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The 7-ton, 20-passenger Westland SR.N5 
was the f i rst  hovercraft t o  be put  into 
quantity product ion, and the first small  
craft to  have a really practical payload 
and performance. 

On overwater routes, its cruising speed 
of up to  73 knots and i ts complete in- 
dependence of deep-water channels 
enable i t  t o  provide speedy, direct 
services. Its amphibious capability, and  
consequent independence of normal  
docking and  terminal facilities, reduce 
turn-round times to  l iterally a few minutes. 

Its Westland-dcsianed flexible skirt en- - 
ables ~t to r lde comfortably In 3 6 waves 
at 50 knots, and In waves LIP to 6 f t  at 
lower speeds. Over land, ~t can clear so l ld  
obstacles up  to 5 ft. h gh, and scrub o r  
saplings u p  t o  8 ft, high. 

SR.N5 is suitable for a number of civi l  
roles-Passenger Ferry, Util ity Freighter, 
Search and Rescue, Fire-fighting, and 
Weed and Pest Control. O n  the mil i tary 
side, it is particularly well suited for Log- 
istic Suppor t  and Amphib ious Assault .  
Already, the  British Ministry of Defence 
has decided, subject t o  contract neg- 
otiations, t o  order two of these versatile 
small hovercraft for military evaluation. 
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T h e  latest development o f  We~t land 's  SR.N5 showing the air 
ducting attached to the rudder strmcture, air being bled jrom 
the main pressure chamber and passed through the extension 
surfaces on the ruddcr t o  provide control stability 

T A F R ~  IS a demand in Br~tarn a1 the moment lor  large 
passenger carrylng hydrofoil craft. In  fact, a market ex~sts 

lor  sea-going hydroforls capable of carrylng 100-1 50 passengers 
at cruisrng speeds of 25-30 knots over distances of 10-200 
miles A well known crty broker is c~~r ren t ly  searching for a 
Brrtish Company which can supply, within two to three months, 
two s u ~ l i  craft He  is, oC course, adv~sed to deal with dn over- 
seas organisatton In vlew of the increasrng demand lor  these 
craft, one can only register feelings of bewrlderrnent and 
frustration at  the appaient apathy o l  Brdish desrgners, manu- 
lacturers, and ~nvestors 

Why does this pathetic state of affalrs prevarl? Is rt because 
we are llmrted by small "back garden" concerns? Do deslgners 
have the courage and technical and financial resources to 
undertake the desrgn of large craft? Are deslgners Loo pre- 
occupied w ~ t h  proving that t h e ~ r  own ideas are the best ones? 
Is the ltmited cornmercral hyd~ofoll activlty rn thrs couiltry 
the result ol an appa~en t  total lack of Government support 
and inteiest? 

There would seem to be four known organrsatrons rn Brrtaln 
currently concerned wrth commerc~al hydrofoil development. 

IN THIS ISSUE---- ----- 
Future Air Cushion Craft Studies 

Air Cushion Craft Research at the 
University of Swansea 

I s  the Hydro Being Foiled 1 
Factors Affecting Hovercraft Performance at 

Low Speed over Water 
Control and Performance of Britten Norman 

CCZ-001 Cushioncraft 
Effect of Forward Speed on a Two Dimensional 

Ground Effect Machine 
The Efficiency of jet Curtains 

Summary of the Model Tests for Simple 
Ram Wing KAG-3 

COVER PICTURE: One o f  the two PT20 hydrofoil craft 
operated b y  Hydrofoilrutene A / S  in the Oslo Fjord. Il'he craft 
link the towns f rom Oslo as jar as 7'0nsberg and Hanlcul, and 
are built by Westermocn I l ydro~o i l  A / S ,  one of the Supramar 
Ltd licensees 

One 1s of Dutch orlgln and is produc~ng craft of Dutch desrgn 
on a limited scale Another is producrng small cial't of Gelmarl 
design under license to a Swrss firm The other two are strug- 
gllslg valiantly on llmrted resources to produce small craft ol 
the11 own dcs~gn 

'I'he world's leadrng b~lrlder of commerc~al hydroforl craft 
has more than adequately shown that the large hydroloil 
passenger vessels whrch opelate thloughout the world are 
deserving of the demand and respect that has been accorded lo 
them. 1s it really loglcal to devote so many years to  the task 
of designing small "runabout" craft whrch have yet to prove 
the superror~ty whrch the11 designers c l a~m,  whrle totally Ignor. 
ing the very real demand which exlsts for less sophisticdted, 
auto-stable passenger vessels? 

Thrs predicament in which we find ourselves is a challenge 
to Br~tlsli hydrololl concerns and to those responsible for  pio- 
vlding financ~al support to a sphere of engineerrng In which 
the British were among the ploneers If someone has the ulti- 
mate 111 commerc~al hydrofoil design please do not just lalk 
about it, build it In  the meantime buyers will contrnue to 
spend therr money abroad. 
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J.A.Sandover Ph.D., A.M.I.G.E. 
University of Wales 

T 111s conference has proved to be of great value, providing 
an opportunity for the excliange and presentation of infor- 

mation. The method of presentation has proved to be most 
successful and the contributions to the discussion have been 
informative, well-considered and at times, downright provoca- 
tive. The presence of private consultants, industrial designers 
and research workers, has added materially to the value of the 
exercise and, in particular, it was most heartening to welcome 
a number of air cushion craft enthusiasts from overseas. 

It  is evident from the written and spoken contributions that 
there are yet a very large number of specific problems in air 
cushion craft design that need attention at both the basic 
research and the development level. The work already carried 
out can only be regarded as a preliminary clearing of the 
ground before systematic and detailed investigations are under- 
taken. Some of the problems that need attention, not necessarily 
in any order of importance, are as follows : 

1. Separation in the Nozzle 
This occurs at a variety of jet angles and will certainly be 

aggravated as the vehicle heaves. An appreciation of this cffcct 
is important as it implicates modifications to existing theories 
and in particular when flex~ble extensions (skirts) are used. 
The research worker needs to investigate this problem closely, 
but the designer is more concerned with the need to know the 
magnitude of the change in let angle under extreme conditions 
and the effect on the l ~ f t  of the craft. Two and three dimen- 
sional studies are required. The papers of Hughes and Mc- 
Daid are concerned w ~ t h  this problem. 

2. Cushion break-down 
At a critical forward speed the frontal portion of the jet 

curtain will be swept backward under the craft, What changes 
in attitude will occur at this critical velocity? The results of 
Alexander and West and others are at the best inconclusive 
and the spoken contribution of Mr N. R. Walker was most 
valuable in this context. 

3. The relationship between two and three dimensional 
studies 

Hughes has shown that work on relatively small, two-dimen- 
sional models can be scaled-up to correspond with the results 
from much larger two-dimensional models. The next slage is to 
compare the larger 2-D models with the 3-D ones and then to 
compare these with the prototype. It is then possible to  work 
backwards and determine the effectlvcness of 2-D models in 
predicting 3-D prototype performance. Alexander has shown 
some of the pitfalls that can occur in this respect. 

4. The necessity for4 moving ground boards in model tests 
Thuuholm's paper underlines two points. I t  is necessary lo 

have an apprec~ation of the effects of working without a 
moving ground-board, on model measurements but, it is also 
true that many measurements are much the same, with or with- 
out moving ground. Thunholm's work must now be extended 
to the differences in measurement that occur with diflercnt 
configurations. 

J .  A .  Sundover 

5. Flexible Extensions to the bases of Air Cushion Craft 
A variety of these have been developed and work well but a 

great deal of effort IS required in order that a full under- 
standing of their effect is obtained. A large scale series of 
model and prototype tests is required. 

6 .  Internal Aerodynamics 
These can be divided into six parts. 
(a) The positlon and shape of the alr intake has largely 
been determined by practical considerations. A dcterm- 
ination of the effect of change in position and of the shape 
of different types of intake is needed. 
(b) Although some work has been undertaken by Keiller 
at Bedford a much greater effort is needed to determine 
the characteristics of the "ideal" fan for a particular job. 
(c) The duct geometry should be considered most care- 
fully to ensure minimum head losses and to provide the 
best entry to -- 
(d) the nozzles. There is still considerable conflict of 
opinion regarding the best nozzle shape - if in fact thcrc 
is such a thing as u best. The optimum shape may well 
depend upon other characteristics of the craft. 
(e) The jet region has been the subject of many s tud~es  
but there are st111 a number of funda~nental and develop- 
ment problems to be solved. Again there is a great need 
lo compare and contrast 2 and 3-D results. One particular 
item of interest is the bifurcated iet. 
(f) It is usual to regard the cushion pressure as constant 
under the base of the craft. It is realised, part~cularly a t  
high hoverheights, that this hypothes~s does not hold and 
an understanding of the change In cushion pressure with 
location is important to both the research worker and the 
designer, since the stability or the craft will depend to  a 
large extent on the pressure distribution. The possiblc 
variation needs to be determined for non symmetrical 
steady attitudes and (much more difficult) when Lhe motion 
is unsteady in pitch, roll o r  heave. 

7. How far  inboard should flexibility of the nozzles and ducts 
be considered and what would the effect be on performance? 

8. Should the air cushion craft oT the future be designed to 
obtain lift Crom the upper surfaces even at moderate forward 
speeds? 

9. IT such lift is obtained the effect of attitude on perfor- 
mance must be considered. 

10. Some preliminary iilvestigations of dynamic stability have 
been carried out but much more work is required at all levels 
of thought and development. 

11. Lift and thrust devices are  of necessity somewhat psirni- 
Live. Attention should be paid to the possibilities of the 
Bertelsen method of using one unit lor both lift and propul- 
sion. Further, attempts should be made to develop rnonobloc 
systems of fan and prime mover lo improve their overall 
characteristics. 



12. Comparisons should be made between the eficiencies of 
propulsive units, including a~r-propellers, fans, marine screws 
and water jet pumps or  combinations of these. 
13. Recirculators, ejectors and other devices must be investi- 
gated even though it would appear from a study of the history 
of technology that the simple device, although marginally less 
efficient, is usually cheaper to produce, install and maintain. 
14. The work ol Everest a1 the National Physical Laboratory 
opens up an interesting and intriguing study of the effects of 
jets on water surfaces. 
15. Barnes' work on flight simulation whilst of practical 
interest lrom a tuition point of view also suggests the extremely 
interesting possibilities of predicting handling behaviour even 
prior to the construction of a projected craft. 
16. Is the peripheral jet concept likely to be the most eco- 
nomical in all circumstances? I t  has been suggested that the 
ineficiences of the simple plerlum chamber type craft may 
irnply a smaller efficiency penalty than that incurred in cram- 
ming air at high speed through relatively narrow nozzles. 
17. Cranfield appears to be the only place in this country 
where the "ram-wing" concept is being studied and yet in my 
opinlon, this is likely to be the high speed, trans-oceanic air 
cushion craft of the luture. It  appears to be most uneco- 
nomical not to use the lift generated on an appropriate surface 
shape at high speed. This is a most fruitful field of study 
particularly following the interesting work of Ando. The 
scope of Lliis subject is much too large for detailed suggestions 
to be put forward at the moment. 
18. Another concept that Hovercraft Development Ltd and 
Berlin et cie are investigaling and appears to have most 
interesting possibilities is the "Hover-train" or  "Aerotrain". 
This is a vehicle whlch etTectively has a rail passing through 
it and an air cushion is provided between the rail and the 
vehicle. There are many problems that need tackling in this 
context and in particular the question of the use of the "linear- 
motor" for propulsion. 
19. The Bertin method of providing the air cushion should 
be investigated. 
20. What is the potential of combined systems, i.e, of hover- 
craft and hydrofoil? 
21. Tnvestigations should be put in hand to determine the 
possibilities of reducing the cost of existing types of air cushion 
craft which are prohibitively expensive to produce a t  the 
moment. 

A number of conclusions can also be reached as a result of 
this conlerence. First, that there has been, in the past, a certain 
duplication of effort. Admittedly this is not always to be 
deplored, but with the limited resources available it is impera- 
tive that overlap should be reduced to a minimum. The second 
conclusion follows from the first, that to avoid duplication it 
is essential to have at least one person who can act as a co- 
ordinator o l  research. T o  a certain extent this ofice is per- 
formed by the exchange of inlomation system set up by the 
Ministry of Aviation. However this oflice needs to be operated 
more precisely and it is essential that orie person be appointed 
to coordinate all the air cushion craft in this country. A pre- 
liminary duty would be lo ensure the preparation of a complete 
bibliography of the subject (carefully cross referenced) and 
following this with a literature survey. The reference list and 
survey should be added to as each piece of inlormation is 
received. In  addition there should be close collaboration 
between this administrator arid eacb research group with 
regular discussions and visits. I t  sl-rould then be possible for a 
detailed revue of the state of knowledge and ol' the research 
programnles to be made at any instant. Finally, it might be 
possible for this person to assist in the standardisation of 
symbols and terminology. 

A third conclusion is that there is far too great a gap between 
research work and its verificatiori by measurements on 
prototype cralt. 

There are also a number of general remarks that might not 
be out of place. 

It  is essential that everyone interested in air cushion craft 
maintain an open mind. It  is highly unlikely that the ideal craft 
has yet been devised and although Westlands have developed 
some magnificent craft, everyone, including the designers, must 
be continually asking themselves, "Can we improve these 
designs or  is there some even better alternative". 

One of the most frustrating Cacets of a research worker's 
life in this subject is the great difficulty in obtaining information 
from commercial concerns and Hovercraft Development Ltd. 1 
think it is true to say that the majority of developments in this 
country have been supportcd by the tax-payers' money and 
although commercial secrecy has to be observed there is a 
great dcal of information that could be released without pre- 
judicing the companies' potential. Further in this day arid age it 
is likely that each industrial organisation had a fair idea of the 
work of its rivals but cannot profit unduly from this knowledge 
without infringing the patent laws. Therefore, little would b:: 
lost if all but the most up-to-date information were divulged to 
bona-fide research workers. 

M r  Christoper Cockerell states that we are likely to lose 
our lead to the Americans in the near future, a forecast echoed 
by M r  N. Walker, a consultant from the USA who claims that 
they will catch up with us within two or  three years. It is 
likely that this breast-hugging of information, this determination 
of certain organisations to do it all alone may lead to their own 
industrial suicide if it is not halted. We can only hope for the 
sake of this country that a more liberal attitude may prevail 
in the future. I must qualify these remarks to a certain extent 
as Messrs Vickers have been kindness Itself in supplying us 
with inrormation. 

With or  without assistance it is essential that much more 
money should be provided Lo finance air cushion craft work 
through all stages from rundamental research to operating 
services. It  may well be thought that I should not grumble as 
the Department of Scientific Research have awarded me more 
Lllan £1 8,000 for this research, spread over five years and British 
Petroleum have very kindly helped with equipment valued at 
approximately £2,000. Even this however is "small beer" since 
it provides little more than the salaries of one senior research 
worker and two technicians lor  part of this period. An ideal 
University research team would consist of possibly six research 
workers and six technicians with adequate provision for 
materials, equipment and various sundry items. There is no  
doubt that a team of this size would produce through cross 
fertilisatiori of ideas, a large volume of work. Further, from 
the number of potential research projects already listed it is 
evident that several teams of research workers could be kept 
busy for a number of years. 

At lhe other end ol the scale there is the need for adequate 
support for the projected cross-channel air cushlon craft ferry- 
services. The capital required to start a reasonable service in 
two years' time (the quoted three years 1s too far into the luture 
with the Americans on our heels) would be probably £20,000,000 
and this could be raised in several ways. Either a stock issue, 
which would probably be over subscribed by the small investors 
who welcome a speculative enterpnse, or  by Government loan, 
or, and most suitably, the investment of public funds by the 
Government, so that everyone in the country would have a 
stake in this venture. 

