stability tias been acllieved by replacing 
Grtrnberg's f~rlly stlbmergecl foil by ;I hoop. Titis also increases 

pitch stabilization by adding increase in foil area with draught 
to tlte inherent iticre;~sc iii foil incidence. Tltc Aqiiaviotl systcrtt 
is due to two Swedish engirlecrs, Almquist and Elgstrom, and it 
is understood that tllcirs was an intlc~~eutlent i ~ ~ v e ~ t t i o n  111;1de 
witlloi~t knowlcdgc of Grunbcrg's work. Aclivities began in 
Swecicn and were I'or a time coirtt.ollcii by a Sweilish joint stock 
company ciititled Supermasin. The first prototype was built in 
(948 to carry 17 passengers. A small aluminium alloy craft 
using almost the same system, hut apparcritly with a single 
planing foil having some tlihcdral forward, Iias bccn clcsig~icd 
and built by Mnt.strantls Mckanislta, Wcrkstad, Swcclen. 

111 1950 a pleasure craft, using the systcri~ of Alti~qt~ist and 
Elgstrom, 57.4 ft. in overall length and Iiaving a n  unl;~itcn 
weight of 9 tons, was briilt i t 1  aiirrtiinium at I..itiingii. It was 
called the I'iler~. Tlle diesel engine clcvelopcd 860 lip at  2,800 r l ~ i ~ ~ ,  
and a craft r;rllgc of 300 miles is quoteil. I)LI~-ing a trial run 
from Stocltllol~n to Fi~iland ant1 b;rcl<, carrying 20 passengers, 
3 crcw and ballast, winds 1111 to 27 knots and very rough seas 
wcre encountereti. liven so, tlic average top iti~d cruisi~ig speeds 
wcre in excess of 37 littots ;trtcl 3 1 knots rcs~ectively. As ;I rcsi~lt 
of this trial thc cruf was acceptctl by tlie SociCt6 France-i0~mct-c 
dc Navigatior~ o f  Saigon. 

'The Acll~r.r/~,oll 24/40 is n practical operational craft. It was; 
dc~iionstratc~l i r ~  Jantrory 1957 to representatives of various 
organizatiotts. 'I'he ;ruthor was orlc of thcsc i.el)rcsentalives ant1 
liad the pleasure of  riiti~ig i l i  tlie vessel oil a trip between 
I<ottesdnni ; i ~ ~ d  the i look of I lolland. The rcrnarlts tltat follow, 
and tlie rclcvartt 1>e1.Sormance tlirta given i ~ i  'l'ablc I ,  are for~iiulatecl 
horn tlie extensive inSor.niation given in the technical brochure 
issued by the Aqititvio~t C'oinpa~ty. 

'I'hc steering anti tra~lsmission are proviiled by orthodox 
rudiiers and inclincil shafts of rail-ier high angle. l 'he hull is of 
round bilge I'orm forward, but ltas a fitirly cicep step amidships 
anel Iiartl clrincs art, to hcilitate a straight shaft SLIII Sso~ti 
engine to l>r.ol,cllcr and assist the 111111 to  brcalc clear of tlic 
wiitcr when bcco~ning foilbornc. 

The front "wings" carry only a little of the craft weight a~lcl 
are s o  tfcsigneci that when the water is srnootli a smnll part of :I 

wing acts as a Iiydrofoil, another snlall part as a planing surktce, 
and the remainder is out of thc water. When the unit is pressed 
down illto tlic water, the area giving planing lift is greatly 
increased, and filially acts wliolly as a IiycIroSoil, in which con- 
dition tlic lift developed is trbout eight t i ~ r ~ e s  the uridisturbed 
valcte. 

The craTI follows tlte con tot^^. of waves excceiling two and a 
half times its lcngth, but the front wings cut through the crests 
of  breoltingwuvcs a ~ i d  waves that use sliortcr than the boat length. 
T e ~ ~ d c n c y  for tlie front wings to sltip in short wavcs is checlted 
by a s ~ i ~ a l l  ftrlly si~bnierged stabilizer hydrofoil mountetl near 
~ l t c  stc~.n atrci foriitiltg p;ri-t of the sliaft anci rudder br;rcltct 
system. Vibratiorr and sltoclts ;Ire allcviotecl by sltccial con- 
structior-~ ;uici rubber n~cjunting of tlte front wing system. The 
craft will sit down in liigh wavcs of between one and one and 
a IxiIC times its lengtli, b t ~ t  thc surf~rcc followirrg characteristics 
of tlie front wings cause an  immctiiate increase in irlcitlencc ant1 
restoration to foilbori~c conditions. Qttartesing anti  beam seas 
have n o  special efyect. 

'I'he SociCtC GCn6rale cle St~~.vcillance S.A. of Geneva macic 
a trials inspection during January 21, 1957, on the rivers Nietrwe 
Waterwcy and  Outic Maas, in I lolland. This inspection justifies 
the figures slio~vn in Table I. 

Maximt~in spcett with two 250 shp ilicsels (the craft is desig~ied 
for two 300 Itp cngincs) was 32.16 knots. 

L)istances to slop from f~111 speed, witlt ;mtl without tlie llse 
or reversing, o~gincs,  arc about 0.9 ant1 1 .7 boat lengths, 
resj>cclivcly! 'l'l~is exlraortli~inrily high "bralting 1)ower" is a 
feati~rc of nlany I~ydrofoil boals due to the large attitude and 
conserjucnt ~.csislance that can he obtained as the craft sits 
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I .cngtli overall, I ,  (Ct.) . . . . . . . . 
Maximum beam of Ilull, I3 (ft.) . . . . . . 
I . /  . .  . . . . . . . . . . 
Wicltli ovcr liytlrofoils (S t . )  . . . . . . 
13rar1gli1, floating (ft.) . . . . . . 

I)l-atight, crriising (Ct.) .. . . .  . . . . 
I'asscngcr capacity (;il>prox.) . . . . . . 
rr~igi~lcs . . . . . . . . . . . . 
SIllSl : 1 1 I c  I o x )  . . . . . , 
Maxiriii~m spccd (knots) . . . . . . . . 
Cruising speed (k~iots) . . . . . . . . 
Construction mnteri~~l, IILIII . . . . . . 
C'oristructioti niaferial, hydrofoils . . . . 

Aqonviot~ Aqirnitroii 
24/40 

~- - - - 

47 .08 
12.50 
3.77 

19.70 
6.25 ~~nloaded  
6.73 fully loaded 

3.28 
27 (~ior~t lal  load) 
2 ', 300 lip tiicsrl 

I0 
3 8 

-. - 
Aluminium alloy 
Aluniiniu~n ;illoy 

45 .8  
37.8 at 350 111' 

Alumini~i~n alloy 
Special stccl 

3 ,o 
36 

600 l ip  tiicscl 
12 
42 

35 at  480 lip 
Aluminiu~ii alloy 

Sgrcinl stecl 

3 .9 
70 

1,750 1111 dlcscl 
10 
4 3 

38 at 1,100 hp 
Alr~miniuni alloy 

Special stccl 

tfown stern first. 'l'lic t i l l ~ ~  I'r'om rest lo f u l l  sl~ccd is about 
45 scco~ids 

T'lie cli;~metc~. of the turning circle at fr~ll slicctl is '7 boat 
Icngths. The c~.;rft does not iiccl apl~~.cci;ll)ly in these co~iditions. 
rl'hc craft can tr11.n o ~ i  its ow11 ccnlrc with o ~ i c  cngiric h:rlf;ilic;rd, 
and tlic other fttlt astcr~i. 'I'lic lorigitt~cli~ial nncl trar~sverse 
stabilities were cxtretiicly goocl wlieri z-~lnliing close to ;I n ~ ~ m b c r  
of sca-going vessels in waves up lo 4 f t .  Iiigli. 'I'lic craft requires 
no spcci;~l training to Ir:~ndlc it, and can be mat~cruvrcci better 
t l ia~i  ordinary bo;1ts ill crowtled waters ant1 tloclc basins. 

O n  tlie occasion wlie~i t l ~ c  author attended a tlcnior~stration 
of tlie Aqrm.r/r.oll, the hllowing facts nntl figures wcrc ol>t;rined:--- 

'Tlie I>utch Iristituil: 'T.N.O. voor Werlttuigkc~cidige C'on- 
strtrcties, Delft, lias ti.iadc measi~rerncnts of craft weiglit a11cI 
speed. Tfie ~iiaxinitrm speed at a weiglit of 15.83 toils was 
30.9 knots (average of six runs). 'I'hc 111111 IiStcd clcar of tlie 
water, a t  an  engine 171rr1 of 1,600, in I8 seconds fro111 ;I "st;rnding 
start," when tlie weight was 15. 16 tons, while a. speed of 30 ki~ots, 
a t  an rprir of 2,000, was attained in 34 seconds. 'I'hc weight. in 
a condition ready for service, with full tanlts, but without 
passcngcrs, w:is fount1 to be 13.46 tolls. T'hc maxirnu~n addi- 
tional load (~?aytoatl) a t  which foilbot-ne coticlitions could be 
obtained without labonririg was 3.24 tons. l l i i s  !xiyload is 
20 per ccnt of tlie niaximum all-LIP weight of sofile 17 tons. 
l 'be  engines usctl wcre said to he heavier than a sui(able 
altcrnntive, wtiich woulrl Ii:~vc pcrmittetl a payload of25 per cent. 
C)n tlic other hantl, the hydrofoils wcre niadc of aluniiniu~n 
:~lloy, and liytfrc~foil c~.;trt rlcsignccl for spcc<ls of  ;~l-tor~t 10 Itnots 
genc~.ally require steel hytlrofoils, wltich arc I~cnvics. 'I'hc fuel 
weight with tztnlts full is 0 . 8  tons, which is c~iorigli for ;rbout 
I 0 hours' cncit~rance or 300 rrtiics range. 7'1ie total tl isposable 
load of payloatl and fuel is thus 25 licr ccnt. 

*Tl~e best spcccl obtained in timed runs at  a displ:~ccmcnt of 
15.6 tons was 31 .8  knots at 2,100 rprir. Assuming tlii~t tlic 
engi~ies wcre olicrating at thcir f ~ ~ l i  r;rtetl ~ ~ o w c r ,  totalling 
500 slip, corrcspondi~ig to 2,100 rp111, tlie corresponding value 
of 71 (I.,/U)* is 6.82. 

'Tkt~s if propulsive efEcicncy - 0.5,  0.6,  lift to dl-:rg ratio, 
L,/I), lb. per Ib. --- 13.6, 1 1 .4, so tirtrt ail [.,/I) of a h o i ~ t  12.5 
would seclil to be acliievccl. 

l h c  largest wavcs encountered wcre about 2 ft. Iiigli and 

vl'lic 1,llcrc refers Lo I,ift, 1101 lcngtll, of coursc, a11ti will nlwnys (lo 
so in this paper when writtell it1 the cxpressiol~ 1,113. 'I'hc co~iinionly 
usetl notation Tor lifl lo drag ratio in lb, pcr lb. lias been uscd since 
test results on isol:~(ed hydrofoils are ;~l~uost always presented in it. 

35 St. long. 'I'lic f ~ o n l  "w~ngs" '~ppca~ctl rather lively wl~cii llie 
craft I an acl ow :L I cgl~lar cIi;li~~ of W;~VCS, ;111(1 t h ~  ew up a con- 
sider able :irnor~tit of s p ~  ay, which SIIOLIICI  ~ i o t ,  howcve~, Oe 'I 

serious matter. 
'Tllc Aqunviol~ C"ori~p:~ny is now olTcri~ig a new design 27 ft. 7 iri. 

lotig am19 tons ;rll-trp weight, i l l  which the Iiydr-ofoils otlly exteriti 
a little wny outside the li11l1 bexm of I 1  ft. 11 in., wliile tlie frorit 
wings arc entirely within it, and can easily he rcrnovcd ancl 
replaced it1 case of damage by collision. 

This account of the Aqrin.sfr.ol1 can best be cot~cluded by a 
quotation from the technical brocl~ure of the Aquavion 
Cornpany :-- 

"The Aquavion is based on the only possible systerii, which 
makes any rea4ustment of its wing superfluous becni~se the 
atigle of attack of tllc wings and their lift adapt tliemsclves 
automatically to the situation of tlie morncnt, as a result: of tile 
sliglit change or tlie 'trim' of tlic Aquaviol1 itself." 

The pi-esent author would agrce that the Acluaviorl conception 
is a vcry grornising, simple, and solinst one, brlt absence of 
rueclianical controls should not be regarded as too ~nucli of a 
virtue. Acroplarles recluil-c elevators and ailerons, arlci it seems 
reasonable that cirective ii'icidcnce adjust~nent o f  I~ydrofoils 
sljould be admissible for various operationtti roles and conditior~s. 

111 any case tlic claims of tlie other very promising current 
developments 11iust also be considered. The last picture on 
Pig. 1 shows the Supra~nar  A e c c i n  clcl Sol(> (Arrow of the Suri), 
'Type P.7'. 20, 70-passerigcr ferry operating in the Straits of 
Mcssina. Belhre considering this craft in more detail, it is \veil 
to mention tlie earlier post-war achicvemet~ts of the Supr;uiiar 
Coriipariy. 

Tlie Sclicrtcl-Saclisc~~bcrg system, ;is it is officially c;tllccl iri 

tlie infor~iiative Supramar technical brochure, has a long and  
co~~t inuous  history of improvement, with whicll the original 
inventor, Frlir, von Scherlcl, has been associatetl tl~rougliout. 
Tlie first pliasc from 1927 to 1945 1i;ls already beell dcscribcd. 
At the end of the war, tlie $achsenberg sliil?y;lrd at 17essau- 
liosslau 1,assed illto Russian Iiands. Immediate post-war 
conditions prevented commercial development of the systern for 
some seven years, a t  tile etzd of wi~ich a new coml>atiy, with botl~ 
Gennan and Swiss directors, was created ill Switzc~land. 

A new boat, the Freccict d'Oro (Golden Arrow), was desig~icd 
Tor p;lsscngcr scrvicc on inl;~~id nlatcls. 11 i~lcorpo~:\tcd Llic 
company's latest ideas ant1 results of rcsealch, and wa? :r con- 
siderable advance on  the techizical achievements of tlie previor~s 
craft. Aftcr exlensive tests and ciemon~trations on the Lake of 
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.uccine, the boat joiried tlie fleet of the olficial Swiss and Italian the Germait ideas. 'll-ie ci.aft is saici to h;tvc carried 66 passet~gers 
teamship Navigation Conlpany of La la  Maggiore, wilere it a distance of 200 milcs, itlong Ihc river Volg:~, a t  a specii of 
/;IS ~ ~ s c d  in the daily i~~tcrnational passenger service between nearly 43 knots. 
.ocarno -I-'all:r~~za anti Aroila. l'his is believed to be the lirst 
ime in the history of shipping thirt a hydrofoil boat has been Iico~louric Considetatiorrs 
lwei for regular passenger transport. L>tiring the slirntncr seiisotls 1953 arlci 1954, the tTrcccia ~ i 'O; .o  

Sonte cletails of tlic f;, '~ccin t l '0t .o are iircluded it1 Tablc 1. nlore 27,000 lltilllical ~lliles iulci weii over 
)~l ler  figrires of interest are as follows:--- 25.000 Dasscngers. 'The Supramar company publish a n  ititerest- 

)isl>laccmcnt, fnlly loaded . . . . 9 . 5  tons 
.conomical speed, at 170 I I ~  . . . . 26.7 knots 
tangc at cco~-iomic;tl spced . . . . 324 nautical miles 
leeling inornent (Ib. St.) . . . . 6,500 0,030 
Claxirn~~m angle oflrecl (deg.) . . . . 8.35 0.15 
ipccd for maxiin~im angle of heel (ltnots) 18 , 0  18 .8  

3 p ~ c d  (knots) . . . . . . . .  10 20 30 40 
i f  i f r a  . . J' at  a ciisploce- 1 1 . 0  12 I !  - 6  8 . 5  
Prop~~lsion cflicicncy, ment of 

pcr cent. . . . 50 67 70 66 
I)iametcr of t~ir i~i i ig  'circle, in boat 

lengtl~s . . . . . . . . . . 4 5 . 2  10 35 
Approxiti-late ~l~axirnurrt wave height in 

wl~icli ol?crirlioti coil contiittic ;it full 
tnginc po\vcr (St.) . . . . . . 3.0 

Whcn t~lr.nir~g, the craft banks i~lwnrds, wlricl~ is the n a l ~ ~ r n l  
hut not the conventional direction. 

'I'hc utitl~or flail tllc good fort~ti-IC to itt ter~i den~i~ i i s t ra t io~~s  of 
111e ).i.~,cr.irt r / 'Oro oil Lalte Miiggictre in  early E)ccembcr 1954, 
iintl was greatly attracted by the slnootli perfor~narice, the ease 
of hancili~~g, tlrc liglrtncss of the spray from tlie hydr-oloils, and 
tlic I1;itness oI' tlrc M ~ ; I ~ c .  Tlie i:l.;tf~ ~r~q~roi tclrc~i  a~ i ( l  ccigecl illto 
l a ~ t c l i ~ ~ g  stagcs witllout fuss, bringing tllc hyclrofoils ~ic;~t ly in 
betwee11 adjacent piles. linfortt~natcly the calm weather pre- 
veiIte~t any assessi~~eiit of perforti?ance in heavy waves. 

'T'lie mess in:^ ferry shown 111 Pig. 1 I ~ a s  a clisplacemcni of 
?X tons; other partic~rlars are as tile P.1'. 20 given in Tablo I. 
The transmission system cot-ilprises a vee drive and incli~led slr;~ft. 
The propeller is ahcati of the shaft bearing, which is carried at  
the centre of the rear hydrofoil, and is combitled will1 the lower 
pivot of tlte ruililer. The l i t i l l  111s sl-iarp chines with n s~nal l  
brcaltcr step anlidships, ahcad of the station wilere the sl-rall 
enters the keel. l'lle hydroroils are manufactured froii~ special 
stecl hy 1)critsclie l~dclstaltl, ICrefcld. Siinilar :~rrangemc~~ts  
ii2cr.c usecl o n  ~ l t e  /+.c~i,c.jo r l ' 0 1 . o .  

!hiring the sumri-ier of 1956 t l ~ c  t,i.cc,cirr (/el Solc ran for scvcral 
ninntlts in cotttinctous service as a ferry across tltc Straits of 
R,lcssina. 0 1 1  another occ~tsiot~ i t  travcllcd tlie 50 inilcs from 
Mcssina to the Island of Stromboli a t  ;I spced of 30 lcnots. 
Wavcs about 8 St. higll \yere c~rco~tntered. 'I'hese can be taken 
fro111 ithead, while 5-ft. waves are said to  be acceptable at any 
1ic;iding. The hull is light anct flexible, but this does not appear 
to be n disativatltage. It perl-rlits ;I payloitd plus ftiel of about 
25 per cent of the ;111-~1p weight. 'The stability it1 lieel is very 
good, ancl passengers can crowd to one side or the craft wi t l~o i~ t  
scriolls efycct. 

'I'lre author travelled 011 the craft in the Messina straits early 
in  July 1956. Contin~~oiis  speecls LIP to 38 knots were employed, 
biit iinfortttnately waves did not excced about 2 ft. in  height. 

A recent I<ltssiau Itydrofoil boat was tlescribeci in tlic Septom- 
1 ~ 1 .  27, 1957, iss~to ol' L C ~ / ~ ~ l t ~ c , r ~ ~ . i i r ~ r  A cjt~olation ol' ~ ~ u r ~ i c i ~ l u r  
interest f r o n ~  tlie iirticle states: "The air c~~shiolr  under the hull 
serves to minimize pitching, rolling ant1 other clist~~rbnr~ces." 
At tlre end of the last war, infornration anct some personnel who 
Iinci bee11 cot-iitecteit witli the Scl-tcrtet--Sachscirbcrg systerx came 
in!u Russian I~; t t~ds;  tlrc lirrssian bunt appears to be based up011 

. . - 
ing cost asscssmcnt for a passenger service, covering a daily 
distance of 150 nautical rniles in 4. worlti~rg hours, for 8 ~nontlrs 
(240 clays) of' the year. Two P.'I'. 10 craft arc assumed, and 
ttlese, as Table 1 shows, are a little larger than tlic hccc in  rl 'Oro. 
Utilization is taltcn to  be 60 per ccitt of capacity pay!o::c!, giving 
an average of 23 passengers. The depreciation period is only 
8 years for bo t l~  boats and engines. - 

The econo~nics based 011 Swiss c o ~ ~ d ~ t i o n s  arc: 

Operating cost . . . . . . 70 per cent that of a com- 
parable conveittioi~al craft 

Investrncnt capital . . . . 800,000 Sw.fr.., say f65,300 
Fare per passenger ~ u i l c  . . . . 0.37 Sw.fr., say 76d. 
Profit bcfor.c s~rbtraclion oC taxes 21 1,000 Sw.fr., say f17,210, 

which is 26 per cent irltcrcst on investment capital. 
i l~ir ing Augtrst 1956 the I.i.eccici (1c.I Sole is said to have carried 

31,000 pnsscrigcrs in ilte Straits of Messirtir, ; r i~c l  ear-rtcd a proiit 
amol~r~t ing to 4 1 x 1 .  cent of its initial cost. 

7'11~ Aquavio~r broclr~~i.e givcs some cost ligurcs also, anci 
states that i l l  spite of Lllc ~nanlrfi~cl~~rittg r-ec[~~irentents for the 
lrytlrofoils, tlic ptircliase price is not Inore than 15 to 20 per cent 
higher t11a11 a convct~tiotiul boat of the same s i ~ e ,  and stresses 
t l ~ e  ecotio~nic atlvirr~tagcs of coitlparitiively low resistance at 
Iiigh specil. 

'1'11c1.c arc u number of perl'ormance cliar:~cteristics whicll 
ilcarly all s~tccessf~rl I-iyclrofoil craft of whatever systeirl will 
possess, irt virtc~e of' the if-iiterent proj>erties of hydrofoils. Some 
impo~.t;~nt I'eatures clainicd for both the Aquavion and Supra~nar  
craft arc givc~r below. 'Tiley providc a stlitable link between tile 
historical itncl clcscriptive matter, so far cliscussed, ancl the 
technical remarks tlr~tt arc to follow. 

111 cornpii~.iso~~ with cot~vcrttionul fiist boats, Iryctrofoil craft 
llavc miicit less resistance, esj,ecinlly nt liiglt speed. ?'he retarciirtg 
elfcct in w:tvcs, not exceeding the design height, is almost entirely 
elirrrinntccl, ;rnd specel cc111 Ire rnnirttained virtually unchccketl. 

I<cspo~~sc i l l  clisturbetl water is not sc r io~~s ,  ancl oncc Soil- 
borne, conditio~rs i~npl.ove with i~~crcase in spcccl. 'I'l~e ride is 
cot~sitlcrably illot-c cor~-ife)rtablc than i i t  air ortirodox high-speed 
crc~l't. '173e Sup~a111it r ht-oclt tire coit-ipiircs the behaviotir to tii;tt 
of a n  uircrnl't in b t ~ n ~ l ) y  ail., witereas ii disgluccmcnt craft is liltc 
a n  airship buffeted by every gust. 

T11e itcccleration is I~igh and tlre stoppil~g power reriiarkablc. 
The t1111l riscs gratl~~ally ant1 qr~itc smoothly otrt of the w;tter with 
increase i t i  specci. 

Stability is ~~nr~srial ly  good. At low 11011-foilborne speeds the 
hytlrol'oils act as s tab i l i~ i~ ig  fins. 

'I'lic hyclrofoil boat is easy to  handle, and even at n7aximum 
speed there is so little wake t l ~ a t  narrow, relatively sl~allow and 
congested waterways can be traversed witl-io~~t itny dangcr to 
other crnft a t  inoori~igs, o r  ~tncler tow, or to embatikments. 

Since tire h~111 is otrt of' tile witter a t  1ligI1 specct, the Ic~tgth-to- 
bo~11.t.~ r i t t i ~  OLIII  bo v:iri~11 witlli~l wide li~zlits 10 suiL dirrOl.~llt rolos, 

The author ;~cccpts tlie general valiility of tl~osc e1ain.1~ fro111 
personal observation aitci s~i~ely,  but certain cl~lalifications I I I L I S ~  

be made. Lle has, for exatnple, never had the opportiinity of 
experiencing bel~itviocir in limiti~lg r o ~ ~ g l i  SCil condiiions, 

MLICI~  of tlic reinainiler of this paper is concerneel with the 



technic:~l "facts of life" to which :ill the designs ~ieed to coliform. 
Otlicr qualifications will cmorgc in tho cottrso of it. 

The Special Advantages of IlyclroSoil ('raft 

I-Iytlrofoil units by tlicri~sclvcs arc fot~nd to have appreciably 
higlicr ratios of lift to drag than tltc hest higli-sl~cccl I~LIIIs, and 
unlike a hull they gc~~erally have a resistance in wavcs whicli is 
not greatly in excess of that appropriate Lo calm wntcr con- 
ditions. I-lydrofoil bo:~ts will thus acliievc the rcsist;tnce and 
seakeeping advantages ~ ~ ? e ~ i t i o ~ i c d  in tllc previous paragraphs 
if the hull can be liftecl well clear- of the a t  inlcrmccli:tte 
: ~ n d  high spceds. 

A systc~natic utldcrstanding o f  Ihc tecltc~ical rcasolts 1111dcr- 

lying the advantages, and o r  the detailed design fcatures necessary 
to achicvc them, roquircs n discussion of the hytlrofoil lift anti 
drag, tile minitnttlli speed at which fttlly l'oiibornc cortditiorls arc 
obtained in calm water, a n d  the f~~nd:t~nentals of bchavioilr in 
w;1vcs. 

Since Ref. (2) gives a lellgtliy tliscussion of thcsc points, 
only a summary, directed partici~larly to pcrfor~iinncc aspects. 
will be given here. Associateti tecllilicai problems stic11 :I\ 
cavitation and sta.bility arc considered in later sections of tlic 
paper. 

Finally, tlic sa~nplc resistance and tlcsign wave height curves of 
Figs. 3 aiict 4, respectively, will be tlisct~ssed. Tlley refer to two 
partict~lar types of crar't. A quantitative co~nparison bctwecn 
all the four systems sitown in Fig. I has not been attcnipted 
tllror~gh 1:lck or  suitable p~~blishccl 01. u~icl;~ssifietl inform;ltion. 

Fro. ~~~.-COM~'ARISON OF 11113 D R A G  OF A IIYIDROI OIL IjOAF Wll 11 OIII HODOX CRAt I O F  Al'I'IIOYIMAII 1,Y 711F SAMC I f N G I I f  
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be considcrcci in more detail later, hydrofoil boats tlo riot 
normally excccd speeds of 40 to 50 knots rlor lengths of, say, 
70 ft. ' r ' l i~~s  the V/\/I.. of n large craft will be about 6, wlicreas 
a small r ~ ~ ~ l a b o u t  20 ft. long and travelling at  30 knots lias a 
a valt~e of 7. T o  avoid the clisoriv;~~tagcous c f i c t s  of I ~ t i l l  
immersion at high spccct i t  is necessary to become ft~lly foil- 
borne at a V/\,/l, o f  3 at the very nlost. This is i l l~~stratcd by 
the resistance curves f'or craft given in 12ig. 3. It follows tliat 
the "taltc-oll'" speeci, us it is somcti~nes cnlleci, must not be 
greater tiinti about lialf ilie maxi~nuri~ speed. t<cprescntative 
V;I[LICS tlliit II;IVC OCCII c1~10teii for i1 S ~ i p r i ~ ~ l i i ~ r  craft are: take-ofl', 
28 Itnots; cr.trising, 4 3  k ~ ~ o t s ;  maximum, 49 knots. Since lift 
vku'ics wit11 sl~coil scl~~arccl at a given lift cocificie~~t it is clear 
that at talte oll' tlic im~tlcrsccl area l-nt~st be about foul. times 
that cm~,loyccl at liigli spccil il' coiistant Cl. is to bc t~scci, 
whereas iri a I'ully s~lbnicrgctl system four times the lift coefficient 
must be t~scd. 

L,uclder systeiiis ci~rt rneet the lirst condition, but simple 
hoops of tlie S ~ ~ p r a n ~ k i r  or Aqunvion main Soil type tend to 
reclt~ise excessive span tttilcss the change i t1  im~tlcrseil area 
between take-ofi' spcccl a~tci cri~ising spccii is about 2 to  I. '1'11~1s 
tlicy e1ii1)loy C:,,'s at the two spcetls which itre also in itboi~t 
the same ratio. 

o SO 100 150 'i'lie resistaiice or a hydrofoil i~ni t  is macle trp of irld~~ccci, 
I-IULL L E N G T H  - F T  wnve. t,rofi!e. a1111 uarasite ifracs. the two latter have both . - ,  

frictiol~itl arid l i ) r~u co~nponents. 'I'lic ind~~cccl elrag and profile 1-I(;. -1. - \':\l<lA IION 01: DliSlCiN WAVE IlI i lCil l l 'S Wl-I'll I111I.l. I.liN(YI'II I :011  

VAI<IOI IS  WAI ' I I I<IIOI<NI~ CI<AI, ' I '  drag o f  a Itytlrol'oil v;rry directly ; t ~ l c l  inversely with C I ,  lit a 
givcrl lifl, so  that a riloeier;ttc variation of C,  ; I ~ O L I I I ~  tlie V ~ I I L I ~  
for maxinluiil [ ,It)  w~ll  not g~e'itly all'ect the Itft to drag ritt~o. 

'I'he range oT vitriatio~i of l i f t  that can be generated by a 
ttyilrofi)ii unit is of basic design itiiportnncc. Sitice boat IlyJro- 
foils are otlly aerofoils "flying" just below o r  intcrsectilig the 
slrrface of the water, acrodyn;unic theory can of course be 
c~llployed to citlculntc many features of the lift and drag. 'I'hc 
gc~ieral coilsiderations are stated here, witliout formulae, since 
tlie lattcr are given in any good textbook on aeroclynatrtics. 
The most striking ditTesence between the air and water beliaviour 
is tlie much srnaller area required to generate a given force il l  

water. At a given speed this is decreased in the ratio of the 
de~isiiies of water arid air, approxiriiately 800 to I .  

Special allowance mt~s t  be ~l lade for the presence of the free 
st~rS;lcc, and for cavitation iilltl aeration efftcts (see page 17). 
'rhc i~lflk~cnce of the fornler 011 l i l i  and i~idt~ccd cirag can be 
;tllowcii for by the usual image vortex methods, treating the 
btrr.fr~ce as a h o ~ i ~ o ~ i t i t l  free 00~111<l;try 01' co~ls ta~ l t  presstire. 
111 the case oi' ladder foils there will also be some "cascitcle" 
i~iterferencc effects, especially on lifl anci induced drag, which 
will vary with draught. Cavitation has illany analogies with 
conditions occurring in transonic aerodynamics. 

'I'lie clesigti l i f t  coefIicients e~nploycd for hydrofoils shotlld be 
:is tiear ;is possible to the val~ies givirtg m;txiinrtm Lit), anci 
should allow for the generation of a good reserve of lift, wlten 
incidence increases above tho design value, so as i o  provide 
stability and ucleqtrate response in waves. Since foils that inter- 
sect the free surface also provide reserve lift by iiicrcase i l l  

s~ibtnergctl area with drac~glit the variation of design C,. wiili 
speed can differ fro111 that necessary for ft~lly submerged roils. 
Whatever the system, n reserve lift of two or three times the 
crnl't all-1111 weight irrespective of spccd lias been found 11cccs- 
sary, In very general terms, the stalling lift coellicient of a 
liydrofoil, basecl on submergcii area, is of order i .0. Lift 
cocliicie~lts in the rnnge 0 . 2  to 0 . 3  are thus the highest that can 
be ~ ~ s e d  at low speeds. At  very high speeds cttvitntion limitations 

- .  

