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SESSION I

CHAIRMANTS C0MMENTS - G.M" Parkes

As befits the first session of the symposium, the first two papers give a

general picture of the last yearrs activ'ities, the present status of air
cushion technology, and its main fields of application. Mr. Fowler's

paper covers the Canadian scene, and Mr. Rapson's, the British.

After this general survey, three 'important developments are discussed; a

Brit'ish study on the stab'i1ity of Hovercraft, mainly on water, involving

some most interesting model experiments; a Canadian research project on

skirt material wear at 1ow temperature; and a combined U.S.-Canad'ian full-
scale program on air cushion landing gear for a'ircraft.

Here, then, is a broad survey of the current air cushion technology field,
followed by three very varied and intriguing detai'led samples. Later

sessions wjll each delve more deeply into one selected aspect of the

technology, overland transport and inland ferrjes,'icebreakjng, and

marine operations.
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A PROGRESS REPORT ON

AIR CUSHION TECHNOLOGY IN CANADA 1975/76

H.S. Fowler
Nat'ional Research Counci I of Canada

This will be a very short report, since much of the work wjll form the
subject of detailed papers in the two days to come. However, I want to
start the meeting by g'iv'ing you an overall framework into wh'ich the
later papers will fit.
It's widely considered that from first'inventjon to an established in-
dustry usually takes about 30 years. The A'ir Cushion Vehicle was
invented about 20 years ago in England as a sort of boat; it was tried
here as a soft ground creeper about 10 years ago. I think we may beat
the 30 year figure, and I certainly don't feel ashamed of the present
status of the ACV - tenuous as it may be. I hope to show you a surpris-
ing 1ot go'ing on, in a wide diversity of applications. I'm going to
speak under several headings, starting at the Think Tank level, and
ending at actual operations in the field, doing real work.

Starting then at the fundamental level, we have research at the Univer-
sities, Government laboratories, and the firms.

At Toronto Un'iversity, there is a major effort to obtain a better
understanding of the flex'ible skirt, and seal which holds the air
cushion beneath the A.C.V. Sullivan is studying the stabi1ity of the
sk'irt and Tennyson js studying the properties of skirt material - we

have a paper from him later this morning. A driving simulator is also
bei ng bu'i I t, to i nvesti gate the part the pi 1 ot pl ays .

At McG'ill and Carleton Universities, Yong and Kind are studying the
way in which the A.C.V. generates its unfortunately characterist'ic dust
or spray cloud; a feature we have got to eliminate, or at least control.

In the Government laboratories, notably the Department of the Environ-
ment and the llational Research Council, work is going forward on the
study of drag over rough ground and vegetation, the best methods of
towing the vehicles, and skirt wear over rough ground. NRC has iust
published a fa'irly complete evaluation of the Multicell skirt system,
and one of the segmented skirt systems'is now going through the same
process.

The firms have been getting on with some good research, also. I can
mention studies on veh'icle and sk'irt stabil jty, the scal ing up or down
of skirt systems, the effect of high cushion pressure on roads, dust
suppression, propulsion systems for heavy vehicles, - quite an impressive
list. A lot of this work has been subsidised by the Federal Government,



o

notably the Transportat'ion Development Agency, the Department of
Industry, the Department of the Environment, Transport Canada and the
National Research Council of Canada.

One stage on from the fundamental level is 0perat'ional Research, and here
the Provincial Governments have got into the act. The Alberta and
Saskatchewan Governments and Research Councils, as well as the Ontario
Government, have been actively studying the requirements and economics
of the app'lication of the A.C"V. in their provinces, notably in the
All Season Ferry and Weak Highway Transporter roles. This very positive
and serious'interest is enormously encouraging to an industry just
breaking out of its eggsheil, and in the past yearit has become clear
that Prov'incial Transport Departments and Industrial groups are running
economic and feasibility studies on major transportation problems with
A.C.V. systems as a serious contender.

And please note that the keyword is SYSTEMS. An A.C.V. on its own'is not
enough; the whole transport system, jncluding the routes, be they lakes,
muskeg stretches, trails, roads of various classes, or whatever, has to
be analysed.

The Federal Government has also been busy in the same field, as witness
TDA's Harrjson Report, and NRC's Troika Report and Engineering Proposal
of required R&D in the A.C.V. field for the next three years, some of
which is already being implemented.

However, you can't haul freight across muskeg on a pile of reports.
What has the manufacturing sector been doing?

Frankly, not as much as we should have liked to see, - there have been
thin times, and one death in the fam'ily,

We are sorry to have lost Hover-JaK, which has caused a serjous hjatus
in the Air Cushion Assist for on-road vehicles work, although some of
their technology is surviving in Jones, Kirwan & Assoc'iates (JK&A).
Bell are still with us, with their Voyageurs putting on a star turn as
icebreakers (more of that in a moment) and the stretched Voyageur with
the U.S. Army Engineers as the LACV3O fast amphibious lighter.

Mackley Hover Peterborough is showjng the British flag from an Ontario
base, and the performance of the'ir parent company's A.C. Ferries on the
Yukon has been outstanding.

And during the year a new group has been put together here in CalgdrY,
Hoverlift Systems Limited - their Rubber Duck looks like the prototype
of a series of ferries and lighters, and I believe they are fitting
some other strings to their bow as well.
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The small machines. A year ago I read a paper on the "1/2 Ton Truck ACV"
and said that it had not yet been bujlt. It st'ill hasn't been bu'ilt jn
Canada, although the attempts at it are certainly much improved. I'lotably
with the Canad'ian Cushion Craft "CASPAR" II. I must say that'it looks
as'if Peter Winter's Tiger II in England may have h'it that target.

Finally I must mention what is probably the biggest Canad'ian ach'ievement
in the field to day, the AC Icebreaker. This last winter, the Coastguard
ran trials at Thunder Bay with an air cushion bow on a regularicebreaker,
and at I'lontreal using a Voyageur as a high speed'icebreaker on its own.
The success of the operations has been quite amazing, but I will leave it
to the Coastguard speakers tomorrow to describe it. The mechanism of
the breaking is not yet well understood, but there is no doubt at all
that the air cushion has advanced icebreaking technology more in the last
couple of years than 'it has progressed the previous thirty.

So there you have a very brief picture of Canadjan A.C.V. progress in
1975/76. The next two days of this symposium will fill it out'in much
greater detail, but at least I think I have shown that the A.C.V. is
being recognized at last for what'it is - a very demanding branch of
engineering, needing a solid background, and also shrewd applications
to the right fields. But in those fields, it is a vvay of transport prom-
ising great advantages.
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1976 - A SIGNIFICANT YEAR FOR UK HOVERCRAFT

J. E. Rapson
Hovercraft Development Ltd.

I. INTROUJCTION

History will show that .1976 
was a significant year for British hover-

craft. Although 
.1976 still has more than two months to run, the events

to date are'indicative of a high level of activity. The degree of
"significance" may be judged by a number of parameters. It must be

realised, however, that a particular activ'ity may be significant due to
its fa'ilure as well as its SucceSS, but happ'i1y the Successes far out-
number the fai I ures.

2. SALES OF CRAFT

The Southampton based firm of Hovermarine Transport Ltd. has continued
to sell its HM.2 sidewall craft to overseas companies. So far this
year e'ight of these craft have left the factory for delivery to five
operators overseas. A si gni fi cant feature duri ng the year has been an
jncrease in the size of the HM.2 tleets be'ing operated. The Hong Kong

& Yaumati Ferry Co. for example, now operate five Hl'l.2's, one of which
is of the latest stretched design. The company has forned an associa-
tion with a Far Eastern group w'ith the object of having sidewall craft
produced in Japan.

Although some of the British Hovercraft Corporation's activ'ities and

future potential are concerned wjth military hovercraft, the company is
currently building a new wide-bodied SR.N4 for Hoverl'loyd to bring'its-
fleet up to four SR.N4 Mk.2's. A contract was signed w'ith British Rail
for both of the Seaspeed SR.N4's to be lengthened. This will involve
the addition of a 55 ft. long centre section which will increase the
car carrying capacity from 32 to 59 cars and the passenger capacity
from 254 to 400. The craft will continue to be powered by four marine
Proteus gas turbine engines, but the propellers will be increased from
l9 ft. to 21 ft. 'in diameter. Calculations and model tests have shown

that the substantial'ly increased payload will be carried with little
change in performance in normal sea states. In addition the passenger
comfort will be improved while the performance in extrenrc weather con-
d'itions wi ll be 'increased. BHC 'is currently carrying out the design
work and manufacture of the new centre section for the first craft.
Th'is js expected to be back'in serv'ice in tjme for the l97B summer

season.

In the m'ilitary field BHC has delivered three refurbished SR.N6 craft
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for the Egyptian Navy. It has also carried out a major refit to the
first of the s'ix BH.7 craft delivered to the Iranian l,lavy several years
ago.

The firm of Pindair Ltd. at Gosport has specialised in the production
of light inflatable hovercraft suitable for pest control, vrater and
river authority patrol work, exploration and for military and para-
military uses. l4any of these have found uses abroad aithough in the
UK Skima craft are used by the Centre for 0verseas Pest Research, the
l-lydraul jcs Research Station, Engf ish China Clays etc.