Finally, some acknowledgements. As Chairman, 1 have had 
an easy passage due lo  the extremely hald work of the 
organising secretaly M r  David Hughes; and his committee 
members Mr Mlchacl Hughes, Mr Tony West and Mr Victor 
Treasure. I am most grateful to them and to all the delegates; 
busy people who have taken tlme of1 to attend this conlerence, 
and to the Council of Swansea University College for peimis- 
sion to hold the Conference here. 

* This paper was presented to the Research Symposium on Air Cltslrion Craft lzeld in the Deparlmeiti of Engineering, Unive~siiy 
College o f  Swar~sea, from July 21st to July 23rd, 1964 
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D. L. Hughes 
University of Wales 

1. INTRODUCTION 

T FIE ultimate object of the programme of research in 
progress at Swansea is a study of dynamic stability of an 

air cushion craft at significant forward speeds. This is regarded 
as a long term project and we are at present engaged in laying 
the foundations by carrying out a variety of small experimental 
and theoretical pilot studies, and by building up our facilities. 

Stability is a property of an equilibrium state, so one of the 
first requirements is a careful definition of the conditions under 
which equilibrium exists. Then it is normally possible to obtain 
useful information about dynamic stability by examining the 
effects of small distulbances, from the steady state, assuming 
all changes to occur linearly. 

Michael Eamesl has in fact described an extensive analysis 
on these lines using a modified version of Chaplin's' thin jet 
theory, but it seems probable that his work has been extended 
much further than the limits which his assumptions justify. At 
the outset of this present study, however, i t was thought that 
a theoretical analysis could be based most conveniently on his 

i 
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Figure la .  L)efiniiion o f  theoretical model 

work, using the basic assumptions of one oC the other simplified 
theories, which provided better agreement with experimental 
data. A certain amount of work was carried out using the 
exponential theory, but it soon became evident that neither 
this nor the vortex theory3 would be completely satisfactory as 
a basis for un-steady analysis. Both of these theories do, of 
course, provide empirical expressions which agree wlth experi- 
mental data, but they do not necessarily satisfy Newton's equa- 
tlons of motion under all conditions. 

For this reason it was decided to concentrate initially on an 
attempt to produce another, possibly more realistic, simplified 
analysis of the curtain jet in the steady state. In fact, it has 
become known recently that Barratt4 did produce an analysis 
on roughly similar lines as long ago as 1961, but this infor- 
mation was not made known to us and the work to be described 
here was carried out quite independently. 

Using this steady state analysis to define the equilibrium 
condition, a theoretical model of the heave mode, occurring in 
isolation, has been produced but no experimental verification 
has been attempted as yet. 
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Figure I b. Flow visualisi~tion model 

* This paper was presented to  the Research Symposium on Air Cushion Craft held in the Department o f  Engineering, University 
College of Swansea, from July 2Ist to  July 23rd, 1964 



Figure 2a 

2. ANALYSIS OF THE CURTAIN JET OPERATING 
IJNDER STEADY CONDITIONS 

There appears to be l~ t t l c  poss~bi l~ty  of obtaln~ng a rlgorous 
solution, of the flow withln a real c~irtaln jct, i n  a convenlenlly 
simple form. Refcrrlng to Flg 1, and usillg the acceptecl 
s~mpllfications of R u ~ d  mechan~cs, however, ~t 1s posslble to 
write down the enelgy and contlnulty equations fol section 1 
(at thc nozzle exlt) and 2 (where the jet IS Sully expanded), the 
overall horizontal momentum balance equation for the boun- 
dary A, and the radlal force balance equatlon at the point n 
The latter palr of equat~ons ale not entlrely ~ndependent and 
the inclusion of both implies that the solut~on to one must 
satisfy the othel unde~  all cond~tlons 

These equat~ons do not define the flow completely and the 
maln obstacles to their solution are the inclusion of the stream- 
line rad~us  of cu~vature R, which is an unknown function of 
the co-ord~nate 11 across the exit sectlon, and the indete~minate 
energy losses between scctions I and 2 Barratt apparently 
avoids the lattei problem by assumlng that the jet is fully 
expanded when it lcaves the nozzle. This IS obvlourly not 
stl~ctly true but it may well be a leasonable assumption 

Some inl t~al  v~sualisat~on experiments showed that scctlon 
2 where the flow becomes locally stra~ght and parallel to the 
ground can be very close to the jet stagnation point The loss 
of enclgy due to turbulent mixlng between sect~ons 1 and 2 
should be quite small and, even though there might be a 
substantial loss duc to ~rnpulsive deceleration of the flow, ~t 
was thought reasonable to assume that the losses were negli- 
gible. 

I n  an attempt to establish how the radius of curvature varied, 
with the co-ordinate n, a rather xnore sophisticated programme 
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Figure 3  HEORE ORE TICAL VALUES OF $ AGAINST FOR A TWO DIMENSIONAL MODEL, 

of flow visualisation was carried out, on an idealised two 
dimensional model, Fig. lb .  This had a jet 4 in wide inclined at 
30" to the vertical, with an aspect ratio of 10:1, and used 
water as the operating fluid. By maintaining laminar flow 
conditions, and injecting dye into the fluid through. a small 
bore comb situated well upstream of the nozzle, very clear flow 
patterns were obtained, .Fig. 2a. 

Assuming that these dye streak patterns were equivalent to 
streamlines, it was found that they could be represented very 
closely by coilcentric ellipses, having radii of curvature at the 
exit section directly proportional to n (Fig. 2b). 

Llttle direct evldencc was obtained to show that t h ~ s  con- 
clusion also applled to a jet in which the flow was turbulent, 
but a selection of Ben Chic Yen's5 streamlines were also 
analysed These showed that the streaml~ne patterns at high 
Reynolds numbers wlth dlffelent jet angles w c ~ c  also q ~ u t c  
closely represented by concent~ic elhpses. 

One further very interesting point was gleaned from these 
flow patterns. The nozzle was originally designed with a paral- 
lel section at exit, h a v ~ n g  a length four times the jet width, in 
the hope of establishing the actual angle of thc jet Row. W ~ t h  
a non-uniform flow, particularly in the presencc of wall boun- 
dary layers, this was not achieved. The streamline curvature 
commenced, and the jet broke away from the Inner wall, well 
within the nozzle and the angle of the jet at the exit section 
differed appreciably from the angle of the nozzle. I t  appeared 
that a reasonable allowance could be made for this effect by 
assuming that the jet operated a t  some effective height h 

e 
(Fig. I ) ,  which was larger than the actual hoverheight h.  Purely 
for convenience this effective height was defined in terms of - 
the jet width as 

where I, is an en~pirical Sunction. 
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Using these assumptions it is not possible to obtain an 
explicit expression P ; but the equations may be solved explic- - 

L 

illy for h i t  and Q, when P is regarded as an independent 
C 

variable, i.e. 

Presentatron of the data In thts form is not as rnconvenlellt 
as ~t mlght appear at first srght, and the result of solvlng these 
equations IS compared, on convent~onal non-dlmens~onal plots 
(Frgs 3 and 4), to Barratt's theory and the exponentla1 theory 

Ratratt's theory underestrmates the momentum flux In the 
jet, while the present theory overestimates the energy avarlable 
Hence Barratt's equations should glve low values lor  cushron 
pressure wrth high valucs for quantrty flowrng; w h ~ l e  the 
present theory should predrct htghei pressure with lower flow 
rates It rs particularly encouragrng to note the small d~screp- 
ancres between the two theolies over the range of parameters 
shown 111 Figs 3 and 4, which leads one to belleve that the 
answer obtarned 1s not too sensrtive to the exact nature of the 

basic assumptions. As ~night  be expected, the two theories tend 
to converge as the jet angle becomes less negative and as the 
height becomcs greater. 

Because the programme of experiments involves very small 
models the effects of viscosity within the nozzle cannot be 
ignored, and an attempt must be made to correct the equations 
for these effects. If one ignores the pressure gradient across 
the main body of flow, it is possible to use the normal flat 
plate boundary layer theory to calculate an effective jet width, 
i.e. assuming a turbulent boundary lajer. 

I t  1s then suggested that the plessuie gradients may be taken 
rnto account, by including an  emprrical funct~on f(p'), in the 
second term of equat~on (3) This amounts to tleating the entlre 
flow through the noz7le as ~ o u g h l y  analagous to boundary layei 
flow, but thrs IS only a loose analogy and should not be pressed 
too fal. 

When momentum flux 1s consrdered the value ol t wrll 
e 

dlffcr from the value obtalned when quantlty of floli IS con- 
sidered, but the acculacy of the basic assumpt~ons does not 
justrfy the compl~catlon of applyrng the two separate values to  
equat~on (1) A mean value 1s used rnstead 

The results of f a ~ r l y  extensive tests, at low Reynolds numbers 
using a r and water as the opelatine flurd rn two models, are 
conpared to eqilatlonq (1) and (2) corrected In thrs way rn Figs 
5 and 6 The models used are the $ i n  jet A1 shown In Fig l b  
and a sccond model A3 scaled up by a factor of thiee. 

The values f o ~  the empirical ractors l(p') and fz ( s ~ n  8 ) wele 
estrmated for the results rn Fig 6, and somc justrficatron to r  
thelr use 1s obtained from the fact that the same values could 
b,: used to colrcct Equat~on (1) for Fig 5. The  values of k 
drffered for the two equations, as one mrght expect 

The agreement seems to be very good, and the equatrons 
predlct the genclal variation of the results wlth helght and 
Reynolds number q u ~ t e  accurately It should be pnlnted out, 
however, that durtng lnltral tests the large1 . (.I -. dppeared t o  
operate wlth a l am~nar  boundary layer under all condltlons, 
whlle flow In the smaller model was turbulent over most of the 
range of Re Thrs was thought to be due to a slight d~scon-  
t~nur ty  at the nozzle throat in A1 caused by correctlrg accr- 
dental damage At t~ f i c~a l  roughness had to be introduced In 
the throat of A3 to pioduce the agreement shown, and, in  fact 
the degree of roughness on the nozzle walls has a marked effect 
on the cushron pressure In these small models 

The work carrled out cn these models has revealed more 
ploblems than it has solved and Mr  West IS now extending thts 
partrculal lrne of study. 

HEAVING MOTION 
The arr cusblon craft has srx degrees of freedom, all of  

which may be equally ~mportant  from an analytrcal polnt of 
vrew, but to limrt the complexity of the problem only the 
heave case has been analysed in~trally. This analysrs may not 
have much meanrng when applled In rsolation to a full scalc 
craft, but ~t does descr~be a case whrch may be srmulated 
reallstrcally In the laboratory It  should be poss~ble to extend 
this analysis to cover the coupled motrons, whlch almost 
inevrtably occur In free operation, In clue course 

To provide somc expcrlmental justificatron for the addit~onal 
assumptions iequrred, further flow vrsualrsation was cari~ecl out 
on the model shown in Frg. l b  An approximately sinusoidal 
pressure var~atron was applred in the cush~on and photographs 
were obtalned of the flappr~tg jet. These showed that the 
d~str tbut~on of curvature of the dye streaks remained reasonably 



Figure 7 .  A i r  cushiorz cra f t  heaving m o i i o n  

constant during small oscillations, and it was thought that the 
instantaneous radius of curvature could be represented by 
R 3- r; where r is time dependent, but is independent of n. 

The original equations for the jet system may then be solved 
to produce expressions for all the srnall linear changes which 
occur as the vehicle heaves. Depending on how many of the 
changes are included, this process will produce a dozen or so 
simultaneous equations, which are most easily combined on 

a block diagram, Fig. 7. This particular block diagram includes 
the effects of the fan characteristic and plenum chamber delay 
but ignores inlet momentum forces and gyroscopic forces which 
may not always be present in a laboratory model. 

The block diagram itself gives a fairly lucid physical picture 
of a heaving air cushion craft and lends itself readily to ana- 
logue simulation, but it is not too easy to derive an analytical 
equation of motion from this source. 

The experimental programme which is intended to  verify 
this heaving mode analysis has not advanced very far  as yet. 
It is proposed to make use of a modcl running under water in 
the initial experime~ltal work. 'The first model is about 1 Ft 
diameter based on a prototype 10 ft diameter weighing 800 
lbs. It  is not possible to achieve completc dynamic similarity 
under these conditions, but this is not serious if the modcl is 
considered as an analogue rather than a simulator of the 
prototype. Dynamic similarity may be obtained if the proto- 
type is very much lighter or very much larger, and we may 
well build an intermediate lightweight model for this purpose. 

This has, of necessity, been a very brief outline of the work 
in progress at Swansea, but it is hoped that a reasonable overall 
picture of the programme has been provided. 
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by 

Richard L. Barkley 

R ECENT articles in various magazines have conveyed the 
thought that the hydrofoil, as a sea going vehicle, is an 

acomplished fact, that the engineering and design matters are 
settled, and that it is now time for the operators to take over. 
Where there is much to be sald for the operators taking a 
more active part in the evolution of the hydrofoil cral't in 
order to gain that vltal element of experience for Peed-back to 
the designers, it is not right to assume with finality that the 
engineering and design matters are settled. This is especially so 
when it is considered that only one road has been explored 
and that tremendous economic and social consequences are in 
the balance. 

Only a select few naval officers are aware that the world is 
on the verge of a revolution in marine transportation. Of all 
lhe commercial vehicles of transportation now in use, the ship 
alone has not increased i!s speed at least tenrold since its initial 
introduction. The first commercial steamship of note, the 
Great Western, did 14.5 knots in the mid 1800s and the fastest 
today is less than 40 knots. 

An appreciation of what such a revolution might bring about 
can be gamed by cxarninlng one whicl~ has taken place during 
our lifetime. Most ol us have been pr~vileged to wltness, con- 
sciously or not, probably the greatest revolution of economic 
consequence the world has experienced that of the change 
from the animal-powered transportation system to the engine- 
powered system, the automobile. The introduction and com- 
mercial development of the automobile which took place dur- 
lng the first half ol  the century 1s often viewed wlth placid 
unconcern. Few realize that the automobile is largely respon- 
slble for our present high standard of living. 

The automobile gained its support from the simple human 
desire to move, at will, from place to place on the earth, singly 
or in small groups. The railroads and river boats oflered re- 
stricted movement to large groups on fixed schedules of rela- 
trvely infrequent and unreliable occurrence. There was there- 
fore a great need lor a system which could provide nearly 
unrestricted transportation for ~ndividuals. The automobile was 
thc base of this system. 

For  the economy of the western world the automobile did 
much more than simply fulfill this want. 11s evolution brought 
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about a continuously expanding mass market for the develop- 
ment of other new materials and equipments which did not 
exist before. These in turn found their way into other areas 
of the economy where in some cases they are used more ex- 
tensively than in automobiles. 