A large ilicrcxse i t 1  can, howcves, appreciably increase the 
total drag horlr this soi~rcc. 7 ' 1 1 ~  induced drag is inversely 
proportional 10 the ollirctive aspect ratio, including the end plate 
ell'ect of eiitl struts, so tI1itt inimcrsctl foil areas of large span 
relative to cllorii nr.1: p;tr.lici~l;~rly clficieftl. Vcrtic~tl strtits txrvc 
prolile drag, ancl i f  Lhey itre inclineel to tlie strcani t l~cy will also 
sustain i~iduced drug related to the sitlcl'orces thcy proclt~ce. 
I'nrasilc drag i~rcl~ides i~i terfere~~ce drag of s t r ~ ~ t  allti foil i~lter- 
sections, and spray drag of struts. 

Spray anei wave drag caitriot be estiniatccl by standard acro- 
nautical tcchnicltres. A n t ~ ~ n b e r  of tests Iiave bee11 made to 
ticternline strut spray drag, iricludi~rg the cll'cct of profile and 
rake angle. Sonte results have bee11 publisllcti, ;IS for cxnniplc 
by (:olTcc allti ~ c l < a n n . ( ~ )  

Wave eirag of Iiytlroi'oiis was invcstigateei by Keldyscti and 
[,avre~ttiev(b) in 1934. It is only iinportanl at low speeds, nr~rl 
espcci;tlly a ~ . o t ~ r ~ t l  V 6 , 7 d ( :  knots, wllere C is tlie Iiyitrofoil 
chord in kct .  

'I'l~c powcr ;~v;til;~ble at f t ~ l l  speed is t~sually co~lsidcrahly 
greater than tliut rcclitirccl for take-olf, but ittiless a controllable 
pitell propcllcr, with its attendatit co~nplicaiions, is ~lsed,  tho 
latter ~.esist;tricc may be critical. It is important that the reserve 
thrust available at  talte-oll' shall be sufticicnt to give a good 
acceleration in rougll scas, in wllich conelition the 11~111 contrib~l- 
tion to resistn~tce is cortsitler:tl,ly increased. Otllcrwise tlie time 
and distalice from rest to tilkc-off will be iaconveniently long, 
and a craft that can procccd at spccd in a seaway will not get L I ~  

~ t g a i ~ i  if it ceases to be l'oilbori~e. 
I f  the design spceci ~ippreciably excectls 40 k~iots,  cavitaliort 

considerations cicriiatiil liyrlrofoiis o f  very thin section, which 
causes both s t r ~ ~ c t t ~ r a l  and hydrodyna~nic cliffic~~lties that can be 
overcome by tllc employ~iicnt ol' hydsofoils of lower aspect ratio 
or tho introcluction ol' atlditionul stl.~lts. tiigh-specd operation 
in rougll water iritrodt~ces asymmetric loading conciitions which 
also ciei-tlancl aticiitior~ol strt~ctural members. Onc sol~ttiort is 
to  adopt a ladder arrangement, but in any case drag is increased, 
espcci:tlly a t  tlic lower spceds even in calm water and when 

~lcmitnd lower values still. cutting tllrot~gli a wave crest, since a rel:ttivcly large strut area 
As will have bccn gathercd frorii the historical section, aiicl will arid o ~iumber of strttt hytlrofoil jtrtictions are submergeti. 



'T'lic rc~ugli watcr po1cnti;rlilics or ;I IiytlroStoil hr>:rt ~ i : ~ t ~ i t ; i l l y  
dcpecid upon keeping the 1l i i I I  clear of :ill but occ:rsio~~al cor1t;lct 
with green water. I t  will not i?cli:~vc well i f  (lie bow comes 
sqt~arely into itlipact will1 a. wavc slope. 

If wavcs arc sullicicntly long, any hydrofoil cr:rI't will follow 
tllcm witlior~t tlilliculty, and i f  tlicy al-c considcr.ahly sliortcr 
th;ln the craft Icngtl~ i t  tlocs not respond sr~ficic~itly rapidly to 
follow tlie~ii and so crlts throl~gh the crests. In citlicr c:rsc the 
hcliaviour is satisfiactory. ('ritical conditions occur when 11ic 
wavcs arc of ortlcr once or twice the l i~c11 Icngth, ant1 may be 
p;1rticulnrly seriot~s in followihg seas sincc tlie craft spccd 
relative to tlie crcsts is so lt)w tliat it I1:ts ntriplc tinie to atljrrst 
its attitude to  tlic wavc slopc, anti so reach n condition of 
rnnxin~~im nose clow~r l~itclr, a t  which llic 1n:irgin of reserve 
n~onlcnt  ol,posirig t l ivi~~g is a1 a r i i i ~ i i r r ~ t r i l ~ ,  

'T'lrc orbital motion oi' I'luid p:rl.ficlcs \vliicli occt~rs ill wavcs 
is :~lso o f  signiiic:r~icc. 'l'lic motio~r is i~l)ward ;r~id (IOWIIW;II .~ 
oci tlic forwarcl ant1 rear wave slopes respectively, clclinctl rc1;ttive 
111 the tlircction of wavc niotioti. A Iicacl sc:~, ot- :I fc~llocving 
sea whicli catclics t ~ p  witli :I craft, tlir~s icicrc;~scs t Itc clrcctive 
inciclenccs of the hytlrofoils, :IS they nttcrny>t to rise to a wave, 
and assists thcrn; \vlicrc:~s n followir~g sea n1ovirtg slower than 
a craft rcdi~ccs (lie clkctivc incidence ;r11c1 tcntls to n~altc tllc 
foil plucige in to tlie facing wave slopc. Once tlie crest is p;~sscd 
the incidcncc cl ia~~gcs continue to ;tssist the craft to follow the 
surf;rcc conlour in the former case, ant1 ~.itic :rw:ry from it in 
the Iittter. 

I f  tlic hydrofoil systeri~ clioscti is not one t l iz t t  follows tile wavc 
corilot~r closcly, tl-ic rcsl-to~iscs in Iic;tvc arttf pile11 c;rti he co~ii- 
~):rr;~tivcly low. 'I'his :~llows the craft to be tlcsignctl lo travel 
;]long an allnost horizo~~tal  p:~llr such tllal tlic irscgr~lar sr~rf:ice 
of tllc sea is locatctl between the l ~ t ~ l l  keel ;II I ( I  tlic lowest l ) o i ~ ~ t s  
of tlrc hydrofoil units. I lowcvcr, the parts of tllc foils rcqr~irctl 
to rcinair~ in the watcr at design spcctl ~nirst i r i  gcncr;tl be 
positioned rather far below the I11111 to ensure :~dcqt~;rtc water 
clearance. 

If, on the otlier lianci, a wave followic~g systcin is eiiil)loyed, 
tlie foil depth below the hnll c:in he rctluccd hilt response c;in 
be greater. Tlrcse rcmarlts apply i?articularly to the niediiirn- 
sized and larger crafl. Wave length to I~cight usi~ally cxccccls 
15 or. 20 t o  I, :uttl waves shorter than 100 Tl. i l l  Ic~ratli arc c o ~ n -  
par;itivcly rare t~nless tlic wintl is jicsl beginning to rise or the 
fetch is less than 100 rniles. 'I'lius srr~alt Iiydrofoil pleasure or 
researcli craft, of ahout 20 ft, ovcwll lccigtli, will i.ar-elyecicoitnter 
wavcs of greatcr relatitic mcnn Iiciglit than would bc possiblcfor 
lar$cr craft. . . I he l iydrof~i l  bo ;~ t  rcsistancc sliowr~ ill Fig. 3 is appropriale 
to n craft tlcsigncd for- :r slikcd of over 50 knots, ant1 for this 
reason lies somewhat above tltc cninin~u~n obt:li~i:rblc. Fig. 4, 
on the othcr hand, gives 21 variation of d c s i g ~ ~  w:rvc Irciglrt with 
boat lc11gt11 for a faniily of craft designed for spccds up to a b o ~ ~ t  
40 knots, aticl having vcry c01i11~ctitive resistances. 

Fig. 3~ does not refer to I1ycirofoil ci-aft. It is i11tcnclecl to  
provitfc :t basis for judging the hydrofoil resist:rncc of Fig. 3n 
i n  tcr~ns of tlic cliar;1cleristics of orthodox vessels. Ncvcrtlielcss, 
I:ig. 3~ has a consitlerable ilitercst o n  its own :lccorlclt. 11 will 
he obscrved that tlic tlrrcc convcntion:tl high-spccd Iiulls wllosc 
resistances arc sllown vary hotli i r ~  Icngth to bean1 ratio a~icl in 
ciisl-tlacemcnt length ratio, h/(I,/ IOO)< :as follows: 

TI1ey ale, nonctliclcss, conritlc~cd srlitablc for conlpaling with 
one another ant1 witli a liytlrofo~l boat, sincc tllcy ieplcscnt 
common practice for tlie respcct~ve types of design. l urther- 

more, (L.,/13) x A/(12/100)"ias the values 495, 562, and 630 
~.cspcctivcly, so that for a given displaccmcnt lJ2 B does not 
vary very greatly. 'This is tlie r~ i lc  followed closcly by tile fore- 
bodies of ~iioclcrn flying boat hitlls, ant1 i s  clc(crniinccl by con- 
ditions around the liunip speetl wlicre the :ittitlicic is 21 rnaxititctnr 
and planing forces hecome j?rcciominant. 

'The rcsistnnce curves arc plotted against V/LiL.,. For illics- 
trativc purposes, a n  cqrlivalent in  knots for a n  I., of 75 St. is 
shown also, but t11c rcs~llts eclr~~illy apply for othcr lengtlis under 
conditions of tlynamic similarity. ri'l~c t l i r~~s t  curve, on tlic otlier 
hancl, sliould be tnlten with tlic scale of spceti in k~iots.  aritl is 
inclutlcd nlcrcly to illrrstratc a representative varintio11 for a 
craft of moderately high spccd. Its intersections with tlie 
resistaitce ct~rvcs d o  not Ii:~vc a special significatice. 

To obtain coriil-tarativc maximuin speeds for tlie variotcs~htrlls, 
two ;~ss\crnptit>cis are ncccssary. A rc:rson;iblc assuml~tioir, Sor 
example, is that C;ICII cr;irt ci111 :rcIiicvc Ill(: S;IIIIC ciiiixi~ii~~ci~ v:rlr~c 
of cIip/A, by suit:rblc choice of prol,clles, irrcspectivc of llic 
corresponding sl?ccd. Now 

so that for a given clip//!., V follows froin the clrrves oricc 1.1, 
or All6 liavc been fixed. Con~parison of a tiumbcr of craft : I I I  
liaving tlic same c1ispl:tccrncnt is i l l  ge~rcral sig~iilicant, co~ii- 
parison al: coilstant lengtli much less so. 

Let chp/A eclunl 32, i), - 60 tons, then 
[?/A, ( I  i t ~ ~ / ~ l t ; % g l ,  

3 / 1 3  ( t / I O )  I., I .  V / i  I ,  V ,  kiinic ib, per to11  Ib./li?. 

3 .3  150 73.6 3.25 27.9 374 6 .0  
7 . 5  75 89 .5  3.62 34.2 299 7 .5  
4 . 5  140 75.3 4.07 35.3 295 7 . 6  

whc~cas Tor L, - - 75 ft. 
l?lA, ( I  ,(t/<i,'l&7), 

I /II v/ \/IA V, k~ lo t?  l h  pel to11 11, / lb  

3 3 3.21 27.8 370 6.1 
7.5 3.78 32.7 320 7 0 
4 . 5  4.08 35.3 295 7.6 

(The intersections shown on Fig. 3 ~ ,  taking 1, - 75 ft., give 

1/13  . . .  3 . 3  7 . 5  4 . 4  
V, knots . . 25.5 32.5 35.5) 

Tlrrls tlic Ii,~rd cli~rie cl'rft has lust tlrc best Iilaxrmiini speed 
at cort5tant displacement, and npi-tteciably the best a t  cottstzint 
length. As V/Z/I, Increases above 4, tile Il'ttd cltine hrtll becollies 
ttlcre;~s~ngly superlor, due to the r'ithe~ I ap~t t  increase in ~eslst'r~lcc 
of ~ o u n d  b~lge hulls assoc~atctl with ilic~r lower att~tudcs. IIIIT 
1s sllown mole c l c : ~ ~  ly In Fig. 313. 

At V/Z/L of, say, 2 5 or less, tlic long, n'lrlow, ~ o u n t l  h~lgc 
hull has the lowcst res~stance per ton beca~rse of Its Li~gli lengtli- 
to-beam latro, but even there the hard cii~ne hull has tlie better 
rcsistancc at a given Icngth-to-beam ratto, rn the iie~glibottrhood 
of 4. T11e1e IS a coiisicle~able d~irerencc of opinion as to liow 
g c ~ ~ c ~ a l l y  the last icsult is t ~ u c ,  and systematic model test5 'IIC 

~ c q u i ~ c d  to rcsolvc rt. 
It rs intcrc~ting to observe liow the ~cslst:lncc\ of the h1g11- 

spccd craft are braclteted by shrp curves at the i117pe1 end of thc 
cl~splaccmcnt larige, arounci n V / d l ,  UI I ~ 0 .  The s l ~ i p  and tllo 

hartl c l i~ne hull, both of LIB 4 5, 1i:~vc :limost the same xcstst:rttce 
Tlic desttoycr at  LIB of 8 5 lrcs below the round bilge liull of 
LIB 7.5. At higher spccds ship cutves lise above those for 
I~~gli-speed craft because of tllc gtcat wave ies~stancc cillc to tlic 
squat produced by s t ~ c ~ ~ ~ i i l r n ~ n g  aft, and nssoclntetl low l ) ~ c s s u ~ c ~  
At tlie vcry lowcst spectls tlic same slrcaml~ning gives the lowccl 
rcsrstarices, of course. 

Turn~rig to  Fig. 30, the better rouncl brlge boat ar~tl (Ile pl,rn~ng 



THE 1-IYDKOFOIL BOAT: ITS HI STORY AND FUTURE I'ROSPECI'S 

boat from Fig. 3a liave been shown again in coiilparison with 
:I l-iyilrofoil boat whose foil system has been designed for a 
speed of about 50 ltnots. The ltytlrofoil boat resistance may 
for the moment be talcen with the V/,\/L scale, but Illis will be 
il~~oliliccf later. 'Taking eIip/A anci h at 32 and 60 tons respec- 
tively, us before, the speed can be calculated when L is Itnown. 
I-+ern Table 1 an I,/B of about 4 . 0  is coni~iioiily used on  hyclro- 
foil boats, as wot~ld be cxpcctecl since tlteir Ii~ills tend t o  be of 
at least semi-harcl chine forrrl to facilitate take-on'. 'Thus 75 It. 
is :I reasonable lengtlr for comparison purposes, and gives a V 
of 41 .1I kitclts. 'Tliis is over 6 knots or 18 per cent better in 
sl~eed than the conve~~tional  craft, in calm water, ancl will in 
generitl be propo~,tionatcly hcttcr still in n seaway. 

'I'lrc lrycirofoil systeiri cicsig~i spceil of, sny, 50 lcitots is not, 
Iiowcvcs, achieved. 'To clo so with a craft 75 ft. long requires 
air clrp/il of 41 .7 .  7'1lis value gives the co~rventional lrard chine 
IILII I  a spcecl of 41 .8 knots, so that the hyclrofoil boat is now 
70 per cent better. 

'Ttre value of ( L J L 3 )  x A/(~ , /100)~  at 75 ft, and L,/B of 4 is 
568, wliilc valtres for the ilr/ircrsti.oIl 24/40 ant1 Frcccia cl '0t.o 
;ire 600 and  384, respectively. 'L'ht~s the former has a con- 
ventional ratio of displacement to hull size, but the latter has 
;I l;tigc h~111. This is consistent with tllc roles for witicli the craft 
are intendeel. The h1111 sizes of Fig. 3~ :ire suitable for naval 
apl~lications, for example, whereas tlte Fieccin d ' O r o  is a 
passenger k r ry  and needs a 1;irge volurt-te for ccoitomical 
ol>crution. 

If tlie lower coetlicient valuc of 384 is assumed Ihr a 60-ton 
craft ariil L/i3 rctnains a t  4.0, the Icngtli becotrics 85 ft. Tlic 
clip/:\ tlrcn rccl~~ired to :~chicvc 50 Itnots is somewhat reducc(l 
to 39.8. 

'['lie general slrape of tire hydrofoil craft resistance in Fig. 311 
is typic;rl of conligt~rations wliiclr do  tot use latldcr Iiydrofoils, 
a~rct clc;r~.ly sliows the source or tlrc higher speeds tliat C;III be 
:i;i~icvccl for it given power. 'I'lre conil,one~rt of' resistance clue 
io the 1iytlrofc)ils and hull pcabs at ;I "Ir~rmp" V/\/L of about 
2.0, ant1 then as the hull conies clear of tlie water Calls b;tclt to  
a n  alnlost constant value (less tlian one-eleventh of the lift in the 
case shown) which contini~cs unchangccl u p  to, say, 40 knots. 
'I'ire resistance is better than that of any convcntio~ral craft, in 
fully foilborne conciitions above V/\/L, of 3.0. 

At speeds abovc 40 knots and not us~rally exceeding 55 knots, 
tlepending upon tlie details of tlre design, tlte ltydrofoil resistance 
may show so t t~c  increase d ~ t c  to  cavitation. Care ~i iust  there- 
fore be talcell in accepting estimates froni curves of, say, ii /A 
itgainst V/\/I., that ttirn out to lie in this speed range. As will 
bc explainect in more ilctail Inter, the hydroli~il resistance per ton 
of ciispluccnierrt is in general a function of absolt~te speed, and 
not of  specti cocflicient. 'Tlit~s at  low speed, where tl-rc hydrofoils 
;Ire unimportant, tlie bcliaviour does to that extent obey laws 
of dynamic similarity. At Irigh speetls only the appendage clrag 
continues in part to  tlo so, anel resistance [nay best be refersed 
to a sc:ile of speed in knots. In the discussion of hyclrofoil 
crnft elritg l~scviot~sly given the length taken gave speeds that 
wcrc in any case appropriate. 

The uppenelage drag or the rt~dcler shafts and shaft brackets 
tinel non-lifting struts tenel to increase faster titan the first power 
of sl>ccd. 1-lowcvcr, reduction in wetted area, as lrydrofoil 
draught continnes to clecrease, slio~rld iiialcc tlie appendage 
compor?eiit increase inore slowly than the sqL1ai.e of spceci. 
L':ven so i t  acco~~i i t s  for the greater part of the change of I~ydro- 
foil craft resistance that occurs in tlie practical fully foilborne 
sj>ced range. 

('r:rft such as tlie original 13cll 13alclwin HI>-4 and the Carl 
XC511L4, which employ air piol)i~lsion, have tlic important 
rcsisli~iice ;tclv:tnt:~ge tliat appcnci;ige tirag is almost clirtiinatcri. 
I i  is t l r ~ ~ s  1101 s~~rpr i s ing  that t~nust~ally 11igh sl~ccds, even for 
l~ydrofoil boats, Iinvc been obtttilied wit11 them. A disadvanttrgc 

is the low cfliciency of air propulsion at  low speecls, which 
ciemands ail aitxiliary marine power plant if extensive low-speed 
running is recluircd ~ ~ n d c r  operational conditions. 

Allliouglr i t  has hcen slalcal etlrlicc lh:11 l~ydrofoil crnft hulls 
are ust~ally of hascl cliine form, general s1i:tpe may be itifluencecl 
by tlrc design tulte-OK V/\/i.,. If tlris lies well into tlie clis- 
~)laccnic~it region a displacemerit type h~111, but having a breaker 
step anti side strips, iniglit be useti. In any case high dcadrise 
or 11-sections arc necessary in the bow region, to cojx with 
occasional wave in~pacts, ancl rnlitl descent from the foils. 'rlre 
htrll cletcinrincs craft attitude i ~ p  t o  take-off, so that the Irydrofoils 
~ u u s t  be caicf~~lly set in relation to it, if they arc not ol' con- 
trollnblc i~tcitlcncc type. 

'TItis ciisctission of resistatice may be concli~rtctl by referring 
to Table 11, wl~iclr collccls togctlicr and ~~rescnts  in n suit;tble 
form various ite~ns of information concerning Iryt11.ofoil crnft 
resistance, niany of wlticlt ltavc been ~ucntiorted in earlier 
sections of this paper. 

l:ixa~ninatioi-I of tltc ~ C S L I ~ ~ S  ol' 'l'ahle II cniphasizcs a ntintbel- 
of points already made. Tire maxitrium VIV/L,'s obtaineel tertcl 
to decrease as tlie size ol' tlic craft increases since tllesc is ai,a 
absolute ratlier tlia~r a coeliicicnt specel limitation. 

'Tlie S i ~ p r a ~ n a r  craft liave itiglier valt~cs of  blip/^!^ than the 
Aquavion Aqrroslr.nll, and thus acliieve higlrel. spceds where the 
values of l,/S) and  7j L,/IP are smaller. l ' h ~ ~ s  i t  is probably not 
of great sig~tilica~icc with rcgaril to rcsist~t~tcc that the ri L/I> of 
the Aquavion crirft is better tlian the Supl-;[mar values, in fact 
the former lies betwcc~r tlic Supr~irn:rr valucs, at mnxi~~iiim speed 
arrct a t  speed for milx. I,/!) rcspcctivcly, us it wo~ilci do if tlie 
resistarrcc per ton vuriiitions against sl,cctl for tlte two crafl 
wcr.c i ~ t  gcncsal si~~rilas. 

111 the sattic w:ry, tlie vcry low 1./1> of tlic 111) 4 Iiiiliicr 
systcnr is prol~ably duc, ;it Icnst in part, to tile very high associateel 
~ir;rxi~rru~ii s~~cccl.  

'I'iie ' l ' ic(jc~~s V S  7 is to some extc~it an cxcel)tion to tlte above 
remarlts in tIr:il i t  is s i~eablc and  yet has a higlr V/\/I,. L,ike 
the I I I I  4, it att;tinctl a ltigli speed by e~nployi~rg a large power- 
to-disl)lacenient ratio. ('onsiclcr the q L,/D's in order of spcect. 

t<f.i.ecc.iir 11 'O ro ,  nrax. r/ I,/I) . . 
i lqrrrrstr~oll 24/40 . . . . . . 
/Ir/rrrr.v/r~oll 24/40 . . . . . . 
t1ighpockct.s . . . . . . . . 
Forlurri~ii, I 65-ton cr;tft . . . . 
/+i,eccitr rlel ,Sole . . . . . . 
Frecceirt r l ' 01 .0  . . . . . . 
V S - 7 . .  . .  . . . . . . 
111)-4 . . . . . . . . 
i24i.s.s U.S. 3 . . . . . . . . 

If tlicsc ale  11lotfcti they will be seen to Ire in a q u ~ t e  narlow 
band abotil n 11ne clescr rbecl by 

Ttre only cxccpiictn is it1i.s.r U.S. 3. 'I'hc extremely Irigll speetl 
quotcci for this craft rcilt~ires vcrilicntion. if true, i t  strggests a 
most intcresti~rg flattcnirlg oll' of the clcmantl for increasing 
power, once cxte~tsive cavitation lras been established! 

'The Supro~n;t~. pcrforninnce results cjt~otecl in some cletail 
earlier inclicale 71's of between 50 and 70 11ci. cent, depending 
on  sl~ccci. '~'altihg 50 per cent, which is reasonable near tlie 
t~silnl tnaxinit~rtr si~ccels, tire l.,/D range corresponding to the 
above table wo~~lci  be 5 to 17. I n  fact the valucs al)prol,riatc 
to isolatct! Irigh aspect ratio foils can bc between I5 and 25, but 
tltc best foilbo~.~ic c~.;tfi v n l ~ ~ c s  r;~rcly cxccctl 12:, iiiitl at 40 knots 
10 to 1 1  is exccption;tl. 

I;ig. 4 indicates how ltyd~.ofoil craft can withsta~rd Itiglter 



TABLE I1 

L c n ~ j h  V ma.: 1 .l L 
Ciatt Foil svstern 'L (knors) "'\ (ions) (L/100)' -8 

(ft 

Forlanini, i906 . . 
Crocco, 1907 . . 
Guidoni,1910-1921.. . .  
HC-4, 1919 . . 

Bras d'Or, 1957 . . 
Hampden-Macpherscn, 1 947 
Highpockets . . . . 
Research craft 
Tietjens, 1932-1936 . . . . 

RoSo . . . '  1 

VS-8 . . . . : 
VS-i0 . . . . 
Freceia d'Oro 

I Freecia d'ot-o 
Freccia del Sole . . 

Aquastroll . . 

Comparative co~l\entional Round b~lge 73.6 
craft as Fig. 3 . < 89 5 

' Hard chine 75.3 

Wave (ft.) h e i ~ h t  

14- 

5 - swells 
Bad%. f : chop 

* Maximum value. 
t At V max. 
: In these columns L IS lift ln lb. See note at bottom of page 8. 
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waves than planing hcrlls of thc saliic size. 'The foil boat limita- 
tion sltown is a conservative one, appropriate to passengcr- 
c;trrying craft proceeding in a cottciition of reasortable comfort. 
'I'lic vi~l~lcs  for  craft 16 St ,  ancl 23. fL. in Icngtfi arc only aho~rt  
i j 1'1, 2nd 2 ft. rcsi>cctively, whcsc;ls, ;IS sllowrr i i ~  'Fable 11, 
~.rsearclt craft of tllcse lengths Iinve behaved well in 4-ft. seas! 

Wl~en co~~sidcring tllc possibility of operati~ig in :I given area, 
tile probable iittratiotts cit~rirrg which Itigh winds $11 contitme 
to blow steadily are, o f  course, important. For example, a 
35-knot winti persisting for 4 hours will produce a mean maxi- 
nltrm se;t height of about 7 ft. in co~iciitions of ilnlimitcd fetch, 
wltereas if tlrc wind continuetl b!owing unnbntccl :I wavc 9 ft. 
high would be gcncratcd. 

'I'lte Merits of Variorts liydrofoil Co~tiigtlratiorts 

('/o.s.si/icotioti of ,Yysteitr.r 

Eurliet. i l l  this paper, and i i i  Fig. I ,  a broaii classification irtto 
four main types was mntfe ant1 can be re-exl>ressed as in'l'able 111. 

So far it has been tacitly ass~rn~ed  that ladclcr foil units arc 
uirly of  "surface-piercing" type, as the blanks in the Table show. 
'I'his is obviously not logically necessary. A ladder with rungs 
or zero dihedral all firlly st~bnierged and so~lle  o r  all incidence- 
cont~.olled could be employed, and f-fook is bclievetl to have 
exl~crinrented with such arrangements. Again, a surface- 
piercing laciiier could be designed to have a b o t t o l ~ ~  rung which 
always ran C~llly im~~iersed, in a particular application, but this 

DESIGN SPEED -KNOTS 
iloes 1101 introduce a practically imporkint dif'ference of principle. 
A surface-piercing unit with solme mechanical incidence control 
would Llc n more sigiiifica~~t v~lriant. 

Si~lce the Cirunberg system, with a C~rlly st~bmcrged main foil, 
can be ctiscariled in prilctice for lateral stability reasons, there 
;\sc really tllree n ~ a i n  types, each of which coulrl occur in mono- 
plattc 0 1 .  lacider Corm. Mixed tyltcs are also possible, lwt are 
consitlcrcci less likely Lo be successful, bccat~se of tlre adclitional 
co~llplicnlio~~s i~tvolvcd. 

I:[frcf ( ! / 'S ize  rrtrtl Speetl otr ili~. ('lroice of'Lrrt1rker.s fiw 
Aftziti Foil Utrits 

'fhc rltcrits of viirious I~ydroroil cotifigurations will [low be 
considered, and the comment in the ~ I . C V ~ O L I S  sectioit tliitt c.J 

10 2 0  30 4 0  50 6 0  65 c'ivitaiiot~ anit striicturnl ~.ecjt~irements ri~ay favour the i ~ s c  o f  
D E S I G N  SPEED- KNOTS li~cliler s)is(cltts o n  Itigli-spcecl designs will bc illustrated first. 

l'hc kipper part oC Fig. 5 sliows thc wcights a ~ r l  design spcecls of : , (:, hsS,l,ICh.lIolu l IYI ) I I I jL~o l l ,  SYsLI:hlS I,Y I)tiSl(iN St'lil:I) AN,) 

;I 11\r17ibc.1. of craft, tlistinctio~i bcirlg njntic lretwceir tllosc that I J I ; I I A V I O I J I <  I N  I ' I ' ~ ( : I I  

Witltotit use of ~iieci~niiis~ns Witii usc of iucchanisms 

klonoplone main foil ~11lit . . I e.g. Supramar 1 e.g. C;rurtberg 1 c.g. CJ.S. research crxfl 
- . --.-- .. .. . . . . . . . . . .- -- .-- . -. . . . - .. .. . . . . . . . 

1.adcle1. main foil u t~ i t  . . . . - -- 

I I 



d o  and d o  not have main foil units of laddel t y ~ c .  A siniple 
boundary divides tlic one typc from the o t h c ~ .  T l i ~ s  boundal y 
goes to higher spccds as  displacciiicnt tlecrcases. 

The maximum spced of satisfactory s~leablc c ~ a f t  with mono- 
plane foils llas Siltherto been about 48 knots, e x t c t ~ d ~ ~ i g  to 
55 knotr for small runabouts of 3 tonr o r  less drsplacecnent. 
7'170 S C ~ I C ~  to1 St1~1iqctib~rg VS 10, a 4s-tc)n c?r:~ft with a nlnxtcntim 
sl,ecd of 60 knots, appears to bc an exccptlon, but vcry l~t t lc  
~nforiuation is available on it, and it is not known wlictlic~ the 
liytlrofoils wcie s t ~ u c t ~ t ~ a l l y  ant1 IiydrotlynamicaIly ~ ~ l t i s f a c t o ~ y  
for regular operation a t  this speed. '1-11c '1 icljens VS 7, a 
17-ton craft attaining about 55 knots, is another apparent 
exception, but the craft was unsattcfacloi y for other leasons, 
anti so agalri 11 docs not provide vcty srgnilicnnt cviclci~ce in 
refutation of the bountiaiy shown in tlic figrrre. 

It is considered that w ~ t l ~  prcscnt matc~ials ant1 q l r ~ ~ c t ~ ~ l a l  
techniques, ladtler units are si~itablc for desrgn speeclc; abovc 
50 knots, espcc~ally ~f thc c ~ a f t  displacement IS  apprcclablc. 
Relevant cavitation aricl sticss conditrons wiil bc d~rcti\seci later. 
Tlic likelihood tliat sti uc tu~a l  cicvclopntents havc not yet tc;~chccl 
tlie stagc when hydrofoil craft can cnter fully inlo thc   non no- . plane" r i a ,  may be ofrered as  a major leason for tl1c11 slow late 
or evolutioti conipared w ~ t h  thc acropla~ie. 

On tlic other liancl, it ir important to crnphasrre that craft 
requited to operate regularly only at spectls Icss than 50 knots 
can be dcsignccl, in a rcfined form, aiict built now, trslng c x ~ s t ~ n g  
strr~ctural tcchniclues. Some exa~nplcs have alieady bern give11 
in tliis papcr. A spced of 40 to 45 knots is quite ndecluate for 
many gurposcs, including p~act~cal ly all c~vil appl~cnt~on\ .  

If siniplc hoop foils such as are rised in  the Stlpranlar systern 
are not to liavc an excessive span, the hull watcr clearance 
tencls to be lcss than in laddcr configurations. Since thc 
Supraniar systcni is not of surface-following type, its rough wnte~ 
behaviour will suffer some limitation, if not in height of wave 
acecptancc then In maintenance of low resistance, since the 
htill will mote often ericotinter green watcr. The sirnple liigli 
aspcct ratio {oii units, with fcw struts, liilvc a n  exceptionally gootl 
rcsistance, however, both in calm and rough water. Bchaviour 
in liead seas should be good because tlie growth of lift w ~ t h  
cl~aught is not vcry great, thus limiting tlic response. 

