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HOVERCRAFT LEADERSHIP 
Only four years have passed srnce Westland's S a ~ ~ n d c r s - R o e  
Division designed and bui l t  Bri tain's f i rst  hovercraft, the 
experimental SR.NI. Yet to-day, the Company is o f fe r~ng  the most  
advanced range of high-speed, amphibious hovcrcraft available 
anywhere. Sizes range f ro in  7 t o  376 tons, and load-carrying 
capacities f rom 20 t o  150 passengers. In  developmellt trials, during 
\* ,hir l -  '' 1795 to-date covered almost 100,000 passenger n1ilcs, 

Onger S K N 2  has given the f i rst  dernonstration by 
:anada, and operated highly-successful 

services between Southern England and 
cross the Bristol  Channel, The world's 

,R.N3 (~l lustrated), has started i ts  proving 
r the Bri t ish lnterservice Hovercraft Tr ials 

umber of over-water and amphibious 
dent in fu ture prospects for th is  

, vehicle, Westland already has the 170-ton, 
4 In the advanced project stage. Th is  craft  wi l l  

6 fast, all-the-year-round ferry services for  

I ,,id cars across the English Channel. 

V I E S T L A N D  A I R C R A F T  L I M I T E D  Y E O V I L  S O M E R S E T  E N G L A N D  



HOVERING CRAFT 

& HYDROFOIL 
FOUNDED OCTOBER 1961 

First Hovering Craft & Hydrofoil Monthly in the World 

The  "Albutros", a seventy-eight passenger hydrofoil built by  
tlze Leopoldo Rodriguez Shipyard, seen in operation on the 
Luke of Genevc~. For fur ther  details o f  the crc~ft  see gage 4 

PASSENGER REACT 
W HILE most consumer goods can be tested For potential 

public acceptance before they are marketed -- and in- 
deed such pretesting and motivational research has become an 
exact science - - in the transportation field it is only by means 
of trial axid experiment that the pubiic can decide on whether 
any new method is acceptable or not, for the existence of any 
form of transport must basically depend upon passenger 
approval and acceptability. It would be impossible to gauge 
passenger reaction to travel in hovercraft or hydrofoil by 
verbal description alone, and it is for this reason that experi- 
mental services with such craft can provide invaluable informa- 
tion for potential operators. 

At the beginning of May the British public had its first 
chance of evaluating travel by hydrofoil when the first United 
Kingdom passenger service was started between the Charlnel 
Islands. IIydroioils are already being used in other parts of the 
world where all indications point to their ready acceptance by 
the travelling public, even in areas where fairly rough seas 
are to be encountered. It is of course too early to assess the 
reaction in this country but no efrort should be spared to make 
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such an evaluation as soon as possible. 
Such information should be made available to all potential 

hydrofoil operators, for it is only by a spirit of friendly 
collaboration that the hydrofoil industry can be built up in 
the Uriiled Kingdom. It  would be a backward step if need- 
less and unnecessary competition between operators were t o  
hamper this industry in its early days, for although com- 
petition is undoubtedly healthy when an industry has found its 
feet, it can be crippling in the formative days. It might well be 
a justified criticism that competition in the hovercraft industry 
started too early at a time when all efforts might have been 
better directed to putting across to the general public the basic 
idea of this new form of travel and the benefits it had to offer. 

In the method to be adopted of gauging passenger opinion 
it might be as well to emulate the technique successfully em- 
ployed by the illternational airlines who, in the early days of 
air travel, supplied passengers with questionnaires on their re- 
actions to flying. It might also be an idea to encourage pas- 
senger cornment on the services they would like to  see pro- 
v~ded for their comfort within the craft. 
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A daily hydrofoil service has been established between 
Virgin Gorda (British Virgin Islands) and St Thomas (United 
States Virgin Islands) to serve spring and summer guests at the 
new Little Dix Bay resort. 

The craft leaves daily -- except Sunday ---from St Thomas 
at 09.00 and 13.13 for Road Town, capital of the British Virgin 
Islands. 

There are connecting services arriving at Virgin Gorda at 
12.00 and 16.15. Westbound services are maintained front 
Virgin Gorda at 08.45 and 13.00 arriving at St Thomas at 11.45 
and 16.063. The single fare is $8.50 (£3). 

Since 1958 the Italians have beer1 operating a Suprarnar 
PT 20 hydrofoil on Lake Garda. Reccntly the same type of 
craft, named '"Albatros" and capable of carrying seventy-eight 
passengers has been put irkto service on the Lake of Geneva. 
The craft. was built by the Rodriquez Shipyard, Messina, Sicily 
and was "flown" from there to Marseille encountering waves 
up to 6 ft en route. From Marseille to Lausanne it was trans- 
ported by road. 

With specially designed foils and its propeller working very 
near to the water surface the "Albatros" can be operated in 
shallow waters and enter all harbours on the Lake. Trials have 
proved that the craft behaves as well as the standard PT' 20. 

The "Albatros" is 68.8 ft long, 16.5 ft wide (24.75 f with its 
wing-11ke floats extended), weighs 20 tons, and is powered by 
a Mercedes-Benz diesel engine. It is expected to carry visitors 
to the Swiss National Exhibition in husanne  this summer 
and wilt also make short sightseeing trips. Next year it will be 
used for an express service between Geneva and Montreux 
via Evian-1-ausanne and Vevcy 

Two more PTI" 20 Supramar craft presently under construc- 
tion at the Rodriquez shipyard dest~ned for Lake Como and 
Lago Maggiore are to be delivered in Spring 1965. 

Mr E. P. Gilberthorpe, MIMech E, MIProd E, MBIM and 
Mr R. Starltoxl Jones, MA, DCAe, have been appointed Special 
Directors of Wcstland Aircraft Ltd. Both will continue to act 
in their respective capacities of General Manager and Chief 
Designer at Westland's Saunders-Roe Division where they are 
concerned with the hovercraft side of activities. 

As General Manager, Mr Gilberthorpc was collcerned with 
the productron of SR.N3, the world's largest hovercraft, and 
SR.N5 the first hovercraft to go into full-scale production. 
Mr Stanton Jones is well known for the part he played in the 
design of SR.Nl, the world's first hovercraft, as well as the 
SR.N2, SR.N3, SR.N5 and the new 150 ton channel ferry pro- 
ject the SR.N4. 

Cantieri Navale Rodriqraez of Mcssir~a have received am 
order from the Societa Adriatica di Navigazione for a 120 
passenger hydrofoil craft For service between the Adriatic par$ 
of 'Termoli and the Terniiti Islands. Several daily services will 
be operated in cach direction and the distance will be covered 
in 40 minutcs. The service will commence on June 15th. 

Ishikawajin~a Rarir~ia Heavy Industries Co Ltd, who have a 
technical agreement with the General Electric Company of .the 
United States, have recently adapted the CT-58 type turbo-jet 
engine for marine use, and will rnou~lt it in a large hydrofoil 
craft 20 metres long with a 45 knot maximum speed The ad- @ 
vantage of this cngine lies in its light weight. Xts maximum 
output is 1,250 hp or 110 gm/hp compared with 2.3 kg/hp for 
an equivalent diesel engine. 



Discussion on "A Progress Report on Hydrofoi Ships" * 
by Norman P. Pascoe, Technical Director, Seaglider Ltd, Farnborough, Hants 

@ INmODUCTION just "possible" where high performance wings are concerned. 
I consider Mr Lacey,s R~~~~~ to be of corlsiderable value, In fact it is evident from experimental data that for rectangular 

particularly at a time when Hydrofoil craft are receiving re- planforms, as the mass ratio is decreased the dynamic pressure 
newed and intensified interest from designels and commercial at flutter increases and a unity mass ratio asymp- 
operators on both sides of the ~ ~ ~ ~ ~ ~ i ~ .  M~ L~~~~ does, in my totically. A flutter free region is thus indicated for mass ratio 
opinion, and precisely fulfil the objective of his less than Oile. has and 
paper and in so doing, makes apparent a number of points has supported, evidence that for as little as 5" sweep, flutter 
worthy of elabolatlon. prediction in the normally unswept low mass ratio region 

results 1 am particularly keen to learn from Mr I,acey I trust Mr Lacey will forgive me for digressing somewhat attempts arc being made to from the subject matter of hls paper In appending a labulated 
summary of pllnclpal data relat~ng to a number of noteworthy (a) modify planforms; 

Hydrofoil Craft In add~tlon to those developed in the USA. (b) improve wlng materials; 

The impetu~ glven to Hydrofo~l development i n  the United (c) effectively change section centre of gravity and elastic 

States by the US Navy Department compels one to reflect with axls location by 

some envy, and not inconsiderable frustration, upon the re- (i) inclusion of high density Leading edge inserts, 

latively poor resea~ch and development facllitics programme (ii) modification of foil sections, 

belng pursued 111 thlr country. or a combination of methods (a) (b) and (c) in order to widen 
flutter free boundaries at hlgh dynamic pressures. 

COMMENTS 4. CQMMEKCML PRQGREXS 
I. " Fresh "-1 Accident I would ask Mr Lacey to indicate Lhe most adverse type of 

The relatively minor damage to crew and craft as a sea conditions likely to be encountered by small cornmuter of this accident is a tribute to those responsible for crew craft i n  the New York city area, and such craft are 
safety. I would, however. ask Mr Lacey (a) how it is proposed tile "Enterprlsen type having submerged foils in Qnard to retain both stability In yaw and steering effectiveness for a configuration. ~f so, is that fully foil 
foil system in a broached condition, and (b) why, as a Pre- passenger craft show advantage over emerging foil craft for lerrcd alternative to  (a), effolt has not been concentrated to- selvice in this area, and for what reasons? Would M~ L~~~~ 
wards preventing the occurrence of broaching? also kindly describe in a little more detail the seventy-five 
2. "Transit" Type of Foil System passenger, 35 ton, submerged foil craft referred to in this sec- 

It is lnterest~ng to note that foils ale being developed for tion of his paper. 
"Freshn-1 which, while providing a desirable flow transition 
from an all-wetted to a cavitating condition, do nevertheless 5. SUMMARY 
expose themselves to an intolerable degree of erosion. Does The table which follows represents only a small number of 
M~ kacey the development of erosion resistant contemporary craft of noteworthy design. Limited space pro- 

# (which are likely to yield more acceptable material hibits incluaion of many other very intclesting craft. 
and dynanric performance) more expedient than the refinement It will be seen that foil systems vary to a considerable 
of supercavltating and/or supcrvcntilating foil sections already extent and lt mdY reasonably be concluded that the systems 
in an advanced state of development? used are appropriate to the conditions of operation which pre- 

3. ICYDROELASTlIC STABILITY 
vail. I do not think for one moment that designers are still in 
doubt concerning the choice of an optimum foil configuration 

1 am encouraged to hear Mr Lacey emphasize the need for for a particular set of operating conditions, and craft. I would 
a serious study of Hydroelastic phenomena. Although 1 agree appreciate some comment from Mr I-acey in this lespect. 
that there is, as yet, no known close correlation between theory I would again like to thank Mr Lacey for his paper which 
and experiment as far as flutter prediction is concerned, X I feel sure must earn him unanimous approval and congt-atula- 
would however suggest that Ilydroelastis flutter i s  more than tion. 

Foils Spced Dirpl.. Power (hp )  
Cmf~  Ririldcr F ~ v d  A f l  (knots) (Ions) Mur Cls Conrrol Applicutior~ - 
AG(EH) I'ogct Sound F/S SO-t. 120 40,000 28,000 Height sensor Research 
(USA) Bridge & F/S~irp lane  (sonic u r  

Drydock Co radar) - 
IIS "Dcnison" Gn~rnman S / P  F/S 60 80 20,000 14,000 Autornatlc Passenger 
(USA) Airplano stability Ship 

augmentation 
system - 

"Freshn--1 Roeing F/S F/S up to 16 18,000 13,000 Electronic Research 
(USA) Canard 100 height control 

Airplane 
Symmetric - -- -- .- 

Boelng F/S F/S 40--\- 108 - 6,200 Sonic height Anti- 
"High Point" Canard sensors submarine 
-- ... patrol craft PC(")--l (US*) I us 

"Aqunstroll" "Avioianda" SIP F/S 32 
for Hoop 
International Gmnberg 
Aquavion (GB) 
Ltd - 

Hydmfin PZO - 23 - 1,500 Mechanical Passenger 
F'SAirpiaoeFiS 45 Peeler Arm Craft -- . -- .. 

Pr 50 Rodriquez SIP S I P  40 60 2,700 1,000 Not Passenger 
Messina disclosed CraIt - 

"Spi~tnih" Krasnoye S/I' SIP 50 110 3,400 -- Automatic Passenger I (USSK) Sormovo, Craft I 

$c " A  Progre8.s IReport ora Hyrlrofoii Ships" by  E .  Ralph Laccy was read at the nleeting o f  t l ~ c  Royal Irlstitirtiorr o f  Naval Architects, Lorrdorr, O,Z Mnrcll 25th- 
I964 



ems on 

A. E. I-lohman and W. L. Kennedy 
of 

Vought Aeronautics Division 
Ling - Semco - Vought, Inc 
Dallas, Texas 

Introduciion 
YDROFOIL CRAFT have beerr. in operation in Europe I' and behind the Iron Curtain in significant numbers since 

World War II. Although the United States has built fewer craft, 
there have been rapid advances in size, speed, and sophistica- 
tion since 1960. Notable among these is tho 80-ton Denison 
built for the Maritime Administration and the 110-ton PS(H) 
ocean-going craft to be operational in anti-submarine warfare 
service in 1963. 