3. OPERATIONAL ACTIVITY

The successes of the cross-Channel operation wi th SR.l'14 Mks. I and 2

has been emphas'ised during the year. In times of financjal stringency,
two operating companies have shown their confidence in hovercraft as a

rneans of carrying passengers and cars across the Channel by investing
substantially in improvements to existing craft or the purchase of new

craft. It was calculated that during September, [1ove111oyd and Sea-
speed had between them clocked up 2 million m'iles on the cross-Channel
service using five SR.N4's. About 9* million passengers and l+ mjlljon
vehicles have been carried during this time. It is estimated that on
the short sea routes across the English Channel 30% of all passengers
and 26% of the total vehicles are carried by hovercraft. Th'is achieve-
ment is perhaps even more remarkable when it is realised that the
hovercraft being used were originally designed about ten years ago.
Considerable improvements have been made to the craft during thejr tinte
in service. This has largely resulted from a close working relation-
ship between the operators, Hover'l1oyd and Seaspeed, and the nanufac-
turers , the Bri tish Hovercraft Corporati on and has benef i ted f rom .l l(

Government funds administered by the Department of Industry. Durinq
this period the regulating authorities, the Hovercraft Department of
the Ci vi I Avi ati on Authori ty and the tttari ne Di vi s j on of the Departntent
of Trade, have helped to ensure that the cross-Channel services ntain-
tain their record of safety. Both operating companies urere forced to
increase the fares charged but the new structures ensure that the fares
are competitive with those of the conventional ship ferry compan'ies.
Seaspeed has substantjally increased the numbers of crossings tnade

compared with the previous year.

The operating company which has achieved the longest period of con-
tinuous running is Hovertravel Ltd. This company has cont'inued its
service across the Solent from Southsea to Ryde for the 11th year. A

total of about 4 million passengers has been carried during this period.
In the spring of 1976 Hovertravel substantially increased its ac+.ivity
on the Sol ent by taki ng over the runni ng of the Southampton to Cot'res

route fronr the British Rail subsidiary, Seaspeed. The new service,
Solent Seaspeed, is able to make the best use of the craft available
by swi tchi ng the hi gher capaci ty SR.l'16 ' s on to the route carryi ng the
most traffic. There is a marked difference in the travelling habits
of the two routes when comparing weekend with weekday activity. To
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this must be added the seasonal effects brought about by holiday traf-
fjc and sporting activitjes jn the Solent. Hovertravel with jts
assoc'iated company, Hoveruork, are 1ike1y once again to be able to
report profitable operations during the year.

Another operating company based on the Southampton area, International
Hoverservjces, passed a landmark during 1976. The company has been
engaged by the Southampton based Shipbuilding D'ivision of Vospers to
feiry pari of its workforce from the Isle of Wight to the mainland each
day.- in .l976 the company comp'leted its fifth year of operation of this
chlrter service and ach j-eved a regularity amounting to approx'imately
g8%. The service was in'itia1'ly operated w'ith one HM.2 and was speedily
'increased with a second HM.2 Mk.3 as the demand increased. Inter-
nati onal l-loverservi ces have al so operated a commerci al servi ce f rom

Jersey, one of the United Kingdom Channel Islands, to the coast of
France during the summer months. This operation seems like'ly to open

up new routei for llM.2 craft which in turn could lead to the use of
larger sidewall craft being developed by Hovermarine.

Hovenvork has used a lengthened version
sengers on a scheduled service from the
industri al exhibi tion.

4. NEW CRAFT

of the SR.N6 to carry pas-
centre of Algiers to an

For the purposes of this review "new" is assumed to cover craft current-
1y on initial trials as well as those in the des'ign or prototyp.e manu-

ficture stage. One of the most significant new craft is the HM.s.

Th1s is being built by Hovermarine Transport Ltd. at their Southampton
works and js-due to be comp'leted during 1977. It is designed to carry
l40-200 passengers depending upon the layout and to majntain its
speciticatjon performance in I m. seas. Although in some respects 'it
miy be regarded as a scaled up version of the Hll .2, d cons'iderable
am-ount of-model work and tank testing has been devoted to the concept.
It will be one of the largest g'lass reinforced plastic structures in
commercial production. The hull mould has been completed-and the layjng
up of the first moulding is due to commence short'ly._ Il'is powered by

diesel engines and propelled by water screws and wjll thus maintain the
reputatioi for a quiet form of transport already enjoyed b_y other Hover-
marine craft. Hovercraft Development Ltd. has helped to fjnance the
design and construction of the first craft us'ing funds advanced to'it
by i[s parent body, the I'lational Research Deve'lopment Corporation.

HDL has'in a s'imilar manner supported the development of two smaller
amphibjous hovercraft, the Ajr Vehicles Ltd. Tiger and the Pindair
Skima 12. Both employ ducted fan propulsion and are powered by auto-
mobile engines. The figer is fjtted with eight seats and the Sk'ima

w'ith twelve seats. The first of the T'iger craft has an enclosed cabin
and is constructed mainly of g.r.p. and p'lastic foam, whereas the
Skima l2 has an open payload ipace which is provided w'ith a fabric hood.
The structure is iigfrt ittoy surrounded by a large diameterinflatable
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structure. The Tiger has virtually completed its trials whereas the
newer Skima l2 is still undergoing its overuater tests.

During .l976 
Hovermarine designed and built its first stretched HI1.2.

This operation was carried out with virtually no publicity but the
craft - designated a Mk.4 - was snapped up by the llong Kong & Yaumati
Ferry Co. to supplement its HM.2 14k.3 fleet. The stretched craft has
capacity for 92 passengers and has slightly more powerful d'iesel
engines than those used on the Mk.3 craft. The company has adapted one
of its HM.2 moulds so that it can be used for either ['1k.3 or 14k.4 craft
in future.

The Vosper Thornycroft company currently has under evaluation the VT.2.l00 ton anrph'ibious hovercraft. It will be remembered that thjs craft
was developed from the VT.l using the origjnal hull of the VT.l l-00.|
(Ref. l). The original water screw propulsion powered by Lycorning gas

turbines was rep'laced by a pair of variable pitch air propulsion fans
mounted in ducts and driven by two Rolls-Royce Proteus gas turbines.
Thi s mod'i fi cati on makes the craft f u1 1y amphi bi ous and i ncreases 'i ts
speed capabi I i ty. The uncompartmented cushi on conta'i ned by an l-lDL 1 oop
and segment skirt, gives a relatively 1ow drag with a con:fortable ride
in rough water. It has been shown that it is possible to repair or
gain access to the whole of the skirt when the craft is resting on the
beach or floating. The British Ministry of Defence have shown interest
in the VT.2 for M'ine Counter Measure dutjes due partly to the abi'lity
of amphibious hovercraft to survive under water explosions. Vospers
believe that a craft like VT.2 should be close to being ideal in size
to meet certain MCM roles.

Mention should also be made of two SR.N6 variants designed to reduce
the noise level of this versatile craft. A twin propeller version was
built by BllC and evaluated for military use. During .l976 this craft
was put into service by Solent Seaspeed on the Southampton/Cowes route
to provide a standby craft and extra capacity at the peak of the summer
season. This proved to be very popular with the passengers due to the
lower noise level both inside and outside the craft. Air Vehicles Ltd.
nranufactured a duct which was fitted to an SR.N6 after the propeller
blades had been cropped. This also reCuced the noise leve'l of the
craft appreciably.

The prospect for Channel hovercraft has been enl'ivened during 1976 by
the dec'ision to lengthen the two craft operated by Seaspeed and by the
construct'ion in France of the SEDAM N.500 craft. Two of these craft
are due to go into serv'ice in 1977 in a joint Seaspeed/SllCF operation.

5. OTHER DEVELOPMENTS

The spate of developments for cross-Channel hovercraft has provided
evidence of the confidence of both the operators and the manufacturers
for the future. It is also encouraging to note that a new hoverport is
in the process of being built within Dover Habour for the Seaspeed and
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the Seaspeed/Sl'lCF service. The hoverport at Boulogne is to be 'im-

proved with the standing area more than doubled and a nevr passenger
terminal built. The terminals used by l'lover11oyd at Pegwell Bay and
Calais were designed to handle a greater level of traffic than that
associated with the two craft service originally operated. lleverthe-
less several improvements have been 'incorporated during recent years.

Developments associated with the Mackace enterprise also show a high
degree of confidence in the future. The company has purchased a site
foi carrying out trials of its platforms and will soon have the whole
of its British based activity at one s'ite in East Hampsh'ire. A new

company has been formed'in which the civjl engineering firm of John
Laing & Son Ltd. has joined with Mackace to form Transhore Inter-
national Ltd. This company w'i11 spec'ial'ise in the development and
exploitatjon of hovering devices for transferring cargo fronr ship to
s hore .

An event which was significant but not encouraging was the failure of
the firm of Sealand wh'ich specialised'in the building of hovercraft jn
the 6-.12 seater size range.

6. NOVEL USES OF T]1E I.{OVERCRAFT PRINCIPLE

Special attent'ion should be given to uses of the hovercraft principle
whicn are not exact'ly paralleled by the use of more convent'ional sys-
tems. In some cases a function can be performed wh'ich was ejther
'impossible without the use of the hovercraft system or was highly
inconvenient and was, therefore, not usual'ly attempted. Again 1976

has seen some significant deve'lopments'in th'is field. For example, the
moving of oi1 storage tanks on an air cush'ion, although no longer
regarled as new, hai become more widely accePled. Tank farms are now

Ueing laid down on the assumption that individual tanks can be rnoved

arouid the site should this iopear to be des'irable. The Air Cushion
Assi st, known i n the U K as the "0n the Road Transporter" ,_ i s 'in. con-
tinuous use by the Central Electricity Generating B9ul9 for relieving
the bending m-oments on bridges when carrying heavy i1!ivisible loads.
Before the end of ]976 it wis estimated that the l,000th bridge uri11

have been crossed since the device was first put into service in 1967.

Hoveruork Ltd. have continued the use of SR.N5 and SR.N6 craft for
seism'ic Survey investigations. 0n shallow and tidal waters work of
this nature ii greatly speeded up by the use of self:PrgPglled hover-
craft, although-a cra?t iess sophisticated than the SR.N5/6 series
would suffice for most of th'is type of work.