The Aquavion systeiii has a basically low resistance, because 
of its main high aspect ratio hoop foil. The forward ski-forls 
are relatively more resistful, but the effect of this is Inniteci by 
only allow~ng thcni to  carry about 10 per ccnt of tlic total load. 
Since the systcni is of surface following typc, the hull clcarancc 
obtained ~ ~ i t l i  a hoop foil of acceptable span is adequate. I he 
planing si~ifaces are insensitive to orbrtal rnollons of the Ilurd 
particles, so in that respect the following sea bchaviour shoi~lci 
be goocl. 'They may tcitd to  skip oK in criticztl wave cond~tions, 
but a small damping foil a t  tlic rear of tlic craft is clal~iied to 
check tliis. Thc lowcr curve of rig. 5 shows a bouticlaiy. 
dividing craft of Gt~tnberg o r  Aquavion type, having ~ k i - b ~ l s  
at  the front, from those tliat have pine hydsofoils. l'iic forttier 
can p~tcli  to a more negative attitude, bcfolc tlie front support 
ceascs to give Ilft. l'liis supports tlie Aqrravion Company's 
claim tliat tlicir system is particularly free froill any tendency 
to dive. I t  will bc appreciatecl, however, t11at a large pcrmissrhle 
nose-down attitude might be assoc~ated with a tendency to 
assulnc such attitudes, so that further ev~dcncc is required to 
j~tctify the claini. 

Rc.,ictrriicc., S r a L c ~ c p i t ~ ~  N~KI  /lie f l f ic f  o/ ( i . ~ l r t  e (11 f i r r r ) r f ~ j  The frilly suhinergetl inc~dcncc controilccl systern has a high 
Locnliori induced drag at  takc-08 s12ecd and rather large niove~iients in - 

'The fiindaiuent:~l corisidcr;~tions give11 i n  tlic previous scction critical waves having a high rate of encounter, but tlic hull 
of  this paper lcad to tlic follow~ng co~lclusions conccl ning water clcarance can be kept relatively low. Following scn 
re~ist:~ncc and scakccpiiig. bcliaviour is good since tlle system has arnple time to provide 

POSITIONS 

SECONDARY 

DIRECTIONAL 

FIG. 6.-FOIL CONI'I<:URAI~IONS (21' A N ~ J M D E R  OF CONI'EMPO~ARY HYDROFOIL C R A T T  
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orrective forces. It loolts very attractive on a s~nal l  experi- - L 8  
icntnl craft, but the  complication^ of the incidence co~itrol 0 
ystem are not lightly to be set aside, aiid larger craft wo~tld not F 7 

c so  simple struct~~rally. Iligli speeds are likely to demand 2 6 
nacceptaltly Iligh rates of response. ul 0 KNOTS C G. 

A Surktce-pierci~ig ladder systems can employ optimum CL7s UJ 

vcr a wide spced range, but any reduction in individual drag is g, 
Ksct by added strut and interference clrag, ancl cascacie efl'ects. a 
incc tlle systems are not of surfilce following type, but can have w 3 
large hull water clearance, the seakeeping q~lalitics a t  high 5 

peed can be good, witl-i limiteel response. The upper rungs of -t 
2 

he laclders can be set a t  increased ii.rcidence to assist bcliaviour I 
i following scas, a t  some cost in resistance. m 
T!ic Iocntion of tile centre of gravity relative to  the main 6 0 

ydrofoils is very important and has considerable effect upon 
c. ,I k - ,  ~ t p i n g  beliaviot~r. Fig. 6 iiitroduces, it? diagrammatic form, 
orne i~nportant  sub-classifications of various contemporary ('C a l  113 of w1ieelb;tse aft of I'ronl foils 
ytlrofoil configurations. ,F;I(;. 7 ,  .-  I M I ~ A ( ; I ,  A(~[~I~I . I ; I{A ' I ' IONS S ~ S I , A I N I ; I >  I N  WAVES 
'Tile C'C location is shown first. 11 is alrnost a t  50 per eelit of 

I I C  "wileel-base" in the Suprwniar ferries and the research craft system sLlc l l  tllat tile ~ ~ ' 1 1  -4, with the CG near the front 
aving a fiiily s~lbrnerged incidence control system. This allows foils, w i l l  be pas t icLl la r ly  prone to this tentlency Llniess 311, 
articular freedom in varying the load distribution, a very Llnort~lotlox I n l l l  forln, buoyancy concentrated forwarci, 
csirablc fCatllre for a p:lSsenger or cargo-carrying craft. SOllle cliStl.ibLI,Cd latcrLllly, i s  cml?loyed. Tilc Supramar alld 
,chertcl~-Snchse~~berg boats have carried as I ~ ~ L I C ~  as three- AqLlavion systems, Ilaviclg tile front foils well f<)rward anct 
uarters of the total load on the front foil, and the f ~ l l l ~  subrnergecl allca(f 0s  tile c(; are particul;lrly good wit l l  regard to bow 
ystcm can employ two foils of tlifferertt areas, but in either case overj,astg. 
lhe bigger foil tends to have an itlcoiivenientl~ large spall. This Following sen tlcf javiour  also ncecis to be consiciered i n  
; particularly iniport:tnt on big craft since, for. reasons to be relation 10 c'(; I-)osition. 11 i s  1lecessar.y (hat the sterll shoLllt[ lift 
xplained later, foil area i~icreases npi~roxi~iiately as displacement to a wave sLlfficiet,tty to avoid pooping, bLlt so lnuc~l ttj2tt 
nti  not as the two-tliircis power of displacerncnt. It is the latter the front foil  to a n  eficctively negative attitLltle and buries, 
hat would give a fi~rilily of vessels' possessing geometrical nor that tllc craft broacl,es to. ~ 1 , ~ ~  tile rLlrtller forward the CC, 
imilarity. A sn~a l l  forward foil ("Canard") fully submerged the rllore important it is to recillce stcrl, ~Lloyal lcy,  wlliclI i n  any  
ystelii has been triecl, btlt the Llse of  two ~lnils of eq11al area s ~ i o L l ~ d  i f  possible be less than i n  a conventional htll[. 
llows the spans to be contained elltirely withi~i the hull beam, 
vhich is excellent for handling anit prevciitio~i of damage. 

The Aq~tavion craft has the CG j ~ ~ s t  ahead of the mitin foil 
o as to obtain the small loads on the front ski-foils that are 
lcsirable with this system. The Carl XCt-I-4 has tlie CG a t  the 
rant foil so as to achieve stability siniilar to  that of art aeroplane. 
n other cases the CG is about one-third of the wheel-base 
rehind the front foils, which in consequence carry two-thirds of 
he load. If there are two front Soil ~ ~ n i t s ,  one on each side of 
he llull, and a single tail foil unit, then the load is eqtratly 
listributeti aniong all thrce. 

Model tests made in various ta~llts, including those of the 
; a ~ ~ ~ i d e r s - f i o e  Company, on tloti-st~rf:tce following systems show 
hat when the C'G is almost over the front main foils pitching 
csponsc is very small, but heave response can be large. Aftward 
novcmellt of tile C'G towards mid-wheelbase causes itlcrcascci 
)itch ancl reduced heave response. ?l'he beliaviour, howcvcr, is 
11uost the sal-ue for CG's one-third and one-half the wllecl- 
IitSC aft. 

I-:ig. 7 shows a typical carpet of envelopes of vertical accclera- 
ions, recorded on  a towing tank niodcl having two forwartl ancl 
~rlc rear surfiice piercing Soils, with the CG at  one-third of the 
~heelbasc aft. The conditions shown are appropriate to regular 
lead seas of critical length, o11e artd a half to twice that of the 
lull, and a length-to-height ratio of 30 to I .  Quite high 
ccelerations are sustained. They are less in larger waves of the 
Lime length-to-height ratio. Sucli tests are consiciered to be 
~cssil.riistic becat~se of the extreme rcg~~larity of the waves, which 
xcilitates the development of resonance cotlditions. They are, 
o\vever, simple to perform, atid are useful in coinparing difrerent 
onfigt~rations, and for providing a g~~icle  as to the load factors 
.) be used in clcsigi~ing the craft structure. 

A complicating factor is tlie effect of bow overhang. If tlie 
u l l  bow extends well ahead of the front foils, it can impact a 
,:iuc before these foils have hat1 time to lift to the wave. A 

Consicleri~lg the seven cases of Fig. 6, in which the seconclary 
foil unit is a t  the rear, it will be seen that there are majority 

'choices, both for a fully sitbmergctl monoplane rear foil ant1 
for a steerable rear foil unit. These arc thc best characteristics 
for- ~nantx~~v~.ability alicl tly~iamic longitudinal stability, as will 
be explained more f ~ ~ l l y  later, but in some cases other con- 
siderations may predomitiatc. The Supra~nar  ferry systeni, for 
exaniple, retains some sttrf:lce piercing dihedral outbo:trcJ for 
increased roll stability and to combine low resistance with 
acteil~tale strengtlr, but has the centre span flatter than in the 
case of tlie front foil, so that it acts more like LI fi~lly s~lbniergcd 
~lnit.  7'he strength co~~sideration is more serious in the Suprat~iar 
ferry tfl>t~l in the I I I ~ I C I ~  sri~aller S ~ ~ p r a r n a r  research rt~nabout, 
wllicli ltas n sl~lgle t'l~lly s t ~ b r ~ t o g c d  rear Ib~l. 

( h v i t t ~ t i o ~ ~  i111d Aeri~tio~i 

'Tltc reasolls wliy cavitation c:ruses strtrctur;ll tlilfic~tlties i l l  the 
case of hydrofoil craft e l~s ig11~~1 for ltigll sj>ceds will now be 
considered. 

Cavitatioli of tjydrot'oils is of course si~iiilrtr in principle to 
1.3ropeller cavitation, but is somewhat simpler to stutly theoretically 
since it depends L I ~ O I I  a streaming velocity which is almost 
unifol.rn ancl e q ~ ~ a l  to tlle speed of tile craft, instead of upon ;I 

rotational velociiy which varies across the span. 
The general l-tatilre of true cavitation will, of course, be familiar 

to the readers of these 'I'I<ANSAC.I.IONS, 11~1t a brief descriptive 
account is included hcrc to cloriSy the (eclinical conlments (ha1 
follow. 

When a bocly moves t l l r o ~ ~ g l ~  water, the relative velocity of the 
latter is il~creascd adjacent to the bocly sicles, so that the same 
quantity of water cart pass there as in the t~nrestricted stream. 



This incre:tsccl velocity c:t~rses a prcss~rrc drop. I f  tlic body is 
moving symmetric;~lly, t l ~ e  prcssul-e drop is tlie sariic on opl>osite 
sides as, for cxari~plc, in the case or ;In tr~ly:twctl strr.rt. I f  i t  is 
at an efrectivc irlcidcncc to tlie direction of motion, n circulatory 
llow occurs also, ant1 this incrcascs the relative vclocity on the 
"hnck" and ciccreascs it on  the "face" so  tiiat the prcsstire is 
frirther rcd~~cccl on the forriicr antl iiicreasccl on tlie latter. '1'11~ 
pressure difference 131-ovidcs o tr.ansvcrsc for-ce, which may bc 
lift o r  side force or a cornl?in;ition of the two. 

As speed increases tlie pressure o n  tlie "hnck" rctl~rces as the 
squarc of spced, until it falls to tlie vapour ~~rcssurc  of water :it 
sonie point on  the colito~rr. I3t1bi?lcs of w:ltcr v;lpotrr tlteli forril, 
ancl with firrtlicr i~icrcase in speed the nrea of cavit;itioli spreads 
until tlie "tlack" is completely covered by a single dcvclopcd 
cavity. 

It has so far invariably hcen the practice to clcsigri for tlie 
prevention of cavitation, since in partial cavitntiocl conditions 
beliaviot~r c n i ~  be very unsteady, tlie ratio of l i f t  t o  drag tiiay 
decrease seriously, and tile foil strrfaccs arc attacked by cavitation 
erosion. 

(Zavitalion commcrlces ;it a point which is ; i t  drnr~glit r /  bclow 
fhe free surface, when the local velocity 71 salislies. 

wl le~c  V is tlie spced of body, 17" I $  a (~i lospl ic~rc ~ ? ~ c s s ~ r ~ e ,  e i s  
water vapour pressure, p is dcrisity, antl g~avity, i l l  corlsrstent 
irnits. 

rr is, of course, the cavit:~tron nunibc~ of tllc flow. 
When ci 2; ft., J p V2 tr 2,240, so that then <', /n  

(L/S)2,240 - lift force In tons per sq. ft. of strtfiicc. At tile 
same draught V - 28/2/cr I<rlots. 

'Ilic values will be a l~t t lc  c11Ketcnt from thrs a t  otllcr clr;ltrgl~ls 
of p~csen t  rnteresl, but not sufliciet~tly to ~f'lcct g c ~ l c ~ a l  : ~ ~ g ~ ~ r ~ i e l ~ l s .  

Givcri a hytirofo~l of thrcl<ncss i and chord c,  tlicr~ cdvrtation 
commences when tr - (Cr 12) 1 2 ( 1 1 ~ )  ap~~roximatcly, so tlint 
cavitation sl,ced V, 28/2/2(//c) I (C1/2) knot\. fhus the 
lower the lift coellicrcnt CL and tlie tlirt~rier tlic scctlorr, Llic 
l11ghcr will 1x2 V,. 7 he nlaxirnum rlon-c;ivit~ll~rig sl,ccti obiiiin- 
:tblc at  a givcn ( I / < )  o c c u ~ s  a t  7cro Irlt, ;IS f o ~  cxan~ple on s t ~ u t s  
rri symuiictrrcal motio~l, a n d  i.: about 28/\/2 ( 1 1 ~ )  l<rlots. 

The general relationshrp niay :tlso be wrtttet~ d',. 2 rr 4 (rlc), 
so illat lontling in tons per cq. f t .  2 (V2/195) (/I[), ancl a 
I~mrt~ngly thin liydrofo~l g~vcs tlic rnaxim~rnl pos\rblc loadtrig, 
which is 2 tons per sq. ft. In gc~icrnl, a hydloforl scct~ori has x 
lini~ting curvc of maxlrnuln C ,  against rr, from wh~cli niaxrrntlnl 
C,  /a and thus maxtllitrrn loading follows. Values in cxccs~ of 
1 %  tolls per scl. ft. have beeti obtarned in two tlimcn\ional 
expel itricritr, but tests on liytlrofoils of practical tlrickness and 
lelat~vcly low arl,cct ~ a l i o  give I~miting valucs of a little Ic% tlian 
1 toti per sq. ft., al~iiost i~idcpcntlcnt of spced. 'I llesc rnny be 
coniparcd with the 80 to 100 Ih. pcr sq. ft. (0.036 lo 0 045 tons 
pcr wq, ft.) Iiiaxlmunl loatlings obt;~incd on aricraft wings iri 
rtcady flight. Wirig top sn1-fnce pressures do, however, teach 
nc;tr vacuuni condrtrons locally ;it tr;insoi~~c spccclr. 

Some rcsultc cnlcr~latcd by menrjs of sl~glitly niolc relined 
fornir~lae tIi;ln tllosc givcn :il?ove ale .  

'rliese tcsults show how rapidly tlie cavrtation spcecl drops as 
loading, CL and / / c  lise. Practical bcliaviour will be rathet 
more sevcic t1i;lrl these ideal cases. 

I*lg. 8 is based or1 cxperimcntal evidence, arid gives var~at ior~ 
with attitude instead of C,. The x - 0 curve in Fig. 8~ refers 

SUCTION S l D E  

P R E S S U R E  S l D E  #- 

]'I<;. X A . - - R C ~ I O N S  01; ('AVITA'IION WI'I.II VARYING A'ITL.I.III)E A N D  
srver, FOR A 3.50 tJnn cl i~.r '  / / c  PROFILE 

-- 

* Maximum possible loacting at given f /c .  
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ro start of cavitation a t  the leading edge, x = 50 and x - 100 
give the speeds at  which cavitation has spread to mid-chord and 
reached fi~lly devclopeq conditions respectively. The foil section 
conccrnecl was specially designed to obtain a relatively const:unt 
cavilation spcect over a range of incidence near zero lift angle. 
Tlie rapid frill away in speed, a t  higher positive anti negative 
arigles is due to a departure fr01-11 the simple theory given above, 
arising from local suction peaks forward 011 the back anct face 
of the scctio~l, rcspectively, 'L'his aspect is illustrateti further by 
Fig. 9. 'I'hc pressure coellicient C, is p / j - p  V2, and it is clearly 
advisable to keep it as large as possible. The N.A.C.A. 0.0010 
scctiori has a value at  zero lift, which varies considerably along 
tlie cliortl. Tlie anti-cavitation section on the other hand is 
;iititost "Ik~t" over tlte forward portion, so that althotrgli tlie 
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area under it, determined by t/c, is the same as for N.A.C.A. 
0.0010, tlie minimunl value of  C'!> is appreciably larger. It  will 
be seen that the change in section shape required to give the 
pressure dill'cre~lce is small, and this emphasizes tile ma 11~1- 

facturing care that IIILIS~ be exercised in making hydrofoils. 
Fig. 913 itidicatcs I ~ o w  the pressure tlistributians on  face and 

back vary with changing i~icidcnce. At the higher attitudes 
t l t ~ r e  are serious s ~ ~ c t i o ~ u  pealts which cause cavitation. 

Since tlle lift cocflicierit of a section is approximately pro- 
portional to  the attitilcfe of its no-lift line, over the range of 
varintiorl o f  interest, cLlrvcs of o against C,., are c~~ralitatively 
siriiilar to Fig. 8, with C,, as base scale and tile vertical scale 
invcrlcd. The nlinintti~n non-cavitxting value of o rises rapitlly 
with increase in positive o r  negative magnitt~cle of CL,, except in 
a nearly level region arourld the ctcsign C1,. 

The design tecliniqtles for anli-cavitittio~i hydrofoil sections 
are the salilc ;is those Sor subsonic wings, and it is only thro~rgli 
comparatively recent aeronntttical cicvclopments that tlle tl~eory 
of the li)rmcr Iias been systematically ~~ncierstood. l'liis is 
anol l~er  reasori for the long periotl between tlic r r r l  lloc develop- 
ment of the Guidoni a ~ i d  Hell--Baldwin sections and the pro- 
duction of a coriirnercially operable liydrofoil boat. 

'L'lie thickness to  chord ratio of a hydrofoil has to be tiecreaseti 
very rapidly as design spced increases i f  non-cavitating operation 
is to be obtairled above 40 knots. As Fig. SH SIIOWS, a value of 
10 per ccnt cuii be cj~titc aclcq~tate at tli is speed, and introtlt~ccs 
no scrious structurtrl tlillicultics. At 50 knots tlie value has 
fallen to 7 per cent, and at 60 knots to 31 per cent, however, 
and ilte last figure presents the most extrernc structural problerns. 

For example, if tfie scction is ;more than, say, 50 per ccnt solicl, 
bencii~rg stress is ;~l>proxi~iiateIy prol>ortio~iaI to (A/S)/(//C)~. 
So tllat Sor a given ~rtatcrial, loacli~lg per sq. fl, will have to 
greatly tlccrcasc as t/c is r.etlcrced. If, on tlie other hand, tlie 
section is t l t i t i  walled, btit not to tlie extent that b~rcltling is a 
ntajorconsiticrutio~i, strcss is pr-oportionitl lo (A/S)/[(t/c) x ('I./(')] 
where '1' is wall thicl<ncss. 'I'lil~s clecrcasing section thickness is 
in any case less serious anti can to some extent be oRset by 
iiicreasing wall tliicktlcss. Kcally ttiiri-w>ullcd sections, Tor which 
huclciing woi~ld be a n  important consideration, are t~nsuitable 
for iiydrofoils bec;tt~se of the prcss~~res tliey have to witllstantl, 
and the necessity for general robi~slncss. 

Tlie reasori for the li~~iitation of rtlctrioplurte hydrofoils to 
design speeds below 50 Itriots can now be appreciateel better. 
'I'lie excessive bentling mornents sustained by srnrtll (t/c) Iiydro- 
foils of large span and small cliortl, ~naltc it necessary to increase 
cfiorci :rntl grcatly reclcrce span betwecii stipportirig striits, 
relative to cliortl. 7'11~ ni~mbcr of struts per foil unit can be 
kept to two, limiting s t i . ~ ~ t  tlrag wliile retaining s~~lficient Irytlro- . 
foil area, if the latter is distributed bctwcen several rtliigs of a 
ladder. 'i'his annngemetit also keeps the eiyective aspect ratio 
relatively low, and low aspect ratio foils, altltorigir in general 
less efficient, have bee11 f o ~ ~ n d  to possess a satisfactorily sriiooth 
anti c o n t i n i ~ o ~ ~ s  variation of cliaractcristics tlntler changing 
cavitation conctitions. 

i t  woulci, no doubt, be possible to employ ril~lltiple struts on 
foils of tlie preselit St~pranrar and ~i iain A q ~ ~ a v i o n  types, but in 
practice latidcrs have been used on most high-speed designs to  
date, as already disctrsscd in corinection with Fig. 5. The (f/c) 
val~les tliat have actually been used on  boat hydrofoils u~itil now 
range from I8 to 4 per cent, depending L I P ~ I ~  tlle design speed 
range. 'I'lrc Scliertcl systeni employs 10 to 5 per cent, the latter 
being at the lowest portions of the lioops, and angles of iitcicience 
d o  not geiierally exceeci 3 cicg., for example. 

The problem of cavitation li~nitations ~iiight be overconte by 
designing a Iiydrofoil to worlc rcason~tbly efficiently under con- 
ditions of fully dcvclopeci cavitation. SLICII a foil cottld perhaps 
be nlade relatively thick Lo alleviate structural clifficulties. Some 
tlieoretical work on sl~percavitatcd Soils has bee11 published, but 



since it 1s ~ i o t  known to Iiavc bee11 appl~ccl in pract~ce to boat 
hydrofoils, tlic rnattcr will riot be p u ~ s r ~ e d  furthcr here. 

Anotlicr possib~lity might be to bleetl zu~ into the low-pressure 
regions to control the dcvcloprnent of cavitatio~i. Some tests 
along these lines have bccn made In the cavitation tunnel a t  tlie 
National l'hysical Laboratory. 

Since a liydrofo~l o r  tlie struts cl~rectly supporting it pass 
through tlie free water S L I ~ ~ ~ C C ,  air will in gc~icial tend to be 
suclted dowri to tlie low-pressure rcglons of flow on tlie surface 
of the liydroforl a t  craft speeds app~eciably below those at  w h ~ c h  
true cavitation occurs. 

7'111s aeration car1 be adequately co~itrolletl by a few small 
chordwise plate? o r  "fences," wliich project f ~ o ~ n  the hydrofoil 
or strut s u ~  facc. Sornc designers put them exactly : ~ t  right a~iglcs 
to the SLII face, scgardlcs~ of cl~licd~ ;11, otlic~ 9 put tlic liydrofoil 
fences in vertical planes, so that Lhcy will b~c;il< the flee surface 
most cleanly. 'I'lic fence? need not extend rolrnd the whole 
contour, but must cover the cl~trcal low-prcsscrle ~ c g i o n  on the 
forward part of the back. The acl-ation i? cliecltcd at tlie fence 
nearest to the free surface, nnct ~f this clnctgcs f ~ o m  thc water ~t 
jump? to the next fence down. 

Wcigllt and Strurtrlral 11rsig11 ('ol~sideratior~s 

'I'hc absolute limit to  hydrofoil loading i l l  tons per scl. ft. 
imposed by cavitatioli infrocl~~ces a "sc[u:~re-cube" law oftlcvelop- 
nient with size. 

A fanilly of dyna~iiically si~iiilar crafl has displaccn~ents and 
design speeds wliich increase with le~igtli i l l  such a way lhat 
AIL,' and V/\/L remain co~~stat t t .  'lhe hydrofoil arca S will 
then satisfy A/S V 2  constant, a t  a given clcsign incidcncc. 'Thus 
S is proportional to  L2 ,lnd the liytlrofoils scale in proportion. 

If, however, there is all absolute lin~iti~ig speed to wliicll all 
the craft must conform, A/S requires to be constant. I t  is just 
such ;t consta~icy of loading that cavitatioll imposes. 'i'hc 
larger craft will then have rclativcly larger foils tharl the s~ilall 
ones. 

I f  tlie foils arc geomctr~cally sirn~lar, bo t l~  in external col~toirr 
ancl structr~rnl sec(~on,  ihrn sllear, bentling, ant1 torsio~i strcsscc 
arc nearly constant when A/S is constant, providi~ig tliat the 
walls of tlie scctioris are not so thin tIi;lt buckl~ng occur?. For  
example, section arca is propo~tiorial to S, shear loittl is pro- 
portionzrI to  A, shcz~r stress is proport~onal to A/S. 'This 
constancy of s t rev maltes it atlv~si~blc to employ the same 
material for construction irrcspcctivc of s1i.c. But foil werght 
will then be proportional to S1I2 allti thus to A3I2. 

I t  follows, therefore, that i f  a 5-ton boat has its foils des~g~lctl 
down to scantlings and has a total foil unit weight which is, sa \ ,  
7 per cent of the displacements, then an 80-ton boat will have ;I 

foil wcight of (80/5)112 x 7 per ccnt, which is 28 per cent of 
displacement. 

l n  practice the foils of sniall craft are made solid, or of si~nple 
thick-walled extruded tubes, a n d  tend to be stronger than 1s 
necessary. Thus estimates of foil unit weights of various actual 
craft show a variation of the type illt~slratcd in Fig. 10. Tl lc~e 
is a 5-ton boat near 7 per cent, ancl an 80-ton boat near 28 pel 
cc~i t ,  but, say, 10 per cent to  15 per cent is niore norrnal for small 
craft. Ncvertlielcss, a ser~ous tendency fcr percentage weight to 
increase with size is indicated. 

Weigltt Ilt~eciltclo~vn /i,r cr Typical I-lyclt.oJi)il Bocrt 

The most critical weiglit ractor in hydrofoil craft dca~pn 
having bee11 cliscussecl, the total wciglit breakdown of a tyl,~c:~l 
boat will now be considered. This is shown in comparison \v~tIi 

'TABLE IV 
TYPICAL WI:IGI I I RI<~AI<I)OWNS 

1-lull slnlctul-e . . . . . . 
Hydrofoil units . . . . . . 
Machinery . . . . . . 
Fixed equipment, tankage, power 

services . . . . . . 
Disposable load . . . . . . 

All-up weight . . . . . . 

tliat of a corrcspondi~ig planing craft in Table IV. A service 
application rather tlian a civil one has bccn borne in niind. 

Comparable design speeds have been take~i, so that the lower 
specilic resistance of the hydrofoil craft, a t  high speed, perm~ts 
a reduction in machinery weight. The hull structure weight of 
tlie hydrofoil boat is 6 per ccnt of all-up weight (16 per ccnt of 
hull wciglit) less than that of the conventional craft, due to 
alleviation in hull loading design cases since the liydrofoils 11ft 11 
clear of the water and cusliion it against the worst direct itnpocts 
I?ven so, total structure wcight percentage of hydrofoils and liu11 
together is 48 per cent, as compared with 36 per cent for the 
hull of tho conventional craft. 

Due to saving in machiticry weight the total disposable lortd, 
paylo:ld and fuel together, is 24 per cent as comparetl wit11 
29 per ccnt for the planing boat. The importance of behaviour, 
convenience or novelty, as opposed to payload capacity, ill 

choosing a hydrofoil boat is thus eiiiphnsizcd. 
I f  tlic' full line cmve variation of weight with size giver1 ill 

Fig. 10 is assumed, then the above results apply to a 274011 craft. 
On the supposition tliat only the foil structure weight a ~ i d  dis- 
posable load perce~itage vary with size, the latter will fall to 
between I5 and 10 per cent orr a craft of 100 tons displace men^. 
'These arc, of course, very low values tliat should be improvcd 
ill Practice, to  some extellt, by reduction in machinery percentage 
weight, but detailed studies have ~ i o t  shown a figure better than 
15 per cent for tlie disposable load of a craft of about 95 tons. 
I t  is therefore considered tliat operational liydrofoil boats arc 

ALL-. UP-WEIGHT - TONS likely lo remain appreciably below this tlisplaccnicnt Tor sonic 
F ~ ~ ; ,  1 0 , - ~ ~ ~ ~ ~ h ~ e s  or; r;oll,  AN^, SUI~~'OR.I.JNC: S.TRUC.TIJRE ~ E I C I ( - ~ . S  time to come, and until further i~i-rprovemcnts in structural 

EXI'RESSI'I) AS A P C R C F N ~ A C ~ I ;  01: (;RAI:~ AI,L,.UI' WCIOII'I' techniques and materials are achieved. 



THE EIYDROE'OIL BOAT; ITS HISTORY AND FUTURE 13KOSPECTS 
I 

'Fhe general structural reyuirements of hydrofoil boats will be 
illustrated by a brief disc~~ssion of typical design loadings and 
pressures, and the n~elhods of estimatirig Lhein ~ised at  the 
Sniindel.s-ltoe Conrpany. 

When a hydrofoil unit has a ctownward velocity v ,  anci forward 
speed V,  the effective incidence is increased by tan--.' CoIV). 
Values of 2) appropriate to the worst conditions that can be 
enco~tnterecl in the range of sea st;ltes for wliich the craft is 
intendccl are  taken. The critical seas are generally from ahead 
or in the ktrwarci cluartcrs. The variation of lift coeflicierlt with 
~Isut~ght is then estimated, at the efTective incidence, for e;tch 
hydrofoil. The boundary curve of CL, against cr appropriate to 
iiydrofoil sectio~i, as  previo~~sly discusseci in the part of this 
paper concerning cavitation, is used to calcitlate cavitation 
specd V, at  each CL. 'Tile greatest loaclirlg per sy. ft. obtain- 
able at each ctritiigllt, under two-dimensional conditions, is theti 
given by CL Vz, or  CL, V?,, whichever is the smaller, wl-rere V,,, 
is the maximum design speed. In practice a small correction is 
mitde for the variation of cavi[ation speed with draught at  a 
givcn CI_. Enipirical allowance is made for three diniensional 
elrects on the basis of experimental evidence. As previously 
explained, tests on hydrofoils of finite aspect ratio exhibit a 
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limiting loading, which is never exceeded. Sucll a limit, appro- 
priate to the aspect ratios of the system being designecl, is 
imposed ttpon the two-iiirnensionat loailings calculated as 
above anel Lhc curves arc hired in at the junctioas. 

The upper par1 of 1:ig. I I sllows tlre v:~riatiotls of design 
loacling per sq. St. with drat~ght  on tltc several rungs of tlie 
ladder whose front e leva t io~~ is illt~stl.ated in diagra~nniatic 
form. 'The three-dimensional l i~ni lat io~l  of loading in this case 
is seen to be 2,000 Ib. per sy. ft. Some modification to tlie 
resi~lls givcn by the above metlrocl may be riccessary in the case 
of a ladcler because of interference between the rungs (blanking 
of  upper rungs by those below). 

Tlie variation of total force on the ~ ~ r i i t  with drat~ght is 
obtained by multiplying loacling by area and, in the case or a 
laticier, by atlcling tlte results for the several stings. This is 
ill~rstratccl by the lower curves of Fig. I I .  

Asymnietric i~npacts on a foil nnit wliich is heeled or side- 
slipping may be treatecl as, above by suitable acljustments to 
erective incidence. Such impacts occur in cll~artcring seas and 
in tur~iing. The above rnethotl has been appliecl to the Supramar 
ficccirr r1'f)t.o and gives very siniilar loatls to those act~ially nsed 
in the stress calci~lations for that craft. Also loads ~neasured ori 
a   nod el of tlre U1.n.s tl'Or, although obtained in conditions in 
wliicl~ cavitation was not present, are of the same order as those 
calculatecl by this "cavijatiorl limil" treatment. 