The automotive system, developed without the assistance 
of a formal systems management as is now common in the 
military, has greatly affected nearly every facet of our lives, 
and was the basic ingredient in the building of our major in- 
dustries. A few examples will serve to demonstrate the far 
flung complexity of t h ~ s  system : 

STEEL - to build the cars and tmcks, filling stations and 
pumps, garages and tools, oil refineries and drums, drilling 
rigs and well casings, pipe lines and tankers, road building 
equipments and farm implements, roads and bridges, street 
lights and signs, more steel mills and associated plants. 
C E M E N T  and A S P H A L T - l o r  roads, parking lots and 
centres, fabricating plants, and dams for electric power for 
plants. 
RUBBER --for lyres, air and fuel hoses, synthetic rubber 
and adhesives, gaskets and rocket fuel. 
MISCELLANEOUS - glass, batteries, hydraulic equipment, 
synthetic paints and fabrics, state police forces with exten- 
sive radio and telepl~one networks, trafic signals and park- 
ing meters. 
Now compare this with the major items the automobile 

systems replaced : 
STEEL - for horseshoes and nails, wagon parts and buckles, 
one furrow ploughs. 
WOOD --for wagons, blacksmith shops, feed barns, stables, 
and corrals. 
L E A T H E R  -saddles, harnesses and buggywhips. 
HOliSEBREEDING -- 
Clearly a change from one system to another can bring 

about great economic and attendant social changes. 
It  can, be said generally that in Western Civilization a 

system resulting in a reduction in time to accomplish a task 
will be sought and accepted. 'The closer this system is to  man's 
natural environment and inclinations the wider its acceptance. 



The airplane is an example of limited acceptance as compared 
with the automobile. 171e case of marine transportation lies 
somewhere in between these two systems, possibly closer to 
the automobile. A substantial increase in speed of marine 
transportation s11ould result in significant ecollo~nical and 
sociological changes of considerable importance. Because the 
oceans are the primary transport lanes between nations and 
continents the impact of these changes should be more world- 
wide than national. 

We are now in the early stages in the movement toward 
higher marine speeds. Military interest has been kindled by 
the fact that submerged submarines can now outrun surface 
vessels. As a consequence most of the hydrofoil development 
in the US to date has been sponsored or carried out by agencies 
of the federal government. Until this recent federal interest 
all work in the hydrofoil field was done by scattered indi- 
viduals on a limited scale, because the larger economic inter- 
ests have not yet seen fit to replace the present system. (The 
Studebaker Corp is olten held up as being one o l  the few 
firms to survive the transition lrom the buggy to the auto- 
mobile.) 

Examination of the way in which some other transportation 
equipments evolved will provide us lessons against locking 
the door on the engineering and design of l~ydrofoil cralt. 
Technical door-locking, or  a head-in-the-sand attitude on the 
part of those occupying positions of singular authority, can 
afrect the lives of many individuals and be very costly to  
the nation. 

The example of the development of the submarine offers a 
case in point. Captain W. D. Roseborough, Jr, USN, recently 
had this to say: "Not only did Holland incorporate practically 
all the principles Found in present day conventionally powered 
submarines, but it also possessed many features optimizing 
submerged performance. Among Ihese features were a hull 
Corn of near optimum length-to-beam ratio, a minimum of re- 
serve buoyancy, and a very small and well streamlined super- 
structure. A large diameter, a slow-turning propeller, mounted 
on the longitudinal axis oC the hull, further enhanced her pro- 
pulsive efficiency. These features were re-discovered during the 
research cznd development leading l o  the design of the now  
famous 'Albacore,' a half century later." (Italics and under- 
line mine, AUTH.)* Naval historians record that John Holland 
spent twenty-five years trying to sell his submarine. R e  was 
successful in 1900 and the CJSS Hollutzd, SS-I, was built. 

The first attempts to design automobiles resulted in the 
straight application of an engine to a carriage or  wagon and 
was aptly called the "horseless carriage." Fortunately this 
approacl~ was discarded by many of the 250 odd individuals 
and companies attempting to enter the field. Today the only 
resemblance between the carriage and Lhe automobile is the 
number of wheels. In this instance no one authority dictated 
the design. 

The development of the helicopter provides an example of 
how one design can, for an extended time, lock out another 
of  greater potential. The helicopter has been predominantly 
developed and used by the military. The recent sad experiences 
in Laos perhaps will force a serious reconsideration of its 
military utility. By virtue oC its seemingly inherent inefficiencies 
it has not yet achieved commercial usage to any significant 
degree. The helicopter, however, was successful in diverting 
attention and funds from vertical take-oR aircraft in the early 
1950s. We are now finally getting around to the serious develop- 
ment of the VTOL which possesses muc l~  greater potential. 
The ability to "hover," though valuable, was oversold. 

The hydrofoil has been approached in somewhat the same 
manner as the submarine and the helicopter. Current design 
has simply involved the attachment of some kind o l  a [oil 
system to a conventional hull. The problem of cost has been 
compounded by the adaptation of aircraft fabricating tech- 
niques to such hulls. One is almost tempted to believe that 
these craft are supposed to be ships first and hydrofoils 
second. Perhaps lhat is what current designers have in mind. 
However, this approach is subjugating the prime attribute to 
the secondary. 
* Sperryscope, Vol 15, No 12, First Quarter, 1962. 

I t  has been said that rough water is the big obstacle to the 
Navy's use o l  hydroloils. Apparently size is another, for Rear 
Admiral R. K. James, IJSN, Chief of the Bureau of Ships, 
said in a Ilouse sub-committee hearing in May 1960 ' T h e  
hydrofoil cralt has certain applications that are limited as we 
see the statc of the art today to something in the order o l  
300, possibly 400 tons maximum." Later in this hearing the 
size limitation was attributed to the cube-square law. 

Captain D. E. Cummings, USN (Ket.) had an  interesting 
comment on this now oft quoted law in his "Aviation .loins 
the US Fleet" in the January 1963 issue of Shipmate, the US 
Naval Academy alumni publication. He said, "A.t that time 
(Apparently early 1920s. AUTII.) Pensacola textbooks re- 
portedly proved mathematically that planes had already reached 
their maximum size, since the lifting surface varied in area 
as the square of the linear dimensions while the volume in- 
creased as the cube. Of course earlier, not long before the 
Wright brothers flew, some expert proved it couldn't be done 
--just as it can be proved that the bumblebee can't fly. This 
cured me of any skepticism regarding scientific limitations." 

The  hydrofoil craft has so muclr potential in the scheme o l  
things that it merits its own design. It deserves a better late 
than that of being merely a warmed over ship o r  boat with 
such mediocre or marginal performance as to bring only 
limited acceptance. I n  the approach to its design the basic 
attribute, the foil system, should be kept foremost in mind, 
and all design criteria should revolve around it. When a suit 
of foils is fitted to a conventional displacement hull the foil 
system is severely restricted by the many compron~ises in the 
hull design. First the hull must be long and narrow (length- 
to-beam ratio 8 to 10) or it will end up using most of its 
power in making waves not headway. Second the hull must 
have compound curves on t l ~ e  underwater body o r  the drag 
gets too high. Third, stability problems, particularly those re- 
lated to  roll, must be carefully considered. Then all the pack- 
aging compromises come into play -where and how to put 
the boiler, main engines, spring bearings, etc. When the beam 
oC the craft is finally set the dimensions of the foil system are 
fixed, and to a great degree the height of waves the craft can 
handle is established. Because of these limitations on the foil 
system the tonnage is greatly influenced. All this effort be- 
cause of the attempt to use a conventional hull. 

By its very nature a hydrofoil craft should be hull-borne 
only a minimum of its operating time. Operationally the hull 
is secondary and shorild be so considered in establishing design 
criteria. The hull should only be a means of tying a n  effective 
foil system together and providing for limited speed displace- 
ment operation at sea and in harbours. 

Fortunately in the annuals of the art of shipbuilding there 
can be found descriptions of a hull type with many attributes 
which lend themselves admirably to  the design of hydrofoil 
systems. This is the twin hull or  catamaran design. The twin 
hull has long been considered an  oddity or  freak by naval 
architects. Only in recent years have individuals revived the 
design primarily for sailing. The resulting twin hull sail boats 
are gaining in use steadily because they have proven them- 
selves to be superior to conventional sailing hulls in speed and 
sea keeping ability. 

The history of the twin hull is nearly as old as man l-rim- 
self. I t  achieved its greatest acceptance in large sizes in the 
latter half o l  the last century. 'The English built a number of 
twin hull channel steamers up to 2,000 tons. T h e  largest 
Popoffkcit reported, built in 1880, was the Russian Imperial 
Yacht, 111e Livudia, 4,720 ton, 250Et long with a 153 ft beam, 
7 Tt draft. Its top speed was 16 knots with 12,000 ihp. I n  a 
severe storm in the Bay of Biscay she never rolled more than 
4" to a side in 25 I't waves. While there is no general explana- 
tion as to why these designs did not find wide acceptance it 
can be assumed that the limitations of metal strength and 
lastening methods were barriers to  its development. The wide 
beam no doubt posed some problems in rivers and harbours 
which at that time were pretty much as nature made them. 
Tradition, strong in the shipbuilding industry, probably had 
some influence also. 

Popoflku: A circular or near circular hull, named after 
Vice-Adm Popoll, Royal Russian Navy. 



The twin hull displacement system in itself has many ad- 
vantages but most of all, in the hydrofoil application, it allows 
nearly complete freedom of foil system design. It  is the means 
of giving to the prime attribute the emphasis it deserves. Fig. 1 
shows a simple comparison between a conventional displace- 
ment hull system and a twin hull system both using fully sub- 
merged hydrofoils. Fig. 2 illustrates the use of surface piercing 
foil systems. It is obvious that the foils on the twin hull 
arrangement can be attached at a variety of positions, longi- 
tudinally as well as laterally, and can be eas~ly retracted for 
docking and servicing. With stability factors being equal, it 
also demonstrates that the twin hull system is more adaptable 
to operating in high seas without danger ol' hull slam, be- 
cause the supporting struts can be considerably longer. An 
analogy can be drawn here between the relative stability of 
an airplane with centres of lift Tar from the centre of gravity 
and the slngle rotor helicopter with the centre of lift and the 
centre of gravity in line. 

In the displacement condition the twin hull corlfiguration 
has many desirable features. Because it is not concerned with 
efficient hull operation in a wide variety oC sea states, it can 
be designed with good planing or take-off characteristics. Pre- 
liniinary model tests indicated that the hull can be built with- 
out planing steps because the forward foils can be used to 
bring the hull up onto the plane. Without complex compound 
curves planing hulls are cheaper to construct. The accompany- 
ing reduction in draft, usually at least 3076 less than that of 
conventional hulls, is advantageous both from the propulsion 
and operational standpoint. 

1x1 the improbable event ol complete engine failure the 
twin hull provides better sea keeping and stability in heavy 
seas than does a conventional hull. The wide deck and above- 
water storage spaces with the absence of deep holds offers 
many advantages for naval and commercial use. Propulsion 
units can be distributed and oriented more efficiently and not 
restricted to fore and aft installation. Roll-on and roll-off 
features similar to those of the USNS Comet, recently de- 
signed by the Bureau of Ships for fast loading and unload- 
ing, could be greatly improved, as could dock and cargo 
handling facilities. Giganlic cranes could be eliminated. Turn 
about time, an important item to commercial interests in peace 
time and the military in war time, could be significantly re- 
duced. But most of all the twin hull design opens the door to 
the construction of large tonnage hydrofoil vehicles capable 
of operating at high speeds in extreme sea conditions. 

To date nothing has been done on twin hull design except 
in a limited way by a small company in Calilornia. Not in- 
tended to be a twin hull hydrofoil craft is the recently pub- 
licized catamaran powered by a jet engine, built by the Boeing 
Company for the Bureau of Ships, purely for testing various 
foil shapes and it functions in lieu of a high speed tow tank 
or swinging arm rig, the hydrodynamic equivalent of a wind 
tunnel. Its power system and general construction does not 
appear to be easily adaptable to a good test bed for the pur- 
poses of establishing empirical parameters of twin hull con- 
figuration. So far nearly all efforts have gone into the shot- 
gun marriage of a foil system to a conventional displacement 
hull with all its incompatibilities intact. 

The two principle authoritative federal groups supporting 
this design approach are the Maritime Administration, fund- 
ing the HS Deizison, 80 tons, and the Bureau of Ships the PCH, 
110 tons and the AG(EH), 300 tons. No programme has been 
instituted to develop the twin hull system. Perhaps it will 
have to wait for the commercial interests, now slowly stirring 
from their long and comfortable hibernation, or for the re- 
luctant bride to strike back against her tormentors. In res- 
pect to the needs of the times and the eficient utilization of 
national wealth neither seems to be an acceptable way of 
stepping up the pace of the pending revolution in marine 
transportation which holds promise of so many benefits to 
civilization. 

Perhaps a new name for the vehicle would help! 

Reprinted from "Naval Engineers Journal" February, 1964 
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Factors ARecting Hovercraft 
Perfor ance at Low Speed 
Over ater' 

by J. T. Everest 
National Physical Laboratory 

1. hh'oducliom (a) Jet and Cushiori Effects 

Hovercraft wave making is being investigated as part of a 
programme of research on the hydrodynamics of hovercraft 
under contract to the Ministry of Aviation. Earlier work in 
this programme has explored the forces acli~ig on a fixed 
circular model, with the attention largely concentrated upon 
hump speed. (This work is described in Ref. 1). Briefly it was 
found that the energy measured in the wave pattern agreed 
well with theoretical estimates of wave drag, and with measured 
drags when the craft was set at the appropriate trim. The 
eflect of other trim angles was also investigated. 

Subsequent work l ~ a s  confirmed the suggestion that hover- 
craft operating over water are strongly influenced by the inter- 
action of the hydrodynamics of the water surface and the 
aerodynamics of the craft cushion and ducting system. This 
note attempts to explain some of these interaction eflects, so 
that a clearer picture of Ll1e forces acting on a hovercraft over 
water may be obtained. Suggestions for furlher work are 
mentioned. 

2.  Discussion o f  the Il.oblem ' 

In the previous Report (Ref. 1) a description was made of 
the manner in which the horizontal force required to generate 
waves was transmitted to the water by virtue of the balance of 
forces within the air cushion. With the craft trimmed parallel 
to the disturbed water surface under the model, the leakage 
o l  air around the craft periphery was considered to be uniform. 
Change of trim l r o n ~  this value caused an out of balance 
within the cushion, resulting is1 cross flow, and increased 
leakage at the higher end of the craft. The cushion equilibrium 
was retained by the momentum change of the escaping air. 
Since the overall peripheral jet sealing efficiency would be 
reduced in this condition, to maintain a given cushion pres- 
sure and centreline hoverheight would require an increased 
lift power. In this manner it was argued that wave niaking 
can be paid for by a penalty in lift power. 

The condition of cross flow described above would result in 
changes in the operation of the peripheral jet, since under- 
feeding and overleeding would occur at the low and high ends 
of the craft respectively. The overall lift efficiency of the com- 
plete craft would be reduced, and some changes of jet velocity 
and therefore air momentum would be expected around the 
periphery of the craft. In the limiting case with zero clear- 
ance at the bow, no jet momentum would be required to sup- 
port the cushion at this station. The rate of onset of this 
effect with increase of trim is uncertain, but it is likely to 
depend upon: 

a. Set and cushion geometry and flow condition. 
b. The characteristics of the medium over which the 

hovercraft is Lravelling. 

Thc effects of jet and cushion effects upon craft stability and 
upon the forces acting on a craft have received a great deal 
of attention by other workers in this field. However the larger 
part of this work has been restricted to over ground conditions, 
often using static .two dimensional models. Results of earlier 
static tests with the circular model over ground ,(Ref. 2) sug- 
gest that the variation of jet velocity around the peripheral 
jet was quite small for realistic angles of trim (101% for 65% 
of the maximum trim possible before ground contact). This 
leads to the suggestion that the horizoiltal force as measured 
on the craft would at least approximate to the product of lift 
and the sine of the angle of trim. Unfortunately further de- 
tailed study of jet and cusl~ion effects is outside the scope of 
the existing apparatus, and a great deal of modification 
would be required to enter the field. 