Another devi ce r,rh'ich has proved i ts ef fecti veness duri ng 1976 i s the
Water Skate. This is a concept developed by Air Cushion Equ'ipnent
whereby water at about 87 lb/sq.in. 'is used to sup-p1y individual
cush'ions for moving heavy loads over prepared surfaces (Ref. 2). Early
in the year a 300 ion diving pontoon was launched using !'later Skates
and thii was followed by the launching of another'large structure
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weighing 1,800 tons by the same method. The water cush'icn concept is
particularly useful for launching heavy loads'into the sea whene the
leakage of the water from the cushion is no embarrassment and there is
a plentiful supply to provide the cushion fluid. The units are re-
latively cheap and the power consumption is about 3"1 of that of a

comparable ai r cush'ion devi ce.

ttlent'ion has already been made of the interest shown by the Royal llavy
in the use of hovercraft'in the Mine Counter l'leasure role. Tests urere
carried out during the summer using both the Vosper VT.2 and a DHC

SR.N4 ltlk.2 chartered from Hoverl'loyd. The I'laval Hovercraft Trials lJni t
at Lee-on-Solent has been closely involved with the evaluatjon of these
craft. The development of the MCM hovercraft concept by the Royal llavy
has been carried on in conjunction with a ioint team fronr BllC and
V osper.

One of the novel uses of hovercraft which attracted a great deal cf
attention during the year was the concept of using towed or self-
prope'lleC hover barges for transferring cargo from ship to shore in
countries where port facilitjes were either non-existent or overcrorvded.
There is a tendency for some healthy scepticism to be shown when a nelv
method'is to be used for the first t'ime in a competitive situat'ion.
For this reason novel devices may take several years to obta'in general
acceptance. This is well 'illustrated by the case of oil storage tclnk
movements menti oned earl'ier.

The British cannot claim to have pioneered the use of hoverplatfornts
for icebreaking. Th'is use, which was difficult to predict, has been
developed in Canada. Some of the skirt sections used during the trials
were, however, manufactured in the UK having been developed frorn ear-
I 'ier hovercraf t or hoverpl atforms .

7. GENERAL ACCEPTANCE OF HOVERCRAFT

In limited areas of the UK hovercraft are treated by the pub'lic as

"just another form of transport". This is particular'ly noticeable in
the Solent area. Apart front a high 'leve1 of conmuter travel between
the Isle of W'ight and the mainland in both djrections, the SR.i'16 hover-
craft services are used for morning and afternoon shopping expedit'ions
and during the summer for day trips to the Isle of trlight. In the area
around the hoverports of Dover and Ramsgate the SR. i{4 hovercraft seerrls

to be the usual way of crossing the Channel. In addjtion, there is a

considerable amount of traffic by day trippers in both d'irections.
The Vosper Thornycroft commuters regard their HM.2 as a coach service.

In terms of conrnercial hovercraft there has during 1976 been'increasing
pressure applied for noise level reductions. The authorjties and the
various env'ironmental protection soc'ieties have realised that in the
case of the SR.N6 for examp'le, alternative propulsion systems are
available. It is appreciated, however, that the operating contpanies
are not yet making sufficient profits to be able to have an.y of these
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alternative systems fitted to their existing craft. It is encouraging
despite this that the operators and the authorit'ies now seem to be

working towards the same end.

A study has recently been made in which the effectjveness of contmerc'ial
hoverciaft and hydrofoils has been compared. The results of the study
are shown in Figs. I and 2. It will be seen that in the smaller sizes
of both types of craft, there is little to choose bett^reen thent on the
bas'is of the power installed for each unit of work achieved. As the
work capacity of both types of craft'increase the specifjc horsepower
of hovercraft tends to'improve while that of hydrofoils becomes lvorse.
It will be notjced too that the larger capacity hovercraft are approach-
ing passenger and car carrying ferries'in terms of specifjc horsepo\^/er.
The craft included on the graphs are those which are in comrnercial
service or are due to be operational during 1977. It is real'ised that
specific horsepower is not an infall'ible parameter for comparing dif-
ferent forms of transport. It does, however, have the merit that
higher power requirements imply not only higher fuel consumption and

operating costs, but also higher initial costs due to the greater
'instal led power.

In the field of small hovercraft, the activities of the Hoverclub of
Great Britain have expanded considerably during 1976. The club arranges
racing and other competitive events by amateur built craft. This has

reached the stage at which at a good weekend meeting 40-50 craft nay be

competing. In such a collection of craft it would be unusual to find a

sinble pair built to the same specificat'ion. Such a djversjfication of
designs'can only help to improve the effectiveness of small hovercraft.
The UK Hovercraft Society has offered a prize in order to encourage
Hoverclub members to concentrate on making light craft quieter.

During 
.|976 a number of manufacturers of small hovercraft have produced

new ciaft whi ch are bei ng eval uated. The act'ivi ties of Ai r V eh j cl es

Ltd. and Pindair Ltd. have already been referred to but mention should
also be made of the very efficient fjve seater craft produced by the
[,lissionary Aviation Fellowship. This has been demonstrated as having
a good peifornrance and to be highly manoeuvrable and relative1y quiet.
The various two seater craft produced have improved great'ly in appear-
ance but it is generally reafised that the state of the econonty is
1ike1y to inhib'it home sales and the compan'ies will have to rely on

exporting their craft.

B. TECHNOLOGICAL PROGRESS

The progress made by the princr'pa1 manufacturing companjes has been

most ably and fu11y descrjbed (net. 3) by l4r. t''lheelel 'in a _paper pre-
sented t-o tfre AIAA/ SNAME Th'i rd Advanced l,lari ne V ehi cl e Conference ,

held only a month ago. Attention should perhaps be drawn to the pro-
gramme of work being undertaken by BHC. In this it 'is confidently
predicted that power and fuel savings for.a hovercraft of given per-
iormance can be reduced by 40-507d (P.ef. 4). Thus in the field of per-
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formance great strides are likely to be ntade in the next few years. 0n
a more modest scal e Hovercraft Devel oprnent Ltd. has been vrork'ing on
improvements to the control systems of amphibious hovercraft.

It will be remembered that tlDL mainta'ined a strong research and develop-
ment effort until 1967. Part of the programme involved the construct'ion
and testjng of two experimental craft, the HD.l and the HD.2 (Ref. 5).
By 1967 plans were well advanced for the IlD.3 which was to be a

relatjvely deep cushioned craft to assess the practicability of producing
smaller hovercraft to cope with a given sea state. This advantage could
be used to improve the market potential for hovercraft. For exar,ipie,
the English Channel appeared to be the only route having sufficient traf-
fjc to just'ify using hovercraft of SR.N4 size. If, however, a smaller
craft could be built having similar seakeeping qualities it could be
used economically on less dense open sea routes.

A tank rnodel had been built - Model 58 - r^rh'ich showed promising results.
In subsequent years little effort was ava'ilable for following up this
work. In HDL it was felt that a craft having a cush'ion system s'im1lar
to Model 58 would only be acceptable if it was also prov'ided vrith an
effective means for mov'ing the cushion centre of pressure both 1atera11y
and in a fore and aft direction.

A c.p. shift system had been fitted to the HD.2 craft but it involved
hydraulic actuators, levers, wires, a series of pu11ey blocks and fair-
leads underneath the hull. Some effort was, therefore, expended jn
devising a system rrrith a minimum of working parts outs'ide the craft. A

bas'ic layout to achieve this was designed about four years ago but it
was not untjl the end of 1974 that it was possible to engineer tht's
layout in such a way that the forces requ'ired to actuate the system were
minimal. Working within a restricted budget the c.p. sh'ift system was
incorporated into a craft and testing began in the spring of .1976.

HDL had possessed for a number of years a turo seater craft havi ng an

8'in. deep cush'ion contained by an HDL loop and segment sk'irt. This
craft was rebuilt using many of the parts and became HD.4. Figs. 3 and
4 show a General Arrangement of the craft and of the ski rt system. The

nom'inal depth of the cush'ion from the flat bottom of the craft to the
segment tips is approximately l5 in. and the cushion beam is approx-
imately 71 in. The corresponding figures for l'lodel 58 were l2 in. and
60 in. tdhen hovering over land the cush'ion depth of the HD.4 reduces
to .l3.4'in. Additional information on HD.4 is contajned in Fig. 5.

The c.p., shift system 'is actuated by a single articulated stick jn.
front of the driver. It operates in the natural sense'in that movement
to one side rolls the craft to that side and pitching is obtained by
moving the stick in a fore and aft direction. Movement in a diagonal
d'irect'ion has the effect of depressing the appropriate corner of the
craft. Since pitch attitude changes are achieved so1e1y by moving the
side skirts and the craft has a relatively short length of straight
side, the effectiveness of HD.4's c.p. shift system in a fore and aft
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d'irection is l'im'ited. If the system vrere to be applied to a craft more
rectangular in planfornr the pitch control could be improved. Static
tests have to date been confined to the rolling nrode although the pitch
control has been used both dynamically and as a tnimming device over
water.

Fig. 6 shows the stiffness of the cushion system jn roll. The applied
rolljng moment is expressed as the equivalent movement (as a percentage
of the cushion beam) of the centre of gravity of the loaded craft. T[is
"natural" stiffness of 0.40% per degree over the first 4 degrees of roll
in each direction may be compared vrith the stiffness of 0.30iJ per degree
of HD.2. Thus the simple open loop and segment skirt of HD.4 is com-
parable'in roll stiffness with that obtained on the more complex skjrt
system of HD.2. Fig. 7 relates the roll angle achieved to the angular
movement of the control st'ick. Thjs figure is on'ly applicable to the
particular geometry chosen for the HD.4 system and can be varied to some
extent according to the design parameters selected. Fig. B indicates
the relationship between the stick angular movement applied and the
external rolljng moment which would be necessary in order to achieve
the same angle of roll. Finally Fig. 9 shows the angle of stjck move-
ment necessary in order to restore the craft to level trim r,rith the
application of various amounts of external rolling moment. These last
two curves suggest that the control may be more effect'ive as a means
for trimming out off-centre loads than as a means of rolling the craft.

ltD.4 has so far undergone a limited amount of testing both over land
and water. Fig. l0 shows the craft being rolled to starboard over water
by the application of the stick alone. As was the case with HD.2 the
operation of the roll control not on'ly assisted the turning of the craft
by redistributing the drag of the side skirts, but also ensured that the
craft rolled into the turn. The geometry of the linkages have been
chosen in this first phase of the HD.4 trials to give a reasonable angle
of roll using stick forces which may easily be app'lied with one hand.
The degree of p'itch and roll control that should be sought is not obvious
at this stage. 0ver land the static roll angle achieved was an unspec-
tacular 3*". 0ver water this appeared to be sontewhat greater and
adequate as a dynamic control. Since the system may be used both as a
static trim control and as a low inertia dynarnic control, there may be
a need to increase its effectiveness to give adequate ranges jn both
app 1 i cati ons .