As size and speed requirements increase, the requirements Cor 
materials to be used in the struts and foils become increasingly 
more difficult to fulfill. The Bureau of Ships has sponsored a 
programme* to select materials suittable for use in high per- 
formance hydrofoil craft in the 200 to 300 ton class. The ideal 
material is one exhibiting high strength, light weight, high 
modulus of elasticity, good ductibility, toughness and fatigue 
life, good fabrication characteristics, corrosion resistance, and 
low cost. In addition, the material must be available in the 
sizes required for efficient fabrication. 

TABIIE 1- &sir& Material Qualities 
Size.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 .0  in thick x 120 in wide 
Strength . . . . . . . . .  100,000 psi min. yield (high den. matls) 

500,000 psi/lb/ira"Ilow den. matls) 
Ductility.. . . . . . . . . . . . . . . . . . . . . .  .10% elongation in 2.0 in min. 
Toughness.. . . . . . . . . . . . . . . . . . . . . .  ,nil ductility transition temp. 

0°F or lower 

Within present knowledge, there is no material that earl ~ 
fulfill all of these requirements. Of the available materials, it 
is not known which ones most nearly fulfill the requirements. I 

At the beginning of the programme, mechanical and physical 
property target values were assigned, where possible, based on 
anticipated structural and fabricatioli requirenie~lts. These are 
briefly outlined in Table 1. In this discussion of the corrosion 
properties or propert~es which are affected by the corrosive 
marine environment, only materials which measure high in 
relation to these target values are considered. 1 

Initially, a list of s;xty potentially suitable candidate materials 
was prepared. A literature survey and contacts with data 
sources reduced this number to the sixteen materials shown in 
Table 2. The screening tests shown in Table 3 and to be dis- 
cussed in more detail were perlormed on these materials. 

Fabrication studies of joining methods show welding to be 
superior to mechanical rastening for typical hydrofoil joints. 
For this reason, both welded and unwelded specimens have 
been subjected to the various tests. 

Programme Unprotected Plate 
Ti 6A1-4V 
Ti 8Al-2Cb- 1TA 

17-4 PK (FI1025) 17-4 PH (H1075) 
Berylco 25 

CD4MCU 
Rase Materials lor Cladding and C'oating 

tlY I00 AISI 4330M Epoxy Glass Laminate 

.k Revision o f  paper titled "Sonze Corro.ciori Aspects o f  Hydrofoil Materials " The worlc described in this article was sporisored by the Hrrreuir o f   skip.^, 
Selectiorz", presc~rrted at the, Nirzele~nth Aiirz~ml Conference. Notionrrl Corztr.uct NORs-84593. The 0pinion.s and conclu.sions presented 61 thi.7 
A.rsociatiorz o f  Corro.rioiz Engrneers, Mrtvcli II-ISth, 1963, New Y o r k ,  N Y  orticle ave those o f  tlze uuthorr and not neces.sarily those o f  rl~e Ilrtrcuir o f  

Ships or Depurtrwent o f  the Nuvj~ 



TABLE: %Material C@~nparison Screening 
Tests 

Mechanical Properties 
'Tensile Rotating Beam Corrosion Fatigue 
Charpy V Notch Unidirectional Corrosion Fatigue 
Notched-to-Unnotched Tensile Ratio 

Electrochemical Properties 
Static Corrosion Unidirectional Corrosion Fatigue 
Stress Corrosion Rotating Beam Corrosion Fatigue 
Magnetostrictive Cavitation - Corrosion 

Jet Erosion Corrosion 
Water Wheel Erosion - Corrosion -- Cavitation 

Fabricsbility Properties 
Machinability Weldability 
Formability Processability 

Test Procedures and Results 

Static Corrosiolz 
M ~ l ~ t a r y  liydrofo~l craft may be used on a more ~rregular 

schedule than non-m~l~tary craft Because of these periods of 
~nactlv~ty, stat~c corrosion data on the materials are ~mpostant. 
The trend to retractable fo~ls  has lessened the importance of 
these data somewhat, but the toils may be submerged lor pro- 
longed per~ods to provlde add~tional hull stabrhty. 

The mater~als shown in Table 2 fol which stat~c corrosion 
data were not already available for heat treated, welded, and 
unwelded condit~ons were exposed In submerged racks at the 
Internat~onal Nickel Company's Harbor lsland Laboratory. 
Two unwelded and two transverse welded speclrnens were used 
to slmulate the cond~t~ons that a toil receiving monthly main- 
tenance would encounter These speclmens were submerged for 
month long perlods below the t~dal  zone, removed, cleaned, 
examined, and replaced in the racks. Exammations included 
determinations of corrosion rate, depth, and extent of pittlng 
and crevice corrosion, galvanic effects of welds, and the amount ) and type5 ol fouling Mrx~mum, minlmum, and average sea 
water temperat~~res Tor each test period also were recorded. 

To establ~sh s tat~c corrosion rates in the Inore conventiorlal 
manner, dupl~cate speclmens of welded and unwelded materials 
heat treated to the strength level expected to be used in foil 
des~gn are being exposed for periods of six months, one, two, 
and four years 

Average corrosion ~ a t e s  for monthly removal and six-mouth 
static corrosion speclmens are shown in Figures 1 alld 2. Tlle 
cond~t~on of typlcal specrmens and their corrosion rates are 
presented In F~gure 3 

It 1s ~mportant to note that the corrosion rates indicated 
111clude material lost through p~ttmg and crevice corrosion. 
These rates may be misleading if consrdered as uniform ma- 
terial losses. Pot example, K Monel appears to be superior to 
Berylco 25 if rates alone are considered, but examination of 
Figure 3 shows Berylco 25 to be superior in over-all condition 
because of lhe unilor~n material loss. 

INCONEL 718 

CO 4 MCU 

IIASTELLOY C 

17-4PH 61 1025) 

i F a P H  (HlO75) 

K MONEL 

REAYLCO 25 

AM 355 

I I I I 
0 

I 
a s  1.0 $ 5  z o z!d 

RATE ( M I L J Y ~ ~ R ,  

@ figure I .  Average corrosion rates for static corrosiori speci- 
mens removed monthly after sixth removal from sea water at 
112~0's Hurllor lslattd Laboratory 

TI 6AL-4V 

TI BAL-ZC6 ITA 

HASTELLOYC 

INCOIIEL 118 

CD ilMC" 

RERYLCO 25 

K MONEL 

17-4FH (H 1075) 

17-4PH (H 1025) 

AM355 

RATE (MILS/YEAR) 

Figure 2. Average corrosion rates for six month continuous 
exposure of  static corrosion specimens in sea water 

Corrosion rates for the monthly removal specimens used to 
simulate a maintained foil are also indicated in Figure 2 which 
shows rates Eor specimens exposed continuously for six months. 
Comparison of the rates indicates that the materials can be 
divided into three groups as defined by the difference in rates 
for specimens cleaned at rnonlhly intervals for a total of six 
times and specimens removed only once at the end of six 
months. 'The three groups are (1) both rates no greater than 
0.1 mils per year (Ti 6A1-4V, 'Ti 8hl-2Cb-l'X*a, Haslelloy C 
and Inconel 718), (2) monthly removal rate considerably 
greater than the six-month rate (Berylco 25, AM 355), and 
(3) six month rate considerably greater than the monthly re- 
moval rate (K Monel, CD 4 MCu, 17-4PH (H 1025) and 
17-4PH (H 1075). 

From the standpoint of static corrosion, all of the materials 
in Group One are acceptable for foil construction with or with- 
out periodic maintenance. In Group Two, AM 355 is unae- 
ceptable because of severe pitting. Removal of the protective 
oxide film by monthly cleaning of Berylco 25 increased the 
rate of material loss considerably. The material is attractive, 
however, because of its anti-fouling nature which would no 
doubt reduce maintenance requirements. The use of Group 
Tlrree materials in the heat treated conditions used for this 
test appears to be unadvisable unless frequent maintenance 
is performed to remove fouling. Greater confidence can be 
placed in these trends when data for exposures of a year o r  
more are available and evaluated. 

In Figure 4, specimens after six months' coritinuous exposure 
are shown before cleaning. The anti-rouling Berylco 25 is 
clearly visible. 

Stress Corrosioiz Crackirzy 
Stress corrosion cracking in a hydrofoil or strut could easily 

lead to catastrophic failure. Because it is virtually impossible 
to construct a foil and strut with assurance that no residual 
stresses of a magnitude that could cause failure are present, 
stress corrosion testing became an important part of this 
programme. 

Tests were designed to use stress levels equivalent to 90% 
of the tensile yield strength. This high stress level was chosen 
because of the inability to predict accurately what stress level 
may exist within the foil resulting from welding, machining, o r  
other fabrication procedures. Thus, the ground rule was adop- 
ted to eliminate materials which showed cracking at the 
strength levels necessary to make them attractive from a 
strength to weight viewpoint. This rule applied to both welded 
and unwelded material. It was originally intended to test the 
materials only in the submerged condition, but because of the 
trend to retractable Coils and in further consideration of the 
parts of the struts which extend above the water line during 
flight, some materials have been tested in both atmospheric 
and submerged tests at Harbor lsland and Kure Beach. 

Five unwelded and five transverse welded 0.050-inch strip 
specimens stressed to 90% of the 0.2% offset yield slxenglh 
were exposed with the stressed area immersed in sea water as 
shown in Figure 5. Three of the five specimens were removed 



1 1  GAL-4V Ti 841-2CE3--1 TA H A S T E L L O Y C  CD 4 M GU iNCOMEL 71 8 
(HY 100 HT)  (CAST 

0.0 M P Y  0.0 MPY 0,l M P Y  0.3 WPY 0,s M W  
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17-4 Pti 'H 1025 1 7-4 PH jH 1 025) M MQNEL AM 355 (CAST, BERY LLt UM I 
U N W E L D E D  W E L D E D  COPPER 
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Figure 3. Stufic corrosion specimens and corrosiorz rates after six months' contir~i~ous immersion irz seu wuter 

after six months and placed in the 80-foot lot. This procedure 
provides data on the effects of wet-dry cycling and any incuba- 
tion associated with extended submergence. Additional speci- 
mens of selected materials have been placed in the 80-foot 
lot without prior immersions. Test jigs having a fixed length 
of 7.000 inches were used and specimen lengths determined to 
place the middle one-third of the specimen under the desired 
stress. 

Circular-patch restrained weld specimens prepared during 
fabricability studies have also been exposed in the 80-foot 
lot. Residual stresses in these specimens approach the yield 
strength of the material in mild steel.1 'The exact stresses are 
dependent on the shrinkage of the material and the ratio of 
patch size to plate size. Further evidence that residual stresses 
can be high is presented in Figure 6. Cracking appeared in one- 
quarter-inch Ti 8Al-2Cb-ITa four days after welding and 
cracked to the extent shown in one month in a laboratory en- 
vironment. Iiesults of this test should be more representative 
of material performance in a welded foil than results of the 
strip specimen exposures. 

Stress corrosion failures have thus far been restricted to three 
materials. Welded AM 355 strip specimens failed from six to 
sixty-five days after immersion. Four of the specimens had 
failed after thirty-five days' immersion, all within the highly 
stressed area. The fifth specimen failed at the water line after 
sixty-five days. Four unwelded AM 355 specimens (168,000 psi 
yield strength) failed from eight-five to 157 days. However, all 
failures occurred at tlre water line and were attributed to local- 
ised corrosion rather than stress corrosion. The fifth specimen 
has not failed after ten months' exposure. 

Four oC the welded AISI 4330341 strip specimens (160,000 
psi yield strength) exposed in the 80-foot lot without previous 
immersion failed adjacent to the weld after thirty-three, thirty- 
five, seventy-six and eight-two days. No Failures have occurred 
amorig the 4330M specimens (185,000psi yield strength) that 
were immersed and later placed in the 80-foot lot. 

These two g r o u p  of specimens were not heat treated and 

welded In the same sequence The Immersed speclrnens were 
hardened and double tempered alter weld~ng. The specimens 
In the 80-1001 lot were hardened and double tempered before 
weldlng and then stress relieved. Metallurg~cal examination of 
the [allures disclosed intergranular failures with branched 
cracks normally assoc~ated with stress corrosion cracking. How- 
ever, the possibility cannot be overlooked of failure ciue lo 
cracks developed atter welding. Additional testing is planned 
of welded AISI 4330M specimens exposed to atmospheric, sub- 
merged, and controlled environments. 

Somewhat conflicting results appear in the case of CD 4 MCu 
stainless casting alloy Bent beam stress corrosion specimens 
0.050-inch thick showed no tailure, while internally stressed 
specimens intended tor static corrosion tests failed by stress 
corrosion crackrng. 