(b) Characteristics o f  the Meditrm 

The "over smooth ground" case can be regarded as daturn 
condition. Neglecting modifications due to dynamic pressures 
directly associated with forward speed, it is reasonable to 
expect changes from zero forward speed conditions to be 
fairly small, although the influence of the moving ground 
under the model will obviously increase to some extent with 
increase of surlace roughness. 

The over water case is rather different. At high speed over 
water the length of a wave produced by a transverse jet is 
very long relative to the eirective width of the jet. The result is 
that the change of water level from front to rear of the jet 
is very small, and the surface can be regarded satisl'actorily 
as not responding to the possing of the jet. In this condition 
the generation of spray would be low, and it is probable that 
the jet would react very similarly to corresponding conditions 
over ground. (The problem would probably be more compli- 
cated for a longitudinal jet, resulting in some variation of 
characteristics around the craft). 'rhe length ol' Lhe hover- 
craft cushion at these speeds is considerably longer than the 
region of pressure associated with the air jets, and the in- 
fluence of the cushion pressure causes waves to be produced 
which are felt by the craft. The hovercraft will tend to trim 
parallel to the average waterline, the backward component of 
lift producing a drag force. Craft trimmed at some other con- 
dition at high speed over water will suffer cross flow arid will 
lose lilt, but the variation of jet momentum around the peri- 
phery is likely to be similar to over ground conditions. In 
general the drag should approximate to the backward com- 
ponent of lift force, although large angles of trim between 
model and water will produce some variation from this. 

At all speeds over water there will be some variation of 
clearance around the jet periphery, even for a craft free to 

* This paper was presented to the Research Symposium 011 Air Cushion Craft held in the Department of Engineering, University 
College of Swansea, from July 21st lo July 23rd, 1964 
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t~i rn ,  but l'or speeds above hump the effect is generally 
small, and the similarity with overground operation is prob- 
ably reasonable. Measurements of jet velocity made a t  hump 
speed with the craft trimmed approximately 4" from the 
average water surface showed little d~fference in velocity 
between bow and stern, supporting these conclusions. At 
speeds less than hump speed the variation of clearance is 
increased (with the reduced transverse wavelength), and it is 
likely that the conditions would depart from any similarity 
with the over ground case. 

At lower speeds over water the surface is increasingly in- 
fluenced by the jets. A depression is created in the region of 
the jet, resulting in : 

(i) Spray generatio~l, 

(ii) A modification of the i'orces acting on the air curtain. 
I he flow patteln 19 considerably more complex than for the 

case of over ground operat~on, tlle angle of outflow for the 
cushron probably being affected markedly by jet pressure, 
n o ~ 7 l e  he~ght  and angle, and strength of cross flow Further 
the local water gradlent and local stabil~ty of the wave 
created by the craft itself w ~ l l  probably affect the s~tuatlon. In 
vlew of these remarks ~t would be qulte ulllrkely that the alr 
supply to the jet would bear any s~mllarity to condltioils over 
ground 

Considel~ng firstly spray generation The momentum re- 
q u ~ r e d  to produce spray 1s derrved lrom the hovercraft 1111 
system as a loss of sealrng efficiency, and hence no horizontal 
force 1s necessarily Involved durrng ~ t s  genelat~on The sub- 
sequent ~mpingement ol the spray upon the craft w ~ l l  produce 
forces having horrzontal components, the mot~on  of the spray 
droplets defining its drrectron (wh~ch could be forward). 

If 3 craft was tr~mmed so as not to be palallel to the dls- 
turbed waterline, the result~ng c ~ o s s  flow would m o d ~ t y  the 
jet characte~lst~cs. Over ground these rnod~ficat~ons were found 
to be small f o ~  modest angles of trrm, but as ment~oned above 
thrs conclusion does not follow at low speeds over water 

--- EXPERIMENTAL TOTAL  DRAG 

- D R A G  CORRECTED FOR AERODYbIAMIC CRAG 
-. - - - - NEWMAN THEORY (CIRCLE OF CONSTANT 

PRESSURE IMPLYING FIiEEDOM TO TRIM) 

-0.0 I L 
FIG 2 VARIATION OF DRAG WlTl i  L IFT AT HUMP SPEED - 

3. Experimental Schedule 

a. Forward Speed Testing 

The tests were made in Number 3 tank Feltham using 
the 3 f1 diameter circular hovercraft model descr~bed more 
fully in Ref. 1 Tests were carried out for trim angles of Oo, 
2",  3.18", 4" and 5" over a range of Froude numbers from 
O to 0.7, wilh the emphasis on the range 0.4 to  0.7. A centre- 
line clearance from the undisturbed water level oi 1f in was 
used. For  consistency with previous work, the majority of the 
measurements were made at 3.5 lblfta mean cushion pressure 
(corresponding to a lilt of 25 1b approximately). However at 
the hump speed Ojn = 0.55) the variation of resistance with 
lift was carried out for the range of lift from 5 to 30 lb 
approximately. Measurements of resistance and lift were made 
in all cases. 

b. Static Testing 

In  the light of results from the above work it was decided 
to undertake further s ta t~c lesting. Both over ground and over 
water conditions were used, and the lilt force was varied over 
as wide a range as possible. % m ~ ,  of 1 ", 2", 3" and 4" were 
investigated. Unfortunately lack of time precluded any system- 
atic measurement of jet pressures, but some measurements were 
possible at bow and stern for the 2" case. I t  was lelt that 
this model was not ideal for this purpose, and hence repeat 
testing was not envisaged. Possible alternative testing will be 
mentioned later. 

The model was also tested over water with a thln gauge 
polythene sheet floating on the surface. This surlace sheet 
was found to distort satisfactorily to the applied pressures 
while eliminating any generation of spray. 
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4. Results 

a. Forward Speed Testing 

The ratio of drag to lift for the range of trim angle and 
Froude numbers is shown in Fig. 1. (A correction for aero- 
dynamic profile drag is included down to Fn = 0.4; below this 
speed it has been omitted for clarity, but its value is small). 

At speeds greater than Fn = 0.5 the drag/lilt ratio approxi- 
mates to the sine of the trim angle. Fig. 2 illustrates that this 
effect is maintained through a large range of pressure. Now- 
ever a slight tendency Cor the drag at low trim angles to 
exceed L sin. 0 ,  and for high trim angles to be less than L 
sin. 0 does exist where 0 = trim angle. The implication is 
that the drag force is mainly influenced by the trim angle to  
the horizontal. (In practice changes of lift performance involv- 
ing increases in air intake momentum drag would have 
some further efect). This result supports the contention that 
the breakage of the water surlace by the jet is not severe at 
thesc speeds, for the pressures employed. 

At speeds up to Fn = 0.5 the ratio of drag to lift is seen to 
vary markedly from the high speed results. There is some evi- 
dence of humps and hollows in the curves, and apart from 
the low trim angles there is a general reduction in drag/lift 
ratio when compared with the high speed results. These results 
agree with suggestions made regarding the break-up of the 
water surl'ace under the jets. The humps and hollows at the 
higher end ol' this speed range can be explained by the varia- 
tion uf wave pattern under the crart with change of speed, 
resulting in changes in cross flow direction and also in changes 
in jet clearance to the local waterlevel and slope. Both these 
factors will influence drag, by way of changes in the jet- 
water interaction and spray impingement. 
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FIG 4. FORCE MEASUREMENTS A T  ZERO FORWARD SPEED 

Some zero forward speed measurements were made during 
these experiments. I n  these the large discrepancy from the 
high speed results was maintained a t  the cushion pressure used 
for the tests. (See Fig. 3). Further static testing was thought lo 
be desirable over a larger cushion pressure range to  increase 
knowledge of this effect. 

b. Static Testing 

Fig 4 shows the lesults of the subsequent s t a t ~ c  testrng. 
It  1s very appalent that over ground the ratlo of drag to lilt 
is ~nfluenced very I~ttle by changes of cushion pressule (or lilt). 
A value, slightly less than the sine of the trim angle was re- 
tained throughout. Over watel, however t h ~ s  was not the case; 
the l a t ~ o  dropping rapidly w ~ t h  lncrease or pressure For the  
cases of I "  and 2" trim a snlall force in the forward dlrect~on 
way recorded. However Tor each tnm (excluding the 4" case 
where the range of pressure studled was probably not suffic~ent) 
a polnt was reached where lurther Increase of pressure caused 
only small changes ol drag/lift ratio It 1.i thougllt probable 
that the lapid drop in this ratio resulted from spray-mak~i~g, 
wh~cli  was observed to Influence prog~essively a greater part 
ol' the craft periphery w ~ t h  the iricrease of pressure For lovr 
cush~on ptessures, only the lower end of the cralt was affected, 
the spray and all emetglng almost vert~cally and impinging 
on the overhang of the cralt At  high cushioi~ pressure? spray 
was generated over the complete circumference of the craft. 
The outlet angles v a ~ i e d  from near vert~cal at the lowest p o ~ n t  
to near horizontal at the highest. 1 he majo~lty of spray im- 
pingement was confined to the lear ( ~ e  lower) half oi the 
craft Us~ng  a periscope it was ascerta~ned that for the h~gher  
pressures spray ellects reached f lom the lower jet to the 
centre or the cush~on. I t  1s certain that horizontal forces wele 
generated by these spray eflects, although a d~rect  assessment 
of t h e ~ r  magn~tude would no1 be easy. Fig 5 illustrates the 
effects d~agramatically. 
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The results of experiments made over a thin polythene sheet 
floating on the water surface are also shown in Fig. 4. The 
object of these expelin~ents was to eliminate spray making 
while operating over a deformable surface. If spray impinge- 
ment had been the only extra influence acting on the craft 
the results would obviously Collow the over ground measure- 
ments. It is seen that some similarity did occur, up to a given 
value of cushion pressure, after which Further increase of 
pressure caused a drop in the dragllift ratio. It  lollows in 
these cases that the deformation of the surface did have some 
influence on the forces acting on the craft. Since the defolma- 
tion is most pronounced in the region of the jets, it is reason- 
able to expect some modification of the air outflow angles, 
and hence probably some effect on jet pressures. To obtain 
some knowledge of any such effect, pressure measurernents 
were made in the jets at 2' trim. All three surface conditions 
were considered at a common cushion pressure. The measure- 
ments were made at the highest and lowest points of the 
periphery (bow and stern respectively), the pressures being 
recorded at the centre of the jets. Shortage of time did not 
allow complete traverses to be made; nor was it possible to 
measure flow angles. For these reasons, these data can only 
be used as a guide to the understanding of the drag mechan- 
ism. The results are shown in Table 1. 

It is at once apparent that over water the pattern of flow 
to the peripheral jets was not uniform. This effect was reflected 
in the increase or static pressure at the stern over that at the 
bow. Horizontal forces would result. Over ground and over 
the polythene sheet, the effect was less marked. 

TABLE 1 

Jet Pressures measured at 2" Trim, (bow high) 
Hoverheight at centreline, 14 in 

Over 
Polythene 

Sheet 
Over Over floating on 

Ground Water water 
Bow Stern Bow Stefn Bow Stern 

Cushion Pressure, 
3.5 lblft2 

'Total head, inches 
water gauge 1.14 0.98 1.9'9 1.92 1.40 1.32 

Stat~c head, inches 
water gauge 0.15 0.10 0.23 0.70 0.10 0.10 

Jet velocity, itlsec 66 62 8'7 73 75 73 
Cushiorz Pressure, 

5.6 l b /  112 
1 otal head, inches 

watcr gauge - -- 3.79 3.60 3.86 3.73 
Static head, ~nches 

water gauge -- -- 0.30 1.15 0.10 0.30 
Jet velocity, Ct/sec -- -- 124 104 128 123 

T R I M  ANGLE +2' -1 

L I G H T  L I N E S  - R E F E R  TO E X P E R I M E N T A L  R E S U L T S  
HEAVY L I N E S  - REFER TO V E R Y  A P P R O X I M A T E  C O R  R E U I O U  

TO E X P E R I M E N T A L  R E S U L T S  TO A L L O W  FOR 
JET T H R U S T  EFFECTS 

O V E R  GROUND 
- - - - O V E R  W A T E R  

O V E R  P O L Y T H E N E  S H E E T  FLOATING ON WATER 

F I G . 6  E F F E C T  OF JET T H R U S T  U P O N  F O R C E  M E A S U R E M E N T S  
AT  Z E R O  F O R W A R D  S P E E D  

In an attempt to obtain a very rough estimate of the order 
of the forces involved, it was assumed that the variation of 
jet velocity around the periphery was sinusoidal. It would be 
very difficult to justify the choice of this variation on the 
meagre incormation available and some other power law would 
probably be just as suitable. However since a complete esti- 
mate of the jet forces around the circumference would require 
the measurement of velocity and flow angle in two planes, this 
approximate approach was thought to be justified. The results 
are shown in Fig. 6. At 3.5 lb/ft" cushion pressure, the drag 
adjustment due to this effect caused the dragllift ratio to rise, 
both lhe over ground and over polythene results approaching 
the sine of the trim angle. Over water approximately 50% of 
the deficiency in drag was involved. It is assumed that the 
remainder was caused by spray impingement. At 5.6 lb/ftz 
over water, similar results were obtained. Unfortunately over 
ground, no results were obtained at this pressure. Over poly- 
thene the adjustment was not sufficient to re-attain the over 
ground result. It  is probable that at these high pressures the 
air, which was escaping nearly vertically from the cushion at 
the lower end, would be modifying the pressure distribution 
around the outside of the craft. Over water, under similar 
conditions the same effect occurred, but in this case the jet 
was charged with spray droplets, and its overall momentum 
was probably considerably greater. 

As a result of these static tests it is clear that very different 
air flow phenomena exist between over water and over ground i 
conditions, and it is clear that the difference in result cannot 
simply be ascribed to spray impingement. Nevertheless, this 
latter effect is t.hought to contribute some considerable force 
on the model. The attempt to simulate the water profile under 
the model using a polythene sheet appeared initially to be 
successful, but jet pressure measurements showed some modifi- 
cation. 



Interest should now be focussed upon the action of a jet 
upon the water surface, since the manner in which spray is 
produced not only influences lift eficiencies and stability, but 
also drag forces on the craft. A two dimensional rig would 
be more suitable for the purpose, since the volume ol' work 
required could be drastically reduced. Further, air flow 
irregularities withill the ducting would be eliminated. The 
supply oC air to the jets could be entirely independent, and 
hence one jet could only influence the other through changes in 
pressure within the cushion. To make a rig of this form suit- 
able for high speed testing over water would be a large effort. 
The sidewalls required would need to extend well in front 
and to the rear of the craft, and their depth would also need 
to be great. For thir reason, it is proposed that ~llitial tests 
will be made with a single two dimensional jet over water. 
The jet would not support a cushion pressure. The eflects of 
varying forward speed, jet pressure, angle to the vertical, 
height from the water, and jet thickness would be determined. 

It is considered that the lollowing major effects contribute 
to the hydrodynamic drag of a hovercraft moving over water: 

1. The generation of waves directly influencing the trim 
of the craft, so producing a drag force equal to the pro- 
duct of lift force and the sine ol  the angle of trim to the 
horizontal. Craft caused to trim at some other condition 
will suffer cross flow and will lose lilt until an equilibrium 
state is re-established. The energy transferred to the 
waves can be considered as imposing a penalty on the 
lifting system of the craft. 

2. A variation of jet momentum around the craft periphely 
caused by large variations in the clearance between the 
craft and the local water surface. These effects would 
be expected to have maximurn influence at speeds some- 
what below the hump speed. (Froude Number of 0.55 
Tor the circular model tested). 