9. CONCLUSIOIIS

It'is obvious that there is ljttle roonr for complacency in the progress
made in the exploitation of the hovercraft principle. It is always
difficult to assess this in relation to other significant inventions.
The rate of progress is greatly affected by world conditions and jn
particular, the presence or absence of military conflicts. In the case
of hovercraft which are operated as an alternative to more conventjonal
means of transport, the efficiency of the craft and the way in which jt
is presented to the public have a major influence upon its rate of
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adoption. At the other end of the scale, in the case of applications
of the air cushion principle which enable djfficult tasks to be perfor-
med for the first time, the period required to influence would-be users
and purchasers 'is almost unpredictable. In this field some progress is
being made.

It is clear that partly due to a shortage of suitable funding technical
progress has been relative'ly s'low. It is now becoming more obvious that
the development of a new form of transport is 1ike1y to occupy at least
two decades. The fact that some commercial operators can show a profit
when using craft in'itia11y designed in the five years following the
operation of the first man-carrying hovercraft is remarkable. Very
great improvements were made in the first few years following the launch
of the SR.f{l 'in .1959. 

SteadS, progress was made thereafter but it seens
that we have now reached a point in .1976 

when significant advances can
be p1 anned u'i th conf i dence.

The author wishes to thank individuals and organisations for assistance
in compiling this paper. Any opin'ions expressed are his own and do not
necessarily represent the views of Hovercraft Development Ltd. or of
the National Research Development Corporation.
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FIGURE 3 - General arrangement of HD4b
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Special [eaturcs
, Balanced c.p. shift systen

in pitch onil rol.I
Height - Cushion Depth
Hovering: rr'r" .u-4"
At rest: 44"

TyPe

H.D.L.

Normal A.U,W.
691 1b.

Vcrsions

Ducted l'on

78 -5"

fl.D.4 b

rngth

169 -r"

Configuration
Single axial. lift fan l'eeding
air into bov loop through
,2 x 4" dia. holes in
horseshoe fornation extending
back 60" fron bou.
Single ducted fan aft.

Payload accommodation
2 seat cockpit anidships.

Engincs Powcr Control

2 vertical rudders 16" chor
x 24" HT in fan sJ.i.pstreeo.
C.P. shift in pitch & roIL

Transmission Lift - Direct.
Prop - Tootherl belt reduction

12 1')9
Propulsion

Breeze fan in duct
21" die. 5 bladea 0 tOo

Lift. Villiers 8E
1)l c.c.

Prop. Kyoritsu
K8r, 22'
225 a-a--

.O Dax.

1'O rnax.

TVEIGHTS

Structure

Machinery

Equipment

Skirts

Furnishings

Crew

Litt
fiultiuing l.an
2)'5" dre. 10 blades @ JOo

PERFORMANCE (normal A.U.W.)

Hump spccd kts. 7

Cruisc spccd kts.

Max. specd kts.

StaticT/W O-1
Rangc

EnduranceCushion Uncoopartnented open
loop & segnent.

112" effectiveLcngth - 1i5,, overal.IBeam - 71.25"
Arca - 55.5 sq. ft.
Mass Flow -
Pressure - 10.r, Ib/ sq. f t .

Seal Open loop & segoent
wrth trailing sheet over
open faces of rear seguents
Matcrial 16op 5 oz. nylon

tiegaents 1., oz.nylan
Scgment- Lcngth 12" Pitch 5.4"

Entry
spced kts

Turn
Radius

Nominel

'c'
Exii

spccd kts.

Empty : 5OB Ib
Fuel 4 Galls: 2! 1b

Payload : 1r4 lb
Wave ht. Wind Ycl. Spccd kts.

A.U.W. (Normal) : 691 lb
J.olro ooslaclc ,11.5',
clearancc

Continuous cradient
Overload

ECONOMICS AssumPtions:

First cost: Lifc:

Scrvice Passenger Freight:

Spccd: Seating:

Buoyancy 5 dinghy buoyancy bags?60Q Ib.
Landing systems 4 plyroocl pade 2" de6p

Paramctcr Stiffness Damping cD,t

Roll

Pitch

Heave

D.O.C. qHOUR Utilisation
l0O0 Hr. Hr.

cow

Dcprcciation

Intcrest

Insurancc

Cra[t rnaintcnancc

Machincry maintenancc

Fucl and oil

Crcw

HISTORY: First oPcralcd:
Numbcr produccd:

Rouies Opcrators

Total D.O.C.

First cost/ton A.U.W.
First cost/seat

Firsi cost/Payload-ton-k not

D.O.C./scat - N.M.
D.O.C./payload ton - N.M.

Remarks:

Sources H. D. L '
Issue No. I
Date 6.9.75

I u.o. l. D.S. No.
I

FIGURE 5 - HDL hovercraft data sheet
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OF THE REPORT OF THE ARB SPECIAL COMMITTEE
HOVERCRAFT STABiLITY AND CONTROL

ON

J.G" Wraith
Civil Aviation Authority
Airworthjness Divi sion
Hovercraft Department

SUMMARY

This paper briefly describes the capsjzes which have occurred to commer-
cial s'ized hovercraft and which led the Airworth'iness Requ'irements Board
(ARB) to form, in April .l973, a Special Committee to invest'igate hover-
craft stability and control. The Special Conm'ittee reported their find-
ings to the ARB and their report was published as CAA Paper 75017, some
topics of which are reviewed jn th'is paper.

I. EARLY CALM WATER CAPSIZES

To set the scene, the brief descriptions from Reference I on the capsizes
that have occurred on U.K. cornmercial type craft are repeated. Figure 1

puts the capsizing story into perspective. The first flight of the SR.NI
was made in .I959, 

and the first flight of the SR.NS was made'in April.I964. 
The SR.N5 cab'in was lengthened by four window bays, to make the

SRN6 wh'ich first hovered in March 
.l965. It should be borne in m'ind

during the discussion that follows, that since their first flights the
SR.N5 and SR.N6 have accumulated over 29,000 and 

.l62,000 type operating
hours respectively.

The first major capsize and only known sidewall craft capsize, occurred
in December 

.l964, to an American research craft, the XR-]. The first
SR.N5 capsize was in April .l965, 

when the craft overturned following a

plough-in, during a pirouette on glassy calm sea cond'itjons. Entry speed
into the pirouette was approx'imately 40 kts, the actual overturn
occurring, at or near, the beam-on hump speed of 7 kts" It was found
afterwards, that the stability keel, had been spfit along its ent.ire
length. The next N5 capsize came soon after in May 

.l965 
and again

resulted from a plough-'in. This was caused by gross mishandling of the
controls by a driver under instruction. Again, the sea was calm with no

wind. It should be noted that a total of fourteen people escaped from
these two caps'izes without serious jniury. Action was immediately
taken by BHC to establ ish the circumstances of the capsizes by a design
and model test investigation" The basic obiective of this work was to
reduce all aspects of plough-in severity by reducing the ietted skjrt
drag and suct'ion effects. This was achieved, see Reference 2, by the
addit'ion of external strakes on the skirt wjth air ventjlating holes.
Combinations of these modifications were extensively flight tested
by BHC, who carried out over 60 deljberate plough-ins durjng the'ir test
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programme. The final modificat-ion r',ias satisfactorjly demonstrated to
surveyors from the A'ir Registrat'ion Board, U.S. Coast Guard and
Japanese Ministry of Transport. In addition, the concept of limiting
the yaw ang'le for various speeds was introduced by BHC, and is still
very much in use today, see Figure 2.

The third SR.N5 capsize^ occurred off Calshot to a military craft in
rJuly 1966, during a'180" stop turn to port" Although the skirt on this
craft had been modified with strakes and air lubricat'ion'it was in
poor condition, due to being deliberately operated to an extended majn-
tenance schedule for military reasons. In add'ition, the yaw-speed con-
dit'ions were bejng exceeded. Sea was again glassy calm with no wind.

It should be noted, that all the N5 capsizes described, were in glassy
calm sea conditions and were of a p'lough-in type, resulting from
injtially high speed, high yaw ang1e, turn or pirouettes. It was con-
s'idered that the yaw-speed I imit'ing condition, if observed, together
with improvements in skirt design resulting in the fingered skirt,
should eliminate any further calm water capsizes. In passing, it
should be noted, that the fingered sk'irt could sustain over twice the
adverse moment, before it tucked-under, than the original ietted bag

s ki rt.
In the meantime, for the rough water end of the scale cons'iderable
experience and confidence in the seago'ing qualities of the N5 and N6

type craft, was being gained by the manufacturers' BHC, the Air Regis-
tiat'ion Board and operators all around the world. Weather cond'itions
for craft operat'ions were initially limited to five feet significant
seas and 20 knot winds and these values were quoted in the craft
operat'ing manuals. As a result of further extensive experience and

testing lfre l'imiting wind speed was'increased by the Air Registration
Board in December 

.1966 to 30 knots forward of the beam and 25 knots
abaft the beam.