The static corrosion test specimens were sand cast in a 
vertical shape varylng in thickness from one-half to one inch 
and then machined to one-quarter inch thickness. Some of the 
specimens were distorted slightly indicating internal stress. Heat 
treatment oC the castings included a water quench fiom 2050 F 
which has been shown to cause brittle fracture. Cracking of 
this nature has occurred in shol?. peliods in noncorrosive en- 
vironments.Vhe tailure of several specimens in this pro- 
gramme showed typical branched cracking. Cracking had not 
occurred after the sixth monthly removal of static corrosiori 
specimens but was present after the seventh. The six-month 
static specimens also were cracked on removal. The severe 
quench which in thicker sections causes brittle fracture prob- 
ably creates a susceptibility to stress corrosion cracking in 
sections of approximately 0.25 inch and has no liarrntul etl'ect 
in sections on the order of 0.050 inches 

Erosion-Corrosion 
The effect of velocity on the corrosion rate of materials by 

water has been the subject of considerable investigation.3 In 
general, at velocities in the range of 25 feet per second, the 

3 
corrosion rate of most materials is increased. In  addition to 



Figure 4. Static corrosion specinzcrls shoivirrg fouling after six 
morzths' corliirzctocts exposure to sea vvutcJr. Specinzerzs A were 
beryllium copper; Specimens R were titcrrzium (8AI-2Cb-Ta); 
Specimens C werc titaniunz (6AI-4V);  urld Specimens D were 
Itlcortel 718 

the mechanical acl~on oi corroslon product removal, there 1s 
an  increase in ava~lable oxygen These factors may, in a d d ~ t ~ o n  
to  changlng the corroqron rate of a material, change the iela- 
t ionsh~p of two materials In a galvan~c coupllng so that a new 
galvamc relationsh~p 1% established In a slmllar manner, the 
galvan~c re la t~onsh~p of metals exposed to the h ~ g h  veloc~ty sea 
water flow and that In a stagn.int or  crevlce area IS changed 

A veloc~ty ol 150 feet per second corresponding to 90-knot 
hydrololl speeds was studled in t h ~ s  programme The primary 
object~ve was to measure metal losses due to the combined 
efrects of hlgh sea water mechanical act~on and corroslon I n  
addition, coriosion In crevlces adjacent to the area In contact 
with h ~ g h  veloc~ty sea water had accelerated corrosion rates 
tn some cases This effect also may become Important on fo11 
materials In servlce The area belng exposed to h ~ g h  veloc~ty 
water does not necessarily Increase In corroslon ra te3 Areas 
or metal also may become more cathod~c to areas of the same 
metal exposed to a lower veloclty with a lower oxygen supply 
but In whlch the ox~de  film IS mole l~kely to remain intact 

A test facihty for e~oslon-corrosion test:ng at Harbor Island 
was designed and Cabrlcated by Chance Vought The basic 
ar~angement of the facllity and the ~mplngement speclmen are ) sllown in Figures 7 and 8 lwelve speclmenr wele exposed 
simultaneously to the 90-knot sea water for a cont~nuous thll-ty 
day period The 45"imp1ngement angle was selected to mlm- 
mlse cav~tatlon and the water cushioniiig eflect at the polnt 
ol Impact and thus to prov~de a basis for measurrng the effects 
of eros~on-corros~on only 

l'he metall~c specimens were weighed betore and after 
testlng, and eroslon-corrosion rates calculated Weekly Inspec- 
tlons of suiface condition also were made For  metal-coat~ng 
comb~natlons, the nylon specimen holdels were replaced by 
plates of the rnater~al to be coated These specimens were 
observed a t  weekly Interval5 for erosion damage and loss of 
coatmg adhesion 

Ihe average eroslon-corrosion rates are presented In 
Figure 9 

The materials that pelformed best In both monthly removal 
and SIX-month s t a t~c  coiroslon tests also exlub~led the greatesl 
resistance to eroslon-corrosion damage (Ti 8Al-2Cb-lTa, Pi 

Figure 5.  Stress corrosiort specimens in submerged teJt at 
fInrbor Islurzd 1,aborritory 

Figure 6 .  Cracked titanium specimen (8A1-2Cb-ITa) with a 
circulcrr patch which was restrain welded. Residual stresses 
caused cracking in this ) inch titanium four days after welding 
and cracked us shown Izere in one month's exposure to labora- 
tory environment 

6A1-4V, Hastelloy C and lnconel 718). AM 355 and CD 4 MCu 
cast~ng mater~als and commerc~ally pure titanium also suffered 
1.ttle damage durlrrg short term tests Berylco 25 speclmens 
had an  eroded surface pattern distinctly different from other 
matenals tested As expected, both HY 100 and AlSl  4330M 
were severely damaged by the high velocrty sea water impinge- 

ment This damage appear? to be prrmarily an accelelation of 
the coiloslon rate. 

Durlng early phases oS testlng, crevlce corroslon and pitting 
losses were found to occur to an unusually gieat extent on the 
edge and back of lnconel 718, Berylco 25, K Monel and 17-4 
PH speclmens An effort was made to determine the extent of 
this attack and to sepaiate these losses from those on the 
specimen lace due to eroslon-corrosion. However, the indi- 
v~dua l  measurement of the two types of attack was d~fficult due 
to the speclmen configuiat~on Data obtalned wele somewhat 
~nconsistent, and thus no quantative crevlce corroslon rate In- 
crease can be reported A few comments concerning the type 
and extent of damage to each matenal can be made, however. 

Inconel 718 and K Monel were only sl~ghtly damaged by 
crevlce corroslon on the specimen edges The 17-4 PH speci- 
mens were severely damaged by crevice corroslon which, in 
some case.;, penetrated through to the back ot the speclmen 
Be~ylco 25 appeared to suffe~ approximately equal damage 
l rom crevice corroslon and prtting 

A defin~te statemenl as to the cause ot  thls damage canrlol 
be made, however, the galvanlc effects caused by exposure ol 
separate areas oi the speclinens to high velocity and stagnant 
sea water, as mentioned by Copson,? would seem to be a likely 
basrs for an explanat~on 

Figure 7 .  Erosion-corrosio~z test facility in operation ar 90 
krzots. Arrow indicates specimen holders (see Figrcre 8 )  



3 TEST SPECIMEN 
25 THICK B'i 
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Figure 8. Specimen holders for jet erosiorz-corrosion testing. 
Six specimens for each material (three clrzwelded, three welded) 
were exposed for 720 hours. Examirzations were made /or 
weight losses 

These variables were eliminated during later tests by applying 
a rubber coating over the entire specimen, except the exposed 
face, 

Cavitation-Corrosiorz 
The influence of cavitation on material loss rates from hydro- 

foils and struts is not yet clearly defined. As in propellers, the 
existence and severity of cavitation is dependent on design. 
Thus, with super-cavitating foils, cavitation levels may be pre- 
sent for only short periods during "take off" and return to 
non-foil borne operation. On the other hand, certain areas of 
a foil may be subjected to continuous cavitation during flight 
due to design necessities. In this case, cavitation losses could be 
of major importance in material selection. 

Cavitation itself may remove metal at an alarm~ng rate. It 
may also function to mechanically remove the oxlde films, as 
in the erosion applications previously discussed, to expose the 
bare reactive metal surface to the sea water. Metal loss rates 
are varied by varying the relationship of time of combined 
cavitation and corrosion to the time in which only the corrosive 
environment is present.4 The rate for a particular material 
could be varied over a wide range by varying the severity and 
duration of cavitation in relation to the time allowed for sea 
water corrosion to proceed. For this reason, this programme 
has approached the problem by obtaining only a relative 
cavitatio~~ metal loss rate for the materials under two standard 
conditions in sea water. An estimate ol' material performance 
under cavitation probably can be made using this rate and the 
static corrosion rate for the material. 

A few words of caution should be given in respect to cavita- 
tion conditiotls considerably more severe than those used in 
the magnetostricture test method. In work done at the New 
York Naval Shipyards Material Laboratory using a rotating 
disc apparatus to produce cavitation much more severe than 
that used in this test, titanium was extremely resistant to 
cavitation and corrosion.5 Rut when an even higher cavitation 
level was imposed, rapid metal loss occurred. This may be due 
to a threshold at which the protective titanium oxide layer is 
removed, followed by more sapid metal removal by a combina- 
tion of mechanical and corrosive attack. 

The relative cavitation-corrosion rates for two standard 
cavitating conditions were determined during the screening 
phase of the programme. 
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Figure 10. Colzfiguratiort for cavitaliolz specimen. Each speci- 
nzerz was tested {or eight hours, one syecimerz per material. 
After test, specimens were cl7eckcd for weight loss 

I 

Magnetostricture cavitation testing was conducted at Chance 
Vought using Gulf Coast sea water and cylindrical dished type 
speclmells shown in Figure 10. A frequency of 22,000 cps and 
a double amplitude of 0.001 inches were used. Frequency was 
monitored by an events-per-unit-time meter and the amplitude 
checked by microscopic observatiorr. Close control of ampli- 
tude and frequency was attained by varying specimen thickness 
in proportion to mater~al density so that all specimens weighed 
approximately the same belore testing. The sea water tempera- 
ture was maintained at 7 2 F  (+ one degree). 

All mater~als were exposed to a total of eight hours' cavi- 
tation. Welghts were determined to one-tenth of a milligram 
after cleaning with distilled water and alcohol and drying in a 
vacuum d~ssrcator. Weighing was accomplished at 15 minute 
intervals for the first hour and hourly thereafter. 
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CLAOOINT 0" A151 1190 M 
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NrOPRElE FOR COATING 

Figure I I .  C~vitatiorz rates iri sea watcv. Double arnplitzcde 
0.001 irlch, frequeitcy, 22,000 cycles per second 

Three materials were selected for re-test to check reproduci- 
bility of test conditions and data. The results confosmed closely 
to those from the first run. 

Magnetostricture cavitation rates are shown in Figure 11. 
These were determined by plotting cumulative weight losses 
against exposure time and convert~ng the milligram-per-hour 
slope to inches per year. 

h POWER S U P P L Y  

1 MODEL SUPPORT 

WATER WHEEL SURFACE O F  WATER 
AT T E S T  VELOCITY 

Figure 9. Rates for jet erosion-corrosion in sea water. Exposzlre 
was for thirty days at 90 knots 

Figure 12. General arrangemerit of water wheel facility. A 
five-inch model hydrofoil can be tesfed rrt speeds to 700 Icrzols 



k'iy~irc 13. LVuter wlzeel specimens after 90 knot tests. Angle of attack wns - 2" at a 6 i n  depth. L e f t  specimen is titanium 
(8Al-2Cb-ITa) exposed for 100 hours; centre specimen is 17-4PlI (191025) cxpo~ed  for 100 itours; right specintetz is 
alrrrncnnm coated coupon elposed for 50 hours 

Mater~als also were tested Tor cavrtation effects at the New 
York Naval Shipyard Materials Laboratory using the more 
severe cav~tatron conditions. The technique used includes a 
submerged circular spinning disc 12 irlches in diameter and 
one-eighth rnch thick with one-inch diameter specimen inserts. 
Two specimens are located at each of three rad~i  to produce 
velocltres of 100, 125 and 150 fps. Cavitation is produced by 
a 3-inch hole immed~ately ahead of each insert. 

Except For the two tltansum alloys, ranklng of materials irr ) the rotating disc test was the same as for the magnetostrrcture 
test. The tstanium alloys showed only minor cavitation damage 
at 100 and 125 fps, but specimens exposed to 150 fps showed 
damage on the order ol twenty times that at 125 fps. 
Wutcr W l ~ e e l  

The Chance Vought Corporation water wheel test facility is 
currently being used to test selected materials by exposure to 
the local sea water flow enviroriment of a model hydrofoil. 
This test facil~ty conslsts of a 12 1t diameter wheel which is 
arranged lor operation In the general configuration shown in 
Figure 12 and is sufic~ently powered to operate at speeds to 
300 rpm with a five-inch hydroforl model. In this mannel, local 

flow velocities to 100 knots are maintained lor long periods 
with local static pressures varying from atmospheric at the 
free surlace to simulate depths as great as 80 ft. Simultaneous 
short term corrosive effects are simulated by using sea water. 

Three water wheel specimens tested thus far are shown in 
Figure 13. On the soft aluminum coated specimen, the first 
to be tested, the area of cavitation damage is clearly visible. 
Loss of coating from the tip portion of the model was not a 
result of cavrtation. Cavitation damage was not as severe on 
this specimen in the 40-hour test as damage occurring in only 
3+ hours In the rotating disc cavitation test apparatus. The Ti 
XA1-2Cb-1Ta specimen is free of damage. No cavitation damage 
occurred on 17-4PH (H 1025) specimen; however, areas ol" 
incipient corrosion are visible near the foil tip and erosion 
losses are apparent along the leading edge and adjacent to 
the strut. 

Additional testirig of these and other materials is planned 
Cor a later phase in the programme. 
Fafiglie 

The fatigue problems associated with aircraCt structures are 
well known, especially lor wing bending. The problem in 

TABLE 4 - Rotating Beam Corrosion Fatiglle Test Results --- 1.450 epm in Sea Water 
Cycles to 

Type Stress Failure Fracture 
Material Specimen (KSI) XI@-6 Location 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Ti 8A1-2CR- 1Ta Unwelded 35 10.1 Avg." . . . . . . . . .  
Welded 66 0.02 Weld 

0.03 Weld 
Uncoated 4330M . . . . . . . . . . . . . . . . . . . . . . . .  Unwelded 3 5 0.5 Avg. . . . . . . . . .  
Coated 4330M . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .. Unwelded 35 6.17 ......... 