'Typical vertical and transverse loacl f:ictors used in designing 
the hull main structure of a craft intended for operations in 
severe sea eonditio~ls are given in Figs. 1 2 ~  and 1213, respectively. 
The loail factor shown at  any longitudinal station is one and a 
lialf times t l x  jnaxirnum design acccler;tlion in g's sustained by 
a concentrated Inass at  that station, tlic weight of the mass 
being iriclutled in the acceleration in t l ~ e  vertical case. The 
rnttltiplier of one ancl a llalf is at1 ultimate factor of safety. The 
loads are transmitted to  the 111111 fro111 the ltydrofoil  nits and 
are based on assurned critical symmetrical nntl asymnietric>il 
impacts of the hydrofoils wit11 tile water. 

Tlie straight line appropriate to  any given case i~rlplies a 
translational acceleration of the craft CG together with an 
:i~igular ttccelet-ation in pitch or  yaw about the CC. Tliese 
accelerations are c11ose1-1 to provide coverage of conditions 
sustained in motlel experiments, such as those shown in Fig. 7. 
There are also significant cases involving angular accelerations 
in roll. 

'I'he accelcratioas of 14g. 7 are of similar orcler to those sus- 
tained by a conventional higli-speed planing craft in qcrite 
n~oderatc seas. For  example, KcC (7) clnotes a forepeak 
acceleration of 8.36 g. obtaincti froin mcast~rements on a 68-ft. 
craft travclli~ig at  a b o ~ t t  40 knots in waves of nnspecifieit letrgtll 
irnd 2 to 3 fl. high. I lard clrine planing c~.al't in general s u k r  
severe po~~~ic l ing  at  high specti, even in q ~ ~ i l c  s~i-la11 waves, and 
this is ver-y ~ ~ ~ ~ c o i i i l h ~ . t a h i c .  The por~~~tf i t lg  is associatetl with 
large local impact pressures on the 11~111 hot(oni. 1-lyelrofoil 
boats 11avc a slower ant1 srnootlicr response, and since the inipact 
loads occur mainly on tllc I~ydrofoils they iiiay be transmitteci 
clirectly to tlre Irull  rnai~r str~.~cture, allowing the use of ligliter 
111111 sl(i1111irlg. 

Iiouiicl bilge Itulls do  not po~incl so much as liard cliine crafi, 
but their riiotions arc not greatly difTercnt a t  top speed, anci 
resistance rises rapidly above, say, 35 knots, ~ntless they are of 
large size. 

The pressures ~lscd to design Iiydrofoil craft hull skins anci 
franring sho~lld be based on (nodel test results, but in the absence 
of such evidence a Sactor, to allow for the relief provicled by the 
hydrofoils, con be applied to pressures appropriate to planing 
craft. Some experimental eviclerice on the latter is available. 
Alternatively, the staiiiiarcl tl~etliods of calculating irnpact 
pressures o n  seaplane ht~lls may be simply adapted. These are 
given, for exan-~ple, i l l  lief. (8) 
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Fig. 13 shows sotile typical hydrofo~l boat desig~~ pressures. 
The valucs ~~rcsented again include an ultimate factor of safely 
of 1.5. The maximum local prcssure actually sustairietl is 
20 13.s.i. as compared with peak values of 32 p.s.i. rccorclcd on 
the hulls of fast patlot boats. The lliessr~res shown in solid line 
will only act over a small area, such as a panel bounded by 
acljjacent frames and stringers, and should therefore be rrsect 
for plating and stringer design. Thc pressures sl~own in dotted 
line occur over suficiently distributed areas to provide design 
cases for main frarnes a n d  lot~gitrrdinnl girders. 111 either case 
the pressures only act over a limited portion of tlie hulf at any 
givcn rnornent, and the extent of such a portion limy be assumed 
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by co1lil2arison with tlic rriain strtlcttlre load factors givcn i n  
Fig. 12. The pressure si~~nmetl over the portion must not give 
a total load lying outside the 1o;ld factor envelope. 

lief. (2) quotes a case of a hrlll w1iicl-r was satisfactory for 
operation with hydrofoils, b ~ ~ t  friilcd when subjected to lo\+- 
spcccl planing conditions. 

Stabiiity and Control 
'The last aspect of hydrofoil boat dcsign that will be con\ldcrcct 

in detail in this paper. is stability ancl control. Stability includc~ 
riot only static but also dynamic aspects. Static stability is uscct 
h e ~ e  in the aeronautical scnse as referring to conditions wliioli 
ajq>ly when a craft is disttrrbecl very slowly fro111 a coitditioii or 
ste:+dy nigtion. It does not Itlean the stability when lying a t  lest. 
Dynalnic stability cousidcrs tlic motions that resitlt when a c~aft  
in steady translational or turning tilotion is disturbed rel,ltively 
suddcnly, for example by encountering a wave or by a mornetltary 
application of rudder. 

Control includes use of r~rtldel to produce manccuvres, and 
i l l  the case of hydrofoil craft can also itlvolve adj~lstment in hecl 
and pitch by means of ailerons on the outer portions of hydro- 
foil units, and by elevators 011 tlie tail units. Units wliich are 
all moving in incidence, at the will of the pilot, may also be usctl. 

Ref. (2) slates: ". . . the state of hydrofoil art, as rlcrnon- 
strated by the various radically different configurations presently 
in use, is curiously akin to that of aircraft just prior to the first 
World War. The underlying cause is the problern of stabiliza- 
tion; now as then. It is herc, more than in ally other partict~lar, 
that emphasis on rescarch and developriient niust be placed il' 
the hydrofoil is to realize its full potcntialities. Modern tech- 
niques of analysis, model studics, and f~~ll-scale evaluatioris 
cleveloped in allied fields are certainly applicable-although the 
problelii is severely comj~licatcd by the seaway. Even a cursory 
examination of the reported etrects of sea state on sust;~inctl 
speed for convctltional ships, however, shows that the speetl 
losses incurred by them arc great. It is felt that the prospect of 
alleviating this situation, for certain size-speed ranges, by use of 
the l~yrlrofoil is grcal eno~tgh to warrant fi~rther seriot~~ 
consideration." 



111 the author's opinion this statement puts too I I I U C ~  emphasis fully foilborne, only the part of tile hoop with diliedral is in the 
on stability as the major cause of the slow progress of the hydro- water, as shown in tlie upper part of the figure. A disturbance 
foil concept between 1891 and tlie late 1940's. This paper lias in heel increases tlic span ininiersed on the hull clown side, anti 
already indicated the important parts played by cavilation, decreases it o n  tlie other, so Ihat the change in  forccs acting is 
liydrofoil sls~~clirral rcyiiircineats, anti the necessity of' awaiting as shown in the niiddle diagram. These added forces will be 
on  trailsonic aerodynanlics for the development of aerofoil stabilizing if they intersect above the c r a f  CG. Thus a circle 
sections having flat pressure distributions. touching the foil a t  the unlieeleci waterline ~ i r i ~ s t  have its ceritre 

'I'lic great etnphasis placed, in U~titeci States ofricial quarters, above tlie CG. 1f ille hoop lias top t-ireinbers with anlieclral, 
o n  stabili~ntion in a seaway, and in particular in the use of ;tttaclling i t  to the l i ~ ~ l l  sides, these nicmbers will intersect tlie 
iticictc~icc control, is showti by ticfs. (2) and (4), as  exemplified water st~rfacc at nlodcratcly low spcecls. Ari arg~rnzcnl of the 
in the cl~~otations above. 11 is oliiy in the mid-1950's that the above type now rccll~ircs the circle, to~rcliing the foils at the 
very pr;~ctical achievements of tlie Aquavion, 13ell-Bstldwin, ancl waterline, to have its cer~trc below tlie C'G, wliich will allnost 
Supi-nriiar systeins have collie to be fully appreciated. invariably be the case. 'This provides thc inherent roll stability 

Ncverthelcss, stability has re~irained a n  intractable problem of tlre I'cgna systenl ~ilcntioncd in the Iiistorical pzut of this paper. 
theoretically, because the great ~~nderstantling of analogous In practice tlic circles, appropriate to differe~lt waterline 
itircraft bchaviour, which was brought to completion between intersections with tlie dilietlral part of a lroop, will liave din'erent 
tlie wars, refers to a generally simpler matheruatical situation centres, 11111 if tlrc hoop is nearly sc~i~icirculur in frclnt elevation, 
than that applying in the hydrofoil case. Rccent developments as, for exo~nple, in the Aq~lavion system, the variation will not 
i i i  stability and response theory, and the e~nploy~nent  of electronic be very great. A circt~lar arc elevation gives a restoring tnomerit 
analogue co~iiputers capable of handling systevns with many which is proportional to tlie angle of heel, 0, and is in fact 
degrees of freed0111 is charrging the position. Little direct L . G 0 .  8, where Id is the lift producctl by the foil unit anq 
it~tormation on the dynamic stability of Iiydrolhil systems has G 0 is thc liciglit of tlrc centre of tlie circt~lar arc above tlie 
been publishecl, ancl so in view of  tlre relatively rare occurrence centre of gravity. 111 this instance n o  Iiorizontal sideforce is 
of sinlilar problems i ~ i  naval architecture, no apology is ~iracie procl~~ced by the I~eeling. In  the case of complex foil units, and 
for the simplifiecl accou~it of fi~ndamentals that follows later in when determilling the co~nbi~ieti  effect of all tlie foil units o n  a 
the present section of this paper. craft, the bct-i:~viour at  all the intersections with a given waterline 

 nus st be compot~ndcil. 
Strrtic !leelitrg Stnbility, 7ilrwit1~,y, atid Steering It is iniercstilig tliat pt~blislled curves Sor the fieccia cl'Ovo 

Tile heclitlg and  steering be~lavioLls of  [lydl-ofoil boats presents give the following ekye~tive vnllles Ihr 0:- 
~ i ~ ~ ~ i i b e r  of unusual anti interesting features. This is not an 

appropriate placc to devclop in detail the mat1rematics describing G O , A .  . .  . .  3.53 2.48 3.42 5.47 
the beliaviour, but witliout it only approximate explanations 
can be offered. The efectivc centre 0 corresponds to the nietacentre of a 

,1'he colicept is that of the static heeling stability of converitio~is~l vessel. Values obtained by averaging the ,l~eights 
:, simple I ~ ~ ~ ~ ,  Ilnit. -rllis was first exl,laincci to the aull ior  of circles co~lstr~rcted a1 the appropriate watcrlincs on the front 
by ['ref. Tietjens, Consider Fig. 14, when tllc craft is running and rear foil units, as pscvioirsly described, are in a reaso~lable 

agreement with these figures. A tnetaceritric height of 4.6 ft. 
has bcen quoted to the author in reference to  the P.T. 20, by a 
member of tlie Supra~nar  organization. Ratio~iing by length, this 
wo~ild irilply a vnltre of 3 .4 ft. for the P.T. 10, in good agreement 

rlvcn. with tlrc figures previously b' 
If a hydrofoil boat is turning, side force and rolling ~nornent 

are prod~tced by the elrcct of sideslip both on foils having 
dihedral and o ~ i  vertical st.ruts. If, as is usual, the craft is side 

CHANGE IN HYDROFOIL 
LOADING DUE TO ROLL. 

slipping away from tlie centre of turn, the s t r ~ ~ t  forces will cause 
an outward roll, because of their location below tlie craft CC. 
1)iheclrnI ant1 anlicdral elc~nents of Iiyclrofoil span, so located 
that they arc each statically stabilizing, will produce inward atxl 
outward rolling rno~ncnts, respectively, in tile presence of this 
sideslip. 111 both cases the sitLcforce is inwards. 

T o  a first :tpl,roxitnation a spanwise element having cliliedral 
y (anlicdrnl if y is ncg;ltive), i i i  a sitleslip ol' positive angle P, 
sustains an elfcctivc ir~crease in incidence j3 y. The increments 
of force produccd by the i~iciclence changes arc perpendicular 
to their respective elc~ne~its,  and approxiniately proportional to 
the increments of incicicnce and tlicts to  p. They liave side force 
components and produce rolling moments which are likewise 

STABII-ISING I.E. C I R C L E  T O U C H I N G  E L E M E N T S  proportion:~l to P. S ~ ~ m m i n g  up over all the im~uersed elements, 
MUST HAVE SUFFICIENTLY LARGE RADIUS. side force -- li, P,  ro l l i~~g  moment - - =  I(, P, say, wliere k l  and 

k z  are conslalit a t  lixctl d r ; ~ ~ ~ g h t  ancl craft attitude. If inwartl 
sideforce and rolling moment are taken positive, tlie~r lcl is 
positive and /c, is positive anct negative for pure statically 
stabilizing dil~ccir~ul utlcl PLII'C: anl,lcclral Soils ~cspcclivcly. 111 

mixed cases k ,  might have either sign. 
Now suppose tlie craSt is tur~iing in a circle of radius r,  at a 

FOR S T A B I L I T Y  I E .  speed V, a ~ ~ d  tliat, us is reasonable, the foil  nit conccrnetl is 
ANHEDRAL ALWAYS STABILISING I N  PRACTICE. coiitrib~tting tlie same proportion of tol:tl tt~rniilg sitfeforce 21s it 

13~;.  14.--Sra.1.1c STAIIILITY IN I ~ L I .  does lift. Tlrcn in J'LIIIY foilbor~ie co~iditio~is the sicleforce in 



cons~stent units equals (1,/W) W v2/g I ,  wlr~ch is I >  V2/g I ,  where 
! i W ir tho wuiyllt of t l~o  cl'uTt. 71?~tn fhc ~ ~ ~ l l i ~ t p ,  t t ~ o i ~ ' l c ~ l  

If thc liycirofoii is of citct~iar ale I'lont elevation, this rlioment 
will cause a heel t111ough an angle 0, tnlccn positive inwarcl. 
wl ie~c  as before rolling moment I. . G 0 . 0,  so tltat 

It follows tliat pure statically st;rbilizing iiillcdl-al foils will cause 
tllc craft to heel inboartl during a lurrl, and Ilic angle of heel 
will be proportional to speed squar.eti and  inversely proportional 
to tile ratlitrs of tttrrt. 

111 the case of a foil which is of si~llplc vcc shape in fr.ont 
elevation, with apex uncler the cr:~fl ceritrcline, k z / k l  i~pl,roxi- 
11-i:ttcly cclt~:\ls C; 0, wliere 0 is tftc centre of a cil.cfc tl~soitgl~ tile 
:~pcx of  the foil nntl its intersection:; wit11 tlrc wntc~.li~rc. 'I'IILIS, 
for s i~nple lioop foils, 0 - It V2lg1., wlicrc li is of order I .0. 
A natural banking tt~rii ,  like that of a n  aircraft, is obtained. 

The extreme opposite conditiorl is obtained wlien the side 
forces on  vertical struts ~~redotiiinate. <:onsicier a pair of nuin 
foil units of ladder type, having ;t tiican track t ,  running a t  a 
waterline distant 11 below the ccntrc of gravity, and carrying 
two-thirds of tlie total loacl. 'I'lic val-iation of tlie lift of one 
hydrofoil 1111it with di.al~gltt will bc very nl?proxitnatcly of the  
for111 k Wlh, wherc k will vary with 11 ancl attitude, but might 
be, say, 2. If tlie vertical struts of the pail. of ladders also 
provide two-thirds of the total t t~rning sidcforce, tlicn their 

2 W v2 
contribution is - - , and t11e cor ~csponding rolling a b o ~ ~ t  tlic 

3 g  I 2 W v2 
C'C; will be approximately - h, wher-e tlie negative sign 

3 n  r 
indicates that it is outl?oarcl. I he hecling will introrlucc draught 
changcs on  tlie units of minus and plus t 012, o~rtboard and 
inboard lespectively, wltcre now 0 is negative. 'TJ~LI~ tlic rnonient 

due to heel is nearly enough " - ( i 9 t ,  anil since the total 

moment must be zero under equiiibriu~n conditions, 

A reasonable high spccd v a l ~ ~ c  for h/ l  wor~ld be 112, giving 

'I'llus agarn the anglc of lleel valies w ~ t h  speed s ~ l u ~ l ~ e d  and 
~nverscly wit11 radius of turn, but now 11 is ou tboa~d .  

111 practice, dihetlral and s t ~ u t  eKccts nct against one another, 

i v2 
so tllat in gcncl;tl (/ I< , wlic~c I< can be of eillicr sign, nntl 

R ' 
limy cl~angc sign with drattglit, ant1 t1111s with speed, for ;I given 

Ion. configur, t' 
'1'11e numerical values of paralnele~s used ahovc wol~ld suggest 

tliat a simple hoop system will hcel ~nboa~ci  rnote strongly than 
;i ladder system will lieel outboa~tl,  but d i ~ c  to interaction of 
conflicting effects this does not sccm to be [mrt~c O L I ~  in prztctice. 
Some ladtler hydrofoil boats cio not lice1 0111 appreci:ibly, b ~ t t  
a t  mnie speeds bank inwa~ds. A hoop Toll boat can lemain 
pt;lctically levcl in a niodc~atcly l11gll speed t u ~ n .  

Fig. 15 typifies the bchaviour of :L partictil;tr ciaft. In  tliis 
cxarnl,le, a given rudder' deflection produces almost a constant 
~aciius of turn, irrcspcctive of speed. Since the angle of heel a1 
a givcn iucttier anglc increases continrioiisly with spcccl, it is 
necessary to decide upon a liniiting design heel angle and vary 
the n ~ a x i i n u ~ n  allowable rudder angle with spccti to suit. For 

S P E E D  - KNOTS 

FIG. J 5.-TIJIINING 

example, if in  the case of Fig. 15 :in angle of hcel of 7 cieg. is 
choscn, tlic following conciitions arc obtained:- 

Craft length, I ,  ft., assumed . . 30 
Speed, V knots . . . . . . 20 30 40 50 
V/\/L .. . . . . . . 3 . 6  5 . 5  7 . 3  9.1 
Max. permissible rucider angle, 

dcg. . . . . . . 7 5 . .  14 1 1  
liadius of steady turn, Tt. . . 150 275 410 615 
Radius of turnlcraf lcngth . . 5 . 0  9 .2  13.7 20.5 
I< e== heel angle/(V2/g 1.) . . . . 0 .52  0 542 0.35 0.34 

'Thus I< tends to  a litiiit of 113. It  I I I L I S ~  not, liowevcr, be 
assumed that this is the best tkztt liydrofoil craft can acllieve. 
The turning 1.atIii could of course be rctlucccl by, say, 30 per cent 
by allowing a rather larger but still practicable limiting anglc of 
liecl. Res~~l t s  for operational craft, already given in the liistoricnl 
section, arc also bettcr than those of Fig. 15. For ex:~nlple: 

Crafl Icngtli, f l .  . . 
Speed, knots . . . . 
V/Z/L . .  . .  . . 
I<atlius of steady turn, 

ft. . . . . . . 
Radius of ttirn/ct.afl 

length . . . . 

47.1 
30 approx. 

4 . 3  

165 
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THE HYDROFOIL ?OAT; ITS HISTORY AND FUTURE: I'ROSPECTS 

Comparable turning radii for conventional high-speed craft 
re, for instance: - 

r'ttt lertgth, ft. . . . .  81 81 72 68 77 
,vet ,tge spcect, k ~ ~ o t s  (app. rox.) 23 26 29 3 1 34 
' I \  I . . . . 2 6 2.9 3 4 3.8 3.9 
:acti~~s \teddy turn, ft. . 580 465 460 150 610 
:,~ciitls tur n/craft length 7 2 5 8 6.5 2.25 8 0 

'I'hc figures for the 68-ft. craft were kindly supplied by Cdr. 
IU Cane, It  appears much more eflicient in turning than tile 
cmainder and is understood to have about as good a turning 
)erforrliance as is possible for high-speed planing craft. 

Thc hydrofoil boats are in gerieral better than the convenlional 
:raft both in absolute radius of turn and in tcrnis of boat length. 
Phi: latter figures are, howevcr, rather high in the case of the 
30-ft. craft to wi~ich Fig. 15 refers. This is to be expected since 
t is a small boat. 

It will J>e observed from the theory that turning radit~s is a 
'unction of speed, irrespective of size, for gcoinetrically sirnilitr 
:raft. liadius of turn will thus only vary rougtlly as boat leilgtli 
i t  corresponding speeds which vary as root length. If a plot of 
.he above results is made against V/\/L, it will be f o ~ ~ n d  that all 
.lie hydrofoil craft are better t l~an  tlie co~lventional craft, tlie 

which will increase tlie 11ft w~l l  a t  the same tiine cause a nose 
down moment, dccieasing at t~tude and therefole l ~ f t  agaln. 
A positive static margin implies that there will be a nose L I ~  

moment a t  contlilions of rero total l i f t  on the planes. 
I t  is interesting to cxlei~d these ideas to the more complicaled 

combinetl p~tch and heave conditions expel~enced by hydrofo~l 
boats. Cotisider Fig. 16, ancl firstly the r~ght-hand column. 

DISTURBANCE 

V 
DESIRABLE TENDENCIES 

L l F T  
GREATLY INCREASE 

FRONT FOlL L l F T  MUST INCREASE I MOMENT DUE TO LIFT ON REAR 

WITH DRAUGHT ATA GREATER FOIL MUST BECOME GREATER 

RATE THAN REAR FOlL L IFT  THAN THAT DUE TO FRONT F o i l  

Vospcr boat exclctded. 
From persortal observation when travelling aboard hydrofoil 

boats, the author has conf rmed that the turning behaviour is FRONT REAR FRONT R E A R  
~ r s ~ ~ ~ t l l y  more than atlequate, and corresponding a~iglcs of hcel -- -- ..-.-- .--, 

_i _L 
.--- 1 --.-L.....- 1- 

.ire low. 
I 'hc type of behaviour desc~ibed above, with limited rudder 0 LIFT x L . I F ' ~  x 

moveiilent a t  high speed, req~rircs the wheel to rudder gearing MOMENT x MOMENT x 

to have a very high rectuctiotl ratio, It is tlnderstood, for exztmple, 
tliiit the wltecl of the Aeccici rli.1 Sole makes seven cotnpicte t~trns  --w--. d A-L-. @ 
in giving the firll rudder travel from plus 30 k g .  to  minus 30 deg. 

L.IFT I/ LIFT W 
This gearing causes the r ~ ~ d d e r  to move 5 tleg. for just over @ MOMENT x x  MOMENT 4 

one half turn of the wheel, which is reitsonable in tlie light of 
[tic f2ig. 15 rcsults quoteti abovc. Only .!. 10 (leg. ot' rudder is .@-+ -w-- 
used at cruising speed, wliich in this case is under 40 knots. 
The Freccin clel Sole has hydraulic steering. 0 MOMENT L I F T  I/ J LIFT J 

7fixis section on  the steering of hydrofoil boats will, it is 
f~oped, have made clear the extent to wliich their hatidling 
cl~aracteristics differ from tl-tose of conventional high-speed craft. -o-&c.,, -@G- 
It is required that the rudder of a  noto or torpedo boat should 0 LIFT r/./ LIFT  X 

be capable of being p ~ t t  hard over at fill1 speed in order to lake MOMENT X MOMENT // 

itvoiding action. This teclulique is neither desirable nor i:~(i .  16. -.--I , O N G ~ ~ O I I I N A I ,  SSAII ILX~Y 

necessary when foilborne. 
l3y analogy with the aircraft c i~sc a nose up disturbance shoulcl 

Si~itic. Srtrbility in Pitch citrcl tlc~zve cause a nose clowr~ itlomerit, anci as little additionat lift as 
'I'hc ~rovision of aircritft static stabitity in pitclr, in colnbina- possible, to avoid tltc craft heaviilg out. Consider tile possible 

iio~i with the requirc~iicnt for moinenl equilibrium i n  steady qombinations or  a si~rtple I'tllly sublnct.ycd Soil i t ~ r c l  u sut'S~tl6a 

motion, causes the lift coefficients on the front and rear plane piercing liool, foil. As sliown in Fig. 17, the lift per sq. ft. 
to s;~tisfy given by tllc former is very insensitive to change in draught 

except wI1c11 it is about to re:tch the free surf~tcc. 'I'he latter 
CLI-;, ci1; I 

"l." "TI ;:I 
I- 

tvlicse til; and all are the front and rear lift curve slopes and !? 

tle/ila is tlie rate of change of downwasll a t  the rear pla~le 
ivi111 craft attitucie. Since, in general, 01; > a,{, and clc/dm is 
positive, the forward lift coeflicient r n ~ ~ s t  bc greater than that 
611 thc rettt'. 'I'llis i s  tho criterion fc)t. hydrol'oil crul'l advilnccd 
by I'ro1'. Tietjens. In the case or such orafl d E / C /  oc may in some t- 

instances be nearly zero, thcn C L F  and CI.R shoulci be able to ei li;ive alrtiost the same values. 
The other simple aircraft reqtrirement for- pitch stability is t l ~ a t  

tllc static lnargin shall be positive. This requires ~nerely that D R A U G H T  
the overall centre of pressure of the loads on the front and rear 
planes sliall lie behind the craft CG, so that a nose up  disturbance Flo. I?'.--- C J I A ~ ~ A C ~ I ~ ~ ~ I S ~ ~ I C  HYDI!~I:OIL. UNIT 1.11.r C I I A R A C ~ I ~ R I ~ I ~ I C ~  

353 



lias a lift which varies steadily with draught. In both cases lift 
per sq. ft. incrcascs with incidence, b t ~ t  this will in gencral 
be niorc r a p ~ d  for tlie fi~lly suhnlergeci foil because of a higher 
a.jpecl rntio. R c t i ~ r ~ l i ~ ~ g  to r ig.  16, ~lrarhts c;t~l now bc riwartlod 
to  the different combinations. 

For example, fully submerged foils both front nnd Icnr givc 
a change of nioriic~~t with incidcncc dcpentlcnt only on the 
aircraft static margin considcralions al~eatiy qr~otccl, whilc the 
increase in lift is consiclcrahlc. A hoop foil forw;t~d in coln- 
hiniltion wit11 ;I fully suhn~crgccl foil :rft givc n S I I I ) ~ ( ; I I ~ ~ I ; I I  nose 
down ~nonlent,  sincc inc~casc in c~ttitirclc ~ct l r~ccs f l l c  cliaugltt 
ol tlic Itoop and counteracts the effect of incirlcncc i l l  increasing 
tlic lift, whereas the fi~lly submergect foil has a lift iric~casc which 
gives a p o w e ~ f i ~ l  nose down moment. FLII thermore, tlie total 
lift is not so greatly increased as in otlier cotnbinations. 'Two 
liool-~s, for cxnmplc, givc n vcry sr~hetnntiol rc.nlorinr6 momant, 
but tlrc loss of lift forwnrtl tltlc to retluclion i l l  clraugllt 1s counter- 
balanced by an Increase in l ~ f t  aft nssoci;~tctl with inc~enscd 
dl:tllgllt. 

A i~rn~l:ir ;ttgrr~ilcnt, :~<st~lning :I tlow~~w:trtl tli\l?i:~cc~ilctil in 
licavc, rs g~vcn  tn the left-lianct co ic~ t i i~~ .  1 lie tlcsi~akle 1,clt;tvionr 
is now a nose up moment to prevent diving :tnci n lift to stop 
the incrcare in drarrght. Ag;t~n a I ~ o o p  forward and a fully 
submerged foil aft givc the bcst compromlsc. 

It is titcis intc~esling to rccali th:tt crrrrcnt ve~siorts of the 
Sclicrtel-Sacliscnbcrg system have introtiuccct a modified rear 
foil designed near the end of the last war, approximating 
to this condition; whereas earlier craft used Iioops having con- 
sitle~'itbIe tlii~edrt~l nn thcir i1111er spalir, hot11 Pronl :tntl rear. 
Fig. I6 shows that tlic doi11~Ic hoop i~ 1x11 t i c ~ ~ l a ~ l y  good ~ r t  some 
rcspccts but clcficicnt In ot1ic1.i. Pol- cxn~nplc, ~ t s  moment 
rcsponse i q  ncglig~blc 111 ;I lici~vc distill bancc. It will be recalled 
that sucli conligi~ral~ons tcnti to f:tll off tlic foils in a following sca. 

'Tlie argurnent of r ig .  16 supports tlic crrttcnt tendency, 
already discussed in colinection wrt11 1 ig. 6, of using icro 
dil~edral frilly s t ~ b n ~ c ~ g c d  tear foils wlte~cvcr s t ructu~;~l  con- 
siderations pcrrnit. 

When a craft in stc:tcly motion is disturbeil, it i l l  general 
oscillates about tlie stcady condition witli gr:tcl~~nlly decreasing 
anlplitucle until the stcady state is re-cst;thlished. rI'lic craft is 
tiler1 dynamically stahle. I f  the motion is stahle and well 
danipetl the oscillation heconics a s i~nplc swing back, or con- 
vcrgcncc. ff tile darnping is negligible the oscillation contint~cs 
at  constant amplitude. Inst;rbility causes a continttous tleparture 
frorn the steady condition o r  clivergence. At1 unstable oscilla- 
tion of gradually increasing amplitude can occtrr when coupling 
b e t ~ c e n  two motions exists. This conclition frcclucntly arises 
in practice as, for cxa~nple, in the casc of control st~rfacc flutter, 
and design to avoid it cannot he based on simple physical 
pirinciplcs but must involve cictailcd ti~atliemalical analysis. 

The dynamic stability of a hydrofoil boat lias niany resem- 
blances to that of a n  aircraft. It can be dividccl into two main 
groups of motions, longitudinal stabilily a ~ ~ t l  di~.cctional stability. 

L,ongilutlinal stability in gcncrnl involvcs a coupling of pitch 
and heave m o t i o ~ ~ s ,  dctincci nlathematically by the cquntion of 
translational  notion in Ilcavc, the equation of forward trans- 
lational motion, and tlic cclt~ation or rotational motion in pitch. 
In tile aircraft case, displacement in heave lias no cffcct in itself, 
nor does forward distance travcllcd. 'l'lic eqi~ntion in pitch is 
affectcd by forward spccd, in so far as it altcrs resistance, I h u s  
a complete solution in principle gives two oscillations, one of 
short period, say 2 or 3 sec., and tlic othcr a long pcriod 
"Phugoid" oscillation taking up to 60 sec. a cycle. I f  tlie effect 
of variation in forward spcctl is ignorcd, the eql.lation of forward 
translational motion can hc o~nitted anr1 the otlier two givc tllc 
short period oscillation only. 

Altliotrgl~ in the aircraft cases of gteatcst intetest tlic motiolis 
arc  tr lily oscillatoiy, vartation of tile paramctcrs wh~ch  ctelirie 
an oscllliltion can cause it to change into the sum of two simple 
motions in each or which thc ~ n i ~ ? l i t i ~ ~ I c  eitl~cr grows 01' ~ C C I . ~ I I S C S  

continuotisly. If both the components dccrcasc a convclgencc 
back Lo the u n d i ~ t ~ ~ r O c d  condit~on 1s obtained. Ot l ie~w~se  tlie 
resultant elfcct is a continuous clcpa~ t i~re  o~ dive~gcnce I ~ o m  the 
initially steady state. A simplc divc~gcnt mot~on  is of corltsc 
usually a sign of static instab~l~ty. 

I n  tlic case of Iiytlt ofo~l  1)o;lls tlrsl~lncenic~~t ill  ( 1 1  , I I I~!II~ II<IC, 
v c ~ y  irnportanl cfTcctr, '~nd  tlic C ( I I I < \ ~ ~ O I I C  will in ptinc~plc g ~ v c  
two osc~llntions and a singlc component subsidence or divc~gc~lcc. 
111 pracllcc, however, tlic effcct of change in forward speeti can 
111 most rcspccts bc neglcctecl, and two osc~llat~ons arc obta~netl. 