?. SR.N6 ROUGH WATER CAPSIZE INVESTIGATION

We now Span a period, of Some six years, since the Calshot capsize, to
March 1972, whbn SRN6-012 caps'ized off the entrance to Portsmouth
Harbour. ifrls accident occurred in severe weather condit'ions and

although 22 people escaped, five people lost thejr lives"

F'igure 3 shows the general situation. Craft 0.l2 left Ryde for_Southsea
and capsized approx'imately 400 yards from the Southsea base. At the
point bf capsizb tfre mean wind was approximately 30 knots, gusting to
nearly 45 knots. The wind was blowing on the craft starboard beam

and 'in almost direct opposition to the 2-l /? to 3 knots t'idal stream
coming out of Portsmouth Harbour. There WaS consequently a.short
steep sea w'ith waves, estimated at the time, to be six to eight feet
high and up to sixty feet 1ong. Figure 4 surnmarises the'informat'ion
on the accident provided by eye w'itnesses who'included an N6 Commander

who was watching the craft approach.
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After the accident, BHC worked practically day and night to try and
establish the cause, by means of model tests and theoretical analyses.
Almost immediately they published Service Bulletin No. 163, which drew
attentio'n to the danger ,.of decelerating with s'ideways motion, particu-'lar1y, when using low turbine rpm. This was followed a few days later
by Bulletin No. 168, whjch described in fu'll scale terms the results of
the model tests. It was found, that the craft could, occasionally, be
made to overturn in breaking wave conditions e'ight to n'ine feet high
and sixty feet 1ong. These are unusually steep waves, but they could
occur jn certain conditions of wind, tide and sea bed. It was not
found possible to overturn the model, in similar short steep waves,
five to sjx feet high. The model test method is'indicated in Figure 5

and shows the model placed beam into the waves, and pu1led through them
at the critical beam hump speed of seven knots. A 40 knot wind force
was simulated, by an off-set CG position and the towing method was such
that the model was subjected to snatch loads representative of gusts.

The results showed that when the model was operated at normal turb'ine
speeds, of 17 to 18,000 rpm, it was not possible to overturn the craft
in repeated tests. A1so,'if the engine power was completely cut at the
most critical moment, so that the side structure was buried'in the water,
no overturn'ing was achieved" However, if the power was reduced from.l8,000 turbine rpm to .l4,000 at the critical moment, the model could
be made to overturn, in approximately I in l5 occasions. Th'is I 'in

l5 occasions would only be made to occur, 'if the craft was almost
exactly beam to sea, and drifting sideways at the critical speed. If
the model was 20o off the beam condition, no overturning could be made

to occur.

It should be emphasized that these were the preliminary results of
a general set of overturning model trials" Deliberately severe cond'i-
t'ions, Compatible with those observed at the t'ime of the accident, had
been chosen to quickly find a condjtion that would reproduce the over-
turning. The key factor appeared to be a partial reduction of turbine
speed at a crit'ical moment, and it appeared from the model tests, that
wind strength and asymmetric craft loading were quite secondary effects.
Even so, overturning could on'ly be produced occasionally.

3. HD2 MODEL TESTS

The Department of Trade and Industry financed a programme of model tests,
to be carried out by BHC on various craft and on the HD.2 research craft,
designed and bujlt by HDL. This craft hull had been designed to have
planjng type surfaces round the complete craft periphery. An isometric
v'iew of the hull and air feed arrangement into the loop-segment skjrt
'is shown in Figure 7,

The report, Reference 3, on the HD.2 model tests was published for a

restricted cjrculation by BHC. Figure 6 reproduces Figure 5 from that
report, and shows the roll angle variation with beam-on tow'ing speed
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measured over calm water with an adverse rolling moment, egujvalent to
5,300 lb. feet full scale applied. The resulting curve clearly shows a
sharply defined critical speed region around 6-1/2 knots where either
.overturning, under the model test conditjons, or severe skjrt scooping
occurred. The sensitivity of this speed region can be judged by the
position of the test points at six knots and seven knots on the edges
of the critical region. The fundamental question is, what makes the
model unstable at 6-l /2 knots yet comp'letely stable at I /2 knot either
side of this value? Unfortunately this question cannot be completely
answered at present as a complete theoretical anaiys'is is difficult, due
to the lack of precise knowledge of the contact lengths and actual
Froude Numbers involved.

For example, theoretjcal curves for the cush'ion wavemaking drag show
that Froude Number is very critical in the six to seven knot region.
With leading skjrt contact the beam could effectively be increased to
16.0 feet compared w'ith a design cushion beam of 14-112 feet. This
gives Froude Numbers of 0.44 and 0.525 at six and seven knots respec-
t'ively, w'ith wavemaking coefficients of 0.85 and 2.84, since these
Froude l{umbers are just above the first hollow, and just below the main
hump. Hence for a speed change of only one knot the wave drag coefficient
increases by a factor of nearly 3.5. Also an examination of water sur-
face elevations of these speeds, computed by NPL, Reference 4, suggests
that wetting drag would have partly transferred from the side sk'irts
to the bow and rear skirt between these Froude Numbers.

4. ARB SPECIAL COMMITTEE

Now, the test work being carried out was mainly related to establishing
the limits on existing types of craft, and the results obtained would not
necessarily be in a form which could assist the CAA wjth drafting
hovercraft design and test requirements.

The CAA and ARB therefore decided to form a Special Committee to examine
all aspects of hovercraft capsiz'ing with a view to improving the relevant
British Hovercraft Safety Requirements (BHSR's). The Spec'ia1 Committee
held its first meetong on'lOth April .l973 

and the comnrittee members
listed in Figure 8 shows that the CAA was fortunate in havinq a great
wealth of hovercraft talent at'its disposal. The Committee met over a
period of some two years and their report to the ARB was publ'ished as
CAA Paper 75017.

The report broadly discusses some of the capsizes that have occurred to
date, and some of these have been described in the first part of this
note. For the capsizes'in rough water, it was suggested that there may
be a limiting wave height peculiar to each type of craft below wh'ich,
capsizing, if not impossible, is extreme'ly unlikely to occur. Th'is js
tentatively put forward on the SRN6 model test experience on1y.
Naturally, this concept, if correct, is of great importance to Safety
Authorit'ies, but the d'iff iculty remains in establ ishing its val idity
and the maximum safe wave height and steepness for various craft types.
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The Conunittee reviewed the factors which could affect capsizing, but
d'id not feel justified in attempting to put recommended values for all
the factors. It was considered that a basic research progranme WaS

necessary in order to establish sujtable combinat'ions of the numerical
val ues required.

Despite this, an attempt at analysing the capsiz'ing sequence was made,
and in order to s'impf ify the analysis, the fol'lowing sequence was
assumed to occurin each over-water capsize from the on-cush'ion position -

j) Injtjally the craft is on-cushion and operating
norma'11y.

i'i) A s'ituation and/or a manoeuvre occurs causing
leading sk'irt tuck-under.

iii) The hard structure of the craft makes a dynamic
impact with the water surface.

iv) The actual capsize occurs.

Leading skirt tuck-under is, therefore, the most significant factor in
the sequence as a necessary although not in itself sufficient condition
for this form of capsize. Probably the most 'important single feature
Ieading to sk'irt tuck-under and possib1e capsize when travelf ing beam-

on is reduction of the lift engine power.

Some analysis of skirt tuck-under, as described already for the HD2,

is contained in the report. In this respect the Committee was fortunate
jn being able to draw upon the results of an analys'is on hovercraft
safety, being carried out by BHC under contract to the Department of
Trade and Industry" Figures 9 and l0 were derived from this work and

are included in the Conrm'ittee's report. Figure 9lists the design
factors affecting the leading sideskirt tuck-under boundary. The range
of current practice is quoted but these values should not be regarded
as design rules or limiting values. The same comment applies to Figure
l0 which tists other design factors affecting the craft's reserve
against capsizing, again up to the skirt tuck-under point"

Various conclusions and recommendations are made in the report on the
design, model and full scale testing and operational aspects to m'in-
imise the risk of capsizing.

The Committee recognised that many problem areas had been highlighted and

therefore further general research was recommended, not only to jncrease

basic data and knowtedge, but also to enable better theoretical tech-
niques to be formulated. Accordingly, a general research programme

based on the Committee's recommendations has been formulated by the
CAA, BHC and others in the hovercraft industry. Th'is will be put to
the Ship and Marine Technology Requirements Board in the near future
and it is hoped that research funding w'i11 be provided.
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To sum up, the Special Committeers Report is not, by any means,
last word on hovercraft caps'iz'ing. It should be regarded more
foundatjon on which further research and development can build
knowledge requjred to design and openate hovercraft more safely
the future"
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FIGURE I --Sign'if icant Dates

fo 20 30 40 50

CRAFT SPEED RELATIVE TO WATER SURFACE

June lst .1959

April llth .l964

December Bth I 964

l4arch 29th I 965

April Bth .l965

May llth 1965

July Bth I 966

March \?th 1972

SRNI first free hovering trial s

SRNS first f1 ight
XR-l capsize

SRN6 first f1 ight
SRN5-00.l caps'ize i n Al esund Harbour

SRN5-007 capsize in San Francisco Bay

SRN5-005 capsize off Cal shot

SRN6-0.l2 capsize off Southsea

FIGURE 2 SPeed v. Yaw Angles
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FIGURE 7 HDZ Hull and Air Feed Arrangement
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Sectional Geometry Parameters Comment Current Practice

zH

xH

p

xH

b

xH

Hinge vart. spacing

Hinge horiz. spacing

Bag perimeter

Hinge horiz. spacing

Cushion beam

Hinge horiz. spacing

Percentage finger depth

High value favourable

High value favourable at lower pressure

ratios (e6/0.)

Low Yalue favourable

Low value favourable, in thcory, but
some minimum value l> 2V/"1 probably

optimum in practice, due to better drag

characteristics of finger than bag, even

on purely bearn-on considerations

0.15 to 1.0

1'75 to 3'5

5'O to 7'5

Overall Skirt Geometry and

Craft Parameters

Compartmentation

Skirt Deoth

t
=

I,e

PB

pc

cA

b.t.c

"rr

Cushion Beam

Bag pressure

Cu"hion prL'ssure

Cushion loading

9_r 
rr: 

"av-la 
n k ci J.i r ance

Sk irt cir.pth

Cushion bearn

Effective cu:,hion length

Wetting drag coeff icient

Centre keel, with differential pressure in
roll favourable, unless og/0. for leading

sideskirt becomes low and zglxgand/or
p/x, are low.