30.0" ......... 
5.0% . . . . . . . . .  

Coated 4 330M . . . . . . . . . . . . . . . . . . . . . . . . . . .  Welded 70 0.23 Weld 
0.02 Weld 

Berylco 25 ............................... Unwelded 35 5.5 Avg. ......... 
CU 4 M CU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Unwelded 35 1.2 Avg. ......... 
AM 355 . . . . . . . . . . . . . . . . .  ..... . . . . . . . . . . . . . .  Unwelded 35 1.0 Avg. ......... 
Haslelloy C for cladding on 4330M Unwelded 45 10.0 Avg.* .a*...... 

17-4 PN (H 1025) . . . . . . . . . . . . . . . . . . . . . . . .  Welded 73 0.23 Weld 
0.02 Weld 

Ti 6A1-4V . . . . . . . . . . . . . . . . . . . .  ..... ....... Welded 72 0.02 Adj. to Weld 
2.7 Weld 

* No failures. Test to 107 cycles maximum 
i' Failed at edge of coating 

Apparent 
KT 



Figure 14. Failrcre of coated specimens (AISI  4330M) afler48-hour cxposrire at YO kr~ols. L e f t :  20-mil Neoprene coaling 
on alkalirze clearzed coupon. Centre : 20-mil Ncoprcrze coalinyon grit blc~s!ed corcpor~ ivirl~ three mils flame sprayed (1111- 

mi t~unt .  Rigilr: 20-mil poly~~reihar~e  coctting on alkalir~e cleancdcorrpoir 

hydrololl operat~on is sim~lar but 1s co~nplrcated by the added 
effect of mlcro or  macro notches Lormed by corros~on wh~ch 
may result 111 severe stress concent~atlons on the structures 
In areas of the roll or struts where cycl~ng stresses occur, thls 
colroslon fat~gue may be the limit~ng iactor on mater~al usage 

Materials In the last phase of thls programme ale  to be 
tested In a unid~rect~onal bend~ng test The target value 1s 107 
cycles at a loading of 5,000 to 75,000 psi In tens~on In sea 
water Because of the ready ava~labll~ty at the Harbor Island 
Laboratory, screen~ng tests have been run uslng the rotatrng 
beam method at a 35,000 psi stress and a load cycling rate ol 
1450 cycles pel rnlnute Thls stress level was chosen lor  the 
rotating beam test as being approximately equivalent to 60,000 
psi unidirectional belldlng fat~gue stless. Results oi these tests 
are shown In 7 able 4 

T o  determine the effect of weld~ng on fatigue, dupl~cate 
specimens were lun stressed at. equal percentages 01 ultimate 
strength Based on ~esults shown In Table 4, 17"4PH (H 1025) 
shows a greater reduction in fatigue strength from weld~ng than 
does 4330M Srmllarly, TI 8A1-2Cb-1Ta shows a greater re- 
duct~on In fatlgue strength than TI-6A1-4V 

Coatings 
Material and fabrication costs will probably ultimately play 

an important part in any material selection. Coatings potenti- 
ally can be applied to base materials with desirable physical 
properties to impart the necessary resistance to corrosion, as 
well as erosion and cavitation. 

Early exploratory tests showed electroless nickel plate and 
a flame sprayed ceramic coating to have inadequate adhesion 
to withstand the standard cavitation conditions created by the 
magnetrostricture test. 

A study of rolled on metal cladding indicated that severe 
production dificulties would be encountered in rolling on com. 
mercially pure titanium. 'This is due to embrittlement caused 
by the gettering action of the titanium at the rolling tempera- 
ture. T o  alleviate this, elaborate atmospheric control would 
be required. 

Elastelloy C also was cons~dered as a cladd~ng materlal but 
was found to have br~ttle Charpy V notch fallures at 0 ° F  aftel 
be~ng subjected to the heat treatment of the basc material. 7 h ~ s  
1s unacceptable because ot the posstblllty o f  a crack a t  the 
surSace settlng u p  a stress concentration ln the base metal. In  
addition, a galvan~c couple would be created betweeen the 
claddlng and the base metal a t  the slte of a crack 

Elastomer~c coat~ngs on base materrals such as 4330 steel 
may be a method to combine strength ol the base mater~al with 
resistancs to eroslon, cavitation, and corrosion The elastomenc 
coallngs do not have the drsadvantages of the metdl cladd~ng 
In that they can be appl~ed alter heat treatment and other pro- 
ccssrng oC the base material IS completed Further, the cost oS 
coatlngs 1s cons~derably less than cladd~ngs, and lcpa7rs can be 
made more easily In servlce I 

The elastomer~c coatings also have been shown to have 
potentral shortcom~ngs New York Naval Sh~pyard tests for 
res~stance to severe cav~tahon condlt~ons have shown Neoprene 
and polyurethane elastomers to  be undamaged in 72 hours, 
whlle hard reslnous materrals such as epoxy glass lammates and 
ceramrc fnt  filled polyurethane resins are destroyed withln an 

I 

hour.5 However, the 90-knot jet erosion tests on these materials 
(Figures 14 and 15) show the reverse order of m e r ~ t  One % 

hundred and fifty hour, 90 knot water wheel tests, which are 
hel~eved to simulate condltlons of jet impact and cavitation 
expected on typical Sorls (Figule 16), show that elastoineric 
coatrngs perlorm well even alter be~ng broken to slmulate 
damaged areas. * 

Based on these watei wheel tests, tl-re elastonler~c coatings 
may be sat~sfactory for all condit~orls encountered on sorrie 
hydro1 oils 

There IS no coatrng presently ava~lable to res~st both ol the 
more severe cond~t~ons  presented by the 90 knot, 45" Impact 
angle water jet and the severe cavltat~on of the sh~pyard rotat" 
 rig disc apparatus The imp~ovement that can be offered to the 
l ~ f e  of a foil by a coat~ng 1s ~ndicatcd by corrosion Satigue 
testing In w h ~ c h  llle of 4330M steels was Increased Crom 0.5 
to 10 million cycles at 35,000 p s ~  stress level 

Figure 15. Hard rerinous materials such as lrncocrtcd eponyglirss lumirzcltes (right) and ceramic frii filled polylrrethcrr~e coat- 
ing on AISI 433OM ( two le f t  specimens) performed well inrhirty clay, 90 knot ero~iorr-corrosio~z tests 



Figure 16. Polyurethurze coaled A IS l  4330M specime~zi after150 hours' exposure in the water wheel ( le f t )  and after 50 hours 
with a brecrk irz the coatiizg (centre). Leading edge of thespeeimerl is shown at right 

Conclusions DISCUSSIONS 
The final evaluation and selection of' materials for hydrofoil 

construction will be accomplished through value engineering 
by considering all aspects of performance, including the results 
of the corrosion tests that have been discussed. 

In Table 5 ,  the materials have been ranked from the cor- 
rosion engineer's view point. Included are brief comments con- 
cerning other properties of each material. 

No material fulfills all ol' the requirements for hydrofoil 
constluction. Additional corrosion, fabrication, and mechanical 
property studies, however, will allow selection of lhe most 
desirable materials. 
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Questions by Robert W. Rioton, 21234 Ridge Ave, 
E~anston, Illinois 

When rating the alloys for the resistance to cavitation dam- 
age after exposure to eight hours of a mnagnetostrictive lest, 
in inches per year, did you first subtract the incubation period 
in order to get the rate? If you did not subtract the incubation 
period, how large was it (the incubation period) compared t o  
the total length of test time for the more resistant materials? 
Reply by A. E. Robman : 

The incubation period was subtracted from the rates reported 
here. After the incubation period, the slope of metal loss versus 
time of exposure became linear. This linear slope was used as 
the metal loss rate. 
Question by Oysteiri F. Klingenberg, 
Langesund, Norway 

Has cathodic protection been tried to reduce material loss 
on foils and propellers on these craft? In Norway, hydrofoil 
craft operate on fixed routes along the coast, and severe cor- 
rosion is reported, especially on propellers. The possible use of 
cathodic protection of adequate capacity is being discussed at 
the moment. There seems also to be a need for this type of 
protection of the hull when the craft is idle, as localised attack 
on the aluminum hulls is experienced. The use or magnesium 
or zinc anodes at the mooring site coupled to the ship by 
flexible lead is suggested. 
Reply by A. E. Hohman : 
Cathodic protection has not been studied in this programme. 
'l'rials by Ionics Corporation have indicated that the current 
density requirements necessary to protect steel during high 
speed operation of the hydrofoil would be too high to be 
practical. During mooring of the craft, cathodic protection 
would seem to be a practical approach as it is now with 
conventional craft. 

TABLE 5 - 
Material 

. . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Ti 61-21-4V ... 

Coated 17-4PH (H 1025) 

Coated I-fY 100 . . . . . . . . . . . . . . . . . . . . . . . . . .  
Coated 4330M . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K Monel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CD4M CX! 

Corrosion Ranking of Materials for High Performance Foils 
Corrosion Aspects Other Important Factors 

. . . . . . . . . . . . . . . . . . .  .... .. .... . . . . . . .  High costs, fabrication unknowns, low modulus of 
elasticity 

. . . . . . . . . . . . . . . . . . .  ... ............... High costs, low modulus of elasticity, weld cracking, 
fabrication unknowns 

Slight crevice corrosion High cost relative to strength/weight ratio, some 
fabrication problems 

Crevice corrosion on large bare Questionable coating reliability, heat treatment after 
areas welding, low toughness 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Low strength / weight ratio, coating reliability 
Stress corrosion cracking Coating reliability 
Pitting and crevice corrosion Low strength /weight 
Stress corrosion cracking, crevice Casting material 

corrosion 
Stress corrosion cracking, crevice Casting material 

corrosion, severe pitting 
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anne 
(From our Special Correspondent) 

PRIL 28th marked the occasion of a demonstration, unique After being welcomed aboard by two charming hostesses 1 A in the history of the British Isles. My first glimpse of settled down in a luxurious seat and could easily have imagined 
Condor I, as she lay at anchor, brilliant white in the morning myself aboard a modern jet airliner. Seating and fixtures 
sunshioh was from the air, and 1 was immediately aware that exemplified the weight saving practices of aircraft design, while 9 
this was no ordinary ship. On arrival at the jetty where she the hull slructure retained the strong heavy characteristics lo 
was moored to a floating pontoon I noted her graceful lines which naval architects are so accustomed. 
and sound structural design. Within minutes of boarding the craft, we were moving 



slowly away from St Peter's Port harbour towards open sea. 
Waving chosen a seat immediately above, and within easy view 
of the main hydrofoil I was ready for action. Twin Mercedes 
V-12 diesels with gas turbine super chargers purred at steadily 
increasing frequency as we started our take-off run, and within 
seconds Condor I was foilborne, destiilation St Helier, Jersey. 

High wlnds had encouraged an angry seaway of average 
wave height 4-5 ft with random waves some 10-12 ft h ~ g h  These 
conditions combined wlth apprec~able swell affoided me the 
unexpected but welcome opportunity oC travelhng in Condor I 
under unusually severe sea cond~tions It soon became apparent 
however that sustained hlgh speed (In lact some 30-32 knots) 
combined w ~ t h  a surprls~ngly low englne nolse level and total 
absence of v~bratlon was ach~eved at the expense of a senous 
reduction in the comfort level one would hope for in a hydro- 
fo11 craft of thls size Lateral accelerations were particularly 
severe and these together with appreclable vertical accelerat~on 
reached levels beyond the limits of passengei tolerance. In spite 
of the fact that we travelled fol most of the journey from 
Guernsey to Jersey In a beam sea, wblch doubtless contributed 
largely to the excessive lateral accele~at~ons, the wave en 
counter rate was suficlentlq high (due partly to the high 
speed ol the craft, and partly to unusually short wave lengths) 
to cause occasional slammlng The occurrence of foil broach- 
rng was often preceded by a cyclic shock loading on the main 
io11 Thls latter phenomenon although clea~ly audlble d ~ d  not 
produce any detectable transm~tted shock load on the hull. 
Under these cond~tions the craft was contouling the waves lo  
such a degree that any cla~m to the advantage of hydrofoil 
travel to those who suffer from sea s~ckness could not have 
been Iustified. 

However, I must presume that had fare paying passengers 
been aboard under these conditions, cruising speed would have 
been reduced to afford an appropriate passenger comfort level. 
That this was possible, was adequately demonstrated towards 
the end of the journey when the Captain reduced speed on his 
approach run into St Helier. 

In spite of these adverse sea conditions the craft completed 
the journey from Guernsey to Jersey within her scheduled time 
at an average speed of about 30 knots, a performance which is 
indeed a tribute to her designer, builder and crew alike. 

Before going on to describe some very interesting technical 
details of this craft, I would summarise my impressions of 
the demonstratioil run by saying that at high speed irt severe 
seas, Condor I 

(a) performs safely, but at the expense of passenger comfort. 
(b) demands excessive crew concentration which inevitably 

gives rise to crew fatigue, but ul r~pproprintely redliced speed, 
performs well on all accounts. 