3. A break-up of the waler surface under the jets, up to a 
Corward velocity dependent on a number of factors, of 
which jet pressure and geometrical considerations are 
undoubtedly very important. This velocity will obviously 
not depend directly on the craft Froude Number. A1 
speeds at which the water break-up is liable to occur, 
it is considered that srnall variations of clearance between 
the craft and the local water surface can cause large 
variations in jet momellturn around the periphery. I t  is 
suggested that at low speeds over water, the air outlet angle 
from the cushion is more critically artected than for 
similar conditions over ground, causing these large air 
momentum differences. L,arge drag differences have been 
measured between water and ground operation lor the 
static case. 

4. Spray impingement upon Lhe craft bottom and sides. 
This effect, linked closely with the break-up of the water 
surface, has been observed in the tests, and is undoubtedly 
an important factor. Unfortunately no measure of the 
forces involved has been possible. 

Further work should be directed lowards some under- 
standing of the water surface break-up, and subsequent spray 
generation. 
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CONTROL AND PERFORMANCE 
NORMAN 

ONCRAFT 

I. L. Keiller, M.A 
Royal Aircraf t  Establishment 
Bed fo rd  

This memorandum represents the personal views of the author. It does not carry the authority of the 
Royal Aircraft Establishment 

1. Introdlrctiol~ 3 .  IIai~dling Experience 

Research on hovcrcraft at the Royal Aircraft Establishment, 
Bedford, has been based on the Britten-Norman CC2-001 
Cushioncraft. One of the problems that has received particular 
attention has been that of control when operating over land. 

Over land operation of hovercraft is substantially different 
From over water operation. It has the advantage that there 
are no problems with waves, hump speed, and spray and thus 
the measurement of the forces acting on the craft can be 
more straightforward. It has the disadvantage that the vehicle 
is very sensitwe to ground slope and that water drag cannot 
be used to assist control, in addition the presence of numer- 
ous solid obstacles emphas~zes the need for adequate control. 

In this Paper some of our handling experience with CC2 is 
described and representative results of the control effective- 
ness tests are giver]. 

2. Description of CC2-001 Controls 

The general arrangement oC the CC2-001 is shown in Fig. 1. 
Ths method of control was by means of vanes and restriction 
flaps in the jets. These controls were operated by a whipstave 
for each hand and two foot pedals. 

The whole of the 8 ft straight portion of both transverse 
jets could be closed; the starboard foot pedal (the accelerator) 
controlled the flap in the forward jet and the port foot pedal 
(the brake) controlled the flap in the aft jet. The flaps in the 
longitudinal jets were each 5 ft long and were controlled by 
outward movement of the whipstaves; the starboard whip- 
stave moving the starboard flap and the port whipstave the 
port flap. 

There were moveable vanes in both the stability jets which 
could be moved from -40" (deflecting the jet forward) to 
+SOo. The starboard vanes were operated by fore and aft 
movement of the starboard whipstave and the port vanes by 
the port whipstave. Fixed vanes, with a deflection of +30° at 
their bottom edge, were fitted for the whole length of the 
longitudinal peripheral jet. 

Thc control of CC2-001 was basically simple in concept 
but, because of the weakness of the forccs available - par- 
ticularly in yaw and of substantial secondary effects, ~t was 
much more complex in practice. 

Fore and aft forces on the craft were produced by the fixed 
aft inclined vanes, movement of the stability jet vanes, by 
means of closing the Core and aft jets, and trimming with 
ballast. 

Yaw control was intended to be by use of differential whip- 
stave but this was usually inadequate. It  was found that a 
yawing moment could also be obtained by use of the roll 
vanes (due to some loss of thrust from the fixed vanes on one 
side) and that the restrictor flaps in the transverse jets also 
had a short term yaw effect -- depression of the starboard 
pedal caused yaw to port and of the port pedal yaw to star- 
board. 171e yawing moments produced by these three methods 
were approximately equal and all had to be used to the full 
if the craft was Lo be made to point in the direction intended 
by the driver. 

Lateral control of the craft was by means of the roll vanes. 
As this control was also weak correct lateral trim was very 
important. 

There are two major considerations to be borne in mind 
when driving a hovercraft over land. The first is that one is 
operating in the air, although near the ground, so that the 
craft is carried along bodily by the airstream and all the 
controls produce motion relative to the air mass and not 
relative to the ground a short way beneath. The second is 
that a hovercraft does not operate at a set altitude but at a 
fixed distance above the ground; gradients therefore have a 
very marked effect, so that superimposed on the tendency to 
be carried along by the movement of the air mass is this 
second tendency to flow to the bottom of all dips and valleys 
on the surface of the ground. 

As the largest thrust force available was in a forward direc- 
tion the only way of dealing with a significant slope or  wind 
was by heading up into them. With the control forces avail- 

* This paper was presented to the Research Symposium on Air Cushiort Craft held r'n the Department o f  Engineering, University 
College of Swansea, from July 21st lo  July 23rd, I964 
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able a slope o f  1 in 30 or a wind o f  IS knots were found to 
be about limiting conditions. A further consequence oC the 
largest thrust force being in the forward direction was that 
the most effective method o f  stopping the craft was to make 
an 180" turn and apply Cull Corward thrust ---as rearward 
vision for the driver was not good this manoeuvre had its 
limitati ons. 

Due to the fixed aft inclined vanes in the side jets the craft 
normally had a tendency to travel forward. I f  it was desired 
to hover without moving forward, such a large proportion o f  
the available control forces were required to counteract this 
tendency that control became impossible. For low speed 
manoeuvring it was thus essential to trim the craft stern down 
to counteract the forward thrust but this naturally had an 
adverse eflect on the forward speed. 

Only low rates o f  turn were possible but this did not cause 
undue difficulty either when manoeuvring in the hangar or 
on the airfield provided ha t  excessive sideslip was not allowed 
to develop. Over reasonably level ground figure o f  eight turns 
were quite practical. 

Because o f  the limited control power the craft response was 
very slow. With the control system fitted to CC2-001 control 
was completely dependent on hover height and it was found 
that a fairly small decrease in hover height caused a very 
marked deterioration in control. 

In spite o f  the serious shortcomings in control, CC2-001 
was a most interesting vehicle to drive and the driver found 
that he had a surprising ability to arrive at his destination. It 
says much for the craFt that there was no handling accident 
either in the confines o f  the hangar or on the airfield at 
airspeeds up to 25 knots and groundspeeds up to 35 knots 
or so. 

4. Sonre test results 

The test results given in this Paper were obtained with 
CC2-001 tethered in a hangar. The  size o f  the hangar was 
large enough to ensure that circulation effects were negligible. 
The craft was tethered by four steel cables in whlch the 
tensions were measured by strain links; all the results have 
been corrected Cor the couples applied to the craft by these 
cables. In all these tests it has been assumed tbal the CG 
of  CC2 was at its centre; this was obviously not stlictly 
accurate but the only efrect is on the axis o f  the graphs. Tests 
were made at a mean weight o f  4,5601b and at a hover height 
o f  8.1 in for the pitch tests and 9.4 in tor the roll tests. 'The 
craCt rotation was found to be essentially about the centre o f  
its base and thus change o f  angle had little effect on the mean 
hover height; a1 the hover heights used for these tests the 
maximum possible angles of  pitch and roll were k2.8" and 
2 5 . 5 "  respectively. 

Hover height is defined as the distance from the ground to 
the bottom o f  the jets and the clearance height was I+ in less 
than this due to the rubbing strakes on the bottom, l l o v e ~  
height was measured simultaneously by two cameras at right 
angles. 

The effects o f  weight and fan speed on hover height are 
given in Fig. 2. Experimental points are not given in this 
Figure as it has been cross plotted from the actual results but 
the consistency o f  the results obtained with the cameras was 
very good. Earlier attempts to measure the hover height with 
Sour hand held measuring sticks were not satisfactory as 
continual movement o f  the craft made accurate measurements 
impossible. 

It will be seen from Fig. 3 that the stiffness or the cralt in 
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Figlrrc 4. Chatzge ol lorzgitudinul force ~vitlz CP movement 
nrzd pitch control 

Figure 5. Pitch o/  craft with CP movemerzt urzcl stability 
vane control 

Figure 6 ,  Cl~ange of longitudinal force witlz C P  movement 
and stability vane conlrol 
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Figure 7.  Pitchlthrust relationship with pitch torzlrol 



I-igure 8. Pitchlthrust relationship wzth stability vane control Figure 10. Bffect o/ pitch conirol on longitudinal force 

pitch was 0.75% Cp shift per degree when level but this 
increased to more than double this value as the angle increased. 
'Mle craft is also stiffer in pitch when either the lronl or the 
rear jets were closed. Full control movement gave a rotation 
of 1.8" and a change of fore and aft thrust of 150 lb as will 
be seen in Fig. 4. When the craft was level there was a forward 
thrust oS 501b due to the fixed vanes; if this was to be 
balanced out the craft had to be [rimmed 0.6" bow up. 

Similar curves for the whipstaves control are given in Figs 
5 and 6. ' f i e  central curves wrth the vanes vertical axe the 
same, within experimental error, as those in Figs 3 and 4 
but it will be seen thal the outer curves are substantially 
din'erent. Full control movement only gave a 1.1" change of 
angle but a 1801b change of thrust when lhe cral't was 
approximately level. 

In Figs 7 and 8 thrust is plotted against angle and the 
mean slope is found to be 80 lb per degree (W tan a for a 
weight oS 4,560 lb is 81 lb per degree). The pitch control had 
fairly small secondary effects but it will be seen that whipstaves 
movement gave 175 1b per degree. 

The actual eflects of the pitch and whigstaves controls are 
shown in Figs 9-12. 

BOW UP 
ANGLE OF 

Figzlrc 11. Effect of stability vane angle on pitch 

Figure 9. Effect of pilclz corztrol on pitch 

1.1 
Figure 12. Effect of siability vane angle on longiiudirlal forcr  
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Figure 13. Roll of craft wick CP movement and roll control 

Figure 16. Efect  of roll control on roll 

Similar tests were made in roll. I n  spite o f  the stability jets 
the stiffness in roll was only 0.5% Cp shift per degree when 
the craft was level. Full control movement gave a rotation o f  
2.2" and a change of  sideways thrust o f  1801b. When the 
craft was level there was a force of  40 lb to starboard which 
was probably due to the swirl induced by the fans. Fig. 15 gives 
a mean slope o f  75 lb per degree of  roll. The effects of the roll 
control are given in Figs 16 and 17. 

The yaw forces were measured during these tests but, due 
to their small magnitude and the greater errors that were 
inherent in measuring them, the results were not satisfactoly. 

Figure 14. Change of transverse jorce with CP movement 
and roll control 

5. Conclusions 

The test results bore out the subjective experience o f  the 
drivers that the control forces were very limited. The hover 
height achievable by CC2 was also less than had been hoped 
and this aggravated the control problem. CC2-001 has now 
been modified so as to have an improved hovering perl'orm- 
ance and the controls have also been substantially redesigned; 
a furlher test programme is to be undertaken on the modified 
craft. 

-300 

Figure 17. EfJect o j  roll control on lransverse force Figure I S .  Rolllthr~rst relalionship with roll colzirol 



by 
A. A. West 
University of Wales 

The material presented in this paper is part of a preliminary 
study which was undertaken to determine the feasibility of 
supporting a unique vehicle by Ground Effect Support at high 
forward speeds and to investigate tbe possibility of utilising the 
momentum of the ground effect curtain in the generation of 
thrust.1 At  the time that the investigation was initiated (1961) 
there was little infomation available on the effects of high 
forward speed on GEM'S and it was decided that a two-dimen- 
sional study would be the most Cruitful. 

Derivalio~i of the Forward Speed Parameter 

The Bow around a two-dimensional GEM at Colward speed 
can be characterized by one of the following regimes, Pig. 1 : 
(a) Subcritical, in which part of the front jet is deflected over 

the toy' surface of the GEM 
(b) The Critical Corward speed a1 which the front jet is just 

deflected under the GEM 
(c) Supercritical, in which part ol' the free-stream air passes 

under the base of the GEM. In this regime the flow 
around the GEM is similar to that around a two-dirnen- 
sional Jet Flap Wing out of ground effect. 

At  the Critical forward speed it is assumed that the free- 
stream stagnation pressure acts on the front jet curtain and 
that the free-stream static pressure acts on the downstream side 
or the rear jet curtain. 

Applying the Momentum Theorem to the control volume 
shown and assuming that there are no mixing losses : 

Model and Facilities 

The model was two-dimensional of 10.5 in snan and 7.5 in 
chord as shown in Pig. II. AIS was supplied inhependently to 
Lhe front and rear chambers and during the tests jet velocities \ (  + CDSQ,) , up to 300ft/sec were used. Aerodynamic lorces on the model 
were measured 011 a six-component mechanical balance. Two 
dinerent groundboards were used in [his series of tests and a 

+ p*.c schematic model installation is shown in Fig. 111. 

( 1  Results and Discussion 
Assum~ng that the momentum flux issuing from the front and 
leas jets is the same, 1.e. M = M = 4 M and that the front From Fig IV it can be seen that the total lilt acting on the 

F R T model lor  a typical test inc~eases smoothly wlth forwald 
and rear jet angles are the same 6 = 8, equation (1) may be speed. For  a lhlee-dimensional the total lilt may Increase or 

F R declease wlth lorward speed, depending on the forwald 
wrilten as : speed. 3 



Incidentally, the eaect of the groundboard boundary layer 
is clearly seen irom this figure; the height of the model above 
lhe groundboard and the total momentum flux were the same 
f o ~  both runs. 

Pig. V shows that the aerodynamic lift coefficient increases 
rap~dly with increasing forward speed in the subcritical reglme, 
reaches a maximum around the Critical forward speed, and 
thereafter decreases slowly with increasing forward speed in 
the supercritical regime. It is belreved that this graph justifies 
the use of the chosen forward speed parameter, although the 
significance of the aerodynamic lilt coefficient is now some- 
what suspect. 

Fig. VI presents typical results in which the total drag is 
less lhati the profile drag but is none-the-less still a drag lorce. 

From Fig. VII it can be seen that the thrust recovery co- 
etEcient is dependent on the ratio ol free-stream to jet velocity, 
and also on the flow regime. It will be noted that values ol 
the thrust recovery coefficient greater than unity are obtained. 
It is suggested that this is due to the airflow over the top of 
the model being entrained by the rear jet as shown in Pig. I(c). 

(b) CRITICAL R E G \ M €  V,= Vc -- 

S C A L E :  FULL 5 i Z E ~  4 
/ I .oN61TublNhL 5UPPLY S L I T S  

M O D E L  1 5  S Y W l M E T R I C A L  

so= B 
11.5"ARn. 