Low value favourable

High value favourable

High value favourable

High value favourable

Low value favourable, in
conjuirctio!_ryIh HS'../b and C4

but only $,8 is is powerful is these.

Low value favourable, but unlikeiy
be ve11, different rrom model v:lue,

i.e. of orriei C'C1.

0'lO to 0'20

1'0 to 2'0

0'O1 to 0'03

0'8 to 1. t

0'4 to 0'75

42

N0TE: The above statements and numerical ranges, wh'ich reflect des'ign pr-

actice for several current craftr dte prov'ided fo! general gu'idance and

not as des.ign rul es or 'l im'it'ing _va'l ues . An overal 'l conf i gurat'ion 'invol ves

a compromise choice of all the factors, and mgy be satisfactory even if
one or more factors are at the least fivourablL end of the range. A sys-

tem of overall assessment 'is duscussed in Refernce 4.

FIGURE 9 Des'ign Factors Affecting
Lead'ing Sidesk'irt Tuck-under Boundary
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NOTE: The above statements and numerical ranges, which reflect des'ign
practice for several current craft are provided for general guidance 9nd
not as design rul es or I im-iting val ues. An overal I conf iguration i nvol veS

a compromise choice of all the factors, and may be satisfactory even if
one or more factors are at the least favourable end of the range. A

system of overall assessment js discussed in Reference 4.

FIGURE l0 Design Factors Affecting Craftls Reserve
against Capiizing (up to Tuck-under Point)

Parameter Comment Current Practice

O(Ap/pJ _ _hc-
4'|, b

Differential pressure rate

less CG height moment
parameter

b.t.c
lG.

hG/bq-
p

xH

Pg

pc

b

xH

Buoyancy tank clearance

Skirt depth

CG height ratio
Cushion loading
parameter

Bag perimeter
Horiz. hinge spacing

Bag pressure

Cushion pressure

Cushion beam

Horiz. hinge spacing

A high value is favourable in
this context, but will be offset bY

an adverse adjustment to the tuck'
under merit if hinge spacing and

bag perimeter ratios are not good
(unless initial pressure ratio is high).

The importance of this parameter

is modified by the size of the 'drag

moment' parameter, but a high value

is favourable.

Drag moment parameter. Low value

favourable.

Affects beam

favourable.
increase. High value

Affects bag pressure moment.
High value favourable.

Relates skirt contact moment to
cushion beam dependent and other
moments. Low value favourable.

-4'3 to 0'6

0'8 to 1'1

10 to 25

1.75 to 3'5

1O to 2'0

5'0 to 7'5
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LOW TEMPERATURE EFFECTS ON THE ABRASION
BEHAVIOUR OF COATED FABRICS

R.C. Tennyson, Professor
A,A" Smailys, Research Assistant

Univers'ity of Toronto
Institute for Aerospace Studies

ABSTRACT

Coated fabr.ic materials typical of those used'in ACV sk'irt systems were
subject to abras'ion at temperatures vary'ing from 75oF to -30oF for
varying l engths of time. Abras'ion resi stance was measured i n terms of
the arnount (mass) abraded, the maximum depth of wear and the residual
tens'ile strength as a funct'ion of temperature. These results were then
compared with data obtained at room temperature.

I NTRODUCT I ON

Since the early f ifties when Chri stopher Cockerel I f irst promu'lgated the
idea of p1 acing a'layer of air between a boat and the surrounding water
to reduce skin friction, the concept of a'ir cush'ions has come a long_

way. Still the full potential. of air cush'ions is far from be'ing fu11y
reil'ized. What started at f irst with two tin cans and a vacuum cleaner
has now developed 'into hovercraft varying from single passenger lypes
to si zes capabi e of carryi ng 'large mul ti -ton cargos. The 'idea of ai r
cushions is also being applied to such things as hovertrains, landing
systems for aircraft,-moving heavy loads over soft ground or bridges
that cannot sustain large point loads and mine-detecting apparatus that
stays at least six'inches off the ground. Yet'it is doubtful that the
use of a'ir cushions could have gone beyond the first few prototype ho_ver-

craft that were built'if it were not for the introduction of a flexible
sk.irt to the hovercraf t i n 1 959. Besi des 'increasi ng the obstacl e cl ear-
ance of the hovercraft hard structure, the f I ex'ibl e ski rt reduced the
power required to maintain the air cushion and thus made the hovercraft
econom'ica11y feasible to operate. t,,Iith the sk'irts, the hovercraft's
performance was improved remarkably and with the reduced power reQ!ire-
rnent, the s'ize of trre hovercraft giew steadily" It is also the skirt
concept that is makinq possible such things gs the landing system lqt
aircraft, which will Ifren be "fu11y invenied" according to Thomas Edison
who once said, "The airp'lane will iemain only half invented unt'il the
day it can take off and land without runways".
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t,l'ith the increasing use of air cushions, and thus skirts, the condit'ions
under lvhi ch the s ki rts have to surv i ve vary cons'iderabl y. Hovercraft
now operate anywhere fr"om the hot jungles of South America to Canada's
cold Arctjc. Despite such a wide range of temperatures to which the
sk'irt material i s subjected, ro investigation (to the best of our
knowl edge) has been carried out on the effect that temperature has on

the abrasion res'istance of skirt mater jal s, dl though some studi es have
been done at room temperature (see Ref. I for example). Therefore this
report should provide some useful gujdance to those concerned with the
ef?ect of low temperatures on the abrasion behavjour of skirt materials,
particularly in terms of their residual strength.

The first sk'irt materials manufactured consisted of a cotton weave that
was coated w'ith natural rubber. Since then, the manufacture of sk'irt
material s has advanced to the use of various weaves of different
materials including such ones as 'basket', 'r'ip-stop', and_ttwill' weaves

utilizing materiali that are typ'ica11y nylon, but also include polyester,
nomex, PRD 49, fiberglass and even stainless steel. The modern
materials used for the elastomeric matrix are synthetic rubbers such as

neoprene, nitrile and butyl , for example. The material invest'igated in
thil report consisted of a 'basket'weave of nylon (two different
weights) with a matrix of polychloroprene rubber.

MECHANISl'4 OF ABRASION

The mechanism of abrasion that occurs depends on the cond'itions under
which the friction unit operates. The simp'l est type of abrasion is
wear which generally occurs when there is friction between rigid mater-
'ials. The process tfrat takes place 'in this type of abrasion results
from sharp edges on the rough surface of the abradant wearing away l!''.
surface 'liyer-of the materiil . For this to occur, not only should the
abrad'ing sirrface and the material be rigid but also the friction between
both must be above a certain critical point. This type of abrasion can

be recognized by the presence of scratches on the surface of the material
'in the direction of abrasion.

Another type of abrasion is called "wear by roll formation". This occurs
when a fri-ghly elastic material is abraded by a surface that'i s not very
rough" TherL must also be a relatively hjgh coefficient of friction
between the two surfaces. In th'is type of abrasion, the elastic mater-
ial being abraded is stretched by th
the material does not have the stren
two surfaces begin to s1iP, it will
of the force. This then results in
The material that is torn off then s

relative motion between the two surfaces" 0nce these rolls of material
are torn off, new ones are formed by the continuous tearing of the
mater.ial . f ni i-iype of wear usua'l 1y requires the material being abraded

to have a low tear strength. For t-he case of rubber, the heating created
by the friction may reduie the tear strength of the rubber sufficiently
t6 produce this welr mechanism" In some instances, "resinification" of
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the surface of the rubber results, thus increas'ing the friction between
the two surfaces. The resi ni f icat'ion of rubber i s characteri zed by the
surface becoming tacky.

The surface of a material that has been subjected to wear by rol I forma-
tion is coarse and has lines of abrasion perpendicular to the direction
of motion of the abrading surface. The most obv'ious indicators of thi s

type of abrasion are the rolls of material that may still be clinging to
the abraded surface.

EXPEBJI4ENTAL IE-CHI I QU E

Materi al s Tested

To study the effect of low temperature on the abrasion behaviour of coated
fabrics, two materials were chosen to be tested. These were designated
as ARz and AR3 in order to be consistent with Sowerby (Ref.l) who had
tested samp'les of the same materials previously at room temperature.
Both of these are used primari'ly as skirt materials for hovercraft.
AR2 and AR3 were made of a'basket'weave of ny'lon coated with a blend
of polychloroprene and natural rubber. The AR2 fabric had a total
thickness of .054 inches and AR3 was .126 inches according to the manu-
facturer's spec'ificat'ions. However, on measuring the thicknesses of
both materials, it was found that they varied from these values. There-
fore, in order to have max'imum accuracy'in the data, each spec'imen was
measured individually before testing. The specifications obta'i ned from
the manufacturer are shown'in Table I and the averages of the actual
propert'ies measured are shown in Table 2"

S'ince both the materials ARz and AR3 have directional properties and alI
previous testing was done in the warp direction, then for comparative
purposes these tests were also conducted in the warp direction. It
should be noted that these results are also applicable to the fill
(cross-wise) direction in terms of abras'ive res'istance of the elastomer
coating although tests involving the res'idual strength of the material
are directional 1y dependent.

Tes;t i ng Apparatus

The complete set-up of the abrasion apparatus 'is shown in Figure l, This
apparatus had origi na11y been used for testi ng spec'imens at room temp-
erature (Ref . I ) and consisted of a plex'iglass drum which was covered
with an abrasive surface aga'inst which specimens were abraded by revolving
the drum. The abrasive used was Tri-M-ite BOE S'il icon Carbide sandpaper
which was attached to the drum by means of several metal plates that
were screwed down on to the edges of the sandpaper as can be seen in
Figure 2" The material to be abraded vvas then held against the drum by
means of a "Bul1dog" clip attached to the top of the specimen and another
to the bottom of the specimen with a two ounce we'ight on it. The weight
was there to ma'inta'in a constant pressure on the spec'imen. To keep the
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specjmen from moving to the sides, the w'ire to which the weight was

attached was threaded through a hole in a part of the structure so

that it could only move in the vertjcal direction as can been seen'in
Figure 2, The drum was then dpiven at 430 RPM by a 1/2 hp electric
mo[or by means of a belt drive" This rotational ve]ocity corresponded
to a I i near abras i ve ve'loc i ty of 1B mph.