So far it has been tacitly assumcd tliat tlie behnv~our can be 
conriidnrcd it1 terms o f ~ m n l l  asaillnl~on tlicory, In t h ~ e  tha Ryntcn? 
is tttken lo be :I conscrvativc o ~ l e ,  in tlial no encrgy intc~cl~angc 
with external sou~ccs occurs, ancl tlie aniplitudes arc dnectly 
p~oportictnal to the ~i iagn~tudc of the i ~ i i t ~ : ~ l  d ~ s t ~ l ~ b n t i c c  Tlie 
n i o f ~ ( ~ n s  X I I C  11111s ticsc~ ~bctl by I I I ~ ~ , I I  d~lTcrcnti:il ctltt,tt~o~i\ 

In the casc of flying boat pol potstng, sniall osc~ll;ttroti theo~  y 
Iias proved valuable 111 cxpl:lrn~ng the approxrmate loc'ition of 
atttt~tcies below which tnstabtltty occurs, birt the acttral osc~ila- 
tions cxhibit tlic cliai actertstrcs appropriate to  n o n - l ~ n e , ~ ~  
differci~tial equ;ttiocts. I'hcrc are, for example, lintil cycles of 
defirt~tc amplitude. Vcry small drsturbances nlay damp out or 
increase until a sleady 111nit cycle condition is attained. l arge 
d~stulbanccs decay until tlic sanic limit cycle is agclin reachcd. 
'1 lie nature or tho tlistilrbnnce, bow tip o r  tail up, may iltt'cct thc 
subsequent staixl~ty. 'The system 13 In fact non-conscr vatlbe, 
cncrgy being suppl~cd from the forward motion, which e u l i ~ h ~ t ~  
a fluctuntion i r i  spccd. 

'I lie stability of :I liydtofoil boat in general approximates mole 
closely to  small osc~llation type becausc In princ~pal h y d ~ o f o ~ l  
lift arid niornent cha~actcriaticr are rnore si~nply related to 
a t t~ tude  and draught than is tlie casc with planriig surfrlcec. 
'Tli~s is especially true at  high speed, but may be less true of 
laddcrs o r  Aquavion type ski-Toll c ~ ~ i i b ~ ~ i a t i o n s  than of s~tnple 
hoops. 

A nlajor diffcrencc bc(ween a i ~ c ~ a f t  and hydrofoil bo,lt 
c t i ~ b ~ l ~ t y  is the cut off of force5 and ciiomc~its i~nposcd by tlic 
sulface of tlie water. Once In the alr the craft behaves v~rtunlly 
as a mi\srle u n t ~ l  the hydrofoils entcr tlke watcr again. Fig 18 
shows n rather acaclcm~c condtt~on obinineti on tlic elcctio~i~c 
itnnlogt~e computer of the Satrntfets-Roc Compiitct IJepat tnieri!. 
A rirnple ski-foil is s~~bjccted to the forcing oscrllatton sl1own. 
rcprcsenting encounter with a uniform chain of waves. Altho~tgli 
the system is stable, irnpact a t  a critical point on  tile nave 
surface causes the ski-foil to s k ~ p ,  but the lcngth and ompl~t~rrle 
of the skip vary, tendrng to die away and then regeiieratc as ,t 
pal ticiila~ly urifavourable re-contact occurs. The behavroi~t 
shown arises from coincidence bctwcen a mtiltiplc of thc forc~llg 
frecl~rcncy and tlic natural frcqucncy of the system. I t  w~ll  t 1 i 1 1 ~  
be seen that in periods wlle~c the skipping amplitude is b u ~ l d ~ r ~ g  
1113 thc lcngth of each r k ~ p  cquals a wltole n ~ ~ n i b e r  of wavclcngtlis 
'The major iritcrksl of thc computat~on is that, altliougli not 
shown here, tlie record contained a n  appreciable perloti subsc. 
quent to  the statt, in wfiich l~t t le  response occurled. When 
finally a critical phasing of the craft and. fo~cing mot~ons alosc, 
the larger rcsponses illustrated ~csultcd. Tlie qu~escent pc~iotl 
of sucli a run can often be equivalently greater than the Icngth 
of a towing tank so tliat co~iipt~tcr  ~nvcstigat~o~ls wtll immed~'~tcly 
show up  coridrtions tliat may take a scrles of tank luns to disclose. 

Tlie cxample just discussed lnvolves response in waves, not 
inherent stability be1.1avtour In call11 water. 111 the latter case, 
provided that instab~lity is not severe, the nio(ioi1 w~l l  conttnt~e 
without the hydroroil? lcaving the watcr for a suflicient per ~ o d  
to o b t a u ~  its defining character~st~cs. The surface cut off con- 



T H E  I-IYDROFOIL BOAT; ITS E-IISTORY AND Fl iTURE PROSPECTS 

P E R I O D  - S E C  S 

1-K. 18.-f ~I-A\)E ItI<S120NSE 0 1 :  A IlYl)l<t~l:Oll, O N I T  I N  A Itli<;iiLAl< WAVE 'I'ItAIN, 0fl . l  A iNl ( I1  O N  AN t:i.liC.l~RONI<; ANAl.(X;tJl'. COMI'II'I'IIK 

cii(ic~rl introd~rcctl into the computer for tlie l>rcvious exanlple is 
then unncccssnry, tuncl simplc small oscillation behaviot~r may 
be adequately descri1,tive. 

11nlay(~) describes a l l ~ ~ ~ n b c r  of results of hydrofoil dynamic 
longit~~dinal stability calculations, using small oscillation theory. 
Simple tandeni systcnis were assn~ried and some cases of par- 
ticular interest are shown in Fig. 19. The hytlrofoils were fully 
s:~bmcrged, but without incidence control, and had zero 
dihetlrul. Tllere were three different distr,ibutions of area 
between the front and rear members. 'The longitudinal spacing 
was eclual to ten times the chord that was appropriate to the case 
of equal area back and front. All cases had the sanlc total area. 
L)ownwash at the rear foil due to tlie front foil was taken to be 
zero, b1rt another calci~lation assuming downwas11 showed that 
its main effect was to slrift the rear bounciary of the stable region 
forwarcl a little. Downwash is not in general as important a 
consideration as  in the case of aircrhft because of the greater 
clrorcial spacing and the cn'ect of gravity iri restoring a free level 
of water. 

The stable range of CG locations extends from tlie front foil 
back for about half the "wheelbase." T'llc natural C(; position, 
giving approximately the sarne loadings in lb. per sq. ft., front 
anti rear, lies most squarely in the stable range for the case 
where the front foil is largest. The stable CG positions that 
exist right forward require the rear hydrofoil to give a down- 
load, and this is quite l~nacceptablc in practice, because if it 
conies clear of tl-te water d ~ ~ e  to a disturbance, the craft will 
topple over on its nose. 

Thc coniplete investigation reported iri ref. 9 inclicates that 
for stability reasons the "wheelbase" shoiild be as large as 
possible. Dilleciral is important for providing a n  adequate rate 
of change of lift wiih draught in the absence of mechanical 
i~rcide~lce control. A low location of the centre of gravity is 
sligl~tly advantageous, and reduction in the pitching radi~rs of 
gyration increases the stable range of CG positions. 

111 aeron;~~ltics lateral or directional stability, as it is often 
called, involves a coupling of rolling, yawing, and sideslipping 
motions, defined niathematically by two nio~nent equations and 
a trnnslatiorrai equation respectively. Angle of yaw is angle 
clue to  rotation about an axis perpenciicular to the craft plan- 
Sorrn. Angle of sideslip arises from a sideways translation in 
conrbitiatiorr wit11 u l'orward speed. EfTccts of fli~ctuatiorl i n  
Ibrward speed are ~ L I I I L I  to be negligible. 'Slre solution of the 
equations con>prises in principle one oscillnlion and con- 
vergences o r  divergences. The oscillation is a D ~ ~ t c l r  roll with 
a period of about 5 scc., i~lvolving both yawing and rolling 
components. There is a rapid convergence in roll, called roll 
da~nping, which decays in a b o ~ ~ t  a quarter of a second. Finally, 
there is either a divergenl wander olT course, leading to a spiral 
motion, o r  a convergence taking, say, 30 sec. to half amplitt~de. 

Vcry little has been pu'olislred on tlie dynamic later;~l stability 
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of hydrofoil boats. A heeling rnotion can occur both in full 
scale and in nloctel tests, btrt the importance of coupling between 
this ant1 yaw or  sideslip has not been reported upon. 

11 wo~~lc l  be very interesting to make a comparison between all 
tlic main Irycirofoil systenls using an analogue computer. 
Colipling between longitudinal and directional stability is in 
general unliliely to  be important, and it nright be possible to 
treat heel as an uncoupled motion in some cases. The number 
of degrees of frecciom to bc allowed for in any particular calcula- 
tion are quitelnanageable on a computer, but can be excessively 
lahoriolis by ltancl calctllation because of the additiollal corn- 
plication of variation of lift and rnorlient with draught, which 
is absent from the aircraft case. 

Aeration and cavitation will sornctimes be important. In heel, 
for example, downward vertical velocity on the sid6 rolling in 
will increase the efrective incidence, and at  high speed the increase 
can 17e eno~lglt to cause extensive cavitation. This will make the 
variation of hytirofoii lift wit11 attitude quite tion-linear. 
Unfortirnatcly, n-ioclel tests are not representative in this respect 
either, ~ ~ n l e s s  undcrtulten at  full-scale speeds, which is rarely 
possible in ci systernutic way. Watcr tunnel tests cat] give basic 
vurialions ol'ltyclro~oil liSl with atlil~iclc ancl so I'ortlt, but cannot 
s t ~ ~ c l y  the motion oC the colnplete syslcm. C o ~ ~ ~ p i i t e r s  cat1 allow 
for non-linearities, and perhaps niorc importantly they o f e n  
indicate lincar approximations which prove to be adequate for 
ctesign purposes. Calctilations using analogue cotnputers where 
possible aiici tlle best bitsic infornintion available are considered 
to provide tlic most promising syste~natic approach to the 
problc~n of aclricving satisfactory stability in the presence of 
cavilalion. 
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hloclel 'I'est Work at Saunciers-IZoe irt conncctiot~ with tlte 
"Bras (1'01" Project 

( ; ~ ~ t l ~ ! t ~ l l l  

Earlier sections of this pnper Iriive indicittcd thc inil,orlance 
of research on liydrodynamic ~ i~udc ls ,  for tlie successful dcvclol,- 
illelit of o hyclrofoil systeni.' S~ich investigations can be nrtcicr- 
titken ni~lcl! more econo~iiically, rapidly and syste~iiatic:tIly than 
is possible ~~nclci- full-scale conditions. 'The experirncnts arc, in 
g e ~ ~ c r ; ~ I ,  C O I I C C ~ I I C ~ ~  {lot only with rcsisti~l?ce and propulsion con- 
sitlc~.atiorts, but with tlyr~amic behaviour in all its aspects. 
I lydrofoil sections are tested in cavitation tunnels and complete 
liyclrofoil utiits are r u ~ i  t ~ ~ i d e r  cavitation contiitiorts in very 
high speed tnnlts, 

Altholrglt tlic model worlc is so uscf~~l ,  tlie coniplexities of 
cavitation, propi~lsion intcrferencc, tlic cfrects of practically 
ol)tai~iablc 1iydrorc)il acc~~rocies and surrace finishes, ancl sea- 
wortltiness in rantioiii sea cotlditio~ts, require trials to be made 
111) to SLIII scitle clesign speed on a craft wltich carries a crew. 

These remarks will be illt~stratccl in this scctioit by referetice 
lo some aspects of tlie extensive model invcstigatioris lrtaclc by 
tltc staff of the Sa~rndcrs-Iioc tcst tarilts in connection witli the 
HI.N.S (1'01. project. These tanks arc loc;~ted a t  Osbornc, lslc of 
Wight. 'The work took as its point of departure extensive full- 
bcaic trials that hat1 been made for several years previoclsly by 
tlie C';tiiadian Dcrctice liesearch Board at its Naval Iicsearcli 
Iistablishrnc~~t. 'These trials eniployed a 45-St. craft of 5 :  tons 
ciisl,lace~itent, ntountctl on Bell-Baltiwin ladder foil ~rnit!;. 

Before discussi~ig [lie ~nodcl tests, brief further reference will 
be made 10 tlic f11ll-scale craft. In Fig. 20 it is sllown prior to 
lat~ncliing and ~~ndergoing l)rcli~iii~~ary functioning trials in tltc 
Menai Straits. Fig. 2, referreci to at the begirtni~ig of t t ie  paper, 
incl~lcles a~iotlier view of the trials. 

Art ~ i n t ~ s u a l  feattire of tile Biu.v (/'Or is the e~iil)loyme~it of a 
transmissiolt systern conipl'ising a horizontal ~~;rcclle mounted 
at tlic lower cricl of a single large str1.1t positioned amidships. 
Right-i~ngled bevel gear transntissions, locatetl within tlte s t r ~ ~ t  
and  n;rccllc, drive ~,ropellers at the ni~ccllc extremities. 'T'lic ;if1 
propcllcr is a "Iiotol" controllable and rcvcrsc pitch trnit. 'This 
propt~lsion syste~ii was :tiiploycd so as to keep separate the 
bcliavio~rr of the Iiydrofoils ant1 the method of powering. 'I'lie 
orlhoclox solution, wit11 an i~iclincd shaft nncltored to tlre rear 
foil illlit, introduces consitlcrable interference between the sl~al't 
and propeller and tlie rl~dcler hydrofoil unit. 

The nuli1e Brc~s ( / 'Or  was clioscrl by tlic Canatliwns to cont- 
~iic~tiorate the piotteer work oti Iiydroli~il craft carricil otit by 
the 1 3 ~ 1 1  S;~~iiily. I t  is the Iiitltie or n lalcc in Nova Scotia wlicrc 
111c Bells liucl a pe~.lnane~lt home anci dirl r n ~ ~ c h  of the original 
w o r k  O I I  tlie Dcll 13altiwin systeni. I t  was here, in 1919, tIi;~l 
tlic 11 .1 ) .  4 became the 1;1stcst 110;1t i l l  the W O ~ I C I .  

I ort~~rtg 1 r r t ~ l t  7 i . ~ f \  

Altogether ' l b o ~ ~ l  20,000 test runs o n  models of tlic 8tu . t  (1 '01 .  
Itave beer1 made in the three tcst tanks, 1.1iost of the111 being in 
the towing tc~riks. 

Ilesistancc, spray behaviour, stability, and response i r r  regular 
iie;~tl a~icl following seas have beer1 investigated o ~ t  a n~rri?ber o f  
~iioticls. 11i1puct accclcratioris have bee11 tiie;~s~~red. The upper 
pictures of Fig. 21 show n one-fourteenth scale model under test 
in the No. I towing tank. At Ilie top tlie craft is tri~iiming LIP 
for take-otf and tlie front foils are lifting the bow alrnost clear, 
111~1s giving a very clean spray pattern. 'The next pict~rrc shows 
;I liigli-speed rill1 witli one foil ftrlly intmersccl anit the next or1e 
ill> just tot~cliing tlie water. 'I'iie absence of irnniersccl s t r ~ ~ t  foil 
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.junctio~rs, at liigli speed, gives u goocl lif-to-drag ratio. 'I'he 
level triili 1nc1 low spr;~y ;tricI witkc will be observecl. In  tliese 
tests t l ~ c  o-nf1 is frec io rise ancl trint ant1 is of cor-sect scnleii 
weigltl a n d  i~icrtin. 'I 'lir~~st monierit is representecl, ! 

'I'lie towing tests Iiavc pr.oved part ic~~la~. ly uscful in silldying 
response in n wick variety of wave co~iclitions. 'rhc tr;tliso~n 
wiiltli and  wicle s l~onso~is  e~iiployed or1 [lie full-scale craft were 
clcveloped, i i i  coti,jt~nction wit11 tfic cietailecl clcsign of tile foil 
tiltits, to give goocl follctwiiig sc ;~  bcliaviot~r. 



T'hc fciices o n  tlie Iiyclrolitils sltown in I'ig. 21, wlticli restrict. 
aeration, wcrc developed witli regard to position, sli;\l>e, :trid 
;tl ig~i~iie~it by model investigations. 

'I'ests liavc also been niacle, on :I series of 111otiels of v;lryi~ig 
scalc, ofcoml>onents such as isolated hydr.ofoils, liyrlrofoil units, 
and propulsion ~iacellcs and suplx)rti~lg s t r ~ ~ t s .  S11cl1 r c s ~ ~ l t s  arc 
important for checking tlcsign estimates of lif l  a~tcl drag and for 
provicling tllc v;trintions of lil't with clrai~pht :111tl : ~ l t i t ~ ~ t l e  ncccssary 
for making stnbility calc~~lat io~is .  

'1io.rrir~ 7bsf.s irr lhcj I;i.rc. Alcorc~ri~~r.il~,q '1ir11X 

'T'lic lowest pictitre of  1;ig. 21 sliows low-sl)ccd t11rni11g lests 
o ~ i  a self-propclletf ~iiodcl in tlie fr-cc n ia~~t r t~vr ing  In~lk. 7'he 
deck and S U P C ~ S ~ ~ I I C ~ I I ~ C  are ct~~-rectIy rc~re~e~i fcc l  ill tliis ~iiodcl. 
rT'l~e craft was tlrivcn by a snlall electric nlotor via ;I rcp~.ese~itativc 
bevel gear transniission system. Various rudticr :~ngles ;uttl 
rates of application oT rudtler- wcl-c investigated. A tlctailetl 
;rn:tlysis of turning bc1l:tviour was ol?t;tined f1.or11 lilriis. Tllc 
cameras wcrc so itositionecl above the level of tlic t:tnk tIi;lt :I 

pictt~re seqircncc of a turn coirltl he srrperintl)osctl ctn a stanci:trd 
pcrs~-Jectivc grid of the rttaritcirvring are:%. 

7fhc t a ~ i k  tests were st~~~l)leri~cii(ccl I,y riivcsf~g~ttto~is 111t0 file 
heliaviour of n 1;tr g c ~  r:icl~o-ctrnt~ oiled ~iiotlel, wli~clt was ctpc~;~tcci 

at sea up  to speeds of more Illan 20 Itnois. The craft II:IS hccri 
used to obtnin aciclitionnl eviclcnce on known scnlc en'ects and 
to cxarnine hehaviour in ~iiorc complex seas than those gencrtitecl 
in the tanks. 

'I'llc model is actl~nlly lo scalc Il4.4, but Tor sirnplicify is 
generally rcTerrc<l to as of "ll4 scale." Several views of i t  are 
shown in Fig. 22. Very ci1rcfi11 attention to s t r ~ ~ c t ~ ~ r : ~ l  :ind 
i ~ ~ s t r ~ ~ m c n t a t i o n  tlcsign was necessary in ortlcr to acllievc it 

correctly scaled wciglit. 'I'lic power plant was the Iie:tviest sinxlc 
itcnl, :Inti very Tcw engines hnving a suitable power-to-wciglit 
ratio were avail;rhlc. 'T'lle single-cylintlcr J.A.P. 250 c.c. racing 
unit, ni:~nuf;lctured by J .  A. I'restcviclc Intlust~.ics I.td., w;ts 
li~lally cliose~t. 'I'lle Arna1'T.T. racing carburettor, \vl~icli l~rovidcs 
an ~~~tobs t ruc ted  chokc t ~ ~ b e ,  was modifiecl for the tests to allo\v 
Tor clianges i l l  craft attitude and flooding ;tssociated \\,it11 

vibration. 'I'lic petrol-to-air ratio was kept within acceptnl~le 
limits by replacing tlie stanciard sirtgle float clianiber by two 
idc11tic;tl units loc:ttecl fore a n d  aft on oppositc sides of, arid 
ccluidistant from, the ~tiniri jet centreline. They were moirntetl 
on the hi111 str~tcture to isolntc them frorn the engine and this 
co~tipIeteIy ciiniinatecl Ilont ho~trice arid the ;tttcitci:trtt Ilootii~ig 
attcl over enricl~rtteiit. 

liaclio control of the tlirottle slitlc w:ts cKectctl by itienrls of ;I 
servo nicttos. M;tti~inl cot~trols werc litted ltlso for level r~~niiiilg 
and tctr~ii~ig wliilst afloat, prior to switcltiltg over to rzttiio control. 
The ignition coi~trol was arrarigecl to "fail safe," so tltnt tile 
engine woiild ;\utornaticolly cease r i~~ining if  rntlio contact \vrls 
lost. In addition, a time switch wns includetl so that i f  tlic rel;iy 
did not disengage after de-cncrgiri~ig, (lie uncoiitrolled Icrigtl~ 
of run woulcl be co~nlxiratively sllort. 

'I'lic t~.ans~ilission systcrti was simple, h t ~ l  req~ri~.ed c:treftll 
crigincering in ot,dcr to combinc lightness wit11 tlic ability to 
t ra~isn~il  relatively high power. Tlic crlgine crattltshaft was li~iltetl 
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1) ihe main transmission :isse~nbly hy a chain drivc a~rd  a sil-nple 
,j>i.ir-~g-loaded cone clutch was used to isolate the engine during 
t s t i ~ g ,  'I'he clutch o ~ ~ t p u t  sli~rft drove bevel gears incorporalet1 
11 ;I torclue tlynir~nonrctcr and tlielicc two sets of innin iixns- 
~ti.;sio~r be\icI years, wllicli turnccl llrc sll:ifliny i l~ rougl~  r'iglrl.. 
i~iglcs at  tllc top aritl bottom of tlie propulsive strut-.nacelle ~iliil. 

The 17ropcllct-s were ~ n a d e  in manganese bronze by llie Ship 
l)i\ibion, National I'1tysic:iI 1.aborator.y. 'Ihe aft unit, which 
 is ofali extrertx high-speed s11l-r-cavitation cicsign recommended 
by I'~.oicssor 13urrill, tviis bt~ilt in tlie form of three separate 
i~l;iiles. T'liesc cotild be locltcci i t i  clifi'crertt positions on tltc I~LIO, 
io siiii~iliitc tlic various settings of the f~tll-scale controllable 
pitcli ~ > ~ ~ c ) ~ ~ c l l c r .  

i\ scpar;ite shaft li~lkeci by ch;iirl drivc to the engine drove LI 

1iicc1i;inical clutcli 11nit wliicli engaged with the rl~dclcr I~ytirofoil 
, i t  [lie commantl of clcctricnl ~.cl;ry circuits ancl provieled steeri~ig 
.~ciion. 

'l'lic instrumentation systcnl was designed around a type A. 22 . . 

iiii11iat~11-e recorcier man~~facturcct by the SocibtC dc Fabrication 
~ ~ ' l ~ i s t r t i t ~ ~ e n t s  tlc hlesure (S.F.I.M.). This instrument rises 
potcntio~i~cter pick-ofrs and rutiometric indicators, which make 
i t  irldcpeiiiicilt of Ructriations in supply voltage. Tlie same 
psinciples were tl-iercfore retained in additionrtl special ciytia~no- 
iiictcss that were manttfactirreci by Saundcrs-lioe (S-R). 

'1-lie fol lowi~~g table list.; the vnriables recorded and the 
iiictl~oci of mcitsuremc~it uclo~>tecl in each case. 

\c~.iical accclcrirtion S.1:. I.M. Accclcromctc~. t~.anscluccr and 
S. l:.I.M. ratiomctcr recordel.. 

;\~lglc of I~ccl . . S.-It. peneluluin fitted in S.I;.I.M. 
rccorele~-. 

I S I L I I ~  . . . . S.-Ii. probe, aucl galvanometer i n  
S, t:. I. M. rccorcler. 

Itiitc ol' ~tirii . . S.17.1.M. r;iic gyro nii(l S.1-:.I.M. ~.utio- 
1IIclcr rcc~rcIer, 

'I\ alcr sl)ccti . . S.-li. log driving u corltaclor, and cvenl 
marker i n  S.F.1.M. recorder. 

I 111.iist . . . . S.-li. cly~tornomcters and  S.F.l.h4, ratio- 
111ctcr rccorcIcrs. 

' I  I . . . . S.-I<. rlyna~nunictcr alltl S.I;.I.M. ~.atio- 
meter rccorclcr. 

t-~iyiire rcvolutioiis con lac lo^. 011 C I I ~ ~ I I C  ;IIIC[ eve~it ~ ~ i a r k c r  i l l  

S.F.I.M. rcccirdcr. 
tl~tiitlcr angle . . Potcntio~iietcr. and S.F.I.M. ratiomctcr 

rccoreicr. 

I)r;i~iglit was rtic;is~~reci i ~ y  mcaiis of ;I series of  robes locateti 
; i t  llic leading cclge of tlie tr:insmission st1.1.11. Wlicn the crnft 
\ \ ; I S  at ~ x s t  a common electrode was sliorted to 2111 tlie probes by 
I t  I .  As the 11~111 rose, the nl~lnbcr of resistors in pwr21llcl 
~lczrc;iscti irn~l ;I g;ilvirtio~i~ctcr s l io~~cel  a dclinitc step ~ I I  ~.ccorclirlg 
i'or c,icli rcstrlti~lg cllange in cur~ .c~ l t .  

.l'lic t l l r ~ ~ s t  dy~~iuniometcr cornpr.iscd a spring ~ i h i c h  was corn- 
pl.chsc~l by a linkwork systerir trpertitetl by the movc~nenl of a 
tl~ritst collril. on the propeller shaft, the travel being proport io~~al  
io the Ioiiri. 'The spring inotioll was transferred to n poteritio- 
iiictcs picic-off. A similar type of tlynar-uotneter was ~tsed for 
iori~itc ~i~i ' i is~ircnrc~it,  the movcli~ent being trans~ltittcci f'roii~ u 
spcci;il tol.clilc box contiii~iing tlie rlyi~it~notitctcr bcvcl gc;ii.s 
al~'c;~cly ~iiclitioiicd. 

A six-cl~anncl radio link belwecn the craft and the control 
basc W;IS used, each signal channel consisting of ;in aiidio 
l'~.ctl~icncy oscillator, tlle frequcncics varyi~lg between 2 . 5  ancl 
h , 9  ltclsec. 'Tl~cse were inil~~.csscd on a 27 nlc/sec. ckirrier wavc 
iri tlic normal way. Tlliis tlie com~nand signal receivecl a t  tlie 
lnodcl wirs a cornOi11atio11 of audio tones which were separated 
iiito the appsopriate components by Incalls oT a liltcr unit. 

This opcrutcd tlie relays whicll energized the c o ~ ~ t r o l  acluators. 
'The scp:irate oscilliitors were operalccl contin~~ously, with 

their o ~ ~ t p r ~ t s  cortnccted to tltc tra~lsri~ittcr bttl sl~orted to earth. 
Opci'atioli or tl~c~approl>riatc partel co~r(rol re~novcti tlic shortii~g 
l ink :~rrtl tllc sigiial was L1~a1isniii1cc.l. 

The six cllu~i~icls were cml)loycd 21s follows: 

lg~lition. . . . Onloff switch 
Recorder . . Onloll' switch 
Throttle . . 'f‘wo chitttncls 
lit~cider . . . . 'Two cll;tnriels, port unci starboaril inovernent 

The powei- sol~rcc in the n~oilcl was ir 24-volt secondary battery 
system cotnprising :I bank of lightwcigllt cclls using silver--zinc 
reuctioli. 'I'lie cclls c~nl~loyctl arc n lan~~f ; ic t~~re t l  by Vcnner I.ttl. 
uiidcr licc~lcc to tlie i-\ntll.C Y;irclncy systc~il. 'Tllc above sysle~ti 
weighs o~i ly about 9 111. as compared will1 i i b o ~ ~ t  42 lb. for a 
24-volt, I5 arnpc~.c-hour, aircraft battery of similar capacity. 

?'lie Place of I lydrofoil Soats iu t l ~ e  Vel~ictilar Vieid 

So krr this paper lias consicierecl the history a11tt design 
problenls of hydrofoil boats, ;irtci socnc ctirrcnt activities con-; 
cerning siicli craft. Their pliicc in the gctteral field of transport 
and their lil<cly ft~tul-e will iiow be disc~issctl. 

Ideas co~ttainccl ill the lecture "Whal l'ricc Speed?" by 
Gabriclli ant1 vo11 l<ar~lian,(~") have been 1;ilten as  a basis Tor 
argitmc~it o n  the co~lipitr;ilivc ~ncrils of tlilfcrcrtt forliis of 
tr:insport. 'I'llcsc itlcas Iiavc I)ccli cxlcrrclcel Oy 1>r. I<. S .  M .  
L)avidson. 

'I'lic left-lrancl cliagrarn o f  I:ig. 23 shows c~tvclope curves of 
rn:ixiln~~lii sl~ecd i l l  knots ugair~st instnllcel horsel)ower per ton 
for v n r i o ~ ~ s  types of rnarinc craft and aircraft. 'I'herc will be 
many less elticiciit craft of ally given type, lying to tlic left, but 
11ot to tltc riglil, of tllc corrcs~~o~itlitrg etivelope. 'I'hus l l ~ c  
eiivelol>es ~.cl)resoi t tlic i i t i i i i i t i t ~ i i ~  spccilic ~>owcrs recl~~ircil to 
rcacl~ iirry pivcn sl)cccl alttl tlicri~selves ticlinc a bottriclary ctirve 
of rather coml)licntcti sli;tlie shown as a dasllctl linc, ancl also 
;in overall "s1)cccl limit linc" which is st1.aigIi1 and gives co~i -  
ditions t11;it orily llre best of the spccilic veliicle curves apl,~.oach, 
ancl thcn o~ily over slrorl r;ingcs. 'I'lic area I)clwccn tllc dashctl 
and cllain-dol liircs, 1,011gIily 11.iiing~rlar in slinpc, is a challenging 
one for rn;rril~c c ~ ~ ~ l l  ant1 :iircrali. Sorrlc liili(i veliicles conle 
witlli~i it, for cxarnplc a~ttornils ;it 65 ki~ots  for a b o ~ ~ t  6 . 5  h11 per 
ton, a~i t l  111oto1. curs at 70 lirlots for 30 l ip  per ton. I<ailways 
arc extrerncly cliicient and coiitc to the right even of the spccct 
lirnif line, ktr exitirlplc tlicsel-electric trains curl ncliicvc 95 ltitots 
for 4 lip per toll, :iiicl Iirrye A~~~cric;ttr freight trai~rs 50 Itnctts for 
I l l j l  pel' toll. 

'r'lle only nt~iriric ci.al't or :iircr~afl within the triangle is the 
:tirsl~il~ (rtot sI1ow11) ;it, say, 60 kliots Sur 20 lip per toll! 

'I'lie c i~rve for Iiyd~.ofoil craft sliows to better advantkige tliall 
t11i11 I'or ~) l i~ l t i r~g  cri~l'l, 21s wor~lcl be cxl)cctccl froni prcviot~s 
cliscussiori, 0111 at tlie low s~~ecr l  cricl tlicy 110th Ilattclr b;~clly ancl 
above 50 It~l<)ts tltc power rccjt~ircnre~its fiivour aircr;~St. l'lle 
low spcecl Iliittcning is riot surprisiitg, since neither pl~ining craft 
liar I~ycll'oft)il bouts arc very st~itable for c o n t i n ~ ~ o ~ r s  ogcratio~l 
:it s~teli speccls. 