Figure 2. Section through model 
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Symbols 

L' 
C ' aerodynamic lift coeficient := 

L qms 
Do-D 

C thrust recovery [actor = 
li M 1 

T 
D drag 
h height of model above groundboard 

v - 
1 nozzle length = length of exposed model span 
1, total lift 
L lift at zero lorward speed 

H 
L' aerodynamic lift = L--1 

H 
M total momentum flux per unit length of model spa11 . Figure 5. Aerodynamic lift coeflcierzt -forward speed 
. T' = ""j parameter 
111 total mass flow rate of air supplied to front and rear 

jets per unit length oC span 
pressure 
dynamic head = f PVX 
exposed model plan area 
velocity 
jet velocity calculated assuming the air in the cham- 
bers is expanded isoenergetically and isentroplcally 
down to the free-stream static pressure 
jet angle (see Fig. TI) 
air mass density 

w h  
lorward speed parameter = - 

M 

Subscripts 

c critical condition [see Fig. I(b)] 
F front jet 
0 no air supplied to the nozzles 
K rear jet 
m wind tunnel free-stream condition 

o stagnation conditiolz 

'20 

e 

-roraL L l i r  I-. 
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Figure 4. Total lifl -- free-stream dynamic head 

Figure 6. Drag - free-stream dynamic head 

Figure 7.  Thrust recovery coe$cierzl - ratio of f o r~mrd  
speed t o  jet velocity 

* This paper was presented t o  the Re,c.earch Symposium on Air Cuslzion Craft held in tlze Department o f  Engirzeerii~g, University 
College o f  Swansea, f rom July 21st to July 23rd, 1964 
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R ESBARCI-I in this field a t  Queen's University has now been 
in progress for about two years. The object of this 

research was lo determine the properties of an annular jet 
impinging on the ground, consequently a study of the para- 
meters l~kely to affect the properties and efficiency of such 
a jet has been made. 

The test rlg used in these investigations is a two-dimensional 
representation of an annular jet. 'The basic layout of the 
original ng  is shown in Fig. 1. This has been modified slightly 
since then due to effects discussed later. The air supply is 
laken from a Keith-Blackmann-Tornado centrifugal blower 
and passed through a settl~ng chamber of section 7.5 x 19 in 
to a contract~on. The contractiou reduces the cross-section to 
12 x 1.5 in respectively. Nozzles are attached to the contraction 
to give a uniform flow the same as the contraction end cross 
section. The range of ~iozzle angles currently available is 15", 
30°, 45", 60" and 90" measured from the horizontal. The 
nozzle is attached to a pressure box in which the grou~id 
board can be moved to control the base height above the 
ground. The effective annulus diameter call be varied by 
inserting a dummy end wall. 

Details of tests made with this original rig are given in 
]-able 1 ,  for which the index is given below: 

Tesi Nature o f  Tesis (Original Rig) 
1 Cushion or support pressure measurements 
2 Press~~re  distribution along the ground 
3 Visualisation of flow patterns 
4 Total head traverses across the jet at the exit 
5 Flow separation in the 30" nozzle 
6 Yawmeter traverses 
7 Hot  wlre traverses 
8 Plex~ble c~lrtains 

I. Cushion or Support pressure measurements 

The distribution of static pressure over the base board, 
representing the undersurface, was measured using flush static 
tappings. 

The cushion pressure is designated to be the constant value 
the pressure reached within the cushion. The extent of the 
constant pressure region varied with nozzle angle and base 
helght, the effect of base height predominating. With Lhe 
limited range of base heights available in the original pressure 
box the condition where the static pressure varied along the 
entire length of the undersurface, was never reached. This 

condition was achieved with the modified pressure box. 
A typical set of results obtained from these early experiments 

is shown in Fig. 4. It came to notice that these cushion pres- 
sures were lower than those measured in other similar rigs 
and so a reason was sought. If we take a closer look at the 
sort of flow pattern one obtains from this particular nozzle 
layout it can be seen that there is a large suction over the 
extension of the base outboard of the nozzle. This is caused 
by the entrainment of air along the jet boundaries. This reduced 
pressure outside the jet curtain gives a lower cushion pressure 
for the same pressure rise across the jet, than would be 
obtained if the pressure outside the jet were atmospheric. These 
conclusio~ls were borne out by the results of later tests. 

It was because of this effect that the extension of the base 
outboard of the nozzle was removed. 

That the jet induces a flow in the cushion can be deduced 
from the decrease in static pressure as the nozzle exit is 
approached. There is presumably a circulation of air within 
the support region. This circulation may be oC tlie form ol' a 
single vortex o r  a series of smaller vortices. This aspect 
will require further study to discover the exact manner of 
circulation. 

Fig~lre I .  Original Test Rig 



2. Pressure Distribution along the ground 
These measure~nents were made to explore lhe flow in the 

jet region. A typical plot of these results is given in Pig. 5. 
It will be seen that there is a stagnation point in each case, 
the position of wl~ich does not vary appreciably with base 
height. There is, however, an outboard movement of Lhe stag- 
ilation point as the no7zle becomes nearer the vertical. Moving 
the end wall of the box towards the jet to reduce the effective 
a~lnulus diameter had some effect on the pressure distribution 
as mentioned previously. 

The presence of a stagnation point implies some inexactitude 
iil theories assuming that all of the flow along the ground in 
the region of the jet is in the outward direction. The accom- 

panying analyses go some way towards a more exact theory. 

3. Oil flow patler~is 
The nature of the flow in the neighbourhood of the jet was 

determined by taking oil flow patterns for the various com- 
binations of 0 and h. Standard oil flow techniques were used. 
'The results were very intcrcsting and can be secn in Figs 6-9. 

During the formation of these flow patterns the flow separa- 
tion from the inside wall of the 1 5 h n c l  30" nozzles was 
clearly visible. Separation also occurred in some cases where 
19 was 45". 

The inflow along the base overhang is also visible. 



h / t  = 2.667 (a) 
h i t  = 2.000 (b) 
l ~ / t  = 1.333 (c) 

Figure 6 .  Flow putlerns 0 = 15" 

11 / t = 2.667 (a) 
I1 It = 2.000 (b) 
h i t  = 1.333 (c) 

Figure 7. Flow patterns 0 = 30" 



h / t  = 2.667 (a) 
h /  t = 2.000 (b) 
h / t  = 1.333 (c) 

Figure 8. Flow patterns 6 = 45" 

4. Total head traverses across the jet at exit 

The energy remaining in the jel was determined by taking 
2/ H.V.ds. across the jet at the end of the box as shown in 
Fig. 10. The integration was made only in the region where 
there was flow out of the box. The static pressure was already 
equal to that of the atmosphere so in effect 2/ H.V.ds becomes 
1/ 4pVT.d~. This was compared with the initial energy content 
of the jet 2/ HoVo.ds. and expressed as a percentage ol the 
initial energy content in Pig. 1 I .  One would expect the energy 
losses to increase as the radius of curvature of the jet decreases, 
i.e. as the height decreases and the nozzle angle becomes nearer 
the vertical. This trend is followed approximately for the 90" 
and 45" angles but the results for the 30" and 15" angles did 
not fit in with this general pattern and indicate less loss of 
energy. This is thought to be a false indication brought about 
by the overhang and further tests are being made with the 
modified rig to check this anomalous result. 

11/t = 2.667(a) 
h / t  = 2.000 (b) 
1111 = 1.333 (c) 

Figure 9. Flow patterns 6 = 90" 



5. Flow separation in the 30" nozzle 
It  seerned likely that separation in the nozzle involved some 

loss in cushion pressure and therefore warranted investigation. 
Measurements were confined to the 30" nozzle which had given 
flow patterns typical of those in which separation had beell 
detected. 

Static pressure distributions along the inside wall of the 
nozzle were measured, a typical set of readings being shown 
in Fig. 12. It  will be seen that there is a region of constant 
pressure (approximately cushion pressure) extending some 
3 in inside the inner wall of the nozzle. This is presumably 
the region of separated flow. 

6 and 7. Yaw~neter and Rot wire measurements 
I n  order to explore the flow in the jet and particularly to 

measure the extent to which air from either side of it was 
entrained, hot wire and yawmeter measurements were made 
at various positions in the jet flow region. T l ~ e  yawmeter served 
to determine both the direction of the flow and the total 
plessure at each point: the hot wire gave the mean velocity. 
The results were plotted lo give an impression of a three- 
dimensional diagram displaying the distribution of total pres- 
sure and velocity over the whole region. Pig. 13 shows a typical 
result. 

The total pressure was measured above atmosphere and 
plotted as a fraction of the initial total pressure in the nozzle. 
Similarly, the jet velocity is plotted as a fraction ol the initial 
jel velocity. 

It  will be seen that the total pressure in the region outside 
the jet and close to the extension of the base board was below 
atmospheric pressule. The static pressure would therefore be 
even lower. Consequently, this extension of the base would 
bc an undesirable feature in a hovercraft and would reduce 
the overall lift. 

8. Flexible Curtains 
Since the losses in the jet could be partly attributed to 

entrainment of the surrounding air it seemed reasonable Lo 
attempt to prevent this mixing by fitting a llexible curtain on 
one or both sides of the jet. The curtains were attached along 
one side only as shown in Fig. 14 and so were free to  find 
their own sllape. On test all such curtains were u~lsuccessful in 
increasing cusliio~l pressure and inclined to flap violently and 
disintegrate. However, this latter defect would not necessalily 
arise in a three-dimensional case. The purpose of lhese floating 
curtains was to prevent mixing and should not be corirused 
with the restrained but flexible skirts which have been success- 
fully used to increase the operating lleight of current hover- 
craCt. 
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L a 0  -- 
Gauze Effects 

These tests were made to try and reduce the extent of the 
flow separation from the nozzle wall. The gauze was placed 
irr a position as show11 in Fig. 15, and proved effective in 
inhibiting separation in the nozzle. Thls can be seen from 
Fig. 16. 

It seemed desirable, however, to investigate other effects it 
had been observed to have upon the flow. 

When the flow patterns were made with the gauze in posi- 
tion, there did not appear to be a stagnation point on the 
ground. Measured pressure distributions along the ground 
seemed to confirm this result (Fig. 17). 

The cause of this phenomena is still a matter lor specula- 
tion. Although the prlmary effect of the gauze is to promote 
more uniform flow by offering most resistance where the velo- 
city is h ~ g h  it has a secondary effect of deflecting the stream. 
Prom the work of Cowdrey & SimmonsGt can be deduced 
that the gauze actually used would have deflected the flow 
outwards through 5" to 10" in the cases investigated. This 
would riot seem sufficient to alter the geometry of the flow 
enough to eliminate the stagnation of the inner-jet streamhne. 

Adding the gauze did not materially change the cushion 
pressure for a given energy input from which it follows that 
reduced losses in the turning process must have offset the 
losses arising from the resistance of the gauze itself. Further 
tests using gauzes of varying blockages could possibly explain 
thls phenomena. 

At this stage a new prewure box was constructed. It was 
designed to suit the existing contraction but to be more 
easily used, and have a larger range of base heights, the 
overhang outboard of the jet exit was removed as previously 
stated. The present rig is shown in Fig. 18. 

Cushion pressures measured using this rig have increased 
and the calibration results are shown in Fig. 19. These measure- 
ments were obtained using a smooth base board. Prom the 
variation of static pressure along the base it can be deduced 
that there is a flow within the cushion. The severity of this 
flow increases as the base height increases as can be seen from 
Fig. 20. Tests are being made at present to see how base 
board roughness affects the flow within the cushion. This is 
being done by attaching strips of wood of triangular cross- 
section to the base board, the degree of roughness being 
varied by alteling the size of the wooden skips. 

Simple momentum analyses of the jet flows were investigated 
and are given in the Appendices. 

The programme of future tests is given below. 

PROL'OSIEB RESEARCH PROGRAMME FOR THE 
JET CIIR'rAIN TEST RIG 

l .  The nozzle angles will be varied as follows: 
30" 45" 60" 90" 

measured as shown in Fig. 21. The value of h / t  will be con- 
tinuously variable between + and 10. The first tests will be 
made to ascertain whether the values of cushion pressure 
measured correlate with the exponential theory and other test 
data. There will be no overhang outboard of the nozzle exit 
whlch remains at a constant thickness of 1.5 in. These tests 
wlll be of the nature of a calibration of the new rig. 
2. Fences will be attached to either side of the nozzle exit 
to study their effect on the entrainment flows. 'These flows will 
be made initially at values of h / t  = 2 and 8 but there is the 
possibility of extending this range if any interesting phenomena 
are found. The size of the fence can be varied as well as the 
shape. t 

3. The contraction angle of the nozzle will be varied lo study 
the effect on separation of jet from the nozzle walls. Initially 
straight walls will be used. 
(N.B.--Since this programme was compiled Burgess of South- 
ampton University has informed me that he has eliminated 
separation with a 10" converging nozzle). Both converging and 
diverging nozzles will be studied. 
4. The nozzle will be extended as shown in Fig. 22 and a 
study made of the flows within the cushion and along the 
edges of the jet. The value of h / t  will initially be 3 with 
h 113 ranging from 0 to 8. 

I 
5. Nozzle extensions with different exit geometries will he 
studied (Fig. 23). The conditions will be similar to section 4, 
but the parameters can be varied easily if this should prove 
to be worthwhile. 

Measurements : 
The base pressure will be measured throughout the cushion 

region both on the undersurlace of the box and on the 
ground board. 

Static and total pressures in the jet will be measured to give 
the distribution oC each across and along the jet. These 
measurements will be of particular importance where the exit 
geometry is altered. 

Flow visualisation will be attempted wherever possible. 

TEIEORE'lTICAL ANALYSIS OF JET CUR'rAXN 

It is now well known that the pressure difference across a 
jet curtain depends upon the inclination of the jet, the ratio 
h / t  and the fraction of the jet mass flow which flows into or 
out of the cushion. 'Phe cushion pressure is also dependent 
upon the amount of air entrained both from outside and in the 
cushion itself. An attempt has been made to build up  a 
theoretical analysis of a two-dimensional jet curtain, taking 
these effects into account, for comparison with experimental 
results. (Appendix I.) 

As a first step the entrainmenl of the air on either side of the 
jet was neglected, but allowance made for varying amounts of 
flow into the cushion region. Such a flow is relevant to the 
stability of hovercraft both as regards verlical movement 
and angular displacement about horizontal axes. Accordingly, 
it has been computed in some detail, with results given later. 
Attempts have also been made to take entrainment into 
account, since the fact that measured cushioll pressures are 
always significantly less than those calculated from potential 
flow must indicate that entrainment is always present. However, 
this problem is complex and no very satisfactory solution has 
been obtained. It  will probably be necessaly to adopt a serni- 
empirical method based on assumptions suggested by experi- 
mental results. 
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The flow model used In the allalysis of the bifurcated jet 
without entrainment is shown in  Fig. 24. For  the special case 
ol 7ero flow into the c~lshion the flow is shown in Fig. 25. 
The same analysis applies. I n  either case it is assumed that 
the air entering has constant total pressure and emerges as a 
parallel stream along A' B'. It 1s further assumed that the 
velocity at points between A and B varles linearly between 
[I, and TI,. These assumplions were suggested by the experi- 
mental results already obtained. The Lhird case investigated is 
shown in F I ~ .  26. In tills there is an outward flow under the 
jet curtain, such as must arlse when a hovercralt is descending, 
or  for part of the periphery, when it is inclined lo the 
honzon. It  is assumed that there is no m~xing between the two 
streams and that both have become parallel and uniform a1 
B'. 'The result of the computation is given in Pig. 27 and the /o 2" M O ~ L L  AM~.YS/J OF 
method CII analysis is outlined in Appendix TI. ~ u r w n a n  F ~ a d  UNDEP %E 2 7  Chn,< 
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APPENDIX I 
The flow model used in this analysis is shown in Fig. 24. 

For the particular case of l~overit~g flight over level ground 
at zero incidence there will be no crossflow within the 
cushion, hence A = 0. This case is shown in Fig. 25. The 
existing test rig is capable oslly of the zero incidence configuua- 
tions but the incidence cases have been computed for com- 
parison. When the base is at incidence the angle O, in the 
analysis, represents the angle the centreline of the nozzle 
makes with the base, plus the angle of incidence, K .  

L wCera 63 i s  no~rnally k c ~ r n c d  the 

noa>te ang 1 e . 
Assme o Lneav %loci t variot iorr 

from U, k o  Uz a l o n g  BA and let 
X b e  the f r o c k i o n  of tke jet 
~ C W ' R C ~  k k o  the C L ~ S ~ ~ O ~ L .  