It is interesting to consider whether there is a significant 
difference in expected foil life between constant use at 32 knots 
and constant use at say 20 knots, and whether there is any 
sound economic reason for operating the craft at slightly re- 
duced speed. 

At a pxess conference held after the demonstration it was 
indicated that Condor I can operate at a passenger fare below 
that of air travel over the same route, and can ofier comparable 
journey duration and comfort. I was a little disappointed that 
no mention was made of Baron H, von Schertel, to whom 
much credit and admiration is due for the design of this craft. 

Some Background Details 
Condor I is a type PT 50 hydrofoil craft, constructed at the 

Cantieri Navale Leopoldo Rodriquez, Messina, for Condor 
Ltd of St Peter's Port, Guernsey. Leopoldo Rodriquez, who 
is Managing Director of the shipyard, has earned himself the 
reputation of being the world's leading authority in the con- 
struction of commiercial hydrofoil passenger craft, of which 
Condor I is typical. Some fifty to sixty vessels of this type have 
been built at Messina over the past six years. 

Mr Peter L. Dorey, the Managing Director of Condor Ltd 
is a man of considerable energy and insight, and together with 
the Commodore Shipping Co which owns a principal share 

holding in Condor Ltd, feels that we may look forward to a 
very bright and interesting future for hydrofoil passenger 
service in the Channel Islands. Condor Ltd will be considering 
extending their hydrofoil service to include Granville, Cher- 
bourg as well as the lslailds of Sark and Alderney depending 
upon tide conditions and traffic demands. The present service 
includes Guernsey, Jersey and St Malo. 

[ think it would be 1-casonable to assume that the readers of 
this journal are thoroughly conversant with the principles 01 
hydrofoil flight. 1 would, nevertheless, take this opportunity 
to deplore the references which are all too frequently made 
in the national press to boats which travel on "skis". The 
conventional planing craft has of course been subject to this 
phenomenon for a considerable number of years, and it is to  
be hoped that any hydrofoil craft (with the possible exception 
of the Grunberg type) will be designed so that its foils are NOT 
under any condrt~ons able to act as "skis". 

It  is perhaps most convenient to briefly summarize the tech- 
nical specification of Condor I as follows : 

Dimensions : 
Length overall 91 ft 6 in 
Beam 20 ft 
Width across foils 35ft 2 in 
Draught at anchor l l  f t  10in 
Draught cruising 4f t  11 in 

Performance : 
Take oil' speed 16 knots approx 
Cruising speed foilborne 33 knots 
Maxinlurn spced 38 knots 
Fuel consumption 75 gals per hour (16.3 lb per 

nautical mile) 

Displacemelit : (Fully loadccl) 60 tons 

Payload : 25,353 lb 

Power Unit : 'Two Mercedes Benz 4 stroke, single acting V-12 
diesels delivering 1,350 hp each at 1,500 rpm. Supercharged 
by Brown Boveri gas turbines rotating at 34,000 rpm. 

Sealing : 
Passengers 110-130 
Crew 6 

Range : 377 nautical miles 

Proposed Schedules : 
Below are typical schedules proposed for the commencement 

of service on May lst, 1964. 
Guernsey dep 7.00 am Jersey arr 8.00 am 
Jersey dep 8.30 am St Malo arr 10.00 am 
St Nalo dep 10.30 am Jersey arr 12 noon 
Jersey dep 4.00 pm St Malo arr 5.30 pm 
St Malo dep 6.00 pm Jersey arr 7.30 pm 
Jersey dep 8.00 pm Guernsey arr 9.00 pm 
A new type of Decca transistor marine radar which has 

been installed in over 1,500 vessels since it was introduced a 
year ago is in use in the craft. The D202 is a light weight, low 
power consumption equipment with a 4 f t  slotted waveguide 
aerial weighing 77 lbs. The display provides an effective 74 in 
diameter viewing area and incorporates six range scales from 
$ to 24 nautical miles; two pulse lengths are automatically 
switched with range scale-a 0.1 microsecond short pulse for 
high picture quality in confined waters and a 0.5 microsecond 
long pulse for solid echoes at long ranges. 

Electrical equipment in the craft includes a Marconi 
Marine Fulmar transmitter, and a Guardian receiver provid- 
ing short range intermediate frequency radiotelephony com- 
munication. 

It only remains for me to say that I was very favourably 
impressed by the demonstration of Condor I and that I 
sincerely hope Condor Ltd will, in the near future, extend both 
the size of their hydrofoil fleet, and the extent oC their services. 
In this respect I wish them every success. 



A Theoretiea Approach to the 
em of Harmonic Motions and 

Forces on a Hydrofin Boat in 
ar Waves 

1. lntroductio~i (ref. [1] and [2]) 

Christian Pringiers 
Naval Architect 

M R. Hook's system having been thoroughly explained in these 
pages by the des~gner hrnlself and Mr. Vintenon, it will be 

sufficient to cons~der the schematic sketch, fig. I ,  to be reminded 
of the general pr~nc~ples of mechanical fcclers. The same 
drawing gives also most of the symbols which are used in the 
following calculations. 
As already known, the main characteristic of Mr. Nook's 
invention is that his helght sensor gives non-linear inputs to the 
forward, incidence controlled, foils, the light spr~ng-heel device 
acting as a H.F. impulse-filter. 
It is therefore obvious that a complete mathematical solution to 
the problems of motions of "Hydrofin" boats would require 
rather sophisticated methods of calculation, making the use of 
analog computers practically unavoidable. 
This paper 1s more lrrnited in scope. We shall lin~it ourselves to 
some typical cases, leadlng to most representative orders of 
magnitudes, and based on reasonable approximations which 
are, in any event, always helpful in speeding-up the first steps of 
the project. 

2. The periodic forces in sinusoidal waves. 
2.1. Some general considemtions 

I t  is well known that hydrofoil craft supported by fully sub- 
merged foils do not obtain sufficient stabil~ty from the variation 
of lift as a function of the immersion. Incidence-control is a 
necessity from which, forces arise which are a fi~nction of the 
angle of atpack. All other forces developed by heave, pitch 
and orbital motion in the waves are also a function of this 
angle, so that we note that the problerns of fully (and rather 
deeply) submerged foils are basically simpler than those of 
surface piercing foils, for which every motion of boat and 
surface introduces two terms. 

mean I.ucl oi wotcr 
H 

,_mean 1ev.l of Iollr 

Figure I 

When incidence varlatlons are not too rapid, the lift incremen 
is glven by: 

C t L f p V 2 S .  A a  
where C'L is the lift slope and a the mean angle of attack (for 
other symbols, see the list a t  the end of the papcr). 
There are d~fferent l~ f t  slope formulae, three of which are given 
in ref. [3]. One of them is reproduced here to  illustrate the 
influence of the d~fferent parameters: 

where A -= aspect ratio 
A = angle of sweep-back 
a, - - - a correct~ve factor, increas~ng w ~ t h  A and with the 
"1 ratio submergence on chord. 

We note that the l~f t  slope increases w ~ t h  the aspect ratio and 
the ~mmersion, but decreases wlth the angle of sweep. 
It must be noted that such an expressron is valid only in thc 
case of so-called "quas~ steady" I~fts, I.e., for rather slow 
osc~llat~ons. Owing to the time-lag In the activation of the 
~ncrement or decrement of c~rculation, the complete formula- , 
tion of the l ~ f t  slope rmplies a correct~vc factor of the form: 

M + j N  
which corresponds to an attenuation factor of ~nodulus -- 
d M 2  + N2 combined with a phase lag, the tg. of which is 
given by N .  -. 

M 
The parameter governing this phenollienon is generally called 
k, and is expressed by: 

where s = chord length. 
m 

Table 1 - Characteristics of a small Hydrofin-boat (K2) 
Lcngth over-all . . . . . . . . 
Weight empty . . . . . . . . . . 

. . . .  A l l - ~ ~ p  weight . . . . . . 
Power . . . . . . . . . . . . 
Passengers . . . . . . . . . . 
Speed . . . . . .  . . . . . . 
Distance between foils and keel . . . . 
Min, depth of submergence in platforming . . 
I , . .  . .  . . . . . , . . 
r g . .  . .  . . . , . . . , . . 
1 . . . .  . . . . . . . . . . 
S 1 . . . . . . . . . . . . 

. . . .  s2 . . . . . . . . 
1 . .  . . . . . . . . . . . . 
1, . . . . . . . . . . . . 

6,10 m. 
1100 kg. 
2000 kg. 
65 - 95 hp. 
6 
26 - 32 kn. 
abt. I,00 ni. 
abt. 0,40 n ~ .  
2,10 m. 
2,70 n1. 
2,60 m. 
0,30 mZ 
0,16 mg 
1,50 m. 
0,30 rn. 



S 
A high w and large-ratio rl~eaning a sinall lift variation and a v 
large lag, thc questlon is, of coulse, to determtne f o ~  those 
varsables the pract~cal ordcr of snagn~tudes wlilch ale hkcly to 
occur rn the following cdlculat~ons 
Table 1 glves tlic maln pai ticulars of one ol the sluall "Hydro- 
fin" boatq. It can he seen that waves of about 0,60 m. (2 ft.) 
rnnv be absorbed 111 level platfol nilng (I). We silall therefore 
start our nlvcstrgatlon on the basis of h~gher wavcs lrkcly to be 
encountered by the craft, whlch w~ll, ~dcally, contour them 
wrth the m~n~niurn  prtch and heave necessary to avold siammrng. 
Let us assume a wave hetght of 1,00 111 and a wave length of 
36 m., a comblnatlon whlch IS, stat~stlcally, q u ~ t e  acceptable. 
The boat, flylng at  30 knots agalnst such a sea, w ~ l l  meet the 
waves a t  a crrcular frequency of encounter w = 4, correspond- 
rng to the t ather hrgh figure of 0,64 cps. The mean chord 
length berng 0,20 111 and the speed 35,45 ni/sec., we find 
k = 0,052. 
Plenty of highly specrdlrzed stud~es have been publrshed, most 
of whlch glve pure theo~efrcal evaluatron of the (M t JN) 
factor, for typlcal cases such as srnuso~dal gusts, t~ocholdal 
waves, heave and pitch, for both sub- and supercavltatrng 
rolls Ilepend~ng on the basrc assumpt~ons and s~mpl~ficatrons, 
the results vary t ather largely, and rt remalns outslde the scope 
of t h ~ s  paper to drscuss tlie different tlieorres However, a 
general conclus~on may be drawn from all of them for the 
example outlrned above (2): the attenuation as well as the 
phase-lag are celtarnly negl~glble, I.e., respectrvely less than 
3 pel cent and 5 degiees, these values, especially the second, 
belng as pessnntstlc as possrble 
Now for bigger craft of the same speed, the chord length will 
be larger, but the frequency of encounter for contoured waves 
will decrease approximately in the same proportion, so that it 
will not be necessary to introduce special corrections in 
scaling-up. 

e 2.2 The different possibilities of variation of the angle 
of attack. 

2.21. Incidence control 
Pig. 2 gives the details of the linkage between feelers and foils. 
'The relation between the relative vertical displacement feeler -- 
foil (Zp - Z,) and the corresponding incidence variation niay 
be written: 

where: 

2.22 Orbital motion and heave 
The circular motion of the water particles niay be split up into 
a vertical and a horizontal oscilatory translation. Rot11 of 
those ~noveme~lts are approximated by sinusoi'dal functions of 

13 H 
amplitude -for the surface: Zv =- sin wt (as seen by an 2 
observer on board the boat). 
At a given instant, the relative speed wave-foil is defined by: 

f a H 
a vertical component: 2, - 2 = p - cos wt - 2 

2 
0 H 

\a  horizontal coniponent: AY = '0s x sin Wt 
2 

where %, -= vertical speed of the water 
2 vertical speed of the foil 
o = own circular frequency of the wave (generally 

different from w) 
x = angle of encounter 
p = exponential attenuation with the rvieandepth ofthe 

particles. 

('1 This does not mean that it will effectively be so,  sirice tlie orbital rnotion 
o f  partic1e.s irztvoduces a continuous lift fluctuation. Further, for 2 Jt waves, 
the ornu !sill be forced to move by the heels, ever1 witlrorrt contact betweerr 
surface ond feelers. 

( '4)  crnd corz,seqriently, Jot rill longer. woves 

linkage lortor K X  l  * 3 r g  
feeler arm,  lorward strut and 

i l inkage arm. io< l .  

Due to the vertical lnotions of boat and water, we have thus a 
sinusofdal fluctuation of the effective incidence: 

The variation of horizontal speed does not introduce any 
change on the ariiplitude of this incidence fluctuation. 16 
results only in a slrght distortion of the basic har~rronic 
fluctuation. 
2.23. Effect of pitch 
This effect IS qurte simply introduced by the pitch angle, thus: 

A a - 4  
2.3. Lift fluctuation independent from the angle of 

incidence 
2.31. Variation of  horizontal speed 

We just saw that the horl~ontal  component of a particle's 
speed is expressed by 

01-1 
AV - - p- cos x sin wt 

2 
Since the derivative of the lift as function of the speed is given 
by 

CI* P v s 
we may write, in first approximation: 
Lift fluctuation due to AV - 

OH - - C ~ p v S p - c o s x s i n w t  
2 

2.32. EKect of direct coupling due to the shock-absorber 
The dashpot sketched on figs. 1 and 2 is of primary importa~~ce 
for governing thc amplitudes of the arni motions and thus the 

d a  
rate-----It is clear that, if they are not restrained in some such 

a t  
way, the an~plitudes may bccome cotnpletely "wild", with 
important foil cavitation effects. 
Examination of fig. 2 shows that a relative vertical displace- 
ment between feeler and forward strut corresponds to an angle 
given approximately by 

ZP -Z1 0 -- 
1 

for small oscillations. 
Further, the vertical reaction to the displacement of the dashpot 
is: 

F, := cil la 0 
Wherein: c, = characleristic of the shock absorber, supposed 

to work proportionately to the speed of displace- 
ment in first approximation. 