The pressure under wh'ich the specimen was abraded can be calculated
from the geometry of the configuration shown in F'igure 3. Assuming that
the on'ly force on the specimen was created by the we'ight bl, the pressure
between the specimen and the abrasive surface is g'iven as

D=W..,\\, 
Rb

By using the values given 'in Figure 3 and assuming that l.

is a stra'ight line, pc was estimated to be 0.0.l 2 1b/in2. The fact that

D is a constant means that the abrasion should be uniform over the
'c
contact area, which'in reality does not occur as w'ill be discussed later.

In order to perform the abrasion tests at low temperatures, the enclo-
sure was insulated with two to fourinches of styrofoam keeping one

side removable for easy access to the drum and the specimens. To

measure the temperature inside the chamber, two 'indoor-outdoor thermom-

eters were ptacbd with the "outdoor" sensors mounted inside the chamber

at mid-height adiacent to the specimens being tested"

The chamber r^las cooled down to the desired temperature by using liquid
nitrogen" This was accomplished by applying compressed nitrogen from a

gas Uottte to the tank containing the I iquid n'itrogen at pressures
iary-ing from I to 5 psi, depending on what temperature was desired in the
tesi, -The tank was sealed off with a rubber stopper so that as the
pressure was applied through one hose at the top, the liquid n'itrogen
was forced out another hose to the chamber to be cooled. This hose

*it then split into two separate sections by means of a Y io'int, and

each end was attached to an end of a

which had orifices along the bottom
chamber and as the 1 iquid nitrogen e
pressure built up thus forcing out c
The temperature was thus controlled
the tank of I 'iquid ni trogen.

To measure the maximum depth abraded on each spec'imen, a micrometer
was used. In addition, prof-iles wer ) made of the abraded surface us'i ng

a linearly variable diiplacement transducer (LVDT) apnalatus shown in
Figure 4, which was capable of measuring surface deviat'ions as smal I as

0.0005-in. Figure 5 presents a set of lypical abrasion surface profi]es
which are c1 eaily non-uniform across the Spec'imen width.

prior to testing the samples to determjne their residual tens'ile strength'
each was cut into the stindard ASTM "dog-bone" shape to ensure that the
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specimens fa'iled in the abraded area and not
of the test machine which so often happens.
was a Tin'ius-0.l sen Universal Testing Machine
on the 600 lb. scale and +2 lbs. on the 2400

Test Procedure

Before the abras'ion testing began, dll of the spec'imens were prepared by
cutting the material into strips 1-1 /2 'in. w'ide by 9 in. Iong" Since
there were no standards set up for abrasion testing of coated fabrics at
low temperatures 'in ASTM D75l -73, the techn'ique followed was that used
by Sowerby (Ref. I) in the tests conducted at room temperature. Although
different we'ights were employed on the specimens to supply various con-
tact pressures in these tests, only the two ounce weight was used in order
to have constant condit'ions for the tests at various temperatures. To
do the abrasion testing, four spec'imens (two of AR2 and two of AR3) were
p'laced in the grips and the chamber was then closed and cooled to the desired
temperature. The specimens were mainta'ined at that temperature for a

period of t.ime to allow them to cool before subiecting them to abrasion.
The specimens were then abraded from ten_minutes to two hours at temper-
atures ranging from room temperature (75oF) down to -65oF. The abras'ion
data for one ind two hours at room temperature were taken from Sowerby's
results (Ref. I ).

Probl ems Encountered

During the abrasion process, problems of heat-ing of the AR3 specimens due
to friction were encountered which did not occur in the ARz specimens.
These difficult'ies were prevalent at 3OoF and less at OoF, wh'ile at -30oF
the heating problem disappeared.

Problems with the abrasive clogg.ing up w'ith rubber and becom'ing less
abrasive as time went on also occumed, particularly at the higher temp-
eratures" However, the rubber could be easily removed from the abras'ive
by gently rubbing a cloth over it and when the abrasive seemed to lose
'iis-roughness, it was replaced (which was every few runs). The loss of
abrasiveness, however, was smal I so that 'it should not be a signif icant
factor in the final results obtained.

RESULTS

Prope-rties Bgfore Abl"asion

The propert'ies of the materials tested as given by the manufacturer are
showh ih Table l. 0n examining the specimens, Slightly different values
were obtained for the thickness then quoted by the manufacturer. In
addition, Sowerby had found that the strength also varied from the
nominal stated properties. Thus, for purposes of our calculations'
the values used'were those given 'in Table 2, Note that pr-ior to abra-
sion testing, each specimen was individually measured to determine its
actual thjckness and the values quoted 'in Table 2 represent averages"

close to the gripping iaws
The tensile mach'ine used
with an accuracy of +1/2 lb.
1 b" scal e.
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Abrasion Res'istance

The maximum depth of abrasion at different temperatures that occurred in
both materials is shown in Figures 6 and 7 as a function of time for
both material s AR2 and AR3, respectively. The'ir relative abrasion
resistance at various temperatures (i.e. compared to their room temper-
ature behaviour) is also plotted in Figures B to l1 in terms of the
abraded mass and maximum depth of wear" Note that although substantial
scatter in the data exists, the general trend is towards reduced
abrasive wear as the temperature is lowered" The rate of wear probably
asymptotes to some nominal constant value beyond a certain temperature
due to the transition from a "soft" elastomer to that of a "brittle"
material behav'iour.

Strength of Abraded Material
Al I of the spec'imens were tested to determine the jr ultimate tensile
strength after abrasion and the resul ts were p'lotted i n a non-dimension-
al ized form in Figure 12 for both material s AR2 and AR3. Most of the
data obtained fell within the bounds which were obtained for the abra-
sion tests at room temperature (see Figure l3). Th-is shows that the
relationship between the max'imum abraded depth and the residual tens'i le
strength rema'ins the same regardless of the temperature at whjch the
abrasjon was done or the mechanism of abrasion (tnis will be discussed'later) 

" For both of these cases, however, the tensile strength tests
were conducted at approximately the same temperature (room temperature)
so that these curves do not take into account the changes in the
tens'ile strength that may occur with temperature. However, the temp-
erature correction can readi'ly be estimated by obtain'ing tens'ile fa'ilure
data for P^ (tfre virgin or unabraded specimen strength) as a function of

o
ambient temperature.

TYPE OF ABRASION

As discussed previously, the mechanism of abrasion varies with the mat-
erial being abraded and the surrounding conditions. In the abrasion of
material AR3, both types occurred, namely abrasive wear and wear by roll
formation. Differences in the abrasjon behaviour of elastomers in par-
ticular depend strongly on the temperature" At 7soF, the abrasion was

mainly "wear by roll formation" with some abrasive wear" However, as
the temperature was lowered, more and more abrasive wear took p1ace.
At OoF, degradation was mainly due to abras'ive wear for the short test
time of ,17 hours but for the'longer duration tests, it was about half
of each. At colder temperatures, 'it was al I "abrasive wear" with no
change observed with the length of t'ime that the specimen was abraded.

The variat'ions that occurred from one type of abrasion to another with
temperature were due to the fact that as the temperature was decreased,
the st'iffness of the rubber material increased, For abrasive wear to
take p1ace, the material being abraded must be stiff and for wear by roll
format'ion, the material must be highly el astic" At room temperature the
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elastomer coating vvas highly elastic but as the temperature decreased,
the el ast'ici ty al so decreased unti I at some temperature, the material
becomes stiff and brittl e. Th'i s change in the elastic'ity of the material
results in the change from one mechanism of abrasjon to another.

The effect of the lenth of exposure tjme on the type of abrasion exper-
ienced by the material arises from local heat'ing at the 'interface
between the coated fabric and abrading drum. In our tests, ho attempt
was made to cool the interface as can occur w'ith an actual ACV due to
the escaping air" Thus, with the frictional heat build-up, the
elastomer surface can become soft and tacky, depend'ing on the ambient
temperature" At sufficiently lovl temperatures, the surface temperature
does not appear to increase to such an extent as to cause roll formation
and abrasive wear of the brittle material occurs over long periods of
time. Varying the coating thickness al so has a strong effect on the
abrasion behaviour at room (or elevated) temperature condit'ions, as
can be seen in Figures 6 and 7 

"

CONCLUS IONS

The data obtained showed that temperature has a definite effect on the
abrasion resjstance of elastomer coated fabrics, lower temperatures
resulting in substantial'ly less wear" This effect is the same whether
the abrasion is characterized in terms of either the mass loss or
maximum depth of wear" Any differences that do appear can be ma'in1y
attributed to the fact that the pressure was not uniform over the
contact area dur-ing testing as evidenced by the observed non-uniform wear
profi I es.