Momentum entering k k e  control 

It: is also assomed tkQk a=ke 
static pvessuve ac*oss eock secklon 

of jet omcr in &ang the groond 9 9 
is constant, so applginj the 
msvnev~ltum &coyern L (tis- cob~tr/OC 
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SUMMARY 0 STS 

S Ando, J Miyashita and K Terai 
Kawasaki Aircraft Co, Gifu, Japan 

1. WIND TUNNEL TESTS 

1. 1 Models and Apyaratlas 
Tests were done in the low speed wind tunnel o l  Tokyo 

University Aeronautical Institute; the usual wind speed is 
about 40 m/sec, and the diameter of the open throat test sec- 
tion is 2.00 metres. 

'The size of models were one tenth of KAG-3, that is, the 
float length o i  the models is 0.5 metres. For  the ground effect, 
we used-a wooden plate to do experiments as-quickly and 
cheaply as possible. I he boundary layer on the wooden plate 
would cause some inaccuracies, especially whcn thc model was 
very close to the ground plate. Another kind ot error hap- 
pened in the closest case; the ground plale was deflected down- 
ward (about 2-3 mm) by cushion pressure, and it made the 
clearance between model and ground somewhat larger with 
wind than without wind. In  spite of the above inaccuracies, we 
tried to estimate the cruising performance of RAG-3. For  
KAG-3 at cruising condition, the lowest points of the floats 
are under the water surface (h < 0), whereas in the wind 
tunnel test 11 is zero at least. In  order to do b = 0, we used 
soft rubber built in the ground plate just below the model 
floats; we confirmed that slight contact oS the float with the 
soft rubber caused no error. 

Wind tunnel models are shown in Figs I to 9, and in many 
photographs. 
Wing "WA" and "WE" (Fig. 1, photo 7) 

These models were used in the first tests. They have the 
same thickness (11.75%), but "WB" are more cambered than 
"WA". We selected the aspect ralio of 1.2 and 0.8 lo r  both 
sections. Size (or geometry) of thin end-plates "Po" is repre- 
sented by angle y. 

PHOTO. 1. 

& FccE7",, PHOTQ 5. 
WCC q; h/c=57: 

".r -P y d 



Wing "Wc" (Fig. 2, photo 5) 
The first tests showed that the flow on the upper wing sur- 
race could easily be separated OPE with ground effect. Thus 
we chose thin cambered wing section NACA 6409 whose 
aspect ratio is 0.75. 

W ~ n g  "WD" (Photo 1) 
7 his was made by reducing the span oC "Wc" from 300 mm 
to 240mm, thus we obtained the aspect ratio 0.6 and the 
area 0.096 mD. 

Wing "WE" (Fig. 3) 
This wing has chord length of 358 mm and span of 268 mm, 
so that the aspect ratio is equal to that of "W" and the area 
is equal to that of "WD". 

Thin end-plates (Fig. 3, photo 2) 
"Po" is of the simplest type. "PI" is of elevated trailing- 
edge type. "PI? is of float-like type. "P " and "PF" have 

r 
L 

the same height of the trailing edge, in the geometrical 
average. 

Thiclc end-plates (Fig. 4, 5, photo 3) 
"F" is the float similar to that of KAG-3, except the rear 
end is not faired. 
"F ", "F ", "F " and "F " have straight keel 

d-15 do d l5  d30 
line. constant dead rise angle and both ends faired. Their ., 
thickness is the same as "F" (50mm). "F " means 

dl5sp 
"F " with float bottom spoilers (see Fig. 5), and "Fsp" 

dl5 
means "F" with float bottom spoiier (see photo 9). These 
spo~lcrs were intended to reduce suction force on the float 
bottom. 

Tails (Fig. 6, 7, plioto 1, 6) 
"T " and "T " were fitted horizontally nearly within the 

1iU EIL 
main wing span, on the elongated tail-boom. "Tc" is a com- 
bination of a horizontal and separated Vee-tail, and also 
mounted on the elongated tail-boom. "T " is a separaled 

v35, 
Vee-tail type, whose dihedral angle is 35 ; fitted on the 
float directly. "Tr" is a combination of a horizontal tail 
(outside the main wing span) and vertical one. The sections 
oC all tails are NACA 0009 in the free stream direction. 

Cabins (Fig. 8, 9, photo 1) 
"CA" and "CB" arc side-by-side, whereas "C " and "CD" 

C 



are tandem types. "CD" is similar to the cabin of KAG-3, 
except the rear part is not faired. 

Engine (Fig. 9) 
"En is a very simplified substitute of the engine. 

Notes : 
Each model will be represented in a simple manner as fol- 
lows : 
Example 1 : 

"W FT " = A model consisting of main wing WE, float 
E ~ 3 5  

"F" and tail "T ". 
v35 

Example 2:  
KAG-3 =: W F'C 'ET 

E D ~ 3 5  
primes on F and CD mean the additional fairings. 

1. 2 Aerodynamic Performances 

1. 2.1 Effect of end-plates 

Fig. 10 shows the remarkable effect of the end-plates, 
which was also observed for aspect ratio 1.2 Model 
"WAPO"). We concluded that a GEW should have the end 
plates if the aspect ratio is small. 

1. 2. 2 Effect of airfoil section 

Fig. 11 shows that the rnodel "WAP~" has lower L/D 
than that of "W P ". We often observed that ground effect 

B 0 
was apt to separate off the flow over the wing upper surface. 
Thus we have thought a thin cambered wing would be 
promising as a GEW. 

1. 2. 3 Effect of geometry of thin end plates 

At first we consider the simple type "WPo", where sizc 
of thc end-plate is represented by angle y. Fig. 12 shows the 
smallcst (y = 5")  end-plate gives the largest lift drag ratio 
and sllghtly smaller lift. For largcr end-plates, flow was 
separated off the wing upper surfaces and caused serious 
increasc in drag. Fig. 13 shows similar trends for the thin 
cambered wlng NACA 6409; namely y -- 4" gives the 
largest L/D and the smallest lift. 

Second, we compare "W P " with "W PI" and "W P ", 
F 0 H E T; 

all of which have the same incidence of wing a = 6 " .  
w 

Selection of a = 6" is related to many lactors, such as 
W 

larger lift coefficient 
larger lilt-drag ratio 

and higher leading edge from the ground surface (lo ple- 
vent wave crests striking the wing leading edge). Trailing 
edge height of the model "W P " is 25.5 mm, which was 

E F 
selected assuming that the vehicle should fly over a wave 
height of 5% float length, and that the trailing edge should 
not make contact with the waves. Trailing edge height of the 
model "W P " is 19.5 mm, which is equal to the mean height 

E 1 
of the model "W P ". Fig. 14 shows the negligible differ- 

0 r. 
ences between "W P " and "W P ". The model "W P " 

E 0 E 1 b F 
has a larger (about 10%) drag than "W P " and "W P ". 

E 0 E 1 

1.2.4 Effect of geometry of thick end plates 

Fig. 15 shows the liCt difference between "W F" and 
0 

"W P ". The "W F" has somewhat lower lift than the 
E F E 

"W P " at small h/c ,  but higher at large h/c. This is due 
E F 

to suction force between the float bottom and the ground. 
Fig. 16 shows the effect of float dead-rise angle; the niodel 
"W F " has largest lift and the models "W F " and 

E d-15 E d l5  
"W F " have smallest lift. This is also due to the above 

E d30 
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suction force. The models "W F ", "W F " "W F " 
E d30 E d15' E do 

and "'W P " have smaller drag than model "W F'; this 
E d-15 E 

may be owing to more refined geometry of the formers. 
Fig. 17 and 18 show a typical check oC linearity on the 
diagrams C vs C 2, similar results being obtained for the 

D L 
other models. (We selected the pivot axis at 45% chord 
station to change the angle of attack, for all of the models.) 
The models with thin end-plate show nearly linear charac- 
teristics, whereas models with thick end-plate show some- 
what non-linear charactelistics. Thus we may conclude that 
the conventional induced drag formula C cc C: is valid 

~i L 
for GEW, only if sorue particular forces (such as suction 
force on the float bottom surfaces) do not exist. In order to 
estimate the ground effect we calculate "eEective aspect 
ratio" defined by 

at angle of attack. 0"; see Pig. 19. Models "W P " and - 
E F 

"W F " have effective aspect ratio of seven approximately 
e 0 

/ 

CRUISING CONDITION 

FIG.17 CURVES OF GVS.C: FOR MODEL K P v  

FIG 16 EFFECT OF FLOAT DEAD R15E ANGLE ON c,VSC,  FIG.1 8. CURVES C,Vs C ~ F O R  MODEL W,F- - 



FIG I9 EFFECTIVE ASPECT R A T I O  OF V A R I I U S  MODELS VIC/hh - 
and Models "W F " and "W F" have five approximately, 

E d l 5  E 
whereas model "W F " has fifteen, in the limit of 

E d-15 
h tends to 0. 'These large differences, of course, result frorn 
the pressure on the float bottom surfaces. 

1. 2. 6 Effects of canopy, engine and tails 

Fig. 20 shows changes in lift and drag when the model 
becomes more and more complete from "W P " Lo 

E, g 
"W F C E". The model "W F" becomes worse in both 

E Sp D E 
lift and drag, though the model "W :F " recovers some 

E SP 
parts of these losses. The canopy and engine increase drag, 
and canopy "C ", side-by-side type in particular causes pre- 

h 
dominant drag. 

Fig. 21 shows the contribution of the tails to C and C 
I< D 

(C and C are defined on the area of main wing). 
Lt DL 

FIG.20 CBTRAVEL DUE TO CHANGE IN  CONFIGURATION 

A C9c 

FIG. 21. EFFECT OF VARIOUS TAILS ON CLVsCD 

" /// LOCAL SLOPE CORRESPONDS Wl T H  
VALUE O F  AERODYNAMIC CENTRE 

A:- = O . 3 6 7 C  

,LOCAL SLOPE CORRESPONDS WITH 
V A U E  OF AERODYNAMIC CENTRE 

roe = O ~ S C  

- (.,. $1 MEANS hlc.  IS THE HEIGHT OF 

THE END PLATE LOWER EDGE FROM THE GROUND, 

WHEN a'-0 

FIG 2 2  EFFECTS OF WEIGHT AND INCIDENCE O N  C,yL,- 



FIG. 23.  EFFECTS O F  THE GROUND HEIGHT --. 
f iND ANGLE OF ATTACK ON (&$& 

F O R  MODEL  WEF 

The tail T and T give some favourable efrect, 
v35 v7.5 

especially in h / c  of 2-5%, whereas tail ?l' gives unfavour- 
r 

able efrect. These facts may depend on the flow field pro- 
duced by the maln wing; as stated later, we observed trailing 
vortices outside the floats which gave compl~cated effects on 
the tall load. 

1. 3 Aerodynamic Stabilities 

1 .  3. 1 Pitching stability 

(1) P ~ t c h ~ n g  momeilt for "W P " and "W F" 
E 0 C 

F ~ g s  22 and 23 show C vs C Cor the models "W P " 
m L E 0 

and "W F" respecilvely 
t 

We define the centre o l  pressure: XcplC = 0 45 - Cf?z45/C~ 
We define the aerodynamic c e n t ~ e :  Xuc/C=0 45- 2C11145 

a c L  
where X means the distance aft from the leading edge o l  the 
main wing 

( 2 )  Centre oC 11rt (X ) for  tallless models 
CP 

We find lrom Fig 22 that X of "W P " sh~fts  rear- 
ac E 0 

ward wrth ground effect, whereas X sh~ l t s  folward Fig 24 
CP 

shows the X sv CIh There are llegligible d~fferences In 
cn 

x for  "W Y'", "W P " and "W P ", whereas "W F" has 
cP C 0 C I- F 1 E 

muell mole forward X . (The model "W F C  En has the 
cP E 17 

FIG 24 EFFECT O F  THE' CONFIGURATION O N  

C E N T R E  OF PRESSURE LOCATION -2kd6'2' 

most Corward X . This is nonsense, because the direction of 
cP 

drag force due to canopy and engine is normal to that of the 
lift force.) 
(3) Aerodynamic centre (X ) for tailless models 

ac 
Fig. 25 shows the X vsCIh. The  thickness of the floats 

ac 
makes X shift forward and more unstable in pitch; it 

ac 
results from the suctlou force on the float bottom surface. 
(4) Destabilizing eflect of float thickness and stabilizing 
efrect of the float bottom spo~lers. 

We measured the pressure distribution on the ground sur- 
face iust under the float bottom. For  "W li" there exists 

E 
considerable negative pressure, which moreover changes with 
angle of attack in a manner destabilizing the pitch mode. 011 

the other hand, for "W li ", we observed just the oppo- 
r d-15 

slte F I ~  26 shows considerable destab~lizing ellect due to 
the float thickness, espec~ally in small h / c  (%) Fig 27 
shows stablllzing cfTect due to the Hoat bottom spoilers. 
(5) Efrect of canopy and englne 

We find that canopy and engine give some nose-up pitch- 
ing moment, but negl~glble destabillz~rig eflect. 

( 6 )  Stabilizing efEect of various tails and its irregularities 
due to ground proximity 
Flg. 28 gives C vs a for model "W P'T ". Ground 

m4 5 r; v35 
effect increases instabil~ty, despite the forward shlCt of X 

ac 
This fact results lrom remarkable increases of ;)CL 

aa 
w ~ t h  ground proxim~ty In vlew of the results shown in Flg. 
28, we dec~ded to s h ~ f t  CG lorward l ~ o m  4576 /, to 40% C. 
71ie11 simple calculat~on leads us to Fig 29 Although the 
model 1s still unstable in pltch, we dec~ded to take a risk 
and make RAG-3 s ~ m ~ l a r  to the model "W F C ET " 

t Sp D ~ 3 5  



FIG 25. EFFECT O L T f - I E  CONFIGURATION ON 

AERODYNAMIC CENTRE LOCATION -2'G o( < + z O  

with CG at 40% chord station. We did not have enough 
time to solve the stability problem completely through 
further model tests. 

Now we will describe contributions of the tails to the pitch 
stability. See Fig. 30 lor the tails T . Effectiveness of the 

v35 
tail is excellen1 for a'< -2", but some sudden decreases 
in eflectiveness occur as a increases; a = - 2", - 0.5", -1 3" 
and 4- 4" for h /C  = 0, 2, 5 and 10% respectively. These 
strange changes embarassed us seriously in designing RAG-3 
and we made great efforts to find the physical meanings, as 
stated later. In order lo improve the tail efrectiveness, several 
kinds of tails were tested, the results oC which are sum- 
madsed in Fig. 3 1 .  

Contribution of a tail to the pitching moment coeficie~it 
is, theoretically : l 

where 

qL = Dynamic pressure around the tail. 
L 

1 = Tail length. 
t 

r = Dihedral angle. 
S " Expanded area of the tail. 
t 

F I G  2 8  - _ r i IH lvG MOMENT C O E F F I C ! C N T  OF i H E  MODEL W E ~  Ti,, 



C * = Lift coefficient o f  the tail, measured in the 
~t direction perpendicular to the chord plane o f  

each tail panel. 
a " = Angle o f  attack o f  the tail, measured in the 

t plane perpendrcular to the chord plane o f  
each tail panel, deg. 

E = Downwash angle, deg. 
a = Angle o f  attack 0 1  the vehicle. 