The ecluations of equilibrium of the arni are then: 
# P " Fp - p -c;, I, 6 )  I-- F, ==-lG' 6 )  

, g 6' 

F7,, . 1 -- p I G' --- C, Isa 0 L-; Ip 6) 
wherein: p -: weight of complete arm 

1, - moment of inertia OF the arm, about the axis of 
rotation (0). 

The resulting vertical. force acting upward otl Ihe boat is given 
by: 

p 4 b  

c, 1,; - F, - F,  - p I c,' 6 )  
g 



Replacing Fp by its expression in the moment equation we get: 

Up to now, and concerning the boat as a whole, we have 
spoken of lift variations, neglecting the static equilibrium 
between weight and mean buoyancy. Hcre we have introduced 
the weight p, and this is why it appears explicitly in the form 

p ('7: - I )  , which is simply that part of the arm weight 

taken by the boat. This weight fraction being now considered 
as a part of the boat weight, may disappear from our notations. 

We still have to appraise the value of the terms in 4 and 8. 
Let us first study the second one. Supposing that the arm 
weight is uniform along its length, we obtain for the coeficient 
of p. : 

We take again the cxarnpG Gf the li[ 2 (I) to get an idea of the 
order of magnitude of that term, compared with the main 
force due to lift. Lct us assume that the double amplitude of 
the feelers' vertical oscillatioll will be 40 cm. With a linkage 
factor K = 3, the amplitudes of the incidence variation will be: 

-- 0,20 - 0,0666 rad. (') 
3 

With CJL, = 3,50 (a normal average value), V = 15,45 m/sec. 
(30 knots) and a foil surface of 0,15 mZ, we find that, in salt 
water (p - 104,5), the nlagnitude of oscillatory lift will be 
435 kg. 
Now the max. angular acceleration of the arm, for w = 4 and 
1 = 2.60 m. will be 

.. 
Since each complete feeler-unit weighs only some 30 kg., the % 
term gives abt 1,63 kg., i.e., 0,37 per cent of the main effect. 
Now we shall find something comparable for the 0 term, i.e., 
the shock-absorber effect. 

0,20 x 4 I n  the same hypotheses, (%),,, -- -= 0,308 radlsec. 
2.60 

with c, = 1.000 kg/m/sec. and 1, =- 0,30 m., we obtain: 
(0 30)2 1.000 x -L x 0,308 = 10,7 kg. 
2 60 -, 

T h ~ s  IS hardly 2,5 per cent of the maln effect 
Let us emphas~ze the necessary lestrlctions on that conclusion: 
~t does not mean a t  all that the p~ esence of the shock-absorbels 
w ~ l l  not, as cla~med by MI Hook, ensure an  effectwe antl- 
crash actlon. In extreme cases of a very steep wave met jubt 
after ventrlation of the folls, the lespectlve ~mportance of the 
orders of niagnltudes may be, for a sholt tlme, covnpletely 
~everted. (See append~x for Inore deta~ls about the crash 
pl eventlon ) 

3. The coupled equations of heave and pitch of a 
"Hydrofin". 

I h v ~ n g  expressed the d~f fe~en t  folces ac t~ng  on the boat, and 
el~rn~nated the seconda~ y effects, we shall be soon ready to wlrte 
the complete h e a r  drfferent~al equat~ons, but fi~stly we have to 
give some defin~t~ons In ordei to pass from the p ~ e c e d ~ n g  con- 
siderat~ons, val~d foi one fo~l ,  to the gene~al case of the boat, 
for wh~ch we need to introduce the phase lag between the d~fferent 
points of the system water-foils-hull 
Referr~ng once more to fig. 1,we assume that the slnusolddl wavc 
travels at  a speed of 1,25 .\/A(') In the poslt~ve di~ectlon of the 
x-ax~s. 
On the figure, the boat IS represented flylng In the same d~rect~on,  
but we must Imagine that the glven sketch may beconie the 
projection of the actual boat on the plane of the figure, l.e., the 
plane perpend~culal to the generating l ~ n e  of the wave pattern. 
In  that case, ally actual d~cnenslon must be rnult~pl~ed by cosx 
and x IS called the angle of encounter (X = 0" on the figure). 
The speed of encounter boat -- waves, 01 p~eferably, the appalent 
(I) I f  the niotrons o f  the boat are to td ly  restrained: this I S  again cz s~mpl i -  
fied reasoning, only o f  c o m p m t i v e  vdrss. 
(9 See Table 2 
(3) Accordrng to  the theory o f  frochortl~I waves 

speed of the waves for the boat is (1,25 2/x- V cos x), positive 
with the x-axis, so that the circular frequency of encounter is 
expressed by 

w --- 
271. [1,25 fl - V cos X I  

\ .- 

At the centre of gravity and a t  a g i e n  moment there is a rise of c] 
the surface equal to: 

I t  should be remembered that this expression may be represented 
by the projection, on a vertical axis, of a vector of modulus El 

-" 

2 
turning at  an angular speed w, and being horizontal for t - o, 

77 2n  
t = -, t --, and so on. 

W W 

Now, for a point of the boat located at  a distance [ from the 
centre of gravity (positive forward of that point), the rise of the 
surface will lag behind by an angle equal to 

so that: 
H 

(zV)t = 2- sin (cot - Z'"" x 2n) 

H [ cos x -- 
- 2sin[u( ' -  1,25,,n=Vcos, 

This case will correspond to a vector of the same lnodulus as the 
t cos x 

first, but mak~ng  an angle with it equal to: - X 2R 
I t  is interesting to verify this relation for different cases. Let us 
first assume that the boat flies with the waves, but slower than 

t cos x 
them. Then w is positive, as is --3;-- 2n, for any point forward 

of the centre of gravity, and it will indeed take a certain time 
before a given rise of the surface under G reaches a point for- 
ward of it. If we now suppose that the boat is faster than the 

t cos X waves, we find that w is negative, whcrcas - 2n rcmains X 
positive, and the lag behind becomes an advance, which was to 

0 
be expected, because the bow reaches any given point of the waves 
before the centre of gravity. 
Finally, if the boat runs against the waves, then w is positive 

5 cos x again since cos x -- - 1 but for the same reason ---- X 27T 

becomes negative, and we find as expected, that the bow is again 
in advance of phase in respect to G. 
For the three most important stations on the boat length, we get: 
1. For the feelers 

2. For the forward foilr: 

3. for the rear foils: 
H .  r,  cos x 

(&), = y S l n  [Wt f -- A 27T - 
wherein the dimensions r,, r, and 1 are always positive. 
As regards the boat motions, they will be split up into a vertical 
translation of the centre of gravity (= heave) and a rotation 
around a transverse horizontal axis through that point (- pitch). 
At any instant, the vertical displacement of a given point of the 
boat (positive upward) will be given by: 

z =z- t - [$  
E 

Eqi~ation of forces 
Here we have to make an i~nportant assumpt~on about the 
motion of the feeler-arms. The amplitude of that motion is, a 
priori, unknown, but may be chosen arbitrarily, since it is one 
of the aims of this study to determine the range of amplitudes 
(and of linkage factors), which have to be obtained for optimutn 9 
characteristics of flight. 
The method of finding the required amplitude for each case of 
wave pattern, speed, etc., is then an "a posteriori" calculation 
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Vector diagrams of 

exciting forces due to 

orbital rnokion and feelers \feeler 

of the arms' characteristics (lift on feelers, range of damping, 
characteristics of the dashpots, etc.). The phase lag of the 
feeler motion in respect to the wave is another unknown, but 
it seems acceptable to assume that it will generally not be very 
large, the damping and inertia forces being small compared to 
the lift forces on the feelers. 
Finally, the impulses on the latter are not sinusoldal, but it 
seems however acceptable to approach the question by 
assuming that the vertical heave of the feeler will be given, in 
first approximation, by: 

(1 + r,) c o s  277 
h 

this being the first and most significant term of a Fourier 
series. 

Thus we may write: 
forwurd foils 

1 (wt - (' + '" COs 
3 - 2 4  - ( Z  i- r1 4) X 

I OH 
b 4 k T [ P T  

OH \ -- c L 1  ~ V S ~  p - cos X sin 
I 2 

rear foils 

OH - cL, pVS, p - cos X sin (wt + 7 
2 

After division of all the terms by 4- p V' S C'L (assuming that 
(C'L)l. = (C'L),= CL), we write an equation of the well- 
known form: ., 
AZ+- B ~ + c z + D # + E $ +  ~ J = ~ s i n ( w t - t -  pp) 
+ H, cos (wt 4- PI) + H, cos (wt -I- pz) 
+ J,  sin (wt + Pl) 4- Jz sin ( o ~ t  -4- P2) 
wherein A, B, C, etc., are given in table 2. whereas: 

r1 cos x 
P I =  X 277 

r, cos x 
/ I 2 =  +7 277 

(rl + 1) cos x 
X 2 n  

It is interesting to give a graphical representation of the second 
member, for two typical cases, head and following seas in the 
hypotheses already mentioned applled to a small boat as the 
K 2 (A = 36 in., H -- 1 m., V = 15,45 ni/sec., K = 3 and 
z, - 0,20 m.). 
For that drawing of clualitative interest, we assumed no 
attenuation of waves (p  = 1). The diagrams of fig. 3 clearly 
show the "anticipation" of the feelers, the vector due to the 
feeler being always in advance on the vector wave under the 
centre of gravity. 
This advance is particularly welcome in case of following sea, 
since the resulting lift vector due to the orbital motion lags 
about 90" behlnd the wave vector. 
The resulting effect "feeler -t orbital motion" can be made 
practically in phase with the wave by an appropriate choice 
of K. 
Now, if we have to decrease the linkage factor (thus increasing 
the response) for a following sea, the opposite is likely to be 
required for head seas, since then the resulting vector due to 
orbital motions is in advance of pl~ase, and we do not wish the 
boat to experience excessive and unnecessary exciting forces. 
It  seems to the writer that those two diagrams (fig. 3) are the 
best illustration of the advantages offered by the "Hydrofins9' 
and other boats provided with effectively anticipating inci- 
dence controls. 

a =  L.&.lL;nr. 
K s r r .  

. . b . I .  S I ~ ,  -5zo-l, 
v . sf- 

8 = G A . . . . .. feeler 

Table 2 



Table 3 

Equation of moments 
The equation of monlents is similar to the equation of forces. 
The term concerning the forward foils in the latter is multi- 
plied by r,, whereas the term of the rear foil is multiplied by 

P .  
(- r,). Of COUI.SE the term of inertia becor~les ---I", 

" 
where i is the longitudinal radius of inertia. 
After dividing by t p V 9  r CfL, we find a second equation of 
the form: 
aZ -t- b i  t c z  t d$ i ec/, i f$ $- g sin (cut --I- pp) 
t h , c o s ( a ~ t  $- p,) 1 -  h,cos(wt --I p,) 
;- j ,  sin (cu t  i -  PI) -t j, sin (wt i- p,) 
wherein a, b, c, etc., are also given In table 2. (I)  

This system of two differential equations may be replaced by 
another system of four equations with four unknowns namely 
Z,, Z,, $, and #,, whrcli are respectively the real and imaginary 
parts of the heave and pitch vectors, the real part hav~ng the 
same support and positive direction as the wave vector for a 
point located under the boat centre of gravity. 
The amplitude of heave IS therefore: ZG = 2/Z2, + ZL, and 
the amplitude of pitch: -= 2/$\ + $jLs, whereas the tg. of 
the angle of phase between those motions and the wave 

3 arnplrtude under G is given respectively by Z--' and (see 
Z, 4' 

table 3). 

4. Oscillating vertical forces acting on the wings. 
When, for given parameters, we have calculated the unknowns in 
the foregoing paragraph, we can easily determine the amplitude 
of the oscillatory forces on the foils by "picking-up" separately, 
in the equation of forces, the terms corresponding to fore and 
aft foils. 
The expression of F, and F, are given in table 4, as is the expres- 
sion of the amplitude of the resulting force F,, which must be 

P 
equal to-w2 ZG, a useful control for our future numerical 

g 

This appraisal of the dynamic component of the forces IS, of 
course, of prlmary ~mportance for the scantlings of the struts, 
since they are of the same order of nlagnrtude as the static 
reactions. 