Temperature also has an effect on the mechanism of abrasion. At temper-
atures above OoF, "wear by roll formation" predom'inates while below that
temperature, abrasive wear takes p1ace" This is also influenced by
local heating at the-interface wh'ich can produce increased abrasion,
depending on the ambient temperature"

For des'ign purposes, the strength curve given in this report can be

utilized to determine the effect of abrasion on the residual tensile
strength of an elastomer coated fabric, independent of how the abrasion
was incurred by the material" This abrasion design curve can be
regarded as characteristic of coated fabrics and any temperature effects
or other environmental degradation can be taken into account by
obtaining appropriate tensile failure data on the material in its
unabraded state"*

* The residual strength curve shown in igures 12 and 13) was based on
different thickness material s, However,
s'ide of the fabric for any given material
that the following relation t^ = t, * 2t^
holds approximateTy true. o r e

the elastomer coatings on each
were nominally equal such
(where tt -- fabric thickness )
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d max'imum depth of abrasion

drt maximum depth of abras'ion at room temperature

,a spec'imen mass after abras'ion

mrt spec'imen mass after abrasion at room temperature

P^ ultimate tensile strength of abraded specimen
a

P^ ult'imate tensile strength of unabraded specimen
o

t^ thickness of rubber coating
e

t^ original total th'ickness of specimen
o

T time of abras'ion



52

TABLE I

Designation AR2 AR3

Col our Bl ack Bl ack

Coat'i ng Polychl oroprene
bl end

Po1 ychl oroprene
bl end

Fabri c Nyl on Ny1 on

to ('in. ) .054 .126

Po (lb"/in") 450 (m'in. ) 800 (m'in" )

w (oz "/ sq.yd . ) 43 100

TABLE 2

Des i gnati on
t

o
(in)

t P_-eo
(in) (lb/in)

AR2 " 0543 .004 560

AR3 ..l 306 "024 B5s
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FIGURE 1

Abrasion Apparatus

FIGURE 2

Abrasion Drum and
Specimens
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WE IGH T

\a/ :2 
"2.

,t = 1.2 
'^.

R = 7,1 tn.
o< : 26o
5 = sgecrme.t *idth

=. 1.5 in.

FIGURE 3

Geometry of Abrasion

FIGURE 4
Profil ing Apparatus (LVDT)
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FIGURE 5
Maximum depth of abrasion with time at various temperatures
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FIGURE 7
Maximum depth of abras'ion wl th time at vari ous temperatures
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FIGURE 12
Decrease in strength with thickness fraction abraded
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TESTS ON THE AIR CUSHION LANDING SYSTEM

BUFFALO AIRCRAFT

Captain Tom Clapp
Uni ted States A'ir Force

The Air Cush'ion Landing System or ACLS F1 ight Test Program is being con-
ducted by the U"S. Air Forcers Systems Command at Wright-Patterson Air
Force Base in Dayton,Ohio. The program is jointly sponsored and funded
by the Canadian and American governments. During the talk, I w'ill
describe the program objectives, describe the system, summarize what
we've done and where we are go'ing, and po'int out some advantages and
prob'lem areas.

PROGRAM OBJECTIVES

The obiectives are to demonstrate the ACLS princip'l e on a medium size,
short take off and 1 andi ng or STOL transport, to deve'lop the system, to
determine operational limits and identify problem areas. Finally, all
of the above are be'ing used to develop ACLS design criteria.

THE SYSTEM

The air supply for the trunk is generated by two engines, one on each
side of the fuselage. The airis ducted through a diffuser duct and into
the trunk. The trunk'is of one-piece sandwich construction w'ith a

built-in, two-way elastic stretch. Inflated, the trunk measures l4 feet
by 32 feet w.ith a footprint of 240 sq. feet. The system is operated at
a trunk pressure of 340 PSF which yields a nominal cush'ion pressure of
I 35 PSF.

A gas turb'ine engine mechanically drives a two-stage fan which compresses
air for the trunk. Diverter vanes perm'it the fan air to be exhausted
aft in a thrust mode or down into the trunk in the cushion mode.

When the air supply is shut off, the elastic trunk retracts and hugs the
contour of the aircraft to yield a streamlined cruise configuration.
When air pressure is directed to the trunk, it expands toits'inflated
shape. Six sets of cushion trim ports, three on each side, are used to
vent air from the trunk'into the cushion cav'ity and thereby control the
trunk pressure fan flow relationship as well as cushion pressure. The
trunk also has 6800 small holes in the ground tangent area to provide
the air bearing. Six parking bladders, three on each s'ide, are used to
park the aircraft. The bladders, located inside the trunk, are inflated
and the trunk is then deflated around them and the aircraft settles onto
the bl adders. Cushion brakes are al so i ncorporated wi th 'inf I atabl e
pil lows inside the trunk which 'inflate proportional to pilot pressure on
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the brake pedal s and push the skjd pads onto the ground to provide
braking friction.

PROGRAM ACCOMPL I SHMENTS

In the fl ight test program, the ACLS capab'if ity has been demonstrated
by take offs, landings and tax'i ing on hard surfaces, grass and snow.
Ljmited obstacles such as craters and steps have been traversed and cold
weather effects of the elast'ic trunk have been examined. The STOL mode

of operat'ion has been demonstrated and landing s'ink rates up to B ftlsec
(480 ftlmin) at a 60 nose up pjtch attitude have been demonstrated.
Th'i s condition is felt to be equal to or more severe than STOL landing
cond i t'ions .

FUTURE GOALS

We are about to become operational after instalfing the third trunk.
Various types of tests are planned for this new trunk.

A static water test will be conducted to ensure that the aircraft/Acls
wi I I perform an acceptab'le static hover on water. Thi s i s a prerequi si te
to water operations. If a turboprop engine failed while on the water,
we could not take off and a stat-ic hover would be requ'ired unt'il a boat
could tow the aircraft to land. Water touch and go landjngs with a

progressive slow-down in the land'ing runout down to 20 or 30 knots
cheiki ng maneuverabi I i ty and control I ab'i'l ity at each I ower speed wi I l
also be conducted. Then would come water to land and land to water
trans'itions which are the real proof of the water tests. Another series
of tests will be obstacles cons'isting of 'logs or stumps to one and one
half feet in height and craters or ditches to four feet deep by nine
feet wide. Any iema'ining test time wilt be devoted to demonstrations of
the system, supplement'ing data from prev'ious tests, and/or investigat'ing
solutions to trunk flutter and heave prob'lems wh'ich are described later.
The test program is scheduled to end in March of next year.

SYSTEM ADVANTAGES

Advantages of the ACLS are its abi'l ity to operate from unprepared 0r
battle damaged areas. This greatly increases the mobility of an air-
craf t. An ACIS a'ircraft has a superior crosswind take off and I andinq
capabil'ity as'it can operate in a crabbed att'itude where a conventional
aircraft. cannot (excepl for a crosswind 'landing gear such as on the B-52)"
The demonstrated landing sink rates of 8 ftlsec are considerably greater
than that experienced 'in a normal I and'ing. The 'impact f rom these I and i ngs

was comparable to a smooth touchdown in a convent'ional a'ircraft, The

trunk absorbs most of the'impact energy and that not absorbed is spread
out over the whole planform of the trunk. This absorption accounts for
the reduced aircraft fat'igue and ground I oads "
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Aircraft requ'iring h'igh flotation landing gear, such as the C-5A or an
extremely h'igh gross weight a'ircraft, cou'ld rea'l 'ize a sign'if icant
weight savings by replacing the land'ing gear with an ACLS. H'igh flota-
tion gear are very heavy as they require more wheels to djstribute the
greater aircraft we'ight. As an exampl e, the Boeing 707 has ten tires
and the C-5A has 28.

The battle damage capabil ity is obv'ious when one considers that with
6800 holes already in the trunk, what difference w'ill a few more holes
make? As an example, just before we replaced the No. 2 trunk, there
was a football sized hole in the trunk and full system pressure could
sti I I be ma i nta'i ned .

PROBLEM AREAS

Some effort has been expended during the flight test phase of this pro-
gram deaf ing with techn'ical prob'l ems. Fore'ign Obiect Damage or FOD has

been one of the biggest problems to date. The air supply eng'i nes have

centrifugal part'icle separators which work wel I for the heavier debris
but heavy grass tends to c'log the inlets. The I-64 turboprop engines
are much more suscept-ible to ingest'ion resulting from loose dirt' snow

and grass being kicked up by the cushion air and sucked'into the engine
inlels" This is not necessarily an ACLS problem but an aircraft design
consideration. ['le have to be very careful of the area in which we

operate. The 'ingestion problem could be solved by protecting thg exist-
i ng eng i ne 'i nstal I at'ion f rom the harsh envi ronment w'ith a parti cl e
separalor to remove the debris from the air. Another option for future
ACLS aircraft would be to relocate the eng'ines to a position where the
inlet air would be cleaner. A particle separator could also be included.

Another prob'lem is a dynam'ic flutter of the trunk or buzzing which occurs
plimarily on hard, smooth surfaces such as asphalt or concrete. When

flutter occurs, part or all of the trunk has a high frequency vibratign
wh'ich shakes the whole aircraft and is an unacceptable operating condi-
tion. A mechanical fix to the flutter problem solved the flutter but
induces a vertical heave or bounce wh'ich was unacceptable. Hence, w€ can

only operate on grass or other than a hard surface unt'il these problems

are sol ved.

The aircraft has poor d'irect-ional control and low rol I stiffness at low
speeds. Below the flight control effectjveness speed of about 50 knots,
the only turning control available is differential power and brakes"
This makes the lask'loading on the pilot to taxi the a'ircraft much

higher than on an aircraft with convent jonal I and'ing gear.

The low trunk life, in terms of inflation hours, that this program hul
experienced would not be practical for a production system. A trunk I ife
of what surface ACV's real'ize would be desirable instead of the iust
under 50 'inflat'ion hours that our No. 2 trunk has logged.
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In summary, the ACLS def initely increases an aircraftrs capabil'ities and
the feas'i bility has been demonstrated both on the XC-BA and a LA-4 Light
Amph'ib'ian. However, improvements are requ'ired in the present system.
Recommendations for future ACLS designs can be made from the experience
gained with the XC-BA.

FIGURE I

In fl ight, inflated view of trunk system of ACLS
equipped XC-BA Buffalo. Items of interest in photo:

l. Approximately 6800 holes in ground tangent area.
2, Six brake skids, three on each side i,, m'id to aft

section of trunk.
3. Added strakes on aft sides to improve directional

stability of the ajrcraft with the trunk inflated
in f1 ight.

4, Added strakes, forward of brake skids, running
'long'itud'inal'ly to damp trunk flutter or buzzing"
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FIGURE 2

XC-8A tak'ing off from grass surface at Wright-Patterson