The iiitlic~ition t11;it 5 0  knoLs is a n  tipper li~nitirig speed for 
Iiydrofoil boats is ilitercsting biit by n o  nietins cot~cltisive. 'I'he 
rigl~t-IILIIILI tIiiigi,;il~i of l:ig. 23 sI~c)ws t l i ; ~ t  :il>ove L I ~ ~ L I ~  35 l i 1 1 O t ~  

inslallctl I ~ o r s e [ ) o ~ ~ e r  1)et. 1011 ~ I I C I . C ~ I S C S  iil~iiost ;IS tlte c r~bc  ol' 
rliaxirnum speed. 'I'liis of course corrcspo~~ds to variation of 
rcsistallcc iis speed scluarccl. I f  the resistarlcc remained constant, 
as ideally it niiglrt, csl)ccially i T  air prol,l~lsion were used to 
eli~ili~iate apl)clidagc drag, then the dcvelopmcul trlarkecl V i n  
the ligt~re might he possible. This indiciitcs a maximum speed 
at  whicli Ityclrofoii craft coi~lcl Ilavc a better power rcquircment 
than aircraft o l  iib0~11 100 k110ts. I f  ~ C S ~ S ~ ; I I I C C  i~lcreiised l i~~eu~:ly 



MAX.  SPEED - K N O T S  MAX. SPEED - KNOTS 

Fl<i. 23.----'l'lll: I1OWl<R SPl.I'l) Wl.l<;ln' RBI .AIION !:OR SIIII'S AN11 AIIIC'RAI-l '  

with spccd, the v2 curvc w ~ u l d  apply ;uitl tlic gain conilx~rcct 
with current practice woulcl not bc substantial. The 50- to 
100-knot spced range could only bc acl~icved by thc successf~~l 
devclopnient of super-cavitated hydrofoil units, and pcrhaps air 
ventilation devices. 

Fig. 24 shows the boundary c ~ ~ r v c s  of Fig. 23 in :1 rathcr 
tlirrcrent form. 13y plotli~ig W V"l1 P (W in tons, V in knots) 
the speed limit line becorncs Iiori7,ontal a t  a valuc of aboul 750, 
shown herc as the top of tlic graph. Thc nicrchant ship curve 2: 
approaches this value at about 18 knots, whereas for aircraft ' 4p  

the tangency poinl is nround 500 knots. In betwccn tlicsc two 
speeds the o p t i ~ ~ i u ~ i i  power reqt~irements can reach up  to 30 
times the values given by W v2/1-1 P :- 750, and tile worst con- 
dition occurs in the region of 50 knots. 'I'his spced is th~ ls  :\ 
fu~idamentally critical one for travel ill air or water. 'I'lie 
diagrati~ also shows conditioils a t  coilstant 71 L,/I3, wliere 11 is 
a n  eficiency factor given by, e.g., elip/(installed lip):-- 

7 L/n equals 6 .9  ? /V 
1-1 I' 

Thus for the merchant ship and acrop1;ine contlitions just Iiieri- 
tioncd it is 288 and 10.4, respectively. 

An "ideal" v a l ~ ~ c  for 7 L,/13 at 50 knots, giving a veliicle on , 10 2 0  3 0  4 0  5 0 M X ) B O P O I ) O  KO 3 0 0  4 0 0  5 0 0  005, 

thc speed liniit line, woulct be 104, whicli at a n  71 of, say, 4 would V -  K N O T S  
r c q ~ ~ i r c  a n  LID or  about 200. 'This shows how far ally prcse~itly 
envisaged ~iiarinc craft or aircraft are from such a targct. It is, IT1<;. 24.---L./D R I : ( ~ ~ J I I ~ ~ M I I N . I - S  I N  "C:I<L.~ICAI. .IIIIANGI.I." 

howcver, interesting to consider what performance might in d l ~ c  (W and  V in tons and knots respectively.) 
coursc have bcen obtainable with hydrofoil boats. A civil air- 
liner ct111 Iiave ill1 I d / l l  of about 15, and a sinlil:lr valite sllould pulsion systems can have eflicicllcics as high as 70 per cent al 

thus be obtainable on a hydrofoil. In fr~ct, such L,/r>'s have a specd of 30 kllols (e.g. tlie Supramar boat), and considerably 
already becn achicvcd on sniall rescarch craft. Marine pro- larger values are possible at  high speed, using air propc1lel.s. 





These two values in conibination give an 71 L/L) of 10.5, which 
crosses tlie aircraft boundary a1 130 knots. IT a n  even more 
extreme but perhaps not iti-ipossible T , / J l  o r  21 .4 is taken, tlicti 
7 l,/D is IS, and at  this v a l ~ ~ c  tlie liydrofoil boat hCis a lower 
specific power rcqu~rement than aircraft, a t  all spectls. 

A recent paper by Dr. 13avidson('~) predicts that deeply sub- 
merged sub~narities inay ultiriiately liavc pcrforniances i ~ ~ t l ~ c a t c d  
by:-- 

W VII I I' -- 12.5 ilt V/A'16 - I I 

'l'hus taking A tons 10,000 20,000 40,000 
then V k 1 1 c ) t ~ -  51 5 7 64 

W V2/ H 1' - 640 710 800 
'Tlicsc lesults approach tlic limit line in the 50 knot rangc! 
I lowevcr, this is anotlic~ q to~  y. 

7 ' 11~  Ii'utiirc of  Ilydrofoil Craft 

The somewhat visionary obscrvatiotis made in the final 
paragraph of tlie previoi~s section i t ~ c  hcrc hllowcd will1 a niorc 
sober appraisal of the l)ractical possibilities and applications of 
thc hydrofoil boat in the i~n~ricdiatc future. 

Opcratiotlal drrtieq for which hydroSc7il c~al'l liavc al~catly 
reached a stage of developed dcsign ale  illustrated by Fig. 25 
and a le  listed below. 

I .  Fast passcngcr ferrics on lakes, rivers, canals, and coastal 
waters. 

2. Coas tg~~ard  ;lntl C':r~sto~ns Iaunclies, police boats, lirc 
launclics, air-sca r:escuc craft, and  worlc bo;lts. 

3. Sl7orti11g illid pleasurc cr;lft such as fast run;tbouts and  
boats for use in water ski-ing. 

T l l e ~ c  ;Ire also obvious service uscs. Such craft co~~lcl  be 
~rtilired for transportation purposes and fast patrol and ; i s s ;~~~l t  
duties, For  the latter-, existing hydrofoil systems niay be suit- 
able. It  is clninicd that pressurc ~iiiries arc inscnsitivc to the 
passage of foilborne craft. 

As more hydrofoil craft come into service anti cxpcriencc of 
lia~idling them in rougl-i seas and narrow waters becon~es widc- 
spread, t l ~ c  tloubt and distrnst with wliich they arc sometinlcs 
regarded will disappear. 'I'lic Baker, I look and Call sysleriis 
arc illready markcled i l l  the United Stales, for usc on small 
pleasure craft, a n d  such an application of si~nplificd V C ~ S ~ O I I S  of 
tlic Supramar and Aquavion syste~iis is cclc~ally feasible. 

A most important factor in incteasing tlie utili7ation of h y d ~ o -  
foil boats for n-iorc serious purposes wo111d ~~l-idoubtedly be the 
provision of a disposable load greater than tlic value of about 
25 per ccnt all-up weight a t  jxcse~it obtainable. As aeronautical 
experience lias so amply shown, improvetucnt in strncture and 
power plant weights conies ol-ily frorii builtling and ye1 again 
builclihg actual operational craft. 

It has been (lie aim of this paper to dc~iionstrate that hydrofoil 
craft have a bright future provided that sufficient technical care 
is taken in desig~iing tlicm. It cannot be too s t~ongly cnij?liasi~ed, 
liowcvcr, that the problems arising arc as dil'ficult as tliosc 
cncountercd with transonic aircraft, and similar technical 
facilities and experience are necessary to ensure success. 

This papcr is i>~~blishcd witli tlic ~)ermission of Sau~~ders-Roe 
Limited, Osborne, East Cowcs, Isle of Wight, in whose employ- 
mcnt it was possible for the author to study tlic cubjecl in 
connection with his piofession:~l duties. 'The responsibility for 
any statc~nent of Pact or opinion is solely llrat of thc wiiter, 
howcvcr. 

The author w o ~ ~ l d  also like to acknowledge the invaluable 
assistance he has received from those people, ton numcrous to 
~nerition individually, who havc supplicd inforn~alion a i d  
discussed dcsigt~ problenis with hirn. 
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Mr. 11. M. Barkla, M.A., B.Sc. (Associc1t4~): I am vcry pleascd 
to be thc first to  congrat~~late  Mr. Crcwc on this first-class papcr. 
Though I have not bccn personally concerned in research o n  
hydrofoils, I can speak as one of those interested in the subject, 
who liavc so far felt starved of quantitative information. 7111s 
paper will be Iiailed witli delight by a great ~lumbcr or peoplc, 
who will be gratcful to Mr. Crcwc for giving thcrn so tnucli to 
think about, as well as data on which to base their back-of-tl~c- 
cnvclope sums. 

Among tlic systcnis discussed IS that of the llook H y d ~ o l i ~ ~  
Mr. Hook is a British inventor, and, if he had not been out of 
the country, 1 am surc lie would have been hcrc. Having for 
some ycars taken a n  interest in 111s system-not, niny I say, a 
financial interest--I feel that nie~inbers may care to sec :I short 
film showing the behaviour-pattern of this highly individual 
marine creature. This dcnionstrates thc capacity of the system 
to ignore srnall waves, but to  givc tlic vessel a rise and fall w~tli 
waves of a hcight grciltcr than the already quite goocl clcarancc 
height. T l ~ c  Seelcrs, with spring-loaded heel to  the jockey float, 
arc kept in reasonably close rcgistcr with the water surface ahead 
of the vcssel by a con-ibiriation or gravity, spring loading, fccd- 
back rrorn tlie foil and friction damping, which givc the charac- 
teristics foulid necessary in practice. ( A  j'rlrt~ 1tJa,~ t11efr SIIOII r r  ) 

Mr. I f .  1'. Rader: Mr. Crcwc lias collected a grcal tleal of 
infor~nation wliich should prove vcry uscful to t l~osc interested 
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in itydrofoil boats. It is perhaps inevitable that in covering so 
in~ich ground the author has made some statemetlts which are 
ritther controversial. 

Comparing the merits of various hydrofoil configurations, 
he colues to the conclusion that cavitatior~ and structure require- 
Incnts may favour ladder systems for high-speed designs. In 
Fig. 5 he has drawn a boundary between craft with monoplane 
foils itnc? those with ladder foils. Apart from three small craft 
:iicse is only one sizeable craft wit11 ladder foils on the higll-speetl 
sidc of  this line. I prestlrne this is tile 131.a.s ( I ' O t . .  Two sizeable 
nlorroplunc craft with speeds above 50 knots, howevcr, are left 
out, the 17-ton l'ietjens VS--7 and the 46-ton Schcrtel-- 
Sacl~scnberg VS-10. If the Tict.jet~s boat did achieve 55 knots 
there is no reason wlry she s l i o ~ ~ l d  be ignored, tlro~lgh she may 
have been ~rnsatisfaclory for other reasons. The speed of 60 knots 
.~~ioteii  for the Schertel-Sachsenbeu VS-I0 was the design speecl. 
rlte craft was destroyed during an air-raid on  Hat-tlburg oil the 
:vo of  her Iruinching day. It appears, lrowcver, from the results 
.)f ~nudel  tests that, fitted with suitable propellers, the boat would 
i;\ve bcen capable of the speed q~loted. 

It is true that s t r~~c tura l  requirements may favour ladder 
iysteins for high speeds, but in nly opinion this does not apply 
IS far as cavitation requirements are concerned. Tlle increase in 
xsistance due to partial o r  full cavitation is bounci to  be higher 
'or ladcter foils tiIan for nlonoplar-te foils because of tlte greater 
lumber of  joints between foils and struts in tile lacitlcr 
lrrangernerit. 

It is perhaps fair to say that had there heen more monoplane 
lydrofoil boats with horsepower-weight ratios of the same order 
1s for the ladder type boats like the 1HL3--4 and the 13m.s (/'OI., 
hey would have achieved speeds of the same order. 

Mr. Crewe says rightly th;tt the hydrofoil resistance per ton 
)f clisplacetncnt is in general a ft~nction of absoilrte speed and 
lo1 o f  speed coeflicient. The s tme  applies to  the power-weight 
.ntio of' Iiydrofoil craft, bec:cusc 

bhp 2,240 I< I .689 V 
..... ... :L * . " 

A 17 
R V 
...... ... 6.88 (I) . . . . . .  
A17 ' 

I, A 

illich, \vIren substituted in (I), gives 

bhp 6.88 V -- -- - -- .- . - - . - - . . 

A 12 .9- - -V/6  ' ' ' ' 

'his iipproximation is obviotrsly limited to a certain speed ratlge 
ccairse i t  gives vitlues approaching infinity as V/6 -+ 12.9, i.e. as 
le  speed approaches 77 .4  k~lots.  

I:airly roliable estimates of power-~reigllt ratios for the higher 
peoti range sliould be possible by separate asscss~nenl of R/A 
lid V/y]. A tentative curve for tancletn arrangements of mono- 
I ' I I I ~  hydrofoils carrying approximately equal loads fore and aft 
as becn added in Fig. 26. The resistance-displacer17ent ratios 
it whicll this curve is based are sliow~r in Fig. 27. 'Tile valt~es 
,r tile single I~yclrofoil are tietluced from r e s ~ ~ l t s  of cavitatio~l 
innel tests on a narrow-bladeci propeller. The correspo~lding 
st cocflicienls slid foil loadings in tons per sq. It. are si~owtr l:ln. 27~--~~i~s1~rA~(.l~-1~~~~~l,A(:EMl~N-l~ ltxrl~ls oi: l l y L ~ l ~ ~ ~ l ~ ~ ~ l L  cltA,:.r 
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in Fig. 28. Tlie drag-list rntios for a single Iiytlrofoil sllown in Valitcs of tlie spccci eflicicncy ratio 6.88 V / T ~  arc givci~ in 
Fig. 27 are not tlie best results obtainable but wel-c cl1osc11 with Fig. 29. Lines for constant cficicncy valrics are sliow~i in 
regarti to  rcasonrtble foil loactings. The resistance-displacement addition to ~lu~nerical  values for boats. Tlie solicl line curvc 
ratio curves shown for the tandem hytlrofoil arrangement with represents tlie values used for tlie power-weight ratio curvc in 
and without appcnriages are based o n  conservative estimates and Fig. 26. 'The values for high-speeds may seem optimistic, hut 
should be realizable without great difici~ltics. It is assuti~ed, it appears froin cavitation tunnel tests that at cavitation numbers 
however, that  super-cavitating conditions can be maintained on below 0 . 3  tlie eficiencies for super-cavitaling conditions rern:lin 
surface-piercing liytlrofoils a t  speeds in excess of about 60 knots. al~iiost constant a t  the same rate of aclvancc. The efficiency as 
This sliould be possible by mealis of fences on tlie suction side, uscd s l ~ o ~ ~ l c l  not direr  111uC11 from tlie propcller efficiency hccausc 

appendage rcsistance is includecl in the resistance tlisplaccment 
ratio of the whole arrangement as shown in Fig. 27. Prapcllcr 
efficiencies of the order of 55 to 60 per cent appear to be possi blc 
at  speeds LIP to 100 knots and more. 'The amount by which tlic 
efficiencies, as uscd in tlie speed efliciency ratio, diKet from thc 
propeller efiicielicies will depend mainly on tlic angle of the 
propeller shaft kelativc to the direction of flow ancl on tlic dcg1.c~ 
of tlisturbance in the velocity field in which tlic propellcs has t o  
work. In a tandek arrangcnic~~t  of contra-rotating propcllcss 
as uscd on the Bras (/'Or, for- instance, the after propcller will he 
working ttncler adverse conditions. The good eficicncy of tlie 
front propeller is also not fully utilized because tlie shroud parts 
in the slipstscam will have an appreciable increase in resistance. 
Moreover, shroud and after propeller are exposed to the danger 
of cavitation erosion. 

Investigation of propulsioi~ systems for high-speed craft in 
towing tanks can give misleacling results. A far better assessment 
of tlic physical relations can be obtained from tests of the 
propulsion system in a cavitatioil tunnel. It appears eve11 fensiblc 
to tcst the whole uridcrwater system of hydrofoil boat niodcls 
in a cavitatio~i tunnel with free water surface in the working 
section. 

The problems which have to be solved before boats with supcr- 
cavitating hydrofoils capable of speeds between 60 and I00 knots 
becorne a reality are not easy, but should be within the scope of 
  nod ern tcclinology. Tlie most difficult problem I can foresec 
is that of finding a customer who will pay the bill. 

, Mr. A. Silvcrleaf, B.Sc. (Met?rher): Mr. Crewc's paper 
excelletltly fills a very important gap in our TRANSA~I.IONS. It 

S P E E D  I N  KNOTS is the most thorough discussion of the general probletns of hydro- 
I .  2 I 0 l N S  A N  0 O A N S  0 l Y l R 0 l 0 l l . S  f o i l  bOiltS that has ap,,c:,rctl, ;ll,d fC),. tllosc (,f Ils w[lo l l ; lvc  ;, 

perso~~al  interest i l l  these ratltcr unusual ant1 exciting craft i l  
provides a great deal to think about and to digest. 

My own interest i l l  hydrofoil boats st:~rtcd in 1942, when I 
joincct thc team under 13s. AIIan at Duniborton, who were tlicn 
developing what we came to know as M.T.B. 109, wliose genesis 
Mr. Crewe mentions. I hope that one of the few people now 
alive who can give anythirig like a con~plete story of that boat 
will take the opportutiity provided by this paper to supplc~nent 
the very f~tll  data the author gives on other Iiyclrofoil craft. 
Since then I have maii~tained a general irlterest in "ships with 
wings," partict~larly during tlie last two or three years, ancl 1 
have liad the opportunity to travel on one or two of then). 
I a t  year 1 travelled on the Ac~rinsfroll 24/40 sollie six months 
aftcr Mr. Crewe did so, and although I was very impl.esscd, 1 did 
not come away with quite such glowing impressions of lies 
bchaviour as he givcs in his cluotation fro111 the ciesigncr's 
descriptioii of tlie boat. 

There is one aln~ost  surprising oniission fro112 the paper: 
I would have expected to  see a section devoted exclusively tv 

I propulsion problems, which only get occasional mention. 
Tllere are illany problems associatecl with the propttlsion of 
hydrofoil boats, such as the best inethods of mounting orthotlox 
marine propellers. Mr. Crcwe showed us in his film the L I I I I I S C I R I  
rliounting of the two screws of the Bras ~1'01.; I would be 
intercstcd to Itear ]low this rather co~~lplicntcd transmission lias 

SPEED IN KNOTS behaved. He also draws our attention, in passing, to  the air 
FIG. ~ ~ . - S P E ~ ~ ~ - E F I : I ~ ' I I ' . N C Y  RATIOS 01: IIYDROFOII, CRAFT engines fitted to the Carl XCF-1-4, but this is perhaps a rather 
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double-ctlged feature. I have heard it s~~ggested that if the s t ~ ~ b  
wings were extended by about 6 ft. on either sicle, this craft 
w o ~ ~ l d  fly at about 200 111ph. This raises a fundamental point, of 
course; is the air- w a k r  inlerl'itce the bcsl placc I'or rcully Iligll 
spccds 'l 

I lowever, I will confine my main comments to the section of 
tlic pnpcr on cuvitatioti ilnd :tcratio~t. 1 an1 a little puzzleti by 
tile argument on page 346, which seems to imply tliat there is 
an a b s o l ~ ~ t e  limit o n  hydrofoil loading imposed solely by 
insistorice on  complete frecciom from cavitation. 1 agree with 
Mr .  ('rewe tliat partial cavitation conditions can lead to unsteady 
bchaviour, lower liSt/drag ratios and  to erosion, but 1 would not 
Ili~vc tliouglit that at this stage in the development of hydrofoil 
bo;its we slio~rld regard cornplete freedom from cavitation as an 
inviolable clesign characteristic. Carl we not go a little further 
along tlle speed range ancl allow some cavitation which ctoes rtot 
ncccssarily introdt~cc trnsteady bellavio~~r anci docs not necessarily 
increase drag? It may well r e s ~ ~ l t  i l l  some erosion of the foils, 
b ~ ~ t  at present we might regard that as a justifiable risk. 

The work at  N.P.L. on  aeratetl or ventilated cavities 1i1e1i- 
tionecl by the author was not beg1111 specifically to s t ~ ~ d y  super- 
cavitating conclitions altl~ougli, of course, it is hoped tliat it 
will provide sornc ~tsefttl information on that topic. Recent 
theoretical and experimental work at  the California Lnstitute of 
Technology I n s  given us for the first time some really good data 
on the super-cavitation perlbrmance of hydrofoils. 

In discussing the model test work at  Saunclcrs-Roe on the 
121.rr.s (/'Or, Mr. Crewe writes: "I-lyclrofoil sections are tested in 
cu\~itntion tunnels. . . ." Iloes this liiean tliat some work has 
already been done in t ~ ~ n n e l s  o n  the foil section and on  the 
co~nbinations of foil ~tni ts  used o n  the Urris rf'Or? If so, can he 
say sori~etliitig about it '? I le also states that the effective aspect 
ratio of Indcler foils of tile type used 011 the Bras d ' 0 r  is low. 
I woul(l expect the two end shiclcis to increase tlie cffcctive 
;ispcct ratio of the foils, but if this is not so, is it because they 
cio not extend fore ant1 aft sulficicntly? Would increasing the 
fo~,e and  aft extent of tlie shields raise the foil effective aspect 
ratio anti so  improve performance? Is tl-ic k~ll-oiT of the thrust 
curve in Fig. 311 at high speeds a cavitation eff'ect? 

Finally, a word about the prospects for hycli-ofoil craft. I 
llavc to \veigh natural er~tht ls ias~i~ for tliem against a necessary 
professional caution, and Dr. Allan and  I had Inany cliscussions 
as lo whether or not we shoulci devote some of our limited efTort 
tit N.I'.L,. to studies of hytlrofoil craft. I find that the paper docs 
not answer this difTicult question. Mr. Crewe is by no means 
so cntll~~siastic o r  optimistic as were the Anlericans four years 
;\go, wlien they talked gaily abo i~ t  liytlrofoil-stipf)ortetl occan- 
going sl>ips. 

'i'l~e list of possible hycirofoil craft is fairly long, but it is 
!;r~i~hcly that it justilies any  s e t i o ~ ~ s  devotion of national resources 
to tlre tlevelop~ncrlt of this type of craft. In Tact, as his final 
verclict, the author states: "It cannot be too strongly emphasized, 
llowcver, that the problems arising are as diflicult as those 
encourltereci with transonic aircraft, and similar technical 
fiicilities and experience are necessary to ensure success." If 
this is indeed so, 1 find it ciiitiwrlt to believe that we in this country 
M J O L I ~ ~  be justified in devoting i~~lything like the tremenctoi~s 
clTort rcclnired to  the future developrllent of hydrofoil craft. 
MI.. Crewc, discussing tlie economic aspects of hydrofoil boyts, 
gives figures of earnings for the Messina ferry. 1 sho~~lc l  be 
interested to  Ittiow whether tlie normal fares were charged, or 
whether a n  extra charge was imposed for the privilege and 
plausure of ti.avelling on  the hydrofoil craft. IS so, it might 
affect the economic aspects even of such minor types of craft 
as sliort-ri~n ferries. 

Nevertltelcss, with all these reservations, I end as I began by 
saying how dcligllted 1 am to iir~d the story put tlown in s~1c11 a 
consistent and coherent way. 

TORY A N D  FUTURE PROSPECTS 

Mr. E. C. B. Clorlctt, M.A., 1'h.D. (Mt!tnbcr of Corrncii): 1 had 
the plei~surc of accompanying the author on one of his fact- 
finding trips and travelled with l l i~n  in the boat on Lake Maggiore; 
as Ilc Ii:ls said, o n  this pnrlict~lur t r i p  sllc was sunning in call11 
water. Later we went out on a 16-St. runabout on Lake Geneva 
in far from calm conditions and I was impressed, not only by the 
performance of tile particular boat, but also by the possibility 
afforcied by I-iyilroSoils in general of high-speed passenger 
transport on inliuncl waterways and lakes ancl not olily this, but. 
in  areas such as the Straits of Messina, and, indeed, the Baltic, 
the West Indies, and Inany othcrs. 

T ~ ~ r n i n g  to the paper itself, I have one or two (~~~cs t io i l s  to ask 
anci one or two poirits to  make. 

Firstly, is 'Table I correct'! I feel that the beam of the Frcccirr 
rl'0r.o is not 4.58 ft. b ~ t t  4.58 111.:~ This w o ~ ~ l d  bring the 
length/breadth ratio into accord with that for tlie other vessels. 

13asically, the ityclrofoil boat is attractive by virtue of the high 
liftldrag ratio obtainable f r o ~ n  the foils relative to  tlrat obtained 
with a planing boat which is, in effect, a hydrofoil boat utilizirlg 
only tlie prcss~u-e sicics of the Soils. 'This advantage relative to 
the high-speed planing boat tends to disappear with speed, 
althougli, of course, the other main advantage, namely, better 
seakeeping qualities, does not. In a planing boat, the lift 
obtainec! from the planing surface is proportional to the scjtlare 
of tllc speed as is the area of plane in contact with water, the 
weight of t l ~ c  boat being constant. As a result the frictional 
drag also remains constant and tllcrefore the horsepower 
required is very nearly linear with speed. I f  a llydrofoil boat 
running at high speeds clcpentls upon reducing t l ~ e  angle of 
incidence as in the case of an aircraft to limit the required lift, 
it seems to nie there Inay come a time with a f~rlly submerged 
foil whctl tlre drag advantages relative to the planing s ~ ~ r f a c e  
will ciistippcar and 1 wo111d cli~cstion whetl-tcr, under these con- 
ditions, it woi~ld not be better to use a subinerged planing surface, 
dcl,entiing L I ~ C ) I I  I )SCSSLI I -~  lift only. For  S L I C ~  ti foil whicli wo~lld 
be fully cavitating, one wot~ld propose a wedge-shaped scction 
or  some tlcrivativc thereof. If tllc speecl beco~llcs very high, 
say of the orclcr of  100 It~iots plus, it is tlillicult to maintain water 
in contact with thc b~ick of  nny curved foil s~~r faces  and il may 
be better to clcsign a foil so that tile top surfilce has zero incicience 
to the water flow anel ail lift is obtained by positive bottom 
inciclence. Experience of ruclders wit11 a do~iblc wedge section 
with anglcs of entry of  approximately 5 cleg. at speeds of up to 
200 knots sllows illat the flow has been stable and entirely 
satisfactory. 

If such a foil is used, the great advantage ol' the hydrofoil boat, 
iliinlcly, its ability to rilaintnin speed at  sca t~ndcr atlversc con- 
ditions, will sernain even at  vcry Iligll spcccis, but I would welco~ne 
the autl~or's views as to wl~cthcr s~rch spcecls would be safe, in 
view of the possibiliiy that the ship might encounter a wave 
s~~ilicier~tly large to reach the nlaiii b ~ ~ o y a n c y ~ l l ~ ~ l l .  One can 
envisage a nasty acciclcnt L I I I ~ C ~  combination of ativcrsc 
circumsta~lccs. 

T~trning to the Supramar system, whert a convex hoop foil is 
t~sed, w o ~ ~ l d  it not be better a t  very high speeds if this lioop were 
of a dilrcrcrlt sltape, namely, with the curve of the foil convex 
upwards ratlter tltan clowt~warcls? It woulcl see~n to me that at 
very high speeds, where large lifts per unit area arc generated, 
there will be a tentlency with the convex dow~iwiirtl Iloop for the 
craft to run on a small area near tlie centreline, and under thcse 
conditions tl.~e lateral stability nlight well be poor. With the 
inverse type of foil, as the craft lifted further and further out of 
the water, it woultl tend t o  ruil OII ~ I I C  o~rtboard siclcs of the 
hoop with urlinipaired stability. 

A final point 1 shot~lcl like to ~i iake arises out of previous 
contributions to the discussion. I t  is apparenl that in many of 
these hydrofoil boats, but not, incitlentally, in the type for wllich 

" Since correctetl i n  'Table I (ED.). 
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.iite a nirrnber of model hydrofoil craft s t~dde~ily crack up Writtert Contribotiorrs to the I)iscttssio~t 
icier llcavy sea concfitions; and 1 have a ~artic(lJarly vivid I),, Car,c, O.U.E, (Me,,lher): Mr. erewe .cmory of being aboard a full-size hydrofoil craft and recording done well to provide so much information on  a subject which. 
it11 reliitble inslru~i lentat io~~ 21 roll from tile vertical of 23 deg. for yct,rs illo,,i,ably lo nlllc,, dcbi,tl\ nntl co,lm 
~ c l  :i roll r:ite of 45 (leg. per scconcl, and 211 the saitrc ti111c an jectL,re wl,ere Iligll-spced are llllelcr ctiscussion. :cclcr.rrtiori near the LCC of 31-g. 1 I-lasten to atld tllnt this 
3s not tlie Orizs 11'0,'; and in any case the driver said he had In considering the relative merits of hytlrofoil craft before 

:vcr before experienced anything qt~i te  s o  bad. this institution it is, above all, necessary to p ~ ~ b l i s h  only per- 

Once the possible o r  potential vices of tho I~ydrofoil craft are for~nancc data which tile nr~tllos sinccrefy bciicves to be reliable. 

!~preciatecI, the engineer, I<nowing something of the possibility This is always a iliilic~~lt matter, but on the whole Mr. Crewc 

fi,tigllC is to reject ttle hydrofoil systcln wllicll has succeetlecl, ant1 tliougll wi t l io~~t  detailed first-hand know- 

:cluires parts ill the way of or attitude ledge, 1 would be inclined l o  agree that the perforrnance figures 

~ntrollers.  Ilcre I appear to lind myself in slight clisagreement given in Table I1 for craft with speetls above, say, 45 knots 

,ith Mr. Crewe. It is true that aircraft have flaps, elevators, should be regardcd with considerable reserve from the point of 

nci so  on, but they d o  not have to contend with flotsam, marine view of restrlts act uafly achieved, t h o ~ ~ g h  tlle,y have interest as  

rowths, and the relatively rough handling to which the foils "pointers" as to what  night be aimed for. 
f craft inevitably be subjected. In discussing performance it is always rfifficult to  know 

iniplicity and robustrless have mirth to commend them. exactly what power is being absorbed by the propeller unless a 
1 all, also rather sL,rprised by tile statement i t  takes so torsionmclcr is installed, so thal round figures such as are given 

,ilg to get a critical craft alld the forcing ' in tlie lip column must be assumecl approximate---at least it 
Inctio,,-so long tllat the tank may be able to pick up *lie would be an extraordinary coincicience i f  they were not. 

~el,olne,lol, in one run. ~f we assume a scale model Similarly in disct~ssing ~chaviour  in a seaway so very muc$ 

ill,lling in  a 600-ft, tanlc at  a speed representing 40 knots- depends upon a reasonably exact description of the wave dimen- 
1lowing for alld braking.-a t i m e  ecllliva~ellt to sions in which the perforrnance is obtained. I t  means but little 

00 secol,ds full scale is represented. ~f the head waves in tile to say that the wave height was 6 ft., bcca~rse if, for instance, 

are hull length, say 100 ftft-., Illen waves the length between waves was 1 111ile the effect upon the boat 

be Lraverscd, , r t h c  p~lello17,enon docs occur i n  90 waves, of illis tlisturbauce woultl bc negligible. IFor this reason t o  fo1.111 
,ne cluestion statistical be any rmd jjl~clgment of tlie llaturc of the tlisturbing wave it is 

r) it i f t r~ld when it is isolated. necessary to Itnow the elistance between crests. In  practice the 
on ,other hand, tests in following seas at or I,ear sea consists in an irregular system of waves and frequencies 

,ropayatiol, speed at constant conditions, do run into extraordinarily dificult to define precisely. - 
lie ciilfictllty titat Mr. crcwe Ilas mel,tionet{; but !,ere the llull is In Re[. (7) the writer pleads g ~ ~ i l t y  to  a lack of precision in 
;cilcraljy ill tile water, anti 1 givell to llt,~crstane~ that suclz ciescribing tlie waves experienceel in trirtl run No. 35. They 
onditiolls are impossiL>le to deal wit[l, a t  least re;lsonably sililply, w e r ~ l e ~ r i l ~ c d  so~newhat loosely as 2--3 It., so that when this 
v i l l i  a c o m p ~ ~ t e r .  is associated with a maxi1n111n forepeak acceleration of 8 .36  g. 