5. Mean level of flight, miaimurn motions and mini- 
mum immersion of foils 

The solution of the equations of motions allows us to find the 

(I) The syrnbol g is lrsed for two different purposes. As the arrzplitride of 
the firat exciting morrrent, nnd nlso cis (he accclerution of grcivity. Thc 
nlrthor apologizes for thi.r coincidence which is not likely to be misleading. 

range of (Zp),,, and K lrkely to grve the best responses in the 
lnajor~ty of the cases. An optlnium response nieans not only 
as small mot~ons  as poss~ble, but also motrons whlch are com- 
patlble, 111 amplrtude as rn phase, w ~ t h  the basic rcqurrements, 
LC., the absence of broachrng and slamrnlng. The first requrre- 
ment means that the d~fference between instantaneous vert~cal 
d~splacernents of f o ~ l  and water surface, must always be rnfer~or 
to the mean level of lmrnersron h, (see fig. 4). I t  1s however not 
sufficient that the for1 just does not reach the surface T o  avold 
cavitat~on and vent~latron, we have to comply wrth a ce r t a~n  
absolute ~ n i n i m ~ ~ m  of lrnmerslon (ho),l,,l,. 
Thrs condrtion mav be expressed bv stat~ng that the vectorial - - - 
d~fference between wave and correspondrng wlng (Z,),,, - Z,,, 
must be rnferror o~ equal to h, - (h,),,,. 
On the other hand, the avordance of slamm~ng requrres that the 
same vectorial drfference between wave and f o ~ l  be ~ n f e ~ l o r  or  
equal to h, - h,, (see fig. 4). 
The relations used for thrs calculatron are collected In table 5. 

6 .  General lines of the computing work. 
We are now In a posrtlon to outl~ne the general calculation 
procedure 
Start~ng from the bas~c data for a glven boat, such as fotls areas 
and locat~on, we~ght, etc . we let two of them systematrcally 
vary, defin~ng the feel~ng dev~ces, 1.e (Zp)max and K, for a serles 
of ~nterestrng wave patterns and angles of encounter. 
Foi instance, w ~ t h  the main pait~culars of the K 2 (table I), we 
take the wave type already mentroned (h = 36 m and 1-1 - 1 m.) 
and, assumrng that (2,) ,,,,- 0,20 m , we calculate - for 
speclfic cases of encounter such as x = 0", x - 45" and x - 180" 

-the values of the ainplltudes (Z,),,, and (Z,),,, as functions 
of K.  
These functrons will be put into d~agrams, as well as the func- 
trons 

I(&), - Zilmax and [(ZV)Z - Z21111a~ 
By addrng up the mlnlrnulii lmtnersron (h,),,, to the greater of 
the last ment~oned funct~ons, we get another curve which repre- 
sents (h,),,,,, 1.e , the min. value of the mean immersion. 

A last curve w~l l  represent h, - (h,),,,. 
All values of K for whoh tile last curve 11es ~lnder one of the ()i 
L(Zv)r,r - Zl,2]n1ax wrll be excli~ded as g~vrllg contact between 
wave and The value of K wrll tl~erefore be choqen so as to 
avord thls, but for as small (Z,),n,, and (Z,),,, as poss~ble. 
It IS clear that such a systematrc method will enable us to detel- 
mlne the range of lrnkage facto~s  wh~ch must be avarlable. On 
the other hand, the mean levels of lnimerslon w ~ l l  detelmme the 
cha~acterrstics of the manual forls control wli~ch causes the craft 
to be flown lowel 01 h~gher. 
By do~ng  the outl~ned work for d~fferent (Zp),,,, ~t will be 
poss~ble to rnvestlgate the rnfluence of the feeler motion, whrch 
may be controlled by the feelers rncrdence and by the vallatron 
of the damp~ng char acter~st~cs of the dashpots 
F~nally rt must be not~ced that the attenuation fact01 p has to  be 
calculated approxlmstely, assumrng a mean rrnmerslon wh~ch  

1 condlt\anr for avo~dance 01 hull ilammlng end loti breoshing i 

The m m n  im~nrrs~on and tha polh e l  Idli mud s l ~ i i d y  : 

(2) Mote ,srtr~ply, the ~cinge of nllowable K rriay be obtuzned by rrszng 11:s 
i ~ t ~ q u ~ l r t y :  [ (ZV) I ,Z  - Z1 2 1 1 1 1 0 ~  < ) [Its - (ho)l~tinl ( S ~ C  tublr 5 )  



is not already defincd. However, a percentage of error on that 
factor is not too significant in respect of the other approximations. 
For the K 2 we should assume p =- 0,90 for all cases. This 
corresponds to a mean immersion of 60 cm. 

7. Some examples of the numerical results obtained 
for the K2. 
D~agrams 5, 6 and 7a give the results of some calculat~ons 
carr~ed out w ~ t h  a d ~ g ~ t a l  elcctron~c compute1 They apply to 
the case of a hydrofin type K 2 (accordrng to the data of table 1) 
flylng In sinusoldal waves defined by 

A = 36 nl and 1-1 = 1,00 n1 
Other marn data ale C'L = 3,94, Zp = 0,20 m. and p - 0,90. 
The computrng work was also carlied out for C'L = 3,50 and 
p - 1,00 T h ~ s  has clearly demonst~ated that these small 
varlatlons ale of neghg~ble ~nfluence Generally speakmg, we 
may say that passlng from C'L -= 3,94 to GIL - 3,50 decreases 
shghtly the boat motlons In the same condlt~ons, whereas 
replac~ng p = 0,90 by p - 1,00 means a small increase of the 
inot~ons In no case is there a change In the o rde~s  of niagn~tude, 
which would rnod~fy the general conclusrons we may draw from 
the graphs(') 
1. By adopt~ng a value of abt 6 for K 111 follow~ng sea (X = 0") 
we are ensured of a conlfortable r~dc,  w~thout broaching, srnce 
thc mlnlmuni Immersion will be 40 cm , and wrthout slaniming, 
as 

h - (hm),,l,,l - abt 50 cm > [(Z,) -- Z ]  ,,,, - abt 20 cm 
'There IS thus a reserve of abt 30 cni between keel and wave 
su~face Further, the accelerat~ons are quite acceptable. 

( z ~ ) ~ , ,  = abt 0,50 x (- 1,387)2 = 0,96 m/sec" abt 0,l  g. 
2. The llnkage factor K = 6 may relnaln unchanged in a 
quarter~ng sea (X = 45"). However, at the aft foll, the distance 
between bottom and water surface becomes somewhat marginal. 
Better results will be obtained by reduc~ng the response of the 
foils: K = 9 seeins to be the optimum setting. 
Here again, there IS no problen~ of comfort: the amplitude of 
motions is of the same order as in the previous case, whereas the 
frequency of encounter is much smaller. ;1) 3 The third case (fig. ?a, head sea, x = 1 80°), rs no1 so favour- 
able as the previous ones: the range of acceptable I< is very small, 
from K - 1 to K - 2,8. Moreover, the vicin~ty of the resonance 
peak means that a small error In the adjustment of K is likely to 
make the flight much less comfortable than expected ! Already 
for K = 1, themax, accelerat~on of the aft. foil will be abt. 0,7 g, 
and becomcs 1,3 g. for I< = 2,8 ! Even if the foils are calculated 
for supporting the forces associated w ~ t h  such accelerations, it 
will perhaps be nice sport, but not the best way to attract ordinary 
customers. 
There is another danger in the proxim~ty of the resonance peak: 
we can see, by comparing the three diagrams, that the own 
frequency of the boat increases with decreasing K. Therefore, 
waves which are somewhat shorter than 36 m. wlll rapidly shift 
the resonance peak towards the chosen K. 
F~nally, a systematic variation of (Z,),,,, (fig. 7b and 7c) show 
that a strong coupling of feeler and foil in head sea makes the 

Figrtre 5 

(1) T'hi.s slight inflrrer~ce o f  varintior~s o f  C/ I, and /I is rnost ~velcome, 
rir~ce il i,s ralher rlificrrlt to assess exact volires r;t rlie project stage. 

Table 4 

boat very sensitive to the possible variations in the amplitude of 
the feeler motions. Indeed, for (Zp),,, - O,O5 m, the small range 
of permissible K falls exactly in the resonance peak. On the 
contrary, a very large (Z,),,, (0,50 m.) should ask for a K less 
than 1, thus such a strong linkage coupling that the foil angle is 
greater than the feeler arm angle. Again this would lead to 
unacceptable accelerations. 
Therefore, the r ~ g h t  solution does not seem to be in seeking a 
rather unstable optimum in the low K-range but in adopting 
directly a high K value, thus reducing greatly the linkage 
between feeler and foil. By doing so the accelerations will be 
inferior to 0,5 g. However, the situation is still not quite 
satisfactory, since the avoidance of broaching and slamming will 
lead to accept a very small (h,),,,, less than 0,20 IT)., instead s f  
0,40 m. in the previous cases, so that the definitive solution 
before flying at  top speed against such high and short crested 
waves will be to increase the struts height up to about 1,30 rn. 
This seems to be a rather pessimistic statement, but we must not 
forget that the situation will be proportionately much easier for 
larger boats flying a t  about the same speed than the K 2, since 
the frequency of encounter of these boats with the waves of 
"boundary" height, will be considerably smaller than the value 
we have here, viz. w = 4. 

Conclusions 
The purpose of this paper was to give a summary of what is 
believed to be a simple and reliable method for estimating the 
influence of the different variables on the motions of a hydrofin 
in regular waves. 
By a systematic variation of the linkage factor in different 
conditions of waves, speed, and angles of encounter, it is easy to 
determine the own frequency of the boat as a function of K. 
Xt has been shown that there could be no sign of instability in a 
following and quartering sea ~f the linkage factor was properly 
adjusted, i s . ,  if the response of the controlled foils t o  the feelers 
motions was large enough to make the own frequency much 
higher than the frequency of encounter. 
On the contrary, the response of the foils must be lessened in a 
head sea, the dynamic stability being sufficiently ensured by the 
orbital motion of the water. Of course, the value of K may no6 
be exaggerated, since the feelers must also provide for the static 
stability, i.e., the mean level of flight. Moreover, it has been 



I ( Z 1 ) m o u X  V ( ~ s + r ,  Y ~ ) ~  +(zC + rl yC)2 1 must  be es small I 

-- 

(*) These two inequaliitcs imply that : C ( Z ~ ) , , ~ - Z ~ , ~ ] ~ ~ ~  t- 
Table 5 

demonstrated that very large variations in the feelers nlotions 
have, for the advised K-values, only a small influence on the sea- 
worthiness of the boat: we must try to limit those motions as far 
as possible, but it is clear that it does not matter very much 
whether we succeed in getting (Z,),,, = 0,05 n ~ .  or (Zp)max = 
0,20 m. in the given example. 
Another most useful conclusion concerns the influence of CfL 
and p, the estimation of which need not be made with great 
accuracy. 
In  this paper, we dld not corts~dcr the influence of foils surfaces 
and locations, feelers arm lengths, weight of craft, radius of 
inertia, and so 011. I t  is obvious that the proposed method 
enables LIS to determine the optimum values of those different 
parameters, but such an extensive investigation falls outside the 
scope of this introductory study. 
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I I 1 This extreme case corresponds to a hiqhiy damped 
motion of the feeier arm. 
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Symbols 
Basic data Units 

V -- boat speed . . . . . . . .  m/sec, 
S, = total surface of fd. foils, projected on a 

horizontal plane . . . .  . . n12 
S, = the same for the aft-foils . . . . m2 
r, = horizontal distance between the centre 

of lift of fd. foils and the boat centre of 
gravity . . . . . . . . . . m. 

r, - the same for the aft-foils . . . .  m. 
1 = horizontal distance between feelers and 

fd. foils . . . . . . . . . . m. 
K = linkage-factor of the incidence control m. 
P = weight of the boat . . . . . . kg. 
I = longitudinal radius of inertia of the 

boat . . . . . . . . . . m. 
C'L= lift slope 
x = angle of encounter boat-wave (0" := 

following sea) 
h - wave length . . . . . . . . m. I) H = wave height . . . . . . . . tn. 
P ' specific mass of water = 

104,5 for salt water kg. m4-secz 
p = attenuation of the wave with depth = 

1 
(2v h,), wherein -2,7183 

h 
e 

(Z,),,, = amplitude of the vertical motions of the 
feelers (mean between port and star- 
board) . . . . . . . . . . m. 

Other symbols and basic formulae Units 
S -. S, -I- S, . . . . . . . , . . mZ 
r := r, -1- r 2  . . . . . . . . . . 111 

Pr . . . .  P, - static load of fd. foils = 2 kg. 
r 

p Pr 
- static load of aft. foils == -L . . . .  kg 

r 
I = moment of inertia, about a transverse 

horizontal axis through G . . . . kgm. see' 
P 

CLt = mean lift coefficient of fd. foils -- --L- 
$ p V 2 S ,  

P 
CL, = mean lift coeficient of aft foils = -.-L.-- 

) p V 2 S 3  
P CL :=- mean resulting lift coefficient =---- 

f p V 2 S  
cr = circular frequency of the waves = 

2.. - 7 8 5  

0?2/7- 7 ~ -  
w = circular freauency of encounter =. 

2- (1.7.2; 4/T- v cos v )  

h I) = angle of phase between the wave at the 
fd, foils and the wave under the centre 

r, cos x of gravity: -- -- 
h 2?T 

r, cos x 
p, - the same for the aft foils =- +- X 2v 

PI,= the same for the feelers= - (1 + rl) cos x 
X 277 

(Z,),,, = instantaneous rise of the surface at fd. 
or aft. foils in the plane of symmetry of 
the boat . . . . . .  m. 