' ~ 1 , ~  term "take off" is in the paper it is not it creates a wrong inipression of the riding clualities of the hard 
lelilleci, 1 feel that it may be a little misleading to anyone clline crol't in question. 'This particular acceleration was in fact 
las never a llytirofoil running. N~ satisfactory llydro- the ~naximum rccordeci tllror~ghoirt a f:+ir.ly exhaustive series of 
oil craft ill my experience, mode] o r  fllll  scale, ilas ever slld~~enly trials, inclilcling the very severe test resulting from driving the 
lcavecl itself out of the water to tile foils at any giveil speed. boat inlo the artificirtlly severe concfitions Set LIP by the bow 

the process is gradLla], and if c(; rise froln rest is wave train of the Nicltrv Ai~~stei.r(ni~i running in cairn water a t  
,gainst speed, tile curve is surprisillgly srnoot~l. ~ h ~ , ~ ,  to speak 20 knots. An acceleration of 9.36 g. w;ts cxperjenced in tllc 
,f a speed" as Inany people (lo is Inis]eadillg. 'The hull COLlL.Se of deliberatc cll'0l.t to find ;rtivcrse conditions by 
Ind f o i l s  gradually tileis fullctiolls ill providillg lift running at  full spcccl into titie rips or overfirlls o f f  Dunnose Head 

tile is incrcasecl, allel llle acttlal spceei at the and shollld ~ i o t ,  of course, be considercci as arising from running 
1 ~ 1 1 1  is, say, 1 in. clear of the wntcr is not very significant. 011  2-3 ft. waves. 

ot[icr Itaiid, as  the late l)r. C;awll once pointed out, the i-lowever, such experience as I have been nblc to  gain at sea 
,pcctf region wilere tile h~l l l  is jlist in the water presents in f~yilrufoil boats leotls mc to ngrcc that in hcad seas these is 
:onsiciorab[e pote1llirt1itics f,>r porpoising instability with a pool. a cleiinite nn?eliol.ation of tltc accclc~xtiotts usually associated 
icsign. with such conclitio~~s. 1 low far this is applicable is one of tile 

In liis clcscription of the ll4.4th scale model Mr. Crewe docs un l tnow~~s  in the s i t~~a t ion ,  because onc 1n1.1st expect that after 
101 ~nclltion tile 11clm control was of the propor.tiollal type, a ccrtain hciglit of wave is rcaclied tllc situation will be perhaps 
I'll~ls, i f  tile lielIn were turned 10 deg. a t  the radio colltrol c~i~~pnr 'k~blt!  01. worse than L'or tllc case of tile normal planing 
;tation, the r~ldder  on the [,oat also turned 10 deg. On the other craft. (lertainly in following sea conclitio~is the hydrofoil craft 
land, in orc{er to  obey the laws of dynalnical similarity, the is rather frigl-ilening cornpared with the hard chine type providcd 
~ e l r n s t ~ ~ a n  had to have a reaction twice as  fast as a norlnal this is prope~.ly designed anci tri~nnled. 
iclrnsman (the factor 2 being approximately the root of 4.4), As regards turning cltrnlities tke ai~tltor suggests on page 353 
~ n c i  whe~i  he hrrrl reacted Ile was restricted to an irritatingly low that the inform;ttion on raclius of turn supplied by me for the 
l e l ~ n  move~uent. 68-Ct, hard chine type o f  craft represents about as good per- 

'Ti~cre is cbne last point I would like to make. Mr. Crcwe has forniance as is possible for this type. I have verified ifie trial 
.liioted lrie as saying that 20,000 tank test runs were ~ i iade  in reports, of which there arc luatiy for this  articular type, anti 
xnnection with the Brcts (1'0,. I did not realize that this can confirm that several csafl liave eclc~allcd or even exceetlcd 
woulct look so bad in print before this Institution. Lest that this performance. A1 the same time I have personally experiencetl 
high nt~mber and tlie associated cost should utterly dismay any extraordinarily good perforniance in turning in the case of small 
il!'os~,ective customer or  hydrofoil craft designer, I ltasien to say hydrofoils of  both the Carl a~ td  S~tpramar types. 
that the larger part of  these test runs would never have to be At tlle foot of page 355 the author, when referring to tlie efrects 
rcpeiited, since they were associated wit11 the gaining of of cavitcttion anel aeration OII controlling surfaces, j~lfers, ir~fer 
funcii~mental data. C I I I ' L ~ ,  that analoglle conlputers may provide the best medium for 
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prcclictio11 o f  ~,:rformance, i t  is just wl1ei.c tlic effect o f  c:tvit:t- 
t iol i  is rc~ l ia l~ l tab ly  t l i l f icr~l t  to l?rcdict, :is ill tlic case \vhcrc tl ic 
~~ I i cnomc i ia  o f  cavit;rtion o r  ncl-ation arc unst:thle i l l  their 
i 'or~i i :~l ion arid cxtcnl I l i i t l  I w o ~ ~ l t l  liavo t l iorc~l i t  i t  \vc,\~ld l?o 
tiillicult, i f  not  impossible, to i'ccd in  tllc ~tccess;try cocllicicnls 
to  the analogtte computer. A~ ia logy  hc~.c is found for tl ic 
transonic aircraft case \vl~cre the f~tll-scale pcrfor~nancc provides 
the only g~r idc  approachi11g to satisklction. 'I'lie wind t r~nncl  
wi l l  I,c a goocl second best wliilc cqt~al ly  for tI1c I iyd~.ofoi l  C;ISC 

I \vo111(1 s~tggcsl 11lo1.c coltld he oOt;li~ie(I fro111 tlte c;1vit:ltio1i 
t u r ~ ~ ~ c l  provitlect the experinlent was ~>ropc~' ly  o r g a ~ ~ i ~ c t l  tha11 
fro111 n coml?utcr Tor this  articular c:lsc. In f : ~ t  tfic l?ilr;~gr;tl?h 
at the to13 o f  page 357 on  the sul?.icct o f  the 11r.tr.c. ( / 'Or test worlc 
rather tcr~tls to  c o n l i r ~ n  this view. I t  co i~ l t l ,  pcrli:~ps, he suggested 
that whcrc ful l  back c;tvitation is cncour;tgcd the Ilow regime 
migl i t  be nlore amcnablc to a ~tsahlc law. 

111 considering Fig. 23 i t  is o f  interest to observe tli:tt the 
prisrnntic glaning surfrtce o f  rcaso~lablc lo:~tl ing t~cyond a 
1.clativc1y tow "huml," sl?ccd wi l l  follow the incv l t /A const. 
0. 15 allprox. I t  is i11tc1-csting to consiticr I low rcsist:rrlcc wi l l  
vary wi  t l l  sl~ccci fcti- a 1-t;lltctl I iytlrofoil w l ~ c ~ t  tile sl)cccl is sttcll 
that the whole o f  tile top o r  stlctiok surf;icc is r i ~ r i ~ ~ i ~ t g  ill :I 
cavity (strpcr-cavit;rtirtg). 'Tlterc is, at 1e:tst s~rl?erlicinlly. close 
;itlalogy I ~ c r c  wi th  simjllc pl;trling corrclitiorts tlisr.cpartlit?g 
:tppentl:tgc tirag allt i air resistance. 1 iowcvcr, it is ~>roh:\hle t l in l  
i n  tl lc generatio11 o f  cavity co~it l i t ions so1i1e e x t r a 1 ~ ~ 0 1 1 ~  energy 
is invnlvccl which wi l l  have the clt'ect o f  r c s l ~ l t i ~ l g  in  a11 increase 
i r i  rcsislancc for the c:tvil:tting foi l  ;IS co~rll?ar-ctl to tlic s i i i~p lc  
p1:ining srtl-face as speed incrc;iscs. 

17rom M r .  l iadcr's Fig. 27 i t  appea~'s 1Iic1.c nlay be a c~,oss-over 
point for t l ic single Ilydrofoil sonicwlicre abortt 120 lc~lots. 111 

1,racticc. o f  corlrsc, the i~i l luct lce o f  al,l,crld;lgc tlr;rg \vill grc:tlly 
alt'cct the I</11\ curve for both planing craft ant1 I~yt irofoi l .  I t  
is probable th:lt i n  the really higli spectl range it wi l l  n lkct  the 
Iiydrofoil l o  a gl.catcr cxtc~tt .  

Certainly ;I pli lning I?o;rt lias achicvetl nc:~rly 250 11i171i IIIICIC~ 
very favour:~blc contlit io~is. I t  misltt l)c cxycctctl tli:ll the 
hydrofoil woultl prove a s1117crior ~IiocIc ;tbsorl~cr. 

Mr. M. <:. I 'an~rs, D.Sc., M.1'. (As.socitrlc-A.lcrlrhc,r): (.inti1 vcl'y 
rcccr~tly, I iyt l rofoi l  crart li;~vc been tlic ~)~.crog:ttivc or the indi- 
vitlual i~ ivcntor ,  and many witlely dill'crcnt types liave beer1 
~,roti i~cctl, i n  the ;rhscncc o f  i r  p ropc~-  r~~lderst:tntl it ig o f  I l i c :  
11iccli:lnics t~rlclcrlying thc p ro l~ tc r i~ .  71'lic incvit:thlc rcsrrlt Ii:ls 
bee11 ;t scsics o f  tn:trgict;tl pc~~Sosri~:t~tccs, aritl n few ortt~.igllt 
failttrcs, wl l i lc the experts have tcndctl to be outspolten 1x0- 
tagonists o f  their own p:irtictrIar patented system. Get~cra l  
acccj,tarlcc o f  the hycirolhil craft as a scr io~is vcliiclc has ~ i a t r ~ r a l l y  
hccn I~int lered by this approach. Ortly rcccritly lias tllc prohlcr i~  
been give11 serious attention by org;\nizations cilt~il,pcd with tltc 
racilitics ~leccssary for the scicntilic ticvcIol>~l~citt o f  srrcli c~.:lft. 
Now, at Inst, the f~~nd ; lme~ l t ; i l  problems arc hcgi11r1irlg to Iw  
apprcciatctl. 

I t  is very f i t t ing that at this "conling o f  :~gc" o f  I l y d r o h i l  
rlcvelop~ncnI,'l'hc Institution sl ior~ld 1)e i~l troducetl  l o  the s t~ l j cc t  
ill SO cornprchensive n m:unllcr, ancl the ; l t~thor is to he co11.- 
gratulatctl o n  the scope o f  his paper. A str~tlcnl al~l?ro:tcliing 
tlic s~~l? jcct  for thc first time wi l l  find hcrc all Ilc ncetls to ~ I I O \ Y  

about m;lny o f  t l ic earlier dcvclop~ncnts, a n d  wil l  I)e able to 
colnnlcllcc his thinlting with i t11 ~~nb iasc t l  n l i~ l t l .  

As a tiircct consequcrlce o f  the manner o f  cvolittion o f  Ilydro- 
foil craft, the subject tends to bc 3 niost disjointed o~ lc ,  ant1 the 
author h;ts ~ n a d e  a valnable contributiorl i n  integrating the wllolc 
picture. Only  in one respect does the present writer fccl a 
direrent approach would hc desirable, ;t~rcl this is csscrttially a 
matter o f  emphasis, rathcr than one o f  fncl, 

I t  is bclicvcci that any clnssification of hydrofoil systctlis t~i i tst  
begin o n  a basis o f  the maxinium design specd o f  tlic craft. 'I'hc 

cntirc design 1~liiIosol~l1y, hyt i r t~ t iy i ia~nic  ailti str~rct~tr;~I, depe1111s 
on which o f  tlic three rcgimcs o f  sl7ccd the craft is r c q ~ ~ i r c t l  to 
operate. Thcsc Inay be tcrmetl the "Subcavitation," "l'rans- 
citvittltion," a n d  "St~(~crc: lv i tat io~i" ~.cgi~iics, nticl scvcl.nl t~scfrcl 
analogies can he drawn bclwccil thcsc and the cor'rcspontling 
subsonic, tl.:\nsonic, and supersonic rcgimcs applicable to aircraft. 
As  a n  cxnnll?le, the critical cavitation number o f  :I hydrofoil 
section and tflc critical Mach number o f  the geo~llctric;tlly siniilar 
rtcrofoil are ~ ~ ~ t i c l u c l y  related by n siml,le formula. 

13roadly spcaki~lg, 21 tlcsign rcqu i r i~ lg  ;I ~naxin ium spcctl 11ot 
exceeding 40 It t~ots can be c:~rrictl out witl iout particular regard 
to c;tvitalion problems. I t  is, o f  course, possible for c:~vit;~tiorl 
10 O C C ~ I ~  at l o ~ v c r  speetls, but usually sorne otlicr rcclitircmcnl 
wi l l  in any event contra-indicate the itse o f  cot~ditions i l l  vlhicli 
this is liltcly. 111 this subcavi ta t io~~ regime, therefore, tlie 
designer has a free choice o f  the vasior~s co~tfiguratictn types, 
Ixrt thc signilicant point is tltat i t  is orr/y i t1  this scgimc t11:lt his 
selection is so free, and cvcn within it, the 111ost elementary 
consideratioils lcatl to the cl i rninat io~i o f  ccrtnin systerns, as tile 
a~r t l l o r  I i i r~iscl f  I1;is intiicntcd. 

Wi th i l l  the rattge o f  tlcsign sl>cecls f r o r i ~  40 to GO lctiots or 
tllcrcabot~ts, over wliicli cavitatiorl woirltl he cievclopi~tg o ~ i  
Ilydrofoils o f  "normal acrofoil" shape, cavitation can be delnycd 
by  the trsc o f  tlic special scctioiis ctescribcti by tile ;itrtlior. 
1 Iowcvcr, t l ~ c  charactcristics o f  tllesc "t~.anscavitatio~i" hytlro- 
foils preclnclc the use o f  scvcral types o f  Ilytirofoil systctns, 
~ ~ o t > t b l y  thosc involving incidetlcc control. 

Vcry l i t i lc  is known o f  the practic;il heI1:iviour o f  super- 
cavitating hydrofoils, although cxtcnsivc work is bcilig t lo~tc  o n  
the charactcristics o f  such sections. The obvior~s punctical 
t l i l l i c ~ ~ l t y  arises fro111 the cxtrcmely low prcssure i r l  the cavity. 
Should the Ilytlrofoil break surface o r  otl~crwisc bcconlc venti- 
I;lted, tlic cavity presslrrc wi l l  rise suddc~ily to that or the 
:~tmosl?hcre, cairsing :In i~icrcnsed elt'ectivc load o f  approxinlatcly 
a ton for each square foot o f  Ilyclrofoil surface so all'cctctl. At  
:I lirst glance, therefore, i t  woultl npl?ear tliat all sul.rerc:~vit:ttirig 
11ytl1-ofoils must be run  f ~ t l l y  sub~ncl-gctl. 

I t  nt ighl be practic;tblc to opcretc surface 1,iercing "sr~pcr- 
vcntilati~ig" hytlrofoils, in  whicll the cavity would be ~ i ia i~ t ta i~ lc t l  
at ;~tmosplleric pressure under all co~tdit ions so as to keep the 
Iiytlrodynamic fo~.ccs rc:~sonably stc;tdy. Under tllesc cotl- 
ditions, o f  course, 111~ hydrofoil w o t ~ l d  be behaving as :t planing 
sltrfrlcc only, no l i f t  bcing derived f r o ~ n  its upl)cr si~rf;tcc. I low-  
cvcr, i t  co~r l t i  he dcsigncti :rs a n i l ~ c l i  morc cllicicr1t p l ;~~ i i t i g  
st~i.f:icc t l i : t t i  c:tn be provictctl in  tile I ~ u l i  of i t  ho:tt, :111ti i t  wottld 
rlot be sltbjcct to the latter's sealtccpi~tg limitations causctl by 
the necessity o f  following the surface. T o  the writcr's lcnowlctigc 
n o  craft has yet beet1 bui l t  w i th  I-iyclrofoils o f  this type, httt i t  
1-clnai11s an  in t r ig~t ing possibility for rcrnoving tile present speed 
barrier o f  hyclrofoil craft. 

I t  is not possiblc to  say, at present, what hydrofoil c o r ~ f i g ~ ~ ~ . a -  
tions wi l l  he suit;ihlc for cr;~ft c)pcr:~ting in  tllc super-c;tvit;iti~,~ 
rcgimc, hut again it scc~iis clear that the elloire ope11 lo the 
tlcsigncr wi l l  1101 he ~i~lreslr ictcd. 

A discussion o f  the reasons why certain hytlrofoil systcr~is arc 
;lpprol,r.iatc otily to certain spccd rcgimcs would involve a second 
paper. 'I'llc writer mcrcly wisllcs lo  cmphasizc tllc itnl>orlance 
o f  the tlcsign spccd i n  this reg;trci. 

' Iak ing the author's coniparison o r  various conliguratiorls, 
ant1 exlcnt l i~ig his itlcas a little, one arrives at tlre cor~clusion that 
for craft in  the tfi~nscnvitation speed range the most logicttl 
configuration is one which Iias not  yet been tested. T11c 
interesting point to  the present writer is that tlie configuration 
s~lggcstctl by these thoughts is the same as that which Iias 
rcsultccl fro111 a S~LICIY o f  his own, ~ n a d e  along sornewll:~t difti:rcrlt 
lincs. I n  other words, there is n hint that ctevclo~~ttient is lending 
towartls one ideal systc111 for each spcctl regime, altllougli in 
practice compromises demanded by opet.atior-ral requircmeiitc 
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Iics t l i i r ~ l  pure cil'cctiveness o f  l~ycirofoi l  action w i l l  lead to 
lt.iatits, probably based o n  craft size. 
'PIic extc~lsion o f  the at~thor 's iclcas which is recluired to arrive 
tI1c I);I~~~CLIILII. ~011 l ig l l~ i t l l 011  ~ ~ r e ~ l t i u ~ l c d ,  stcms f rom h i s  suy- 

, \ l i o~ r  Illat a i~y t l ro fo i i  ladilcr is not a s t~~ f i r cc  f o l l o w i ~ ~ g  unit. 
1.; tt.111: that lacl~lcr 111rils l ittctl tu  past c ~ d t  have not been o f  
i\ pc, 1,111 i t  is bclievcd tI1;rt a Iircltlcr can be dcsig~lcd to  
IIo\\, tllc surface as closely as woulcl be rlesired. One o f  the 
i ~ i t ~  i t i . g~~ t~ ic t~ ts ,  ;111ri i t  virlicl otie, pot fo~,wi~rcl  by  litcicler pro- 
go~iists is tlic cxt~.cnle flexibility o f  ticsigri whicli this concept 
lo\vs. 'I'his is, o f  col~rsc, oli'set by rctluccci I~ydroclynamic 
1icic:llcy LIIIL! increased S ~ I . L I C ~ L I ~ ~ I ~  weight, 13~11 i f  one ;ICCCII~S the 
,t.;ibility o f  t lesiynit~g i r  s ~ ~ r f l ~ c e  following ladder unit, one can 
! \ k c  a systcni whicl l  rninin~izcs tlicsc disadvantages. 
I'!:; c~iv~s:tged system woulcl co~irbinc t l ~ e  aclva~~tages o f  the 
II.I.~IIL ludclor atlci Grunbcrg types by carrying about 90 per cent 
' tile loitcl OII i r  motloplane foil aft, arid 10 per cent on a single 
ttI'acc.-l'ollowi~lg laiicler' utl it So~~wirrd. I t  is I)clicvcrl that this 
,t'itrlgcllicnt woulti givc t l lc dcsigncr far n-lore c o ~ l t r o l  over the 
\l)onsc o f  the craft i n  seas than is possible in any ex is t i l~g 
itcrrl, altliougl-I design t e c h ~ i i q ~ ~ e s  \.voulci recli~ire further clevelop- 
silt bcforc the fu l l  potential o f  this could be realized. Good 
tcritl stability coulcl be ~)sovirIcd by malting the main I iy i l rofoi l  
surface-picrci~~g type, as i n  the Aquaviol1 or 'l'ictjens systeti>, 

l ~ i l c  p r o l - ) ~ ~ l s i o t ~  appendages c o ~ ~ l d  well serve a double ~LIIIC~~OII 

i ~ ~ p p c x t i n g  this 1a1.g~ sp;ui unit. ( I t  is felt t l iat ' the rlaliipiirg 
~~ i~~ i t c tc r i s t i cs  o f  l l ~ e  forward lacicier trnit w o ~ l l t l  enable the rear 
'il ol't l lc A q ~ ~ a v i o n  system to be dispcnscd witlr.) 
k l a ~ ~ y  otller attrirctive cllaractc~.istics o f  this combined 
runhcrg-ladder system c o ~ l l d  be explained, bu t  they wi l l  
,obably hc itpl)urctrt to any rcadcr sl~ll icicntly interested to be 
)riccrned wit11 s~rch  details, and the writer ~ l o u l d  ru11 t l lc risk 
' cxtc~rcling this cliscussion into u second paper. 

&It.. R4. 1". Gt11111irig (A/ICIII/S(JI.): I st~~diecl this paper with great 
tc~,cst as far as my l imited Itnowledge of hydrodynamics 
I~\vceI  nie t o  ut~clerstand it. M y  own approach to the matter 

01' a morc practical Itind, more liltc that o f  a yachtsman. 
l id  liowcvcr nruch I ndrnirc the work o f  the hyclroclynamist, 
lil t.calirc that we c~u lno t  get anywhere without h i ~ i i ,  I still 
cl tliitt the infinite variety of actual contlitions at sea wi l l  
~n l ' ro t~t  Irinl wi th  pr.oblems tl lat arc beyond matl~ematical 
~itlysis, even wlicil aicleci by an clcctronic computer. 
i t l ~ i ) ~ ~ g l l t  I die1 ;I very clever thing when, o n  my lirst t r ip  on  

lc P ~ ~ L ~ I I ,  I collcctccl nl l  my f t l low guests r ight aft, ancl then 
i i~ .c l ie~ i  [hem forwitrtl at u r ~ l s l i  without pr ior llotice to  the 
c ~ i  1 I I '1 '11~ I . '~ /L~ I I  i~ppi i~ .et~t ly  cortld 1101 care less, 
i d  I,itcs I rcalirod that i n  a c t ~ ~ n l  service mucl-1 Ilarshcr con- 
itiotis al-c met w i r l ~ ,  c.g. wllcn yve rill1 i t  20-1'1. Aclu;tvion t l ~ r o ~ ~ y l ~  
ic bow \v i~vc oS ;I c o ~ s t e r  ds ivc~i  hcyontl its cconor~~icn l  speed 
I colleitg~te o f  MI,. <'rewe may r~cmcrnbcr the occasion), o r  
lii1t1 \ve drove the ilyl~n.st~.oll t h r o l ~ g l ~  the title-rip ut t-loolc 
' I l o l l i t ~ ~ i l  wI1cr.e the 4 5 knot ebb o f  the New-Waterw:ry Inects 
c N o r t h  Sea witvcs. Uritler tllcsc conditions one rcclt~ires 
~ r r i c ~ l i i t ~ g  ~ i ~ i i p l c ,  solict, s t~~pic l ,  il' 1 11i:1y use [he word, s o ~ i ~ c ~ l ~ i ~ i y  
, i t  \I 111  I,ci:l> the L~ow 1111 ~.cyi~rcllcss o f  I ~ y t l r ' o c l y ~ ~ i r ~ ~ l i c  t.cli~lc- 
otr~s, a ~ l i l  tlic :rrlmittedly i11eRicicnt waterskis o f  the Aquav iu l~  
>I seem to lill the bil l. 
1 III~I.c'I'<)I,u beg to tlis~1g1.e~ wit11 the ~ILI~IIOV'L~ S ~ ~ I ~ C I I I ~ I I ~  011 

~ g c  3.30, t l ~ u t  bcca~~se  an aircral't Iras elevators, inciclcncc 
I I I~ I .~)~ cirli be ucccptcd o n  liycltofc>il craft. W(: want a n  ordinary 
ipl)er to he ablc to  s ~ i n  o u ~ .  boats, tlot ;I clualified a i r - l i ~ ~ e  pilot. 
Socirc o t l ~ e r  points reilltire c o m ~ n c ~ ~ t .  011 page 339 the nutlior 
,11e\ thitt for tlic Supl.amu~. and Arlt~avion the cl~angc i n  
r t i~c~sc i l  foi l  area between taltc-oft' and cruising conditions is 
I 2 : I 'l'his is probably siglit for Supra~i inr;  for A c l ~ ~ a v i o n  
c ~ i ~ t i o  i s  i ~ b o i ~ t  1 .2  : 1 ,  ~CC~IIISC ~IIC Iirtter type obtains tlie 
:icxs:ir> lil't at low spccrls by pivotil ly about tile front sltis, 

t l l ~ l s  increasing the angle ol' incitlcncc. F rom this one might 
deduce, either th;~t the wcight o f  tlic foils is some 80 per cent 
larger OII tlio Supi.anlar, or, inversely, that the loadi r~g pet. 
sclul~rc I'uot of foil urca is LllnL mucli grcalcr. 

We might carry tliis lirle o f  iir.gilmc~lt a step furlher and p o i l ~ t  
out 1I1;rt il' we Ijr.it~g tllc t\vo l'oils o f  t l ~ e  S~~prarnar  closer aricl 
closer togcllic~', ~ ~ n t i l  l i ~ l i ~ l l y  they nicrgc into tlic single wing o f  
the Aq~rnvion, we can n~a l t c  the tlrickncss o f  the latter twice 
tlrnl o f  the l'o~.~ncr, w l ~ i l c  rctainirlg the same I / ( :  ratio, t l l~ts 
malting tltc foil twicc as strong I'or the same wcight, o r  else twice 
iis l ight for the sanic slrengtli. 

<.'ombinirrg ~ i o w  the ; I sg~~n lc~ i t s  01' the two ~,rcccdi~rg para- 
grapl~s we lilltl t h~ t t  tltc A c l ~ ~ i t \ l i o ~ ~  systc~n ol' I'oils is 1 . 8  >: 2 
3 . 6  times ;IS gootl as tllirt o f  t l lc S~~ l ) r i i~ r i i r r ,  ancl not even tlrc 
riiost ;trclcnl ~ > i ~ ~ . t i s a ~ ~  01' the A q ~ ~ a v i o l l  wi l l  s ~ ~ p p o r t  t h i ~ t  state- 
 liel lit. 1311t i t  shows how careful orlc must he with nlatl~ematicul 
tlcductiorr fro111 ~leczss;r~,ily i~ lcorn l~ lc te ~,re~iliscs, allt i I ratllcs 
k i r r  t l lal tlris al)l>lics l o  Il lc gctlc~.al ~.cnli~sl,s 0 1 1  Ilytl~.oSoil wcigl~ls 
given on p;tgc 348 o f  the paper. 

I n  ar r iv i~ tg 211 the firetor 3.6 we Iiave c o ~ ~ v e n i e ~ ~ t l y  forgotten 
the weight o f t l i e  walerskis o f  the A q t ~ a v i o l ~ .  Also the relatively, 
wider foil o l ' t l ~ i s  type wi l l  Ilnvc a lower aspect-ratio wi th  rcd~lced 
cflicielicy. H r ~ t  co~ l l t l  M r .  ('rcwc givc 11s an esti~rlate , o f  tile 
p rocen t~~u l  valtrc ol' i l l is loss, and o f  tl ic cxtcllt to wliicli i t  is 
co~npcnsatcd by tlic lesser 11~111ihcr o f  wing s t r ~ ~ t s  on the A(~LI~Iv~~II, 
and the absc~lcc o f  i ~ ~ t c s f e s c ~ ~ c e  between the f r o ~ ~ l  and reor foils 
th:Il II~LIS~ 10 SOIIIC C X ~ C I I ~  bi: I)SCSCII~ 011 t l ~ ~  SU~)~~III~;I~'! 

r ,  l urnirig now to citvitation, M r .  ( 'rcwc sccms to  itnply that 
it wil l  be tliflicult to avoitl cuvitation at spccds beyond 40-50 knots. 
13ut we see111 to be able to do [his without much trouble on 
propellers with l i p  sl,cctls (and sl)eeds at 213 ~ ~ ~ d i u s )  of twicc 
anel three t i~nes t l i t~ t  v:tluc. I'erl~itps M r .  Crcwe could tell L I ~  

the cause oS this apparent cliltcrencc. Again tlie author sllows 
that cav i ta t io~~  slrcctls rlrol, 1'itl)idly 21s tllc loading per sclt~arc 
foot ol" Soil-area ~.iscs. 11 w o ~ ~ l t l  also aplxar. I'rom tlie paper 
that the lacldcr..tyl)e o f  boat is best suitctl for high speeds, tlic 
Sirpran~ar for mc t l i~ lm speeds, w l ~ i l e  tllc Acl~ravion coriies Iiist. 
Yet the Iirdclcr-type boat loses three-q~~a~'ters o f  i ts foi l  urea 
as i t  rcaclics ol)er:~ti~ig specil, tlrc Supramar one-half, and the 
A q ~ ~ a v i o ~ l  next to ~ lo t l i i r~g ,  so tl lat tllc latter type woulcl appear 
to  have tllc lowest loatling, a ~ l d  so be least sl~sceptiblc to cavita- 
tion. Another ridtllc that M r .  ('rewe may be ablc to solve. 

1 t r ~ ~ s t  that the author w i l l  not c ied~~cc f 1 . o ~  all this that 1 am 
csiticizing his i r~ tc~~cs t ing  ant1 tho~~ght-l,rovoI(i~ig j,apcr. O n  
the contrary, Ile ltas wlrcttccl m y  appetite, and I am asking for 
morc. I Iie;~~,tily trgt'ec with tllc a~ t t l i o r  w l le~ i  he stalcs thtrl 
l~ydrol'oil ct.irft IILIV~ L! bt*igltt T~I~LII'U, ( ~ t l c l  ulstr wlrorl he itcfcls tllo 
ritler tI1;it tlic p ro l~ lc~ l rs  colll'ronting their dcsig~tcrs are cliflicult. 
Ant i  I tr111 coliliclc~rlly loolting fo~.wu~.cl to f l~r t l ic r  contributions 
by MI.. C'rcwe towards their solution. 

Mr. ('lrristol,lrcr Ilooli: 'l'he paper contains a great deal of 
i n f o r m a t i o ~ ~  and rcl)~,cscttts u major contribution to hydl~ofoi l  
rcscarcl~, 1111t i t  is perllaps ~ ~ n f o r t ~ ~ n a t c  that i t  is restricted to tllc 
l ixcd roil types w l i i c l ~  ~ ~ t u s t ,  b y  t l lcir ~ r ~ \ t ~ t r c ,  follow P,\irly closcly 
all w i ~ v c  for ,~~is .  

'I'lie a~rthor's s t i ~ t c ~ r ~ e ~ ~ t  tllat :I rncsil 01' incidence control is 
I l lat  the c~.;lft can follow Llle wave contour more closely witlroui 
I~ i iv i r ly  Lo Iravc! lal'yc? watav cletrt~~tticc, is a11 cxt~ct i r~vc~~sior i  or 
tllo aims t l ~ a t  we Iravc been I'ollowi~rg I'or 14 yeat's. 

111 fitct very si lnl~lc calculatio~ls o f  ralcs o f  cncou~itcr with 
waves o f  snlall sire a1 I~ytl~'oSoiling spcccls wi l l  show at o~ icc  
that i t  is cssc~~t iu l  to bc :tl)le to i g ~ ~ o r c  tllcsc, anel i t  is the main 
v i r t i ~ e  o f  tllc incidcllcc c o ~ ~ t r o l  ~r iet l lod tllirt i t  ;~llows the hul l  to 
be liftccl so high as to ~ 'cnt lc~,  this ~mssible. 