ZG = amplitude of heave = 2/ Z2, 4- Z2$ 111. 

#G = amplitude of pitch =- 2/ $,% -t $2 rad. 
Z, = projection of on the direction of the 

wave-vector for the point under the 
centre of gravity (real part of 2 2  m. 

*c = 

Z, = 

$s - 
Z,,, .= 

h, = 
h, = 
F, - 
F Z  - 
Fr = 

the same for $a ' G 

component of ZG per~endicular to Z, 
(imaginary partof ZG) 
component of glrc perpendicular to $, 
instantaneous rise of fd. or aft-foils (in 
case of cos x different from I or - 1, 
Z,,, gives the mean rise between port and 
starboard) . . . . . . . .  
mean submergence of the foils . . 
length of the struts from foil to keel . . 
oscillating dynamic force on fd. foils . . 
oscillating dynamic force on aft-foils . . 
resulting dynamic force on boat . . 

rad. 

m. 
rad. 

m. 
m. 
m. 
kg. 
kg. 
kg. 

Appendix - Some considerations about the feeler arm - 
shock absorber system, basic difference between action 
in harmonic motions and as anti-crash device. 
Under par. 2.32, we have shown that, in normal conditions of 
flying, is., for waves of normal shape, the direct coupling feeler- 
boat through the shock-absorber gave rise to forces which are 
negligible compared to the magnitude of the lift variation. 
We then calculated a resulting oscillating vertical force on the 
forward struts which was given by (1) 

Neglecting the small effect of inertia, shall now consider the 
first term only. . . 
This term may also be written c,, (2,- 2 3 ,  and introduced 

in the general equation of forces. The latter offers then: 
1, in the second member, a fifth term: 

c,(f)'w (Zdtnr, cos (wt + Pp) = Q cos (wt i- 8,) 
C'L 'z p v2 S 
2. in the first member, a corrective term to the coefficient B, 

and another to D,: 
1 - (t)' r1 = (Dl,, 

C / L ' z p v 2 S  Ca 
The eauation of moments has -to b- similarly corrected: the w 

resulting vertical force C, I," - 6' introduces a corresponding 
1 

1 = @  

moment c, 5 0 r , == c, 
I 

(!i)' (2, - i.) r,, whereas the hori- 

zontal component of the force on the dashpot gives another 
restoring momcnt (see fig. 2): 

* I  c 1 2 .  0 
F h  X ha = c, 1,0 a. ha = cd 3,' 0 = c d h  (Zp - Z1) 

h, I --'. 
These two "direct-action" moments give two new terms in tlle 
equation of moments, namely: 
1. in the second member: 

1 . c,, (f)' (r, -1- I) w (zJ,,,., cor (wt + B,) = 
C'L 4 p VZ S r 

q cos (wt - t p p ,  
2, in the first member: 

1 
C'r 4 0 V2 S r '  

ca (!;)2 (rL +. I) i 
- " ,  

wherein the coefficient of 2 is called (b,), 

(') W e  now rrssrrnze fhrrt crr, I p  and p rrre compound vrrlrres f o r  bofii nrrrrs, 
as are Si, rl, efc. 



and 1 
C 1 ~ $ p V 2 S r  

. c, ff)~ (r1 + 1) r l*  

wherein the coefficient of $ is called (dl),. 

This complete presentation may prove useful in a later and more 
refined stage of the calculations. For now, we will limit our- 
selves to the question: what are the order of magnitudes of Q 
and q in respect of G and g, or better: for what frequency of 
encounter and damping characteristic should we take Q and q 
into account ? 
Let us assume, rather arbitrarily, that this becomes necessary 
when they are 10 per cent of G and g, respect~vely. 
We wr~tc  thus: 0. 10 G -- O 

S = 0,46 S, = 0,30 
we find: 

c, w = 32.600 
In the same hypotheses as under 2.32, i.e., c, (compound) = 
2 x 1000 kg/m/sec, and w = 4, we see that this is not satisfied 
(indeed we found that the shock-absorber action was somewhat 
less than 2,5 per cent of the 11ft effect). 
Let us now assume that the frequency of encounter is twice as 
high, thus w = 8. 
This will be the case with a wave length of ca. 16 m. (instead of 

H 
36 m. for w - 4), thus a very steep wave pattern, the ratio- X 

1 1 
being now-instead of-. 

16 36 
Hydraulic shock absorbers give a damping force which may be 
proportional to the square of the relative speed. The mean 
specific damping is then proportional to this relative speed itself. 
It is thus logical that passing from w = 4 to w -= 8 will double 
the mean damping effect, so that the product c, . w will become, 
for both arms: 4000 x 8 - 32.000 
We just saw that this result conesponds to a direct force equal 
to 10 per cent of the main effect. This extra lift being 90" in 
advance on the latter, the resulting vector will not be substantially 
increased, but the gain of sorile degrees of advance is not so 
negligible. 
The exciting moment due to the shock absorber has a ]nore 
pronounced effect than the exciting force, since the arm is 
(I + r,) and not simply r,. 
In the same hypothesis (and r = r, i -  r z  = 4,80 m.) we obtain: 
cl -- ca. 0,0042 against g = 0,019, thus q is abt. 22 per cent of g. 
I t  is therefore quite clear that, depending on the sea, the speed 
of the boat, the angle of encounter and the shock-absorbers 
characteristics, the effect of the latter may become significant, 
even without any tendency to broaching or crashing. 

However, since the conditions of relatively powerful action will 
be met in short crested head seas, in which the effect of incidence 
control is to be reduced (see fig. 3 and 7), it will certainly be 
advisable to reduce also the shock-absorber characteristic in 
order to avoid excessive motions. Of course, a direct conse- 
quence of this, is that the incidence of the feelers must also be 
lkssened. 
Now. let us see the action of the shock-absorbers fro111 the "anti- 
crash" point of view. We imagine that, all foils having made 
surface, the sole forces acting on the boat are, for a very short 
instant, the boat weight and the lifting forces on the feelers. 
We purposely take a very extreme case in assuming that the feelers 
may develop a vertical lift equal to the boat weight plus the force 
corresponding to the arm inertia. Neglecting the effect of this 
inertia on the resulting force on the boat itself, we obtain: 

which means that the path of the boat centre of gravity is a straight 

line, which we assume to be horizontal. The anti-crash moment 
acting on the craft is: 

The moment equilibrium gives thus: 
P 

P (rL + 1) - -i2 I$ 
F4 

Therefore the vertical speed of the fd.Ifoils is obtained by: 

Further, since: 

we obtain: 
vertical displacement of the bow at the fd. foils: 

vertical displacement of the feelers: 

The most important question is again: what will be the c, value 
in this particular case ? In the basic considerations we assumed, 
for a max. relative speed between fceler and (restrained) fd.-foil 
w (Zp)max - 4.0,20 -= 0,80 m/sec., a compound mean c, equal to 
2 x 1000 kg/m/sec. Now that the relative speed is conytant we 
may assume the following values as order of magnitudes: 

constant (id - 2;) - 4,50m/sec. and a corresponding c, -- 
33.400 kg/rn/sec. which satisfies the relation: 

if: P - 2000 kg., I = 2,60 ni., 1, =- 0,30 (see the characteristics; 
given in table 1). 
For the same boat. we have r, = 2.10 m. and i - abt. 1,50 III. 

9,81 x 4,70 x 2,io t2 
Thus: Z ,  - x-? -- 21,5 tZ 

(r,50)z 
and Z, - 21,5 tZ + 4,50 t. 
Those two paths are put into d~agrains on fig. 8, where the time is () 
given together with the distance flown at a speed of 15,45 nijsec. 
(30 knots). 
We can now see what the practical effect of the anti-crash method 
will be. In a fraction of a second ~t applies a tr~mming force 
counteracting the tendency to nose-d~ve and causlng the boat to ) 

tend to avoid the obstacle or to encounter it with less violence. 
In the calculations no l~f t  from the ventilated foil IS allowed for, 
but t h ~ s  1s of course an extleme case and in real~ty it is only 
necessary to subst~ti~te a new force for the loss of upper side 11ft 
due to the air. Furthermore, as the boat falls the incidence is 
increasing whrle, due to the angle of sweep the alr is being shed 
and lift restored. The net result IS then not more than a stumble 
and the hull generally recovers before touch~ng the surface. 
How often the stumble wlll happen depends on how hard the 
boat IS "pushed" In rougl~ seas, the wave steepness, the wave 
encounter angle, etc., as well as the average fl~ght path taken by 
the foils due to the prlot's corrective controls. Experience has 
ploved that it IS possible to so rlg the ~ncidence relative to the 
feeler as to rendel the crash impossible to produce even with the 
pilot trying h ~ s  best. However, t h ~ s  l ~ n e  of flight will tend to  be 
low and to present a h ~ g h  proport~on of strut area to foil area 
with consequent loss of speed. 
Obviously the forces thrown onto the arm in the anti-crash action 
call for a careful study of the scantlings of this mcmber. 

Figure 1. Horizontal projection of distance between centre ol' 
gravity and a t t  foils should read ca.r, instead of ca.r 

Table 2. Second line, t in t  column: Equations of forces to 
read "equation" of force. 
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SOLENOID 

years 

N APRIL ~ N D ,  1910, an application for a patent was filed 
in the United States Patent Office for a "novel apparatus 

for transferring bodies at very high speed from one point 
to another". The specification of the Patent No 1,020,942 was 
issued on March 19th, 1912, to Emile Bachelet of Mount 
Vernon, Westchester, New York, and is titled "Levita.ting 
Transmitting Apparatus". 

Bachelet aimed at providing a mechanically frictionless 
carrier floated or levitated in a magnetic field maintained 
around the carrier. A guideway houses the various magnets 
used to both float and propel the carrier, which, Bachelet 
states, "may be adapted for local use, such as transmitting 
mail and small express packages lorig distances at very high 
speed, for moving cash and parcel carriers in large department 
stores; ar~d it also may be adapted in very large apparatus, for 
the transport of freight, or passengers". 

BRVSH CON D,UC'TOR SOLFNOID 

w:t--i---'-k$ 
MAGNETS CARRIER CORE CONDUCTOR 

FIG. I 

Figure 1 shows the arrangement of guideway, carrier, 
magnets I'or producing a magnetic field to float the carrier and 
solenoids lor producing translational moveme~lt. The trans- 
verse series 01 electro magnets is formed from oppos~te side 
magnets and a pair of base magnets arranged with alternating 
poles. Suitable connections are made with a source of alternat- 
ing electricity as shown. The carrier is arranged to close the 
circuit between tile conductors to energise a series of magnets 
and cut them out of circuit after it passes over them so that 
the amount of current required to operate the appasatus is 
kept to an economical level. 

Pure aluminium or otl~er very light conductive material is 
used for the carrier, the material being of sufficient thickness 
to resist or greatly retard the flow of magnetic lines of force 
so that the carrier is repelled from the magnets, the repulsion 
being due to the reaction of the induced eddy currents in the 
material of the carrier upon the field producing them. When 
the magnets are energised the carrier 1s repelled from them 
and re~nains suspended, floating in the magnetic field produced 
by the magnets. Solenoids which surround the path of the 
carrier are spaced at convenient intervals and energised in 
succession to draw the levivated carrier along the magnetic 
field at a high velocity. Some of the solenoids are arranged 
to brake or stop the carrier as required. For high speed 
passenger travel the solenoids are replaced by tractor airscrews. 

I I MAGNET 
I 

CORE 

FIG. 2 

Nineteen days after filing his first patent application Bachelet 
filed a second application which was also published on March 
29th, 1912 - N o  1,020,943. In the second application, shown in 
Figure 2, Rachelet suggested mounting the electro magnets on 
the carrier, the magnets being continually energised by periodic 
currents to levitate the carrier during movement along the 
guideway Formed of, or lined with nonmagnetic conductive 
material, the magnets being forcibly repelled from the guide- 
way. T l ~ e  carrier contains its own source of electricity for 
energising the magnets or alternatively the magnets may be 
energised irom an exterior current generator. 

A third application was filed by Bachelet on February 15th, 
1912, and was issued as United States Patent 1,051,056 on 
January 21st, 1913. This patent discloses a development oC 
the two previous patents and is specifically related to levitating 
apparatus for floating safely and rapidly conveying ammunition 
or high explosives. 'The arrangement described, shown in 
Figure 3, operates in a similar manner Lo that alreadv described 
with the &ception that translational movement i s  manuallj 
imparted. 

Bachelet, who patented many devices relating to electro- 
magnetic therapeutic apparatus, looms, pumps and an elcctro 
magnetic engine, applied his proposals for levitation for take-off 
and landing of aircralt. United States Patent 1,088,511, applied 
lor in February, 1912, and patented in February, 1914, discloses 
a launching and landing platform for aircraft based on board 
ship. The aircraft and platform are levitated as described in 
the previous patents and the platform is moved in guideways 
so as to impart motion to the aircraft belore take-off or on 
landing. 

In view oC the present interest in Rovercars and linear 
motors the patents of Bachelet may well be worth further study. 

MAGNET 
I 

FIG. 3 
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