The reasolt why s11c11 l i ig l l  travel is nl:rcle possil?le is otrc o f  
latcral stnl)ility a ~ l t l  t.ccuvcry. A Vec oi' s~~rfacc-piercing foil 
has static stuhility as s l i ow~ i  ill I'ig. 14, ilncf this cxpl;rins why 



water clearance riiust rcriiairl srn:tll. With two intlcpendently 
controlled liydrofc)ils, one on each beam, on liccling we will 
liave two active recovery forccs produced by tlic feclcr mcclianisni. 
On the lower side an increased arigle of attack will cornbinc with 
a riiore negative anglc called for on the highcr. It is /he srr111 of' 
these ttvo which corlstitutes the recovery rnoment and the same 
can also be called for by the pilot or 111oclificd by him according 
to circumstances. This has beer1 clescrihcd as ";~ctivc" recovery 
forces. As a result it bcconlcs possible to fly vcry high and to 
ignore a scrics of wavc sizes. This snmc height of wave can 
also bc subtracted from the effective hciglit of the next wave 
size up  so that a boat with a clear space of l mctrc car1 deal 
with a 2-ri~etre wave as if it wcrc only 1 ~iietrc high. 7'11~ scnsi- 
tivity of the feeler arm is restrainecl natiiritlly. 

It is now clear tliat we havc no dcsirc to dcvclol) a Ivcrve 
Ji~llolvirig device of any kind. 

When a feeler clement is no longer a part of the Iit111, skipping 
a wavc is no longer a fault hut a virttrc. 

We liave found it totally irnpossiblc to sell hydrofoil boats to 
the public that arc not provided witli full retraction, and tliis 
feature is also essential for patrol boats tliat have to crrrise 
economically and he ablc to riin into bays :111tl shallows. 111 the 
I1.S. Navy's Iloolc hydrofin l a n t l i ~ ~ g  craft (not listed i l l  the 
paper) tliis is accornl?lisllccl a t  full spccd since ;r stop just beyond 
the breakers to retract worlltl bc fatal. Fiirllierniore, tlie vertical 
surfaces provided by the legs arid stern power strut 011 running 
through tlie brcakcrs arc of the greatest value in prcvcnting any 
tendency to broach to, and tliis means that retraction  nus st: be 
carcfillly timcd to dcptll to  take full advank~gc of this. 

The opcrntion of  retraction is liartlly Iiiorc than that of hauling 
in the boom or1 a sailing vcsscl and is opcratctl by similar means. 

I would likc to t l i i l~ i l<  tllc vario~is S I ) C ~ ~ ~ C I . S  very ~nucli for their 
many kind rcrnarlts. '1.1icir vi~luable tccl-riiical contribtitio~is liave 
hclpcd to fill gaps antl correct obsc~~ritics of wliicli 1 was vcry 
conscious. 

I i i  ortler to make some rcply to t1ie many points raised, in a 
reasonably few words, my rem:uks are grouped l?y sul?icct, ancl 
consider it1 particular topics to whicli scveral speakers contributed. 

I vcry niircl~ agtcc witli most oS Mr. kames's lccli~lical points 
and in particular his rcmarlts on thc irnpo~tance, for f u t u ~ e  
dcvclopmcnts, of a cl,tssrficatiori I?a?cd on dcs~gn cavitatiori or 
ventilation conditions 'This was riot c ~ i i p l ~ a s i ~ e d  i l l  the paper, 
since at  tlie ti~lie i t  was writteri only inforrnatiorl o n  cr:tft designed 

' t o  operate at sub-cavitation conditions was available. The 
irnporta~lcc of supcr-cavitating or  vcntilatcd hydrofoils, in 
ncl~ieving spcecis in tlic 50 to 100 krlot range, stated o ~ i  page 360 
of the paper, ancl criipIii1si7ccl by Mr. Famcs, M I .  Raclcr, and 
Mr. Silverleaf, is being irlvestigated i n  tllc Unitecl Statcs, w h e ~ e  
a symposii~rii on rclevnnt declassificd tii;ltc~ ial is being liclci in 
August 1958. 

True super-cavitating I~ycirofoils would no doubt have to bc 
fully submerged, and riiight be employed, for example, on  bodies 
operating at great depths. It  seems likely that surfacc hydrofoil 
craft will employ ventilated, and not strictly super-cavitating 
foils, to avoid the great problcni of preventing air blcccling down 
tlie suppor ting struts. SUI face p ie rc i~~g  vcntilatcd hyd~.ofoils 
are possible also. I n  eitlicr cast tlic flow past tile hydrofoil 
closcly resen~blcs a super -cavitating coritlition, with the exception 
that tlie upper su~face  cavity is filled with air instcad of walcr 
vztpour. Maltirig tlic foil vcntilatcd a t  conipar:itiveIy low spccds, 
so as to ach icv~  cnrltii~uily of opcrciti~zg c o l ~ t i i t i o ~ ~  I l ~ ~ n i ~ g l l o l ~ l  tlic 
range of foilbornc speeds, is a design problcm. 

Although a "super-cavitating" or  "vcntilatcd" hydrofoil 

section Iias a gas-filled cavity 011 its top snrfacc, it can he ml\ 
lcadi~ig to consider it as a fi~lly su brnergcd planing SLII  fncc 
'The sectioli is a wedge in that tlic leading edge is sharp ant1 tlicrc 
is a flat base at  the rear, but the surracc contour betweeri can Ile 
complex, being based, for example, on mat1iem;ttical sttrtlles 
sucli as those of T i ~ l i l i . ( ~ ~ )  Such scctior~s as these may gl\e 
bcttcr lift to drag ratios than :tny planing form that is capahlc of 
operating on the water surface w~thout  an t~nacccptablc tcndencq 
to dig its nose in. 

Oncc a foil lias achieved the vent~latcd cond~tron for nli~cli 11 
has becn designed, ~ t s  speed can be increased as ~nucli as d c s ~ ~ c t l  
with l~t t lc  significant cliangc in its stability and lift to (hag ratlo, 
i f  anything the latter may tencl to unprove. The high spccd 
varintron of with speed giveti in Mr. Iiatfer's Fig. 27 itritl 
tlie tcntativc dasllcd linc curves of Frgs. 26 and 29 dcpcrid~ng 
rlpon it, may therefore be pessimistic. Srinilarly tlie cr os5-o\ cr 
speed of, say, 120 knots, above wliicli Cdr. du Cane suggc<tetl 
that a planing crart would be best, probably tlocs 1701 exist 111 

any case the Ti/A of ;t stcplcss hydroplane increases as speed 
increases, clue to  retlt~ctio~i in attitude. 

Witli ~cfcrcnce to Dr. Co~lctt 's rctnn~ks comp:tring t~lari111g 
with liydrofoiling, an irncnvitatcd I~ydroforl is in ptncticc < I  

basically niorc cflicicnt l ~ f t ~ ~ i g  systcrn not only b c c a ~ ~ s r  i t  tii~li/c\ 
its lop surhcc to genelate Irft but bccausc of rcdl~ctio~l i l l  drag 
due to suction at  the nose. A fully subnicrged Iiyclroforl \ \ r l l  
havc to  run at a n  incllicicntly liigh attitude at iow spectl, i f  ~t IS 

to be eficicrlt a t  high spccd, but a sr~r face-picrcing hydr ol'o~l c'111 
~ e d u c c  area, asspccd increases, more efficiently than a h y d ~  opla~lc. 

Mr. Rader's Fig. 26 is vcry ~ntcresti~ig. '1 he simple eniprrtc~tl 
f o r ~ ~ ~ u l a  I gave on page 341, wliich lias becn usecl in c'tlculat~rip 
tlic line of Fig. 26, was riot intended to be mole tll;lll 
dcscriptivc of past practice, a n d  ~t should be cxtrapolatcd w~tli 
cxtlerne caution. 'The posrtioning of, e g , VS-10 and 1 1  1)-4 
on this linc, a? co~iipaicd with tllc Al i , cc  IJS. 3, whiclr i.; nc;i~ 
Mr. Racier'., dashccl linc, rcinforccs lily suggcrtion on 1,;tgc 341 
t l ~ n l  the latter alone was working in a stcady arid eflicicnt co~i-  
clition of extensive ventilated cav~tation Witli rcfctcncc to 
Cdr. ($11 Cane's reniarlts concerning the difliculty of knowirig the 
powcr absorbed, tlic powers in Table 11 atc in gcnetal bhp'c 
inslallcd, which should be bor nc in m ~ n d  in basing pel form;~ncc 
coef~icicnts ori thcni. 

In connection witli the abovc rcriia~ks or] the coniparntl\c 
merits of I~ydrofoil anti planing S L I I ~ ~ C C S  for liigli-spced opc~;l- 
tion, i t  is of intcrcst to note that stirdies of m ; l ~ i ~ i c  airc~ '~l t  
mounted or1 hydrofoils arc being rnadc in the Uuitcd State< 
becatise tlie liydrofoil appears to offcr ndvantages ovcr tllc 
liydroski (i.e. planing surfacc) at the very higll spccds at wli~cli 
aircraft land and take-OK, Sorne work of this type Iiaq been 
described by W. Carl.(13) 

This development provides sorne answers to Mr. Silvcrlc:~f'~ 
counriient tliat the aero engine-stub wing ar~angcme~it  of tllc 
Carl XCH-I is pe~haps  rather double edgccl. 'Tile ail watct 
interface would certainly seem to be the place for liigh spcctlc. 
1117 to a t  least 100 knots, if rl L/l)'s coming appreciably abovc tllc 
comri~ercial aircraft line of Fig. 24 can be aclircvcd. 

Mr. Tupper mentioned the helicopter. 'Ihis has a low ti alisl7oi 1 
efficiency as measured by W V2/11 P, and liclicopters car I y l n g  
orily 48 people (compared, for cxaniplc, with over 70 f o ~  tlic 
fieccia (/el Sole) arc still in tlie clevelopment stage. 

Carl(I3) provides some evidence that hydrofoils have a sub- 
sta~itial advantage ovcr planing st11 faces, for both surface ctalt 
atid maline aircraft appIic;ltions, in sevcte rough water coli- 
ditions. I his applies throughout the spccd rangc, wliicli 111 (lie 
case o r  airelaft greatly excccds 50 knots. 'T'hc wrrlcr stntcc 
that   nod el trials have demonstrated tlie possibility of  reducing 
tho iliipact lo:ils 011 a high-speed seapltii~c to onc-tift11 of thc 
plain hull value, by fitting hydrofoils. I lc  claims tliat this will 
pclrnit the routine operation of marine aircraft in sea states 
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:onsidcrably greater tila11 the present lin~itations. Waves about Cclr. Llu Cane's figi~res on tlte tl~rning of well-designed planing 
10 ft. high would seem possible. Full-scale tests of a J R F  craft, it wo11lg seem c l e ~ ~ r  tliat tlte former can better the Aqrra.strol1 
aircraft, fitted with a hydrofoil, to obtain pilot evaluation, are and Freccicl cl'Oro. However, I also havc expericnced extra- 
planned. ordinarily good tt~rning bcliavio~~r in tlie Clarl rlrnabout, which 

Ilr.  Corlctt c1iallengecl ',his view, asking what happens if a makes a 1t;tIf g. t~1r.11 witltotrt appreci;tble hcel, having been 
wave so large tliat it reaclics the Iti111 is encounlercti. With specially designed to d o  so. 
pvupcr ticsign, allowing the tii~ll to kiss tlie watcr gently, beliavioi~r 
in extreme waves should still be better than for a hull alone Structro'crl C0'7si'[crcrti0r'~s 

bccai~sc of the tiarnping effect of tlie hydrofoils. I t  is important It is possible that sections as t l~in as anything shown in Fig. Sir 
that the system should itot follow the surface too closely at  very may be necessary to  achieve good lift to drag ratios under super- 
trig11 speeds, however, or else for exaniple accelerations exceed- cavitating or  ventilated conditions, anti that structural cliflici~lties 
irrg, say, 15 g. will be inevitable at 100 knots. will therefore be severe. 

Again if, in a n  incidence control system, a servo-mechanism is 'This is a convenient point to take up Mr. Rader's criticisnl of 
eniploycci to provide foil incidence changes, the servos will liave the upper part of Fig. 5.  7'11~ boi~ncinry between monopla~ie 
to opcrate at a liruitingly high rate. and tatidcr systems was orily irltendctl to indicate a tencicncy 

' rr 
I iri:, suggests that a system of surface-piercing type, having followcd by craft whosc performances liuve becil clen~onstrnted 

gooif inherent watcr clearance, a ~ i d  relatively low response i l l  as rertso~t:tbly satisfactory, fill1 scale. 'The trcnci is still there 
\vnvcs, sliotrld be the best. even i f  tlie VS-7 Itavirtg rno.noj>l:ute rnairi foil units is incl~iclcci 

I arii gsnteftil to Cdr. DLI Canc for his clarification of tlie con- at  55  ltriots. Pagc 344 refers to tlie VS-7 and statcs thal llie 
ditions ~ ~ n t i e r  which the 8.36 g., stated in liis paper to liave VS--I0 was not incluticci becat~se it was never operated. 
occurred on a planing craft in 2 to 3 4 .  waves, was actually Mr. Iladcr's rernarlc that had there been more nionoplr~~ie 
obtained. I-lowever, there are consitlerablc data available boats with large power to  weight ratios, they would have achieved 
showing that accelerations exceeding those sliown in Fig. 7 are speetls comparable to those of the ladder craft, ignores the 
sustaineel full scale in 1.oi1g11 water by high-speed craft that d o  effects of section tlticlt~icss and high aspect ratio on cavitation 
~lcrt have hydrofoils. Also the critical regi~lar wave system and stability. 
c~nployed in tlic tank tests of Fig. 7 is i l l  general considerably The s t r ~ ~ c t t ~ r a l  point that I was tryir~g to malte is that the thin 
more scvcre than tlte more random co~lditions that occur sections ~tecdctl to avoid cavitatio~l (or pc1.11aps to establish a 
full scale. satisfitctory re:iistance level wilh a ve~ltilated foil) demand more 

In connection with ro~1g11 watcr b e l i a v i ~ ~ ~ r ,  Mr. Crago struts ant1 ju~rctions tltan is ncccssary with the thicltes sections 
remarked tliat the clniri~s for a hydrofoil boat that it gives a that are approl>riatc up to clesign specds of about '10 k~tots.  
Inore comfortable ride and tliat it is nblc to maintain speed in Once cavitation or ventilation havc beer1 accepted it is necessary 
severe sea conditions are really one and the sanie. As far as I to ofrset tlte tirag of junctions against tlic increased cirag of  lhe 
kunl iiwttro rccl~~i~.cmcnts 1-or co~nrorl lwvc as yct o~i ly very partially tlticltcr sectic)~l that is rcclc~ircd if thcy arc cli~~rinaloci. I do no1 
bccn correlateel with struct~~r:tl loading or structural fatigue know wlietlrer s no no plane or lacider arrangements will prove 
mcasurentents. In fact it has been s~~ggested that a systematic best in these circumstances. 
stucly of hinnan reactions to craft motions on the water should An alternative approach to high-spccd tiesign, which wot~ld 
be lnacie with a view to isolating the critical effects and designing be structt~rally sirnple~-, might be to use relatively thick sections 
;I craft wfiicli is comparatively free of them. I-Ie also emphasized but extrerncly high sweepbaclc in plan. 
the tccii~tical tlifEculties of designiiig for adeqtiate stability and Mr. Silverleaf has s~~ggcstcci that n?y a rg~~tucn t  on  page 346 
behnvioiir in waves. 'This Itas beet1 generally admitted, but dcre implies an absoltite limit on hycirofoil loading imposed solcly 
to intensive ett'ort (luring tile last few years, especially in the by an insistence on co~nplcte frcectotn Srom cavitation. Expcri- 
Uniteci States, the problem is gradually being overcome. I t  is mental evitlcnce sirggcsts tliat when a three-dimensional sitb- 
hcrc tliat electronic compiitcrs can be partic~~larly valuable. cavitation ticsign becomes partly cnvi tatcd an absolute lnaxirnt~ill 
Both Mr. Crago and Cclr. I lu  Cane exprcsscd doubts about limit o n  the loact in Ib. per scl. St. it will support is fouri~l to 
computer solutions, hut  I consider thnl they G L ~  be extromuly exist, Increi~siny irttilrtdl: or 81~cetL miik~tx no fl-~stlihtr ~ i i n ' k a r ~ ~ i c ~ ~  
uscft~l in indicating design trends and in making some allowance Thus desig11 to such a limitation of loadirig, uncl the increase i l l  

for partiitl cnvitating conditions that cannot be rcpresentcd on relative liyclrofoil wcight will1 croft size it iri-tposcs, is a feature 
i~ lank ~iiodcl. I'~11ly cnvitating or ve~itilnted conditions should of subcavitatiori tlcsigns. My present, and tentative, viewpoint 
bc cvcn easier to represent. Cavitation tunnel rcsi~lts are, of is that i f  u specel of not Inore t1iar1 say 40 knots is adccl~~ittc, ancl 
coursc, of vital i~nportance i l l  providing vi l l~~es of derivk~tives to operation in seve1.e rough watcr is unnecessary, then it is best 
usc i l l  tlic cosrip~~tations. to desig~i co~npletcly to avoid significant crivitation. I n  any 

In ro~rgh water response tests a critical phasing between craft other case complctc Lipper surface ventilation s t t o ~ ~ l d  be achieved 
arid waves may take ten to twenty wavelengths to occur, so tliat, at as low a foilborne speed as possible. 
:is hls. C'rago says, a 600-ft. tunlt sltould provide an adcqi~ate 'I'he above rcsiiar.ks i ~ r c  relevant to Dr. C'orlctt's query con- 
test lengtl~, but experiments in a n  app~.cciably shorter tank cerning the feasibility of large passenger carrying liydrofoil craft 
could still be suspect. for Atlarttic operation. If they arc dcsigncd for subcavitatio~~ 

Wit11 regard to the remark that if anytliirig goes wrong with conditioris a scl~~are-cube law will certai~ily apply, as indicated in 
it iiy~lrol'oll boil1 tlla co!lset.lLtcrtcos are likely lo bo suriuue u11d Fig. 10. 'Tl~o Ilycl~~ofuil ~ t ~ i i l s  i f ~ l o l  clividcti sI10~1ld LII ICUYL I . U L ] L I ~ ~ O  

possibly tlisastrous, I cannot recall any serious inijc~ry, let alone multiple support, but the American projects mentioned by Dr. 
a cieath, having been caused by such malfilnctioning. Corlelt are believed to have relatively simple systems with large 

'l'fic term "take-off speed" was introcluced on page 339 in a unsl~pportcd spans. 'The sttussiny cases assumed must certainly 
context intentfed t o  define it as being the specd at  which ttte hull be less severe than in the stticlies with which 1 Itave been asso- 
ccases lo provide water lift. 1 agree tliat tltere is it1 general no ciated, but tile jtistificatioir for such a reduction is not clear. 
sudticn cliange in tfrattght, associated wit11 this coiiclition, Only extensive service experience with strain gauged foils can 
tiltlio~rgli liysteresis effects may exist particularly in poor designs. determini: the significant stscss levels a c t ~ ~ a l l y  occtirriitg, anii the 

Mr. Crago implied that the paper omitted the acivantirges that importance of fatigue. 
a 1lyiirok)il boat has in the way of ~nanteuvrability and absence Mr. Gunning criticizes tlic reriiarks on hydrofoil weights given 
or wash, but lie will fine1 these listed on page 337. In the light of on page 34-8. I'erlta[)s Ite wo~tlci be preparcci to quote tietailed 
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f ig~~rcs  for tlie Aqunvion craft, as it is only in tlic light of sucli 
cviclencc that really cfficicnt hydrofoil strr~ct~r~-cs can bc dcvclopccl. 

His comparison of the Arl~~avion main foil s t re~~gtl i  o r  wciglit 
wit11 tliat of two Supramai- fctils is striliiiig, htit pcrhal?s a little 
exaggerated. Tlie immersed areas of the two systeiiis sliot~lti be 
ahout tlie satiic a t  the salnc tlcsign speed, for cavitntio~i rcasons. 
I I  is then t r i ~ e  that i f  thc roils are tlii~i-walled strrtclr~rcs llic 
Acluavio~i foil can have a b o ~ ~ t  Iialf the wall 1IiicIt1icss of tltc 
Si~pramar roils, for tlie s;lmc hc~icling stresscs to occur. 'T'li~~s 
tlic Aquavion roil can be half tlic wcight of tlic two Supri~n.i;~r 
foils. On the otlicr li:tnd, equality of slicar strcss rcquircs 
equality of wcight. 

Turning to proprilsion, I agrce with Mr. Si1vcrlc:tf that tliis 
is nil i~nportant aspcct of liytlrofoil craft tlcsign wliicli sho~tltl 
liave bee11 given Inore ;lttcnt ion. I-lowcvcr, tlic paper was 
~tlrcncly too long, and hydrofoil craft propulsion systc~iis raisc 
cluestions of detail ratlicr than gcncrality, which can bcst bc 
tloall wit11 irl ~?i.ll?ers on  specific 1iycll.ol'oil cr:tI't, rallicr tlrail in a 
b~-o:ld st~ttly of tlic prcscnt type. 'Thc m;tttcr w o ~ ~ l d  Iiavc bcc~i 
~ncntioncci i f  i t  1i;rtl bccn :I m:ljor l?roblcm in thc past. 'l'licre 

' 
hnvc hccn I-tinny cnginccritll: "sn:rjis" in connection witli tlic 
17ropc11si01i systcriis, hut tlicsc wcrc oftc~i ovcrco~nc tluriny trials. 

Tllc R .  103 propulsion system, having a ~iitccllc o n  kt strut, 
with it fixed pitch propcllcr forward nncl a controllablc pitch 
prol>cilcr aft, is certainly t~nusual. I-lowevcr, i t  was chosen not 
for novelty but in orclcr to keep tlic liydrofoil pcrformnnce as 
free 21s possible from pi-opt~lsion intcrfcrcncc, sincc this is a 
~~csc;ircli craft. C)ur str~clics s~~ggcstcd tliat the appcntfagc tirag 
w o ~ ~ l d  bc about the samc for tlic systcm ~ ~ s c t l  and for an inclincd 
ali~tfl rrrrii~~pnmant, h111 tho oxtr.Qnia n~iglux thnl IIIQ lilttor worllrj 
havc ~iccdcd niiglit have inlroclucctl propcllcr diRcl11tics. 

'l'lic 11.103 propulsion system 1i;is bcliaved satisr;lctorily in 
sc~'vicc, to date, ;\p;rrt from so~iic  initial trot~blc with Icalting sc:tls. 

Mr. Silvcrlcaf also :rsltctl wlictlicr tlic fall olf of t l~rr~st  at high 
spccds, in Fig. 313, is 21 cavitation clfcct. Sonlc fall olT is or 
course normal, even with it fully controllable pitch systcm. 
Cavitation tcnds to aggravate this at thc higher spcctls ~~l i l css  
super-c:ivitnfii~g propellers are used, hut i i i  that case eficic~icy 
is low at intcrmcdiate speeds. 

Dr. Corlctt s~iggestcd that tlic low tlirr~st line might give some 
tfifliculty with trimming tnotncnt, but this is not known to liave 
o c c ~ ~ r r c d  in practice. 

I d o  not follow Mr. Gunriing's argu~iicnt tIi;11 liytlrofoil 
cavitation s l i o ~ ~ l d  easily be avoidable at  spcctls bcyo~itl 4 0 ~ 5 0  
knots, in view or  propeller cxpcrience. 'The matlicmalics of tlie 
situ:ttion i:; wcll understood in both cnscs ant1 tlocs 1101 support 
si~cli ;I! conclusion. 

Now I wo~tld like to  tnltc i ~ p  some of tlic points concerning 
inciividual types of craft and first thc 13cll~--I3itlciwin systerii. 
Mr. T~ippcr's contrib~~tiort on tlic irivcstigatio~is of towed targets 
at Admiralty Expcrimcnt Works in 1921 are all interesting 
atldition to  the history or tlie s~~ldec t .  I-Ie docs not say wlietlier 
tlie significance of orbital motion of the watcr particles in tlie 
waves was appreciatcd at. the tirne, if so it worrld antcdatc othcr 
w10t-k 011 the sa~ i ic  snl>ject, in connection with hydroroil boat 
pcrrormancc, by Inany years. Also it is not clcar whether tlie 
rcsisti'nce fluctuations, stated to he due to orbital motion, 
occurred in head or in following seas. It is noted tliat tlie lowest 
foil settings tried proved the least resistful. 

111 answer to  Mr. Silverlcaf's questio~i, no cavitation trtnnel 
work was rtndertaken specifically it1 connection wit11 tile Bras 
(/'Or, but the section used Iiad previously bccn tlic sttbject of 
getieral cavitatio~i tcsts. 

The strtlts d o  increasc the effective aspect ratio, but it still 

I-cmains co~iiparatively low. Extending the strttt Iiicltiing Tort 
and aft would cause additional frictiorial resistance, :lnd increase 
tlic tcnclcncy to trap debris. Tlic degrce or sliie1di:ig pt-ovitlcd 
was considcrcti a practical cotnpromisc. 

Mr. Crago felt hirnsclf to be in a somewhat difficult positioii 
i l l  criticizing the pit]~cr because it contains test results for which 
lie was responsible. I would tliercrore liltc to acknowlcdgc 
inclebted~icss to hiin for the work on tlic Bra.? (/'Or dcsc~.ibcd 011 

pages 357 to 359, and say that it madc a relatively s~iiall cori- 
tribution to tlic general argumc~its p i ~ t  forwartl. 

'I'lic proposal riiadc by Mr.  Ea~iies for a Gr~inbcrg systccn 
having a monopla~ie roil aft and a lacfdcs forward is very 
interesting. Tlic Gibbs and Cox company arc understood to 
liave considcrcd using a conibincd hydroski and ladder forward 
to reduce tlie danger of skipping ofr, and give inl~ercnt incidc~icc 
control in cornbination wit11 a 'relatively softly riding front 
supporting niembcr. St~cli a clcvclopmcnt rnay ofrer a Itienns of 
producing high-spccd rough watcr craft of Cjrunbe1.g typc. 

I was vcry glad to hear of Mr. Si1vcrle:if's association wit11 
M.T.13. I09 :uid agsco will1 I I ~ I T I  Lllat lllo l'i~ll story slioultl il' 
possible l7c told. Why should wc Itccp clitiet about our :tcliievc- 
mcnts wlic~i otlicrs advcrtisc tltcirs so wirlcly'! 

I also agree with Mr. Si1vcrle:tT that a ridc on  /fq~ic~,st~~oll 24/40 
docs no1 qi~i te  live up to tlic coriipany's brocli~~rc dcscriptio~l. 
Nonc the Icss, it is a   no st intcrcsting craft, and we are much 
indehtcd to Mr. Gunning for clarifying some or licr desigci 
features. The srnali change in s~tbrnerged niaitl foil arca frorn 
1 . 2  to I ,  in the foilboriic speed range is a most interesting 
characteristic which 1 haci not appreciated. llowcvcr, tlic 
implication is surely tliat if at a giveti dcsign speed, a Indcier, ;I 

Supramar, and an hquaviotl systc~il have [lie samc foil loading, 
clnd tlia RRIIID ~ f f ~ ~ l i v o  incidence, dctcrniinctl Ily ci~vitntion 
liriiitations, ttio~l at it given lower spcctl the Acl~~avion craft will 
have to trim thc highest to rcrnain roilbornc, wliicli will he 
rcsistri~l. Altcr~~atively, i f  all the craft liave ccl~~al  loadings ant1 
inciclc~iccs at intcrrncdintc spcctls, tlic Aquavion cr:ift will 1i;lvc 
a more restrictetl high-speed range than tlie otlicrs. 

Turning to i~lcicte~ice control systclns, the film of the I-look 
I3ydrofin rttriabortt presented by Mr. Harkta was impressive. 
This system would appear to liave excellctlt possibilities For rtsc 
on comparatively sinall sport boats, hrtt more evide~icc oil its 
possibilities a t  gr-cater wciglits and liiglier speeds are rcqnircd. 
1 canliot agree tliat skipping a wave is a virtue for a fcelcr, but 
travelling through one witli little response woultl bc. Is it not 
ilic lattcr tliat Mr. Hook is claiming? Surely tlie I-look systcni 
has tlie tiierit of rollowing long waves but ignoring short ones. 

Contrary to tlie remark in Mr. I-look's written contrib~~tion, 
tlie U.S. Navy landing craft based on liis systcm is mcntionetl on 
page 335 of the paper. Tlie retraction systcm for the hydrofoils 
and propulsion unit of this project appears to have bccn par- 
ticularly wcll thought out. 

Some attthorities coiisiticr that the ft~turc of incidcncc control 
lies with non-mechanical draitglit sensing devices such as tlic 
one rtscd on the very successfitl Gibbs and Cox rttnnhottt illtis- 
tl-ated in Carl's 

Both Mr. Crago and Mr. Gunning argue against tlic use of 
moving pitch and roll control surraccs, sucli as ;lilcrons. 
A l t l ~ o ~ ~ g l i  simplicity is desirablc, I cannot agrce tliat it should be 
carried to extremes. Fatigue is not necessarily more serious i n  
~ i iov i~ ig  than in  fixed parts, and the possibility of usi~ig moving 
controls greatly cxtellds the designer's scope to optimize his 
design in other respects. Mr. Carl at frst marketed liis runabout 
liydrofoils with no moving surfaces, but he soon f o ~ ~ n d  tliat 
trimmer tabs, which can be aclj~~sted at will while riding, avoid 
undue fussiness in mounting the foils on a craft, and are greatly 
appreciated by the owner. If the passengers are sitting offset, 
it is a matter of a moinent to bring the craft on to nn even kccl 
for example. . 



T H E  HYDROFOIL BOAT; ITS HISTORY AND FUTURE PROSPECTS 

Dr. Corlctt's query concerning Table I is quite correct. The 
;ecor~d unci third lines referring to the Frecpcin d'Oro are reversed. 
The beam sliol~ld read 10.2 ft. and the I../B is 4.58." liis 
xiticism of the heel stability of ruost Supramar craft is also valid, 
.hey are ticsigned so  that adecluate stability is available at  the 
:seatest attainable speed. Spreading the main supporting foils 
ntcsaily is a standard method of retaining adequate lteel stability 
. ~ t  Iliglt speecl. This tnetlioti is ernployed on the Br~rs J'Or and 
Si~pramar runabout of' Fig. 6, and it1 tile Hook, Baker, and 
I'arl systems for exa~nple. 

i n  c o ~ i c l ~ ~ s i o n ,  1 would lilce to  refer to the cotnrnents of vr dl .' IOLIS 

jpcaker?; on the future prospects. I n  my opinion radical cicvelop- 
ments in transportation ill or under the silrface of the watsr are 
~nevitnble, both for passenger carrying, especially over short 
i'erry routes, anti for moving bulk cargo. I also think that hydro- 
roils have a significant part to play in this devefoptnent, and 
that the technical efrort reqttireci, although of high ytiality and 

* Since corrected in 'Table I (ED.). 

relatively expensive, is less than will need to be expended oil 
some of the other types of craft now beginning to be considercd. 
Certainly it wo~tlcl not req~iirc a serio~rs devotion or national 
resources, hut coid,ii tltilize capaci(y no longer ~.ccluircti o n  
defence projects. 

It is understood that the Messina ferry charges a fare that the 
market will stand, anct this is sitrely all that a n  operator can 
ask for. 
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dynamics, 1-I.M.S.O., 1956. 

(13) C'aitr., W. I)., anti S~JYDAM, tl. R.: "Tile I-Iydrofoil, its 
I)evelopinent ant1 Application to Water-baseti Aircraft," 
Institii(c of Aeronautical Scienccs, New York 21, N.Y. 
(1957). 