Therefore 

means tail effectiveness per unit tail volume. (See Fig. 31) 
The tails "T ", "T " and "'T " lie in the upwash field 

cv v35 r 

produced by the main wing 
ae ( 0 )  whereas the 

tails "T a d  'I' '' are in the downwash field ($ >0) 
I IU HL 

So the former are more effective than the latter in a > 0. 
But "T " shows seriously irregular characteristics for 

cv 
a 12 0, and "T " shows also some irregularity for a 2 0. 

v35 
W e  suppose that tail "T " may be the most suitable choice, 

r 

although it is not adopted in I<AG-3. Pig. 37 shows the 
static pressure measured on the tail-surfaces '"r ". W e  

v35 
observed sudden pressure decreases on the lower surface 
near the root, as a increased. It is noteworthy that the pres- 
sure on the upper surface changed much more linearly than 
that o f  the lower surface, as a increased. Therefore we can 
express this situation, that the lower surface is sucked down 
by something-- trailing vortex produced by the main wing 
as stated later. 

1. 3. 2 Side slip test 
Pig. 33 shows the results of qide slip test. When ,O in- 

\?I 
creases C L  increases slightly, C D (drag in the wind direc- 
tion) increases remarkably and C (side force) and C (rol- 

Y 1 
ling moment) increase linearly to considerable amounts. 

'The yaw mode is negligibly unstable and shows 
3 P 

positive dihedral eRCect. The influence o f  side slip on the 
pitching moment is negligibly small. 

All o f  the data in Pig. 38 are related to a = 0. Force 
data C , C and C changed nearly regularly, with a ,  but 

L D V 
moment data C , C and C changed in a complicated 

m45 1 n 
manner. This may be due to the complicated flow field near 
the tail surfaces. 

1. 3. 3 Bank Test 
Fig. 34 shows the results or bank test. C and C decrease 

L 0 

a little while acl 
shows the vehicle is stable in 

roll, only iF the bank angle is small (less than 5"). 

1. 4 Flow-visualization tests 

3Cmcc, It is, o f  course, best to design so that - is some 

negative value even in the possible deviations from the 
cruising conditions (a= 0, h -;- 0, p = 0, . . .). As shown 
in Fig. 34,  however, we could not make the best design un- 
less we used an extremely large tail-area or tail-length. It 
was thought that we should use as small tail-area or tail- 
length as possible, in view o f  reduction o f  structural weight. 

The first device is to use "F " instead o f  "P" ("sp" 
cn 
"P  

means a longitudinal fin fitted on the float bottom after the 

step, see photo 4);  it really improved a for small h. 
3 a 

The second device is to use the Vee-tail outside oC the float; 
these Vee-tail seer11 to lie in an upwash field produced by the 
main wing. Our forecast was valid for a < 0, but there were 
sudden reductions oC Lhe tail eflectiveness as a increases into 
the positive range; it was sllrely beycnd our forecast. 

n DEG. 

IG 2 9 .  PITCHING MOMENT COEFFICIENT OF 3 i . E  COMPLETE MODEL WITHWEZ- 

AT 40% CHORD STATION 
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.O\\tR SrJRFACE 

INTO FIVE EQUAL PARTS ' 9  

-VlG 32 PRESSURE DISTRIBUTION ON THE TAIL  S U R F A C E S  

-!ODELL..eF.Tv~~- 

o( = 0 Wu : S E C T I O N  N A C A  6 4 0 0  
C H O R D  4 0 0  m.m. 

4 = 0 6 0  

FIG 3 3  SIDE TEST O N  MODEL WVF - C R E  T V , ~  

F I G  3 4 .  B A N K  T E S T S  ON THE M-ODEL WbF CfiE TV3=- 

0 3- 
PORPOIS ING 

0- -0 c t ?.,D " P  %,<?, 

NEGLIGELE O ?  
FORPOI5 lNG 

0.1.- , / -.* rono,., r r * - c i R  c 
iianr i i s r  a-3 

1 
1 

, > , c , , ,  # ~ o n T $  ,.?a 

' " " S , " % O  7." ,.""" ,, 
I I " " d l i L  ..."7, 

L 
0 2 0  

V L *  L--- 
FROuOE NO V r / r  

1 0  2 0  
i n A U %  N o  <zm FRoUDr NO v,,n 

i l  OAT ALONE ' 6 '  2 , ? ~ 0 0 , , n  MODEL WDFL,T.,~ Pi .iOOlr FLOAT ALONE ( ? ~ ~ o ; ~ ~  
(DYNAMICALLY 
SlUULhTEO) 

W .LOO I-. 
(STATICALLY SIMULATED) ~G':!zp S~~$, : :~~~Ds  ,v,,H 

'Yl' - 0 0 2 3 5  
Y- b, I: .% - 0 0 2 4  

nS7.cnono s r a T O N  

D YCLUDES aERODYNnlrilC Dyz>!~&ES A E ~ O D ~ N A M I C  D ~ l S  HYCRODYNAMIC ORAG ONLY 
DRAG D M 6  

9 - Dn * 0." 

F t G  35 COMP4R150N OF THE TEST RESULTS OF FLOAT MODELS -- .- -.... . .. - 

NOTE .. - 
!.=TWO OIMENSIONAL WING SECTION 

0 5 
c; -TANDEM CABIN WITH REAR FAIRING 

REAR FAIRING 

FIG 36 C O M P I R S O N  OF PERFORMANCE BETWEEN THE WIND TUNNEL MODELS , --- 
A N D  K A G  - 3  



Pressure measured on both upper and lower tail surfaces 
made this phenomenon partly clear; the lower tail surface 
near the root seems to be suddenly sucked down, as a in- 
creases (see Fig. 32). The tuit test visualized this phenome- 
non to some extent; we can find a strong downwash field 
concentrated only near the tail root (see photo 6). The 
next step was to elucidate the whole flow patter11 near the 
tail by using smoke. First, for the model "W P ", we found 

B 0 
clear circulating flow field just outside the end-plate. (See 
photo 7), And second, for the model "W F" we found less 

D 
clear clrculaling flow field outside the float. Thus, we may con- 

clude that : 
GEW with end-plate (or side-floats) causes "outwash 
flow" passing through lowest edge of the end-plate; the 
outwash induces downwash along the end-plate, so circu- 
lating flow field is established just outside the end-plate. 
Although we observed the flow field qualitatively only, 
we suppose the circulating flow field is fairly locali~ed 
like a separation vortex. Then it is very natural that the 
static pressure decreases remarkably in the circulating 
flow, or on a surface immersed in the circulating Bow. 

1 .S Concluding Remarks 011 GEW Aerodynamics 
Our preceding wind tunilels tests, although they are 

somewhat preliminary, taught us many fresh phenomena, 
which are summarized below : 
(I) End-plales are very effective in order to get high lift- 

drag ratio at high lift coefficienl, at least for the low 
aspect ratio GEW. 

(2) Suitable airfoil sections for GEW application may be 
thin cambered one, which resists the flow separation 
over the wing upper surface. 

(3) The geometry of the thin end-plates are, to some 
extent, insensible to aerodynaniic performance and 
stabilities. For instances height of the wing trailing 
edge, forward extension of the end-plates hardly affect 
on the aerodynamics, when the gap between the ground 
surface and the end-plate lowest edges remains con- 
stant. We also confirmed the conventional induced drag 
theorem "C is indeperrdent of a "  for GEW with thin 

~i /CL2 
end-plates, at least when the angle of attack is changed 
about the axis at nearly m~d-chord. 

(4) The geometry of the thick end-plates has remarkable 
influences on the GEW aerodynamics. When the bot- 
tom surface of the thick end-plates has "positive" dead- 
rise angle (which serves 3s a "diverging nozzle" for the 
out-flow), some serious negative pressure is generated 
and both lift and stability are considerably lost. We 
also found that the induced drag theorem C K C 2 

~i L 
is not valid lor GEW with thick end-plates. 

(5) Some bulky bodies, such as cabin, on the wing upper 
surrace may cause a serious drag increment, because 
of the accelerated flow there. 

(6) 'There exists a strong circulating flow, outside of each 
end-plate, somewhat similar to the separation vortex at 
the sharp leading edge oC a delta-wing. Therefore, we 
must take special care in designing tail-stabilizers ex- 
tending outside or the main wing span. 

(7) For aspect ratio of the main wing: 
'Though our wind tunnel tests of GEW are limited 
within the low aspect ratio from 1.2 to 0.6, we found 
that the higher aspect ratio wings have better LID. But 
we think we should not select the wing aspect-ratio in the 
aerodynamic viewpoint only. For instance, a vehicle 
should have a sufficient handling quality when passing 
through the entrance of existing harbours, or when 
moving in a harbour. These are especially important 
for the short range transportation, which usually con- 
neck somewhat small harbours. Dipping of the end- 
plate into a wave will result in serious situations, when 
the wing span is large; the vehicle might be tossed 
about and some structures might be damaged. The 
low-aspect-ratio GEW can avoid the above difficulties, 

and moreover may have some additional merits. The 
end-plates can serve as side-floats, which support the 
whole vehicle weight in the power-off condition, and 
which may trim the vehicle attitude through hydro- 
dynamic lift on the float bottom, and they may also 
house some useCul loads. It  is worthwhile to note that 
some sort of air cushion concept will be more easily 
applicable to a low-aspect-ratio GEW than to large 
aspect ratio GEW if it is necessary to improve take-off 
performance. ' 

Thus in my opinion, practical use of GEW will start with 
low-aspect ratio, nearly one, whose overall LID must be at  
least superior to that of both hydroCoil and Hovercraft. 

2. TClWING TANK TEST OF MAG-3 MOllGIS 

2.1 Design Philosophy of the Floats 
Thc first point is the decision to adopt the side-float type 

of vehicle. The reason for this may be explained as follows: 
( I )  The side-floats serve to trim the vehicle attitude, especi- 

ally in the roll mode, Lhroughout the speed range. 
(2) For the central-float type, the lower surface of the main 

wing will he washed with water spray caused by the 
central-float. This may bring some difficulties, such as 
increase of water friction drag and some structural 
considerations with regard to the wing lower surface. 

The second point is width of the floats. It is natural that 
the width of the floats should be as small as possible, in 
order to minimize the normal wave impacts at high speeds. 
On the other hand, the hump drag at low speed becomes 
smaller with wider float beam. For the experimental vehicle 
KAG-3 only, we decided to reduce the hump drag rather 
than the wave impacts. So we used the following criterion 
on flying boat hull : 

(non-dimensional) 
Where W is  the load carried by the float at rest, y is the 

W 
specific weight of the water, b is the float beam and 1 is 

f f 
the float length. 

The third point is selection of the dead-rise. We avoided 
choosing one that would cause the water spray to contact 
the wing lower surface (e.g. "negative dead-rise"), even 
though the aerodynamic advantages would be great (see 
Fig. 19). Thus we adopted a pair of floats each of which is 
a hall-body shape and has "positive dead-rise". 

Geometry ol' Lhe fioat tested is shown in Pig. 4. 

2.2 Test results 
We conducted the towing tank tests twice, bolll of which 

were just prelimiua~y. The speed oblained was at most 

6 m/sec, corresponding to Lhe Froude number "1 2/ gl-- of 
1' 

1.8 even with one-tenth scale models. Wut we could find the 
v 

hump drag, which happened a:/\/ g j  = 1.4. At /di~ 
C F 

=1.7 or higher, most tests were prevented by porpoising 
motion, because we had not enough time to make dynamic- 
ally similar models and apparatus for the towing tank tesls. 
In view of the preliminary characteristics the most essential 
parts ol' Lhe test will be quoted below. 

Fig. 35 (b) and (c) shows the test results of the models 
"W FC T " and floats alone respectively; in the former, 

D C v35 
the hump drag/weight is about 0.22 and in the latter about 
0.3. There exists a large difference. Fig. 35 (a) shows the 
Lest results which were obtained with one-fifth scale models 
(floats alone) pulled by a motor boat on a lake. Were the 
hump draglweight is about 0.25. 



We, thus, could not forecast the hydrodynamic performance 
v 1 

through the models a1 ' /.\/ gl = 1.8. But fortunately many 
f 

previous tests lor flying boat hulls showed that the drag- 
weight ratio hardly changes in the speed range from 1 x V 
hump to 2 x V hump, il  there is no porpoising motion. 

3. COMPAIilSON BETWEEN MODEL TESTS AND KAG-3 
Measured drags"[ KAG-3 were 74, 63 arid 55 kg at 

the air speed of 80, 90 and 105 km/hr  respectively. We 
assumed roughly that the overall drag of the vehicle is 
written as : 

and that hydrodynamic drag-lift ratio (D/L)w aerodynamic 
drag-lift ratio (D/L)a and aerodynamic lift coefficient CL are 
three unknown constants. Then we have 

CI, = 1.24 j for one crewman and 
(L/D)a = 11.48 } 80 < Va < 105 Km/hr (*) 
/L/D)w = 5.66 J 

These values are much superior to those of the model tests. 
Aerodynamic refinements, such as the cabin fairing and 
float rear fairing, should naturally reduce aerodynamic drag 
and (D/I,)a, but the reasons of higher CL and higher (L/D)w 
are still not clear. 
Nole: The above values (*) were obtained without float 

bottom spoilers, because some overwater trials with 
float bottom spoilers caused severe porpoising motion 
and moreover resulted in lower maximum speed. 
Therefore, most o l  the overwater trials oC KAG-3 
were conducted without float bottom spoilers. 

It  is my present conjecture that water spray produced by 
the floats may considerably prevent the cushion air out- 
flowing, and reduce the aerodynamic suction lorce on the 
float bottoms to a negligibly small value. The higher value 
of (L/D)w may be due to [he lower pitch angle than that 
of the lowing tank tests. The reason lor the lowel p~tch 
angle oC KAG-3 is still not clear. 

Fig. 36 shows a rough comparison of aerodynamic per- 
formance between KAG-3 and wind tunnel models. We 
assumed that the effective aspect ratio of "W F" overwater 

E 
was approximately 7.5, then we obtained C = 0.05 for 

ni -< * 

C = 1. The assumption AR = 7.5 seems not to be vision- 
L eR 

ary, when we come hack to Fig. 19 and take account of the 
recovery of suction loss on the float bottom. 

The same value of C can be oblained assuming that 
~i 

AR = 5.0 for "W P" from Fig. 19 and C = 0.9, and 
e ff E L 

that the additional lilt A C = 0.2 is obtained without addi- 
L 

lional induced drag, owing to the favourable efTect oC water 
spray. 

111 a larger vehicle we can conceal the canopy and engine 
in the wing, floats or other streamlined bodies, and then we 
may obtain the performance marked with 6 

4. CONCLUSIONS 
Wind tunnel tests and towing tank tests oC TCAG-3, experi- 

mental vehicle of simple ram wing, are summarized. 
Although they are somewhal preliminary, they taught us 
many fresh phenomena which have hardly been met in con- 
ventional aeroplane tests. 

Concluding remarks on GEW aerodynamics were pre- 
sented in Section 1.5. Design philosophy of the floats was 
concisely described in Section 2.1. Comparison between 
model tests and KAG-3 was given in Section 3. For larger 
vehicles we may obtain lift coefficient ol ~learly 1.20, lifl- 
drag ratio or nearly 16, even if a main wing of a low aspect 
ratio, about 0.75, is used. 
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SYMBOLS 
C = Chord length of main wing. 
h = .Height of lowest edge of end-plate, from the 

ground surface, when a = 0, see Figs 3, 4. 
a = Angle of attack of "models", degree. See 
a Figs 1, 2, 4. W = Angle of attack of main wing, degree. See 

Figs 1, 2,. 
= End-plate angle, degree. See Figs 1, 2. 

a w = y means a = 0. 
AR = Aspect ratio of main wing. 
C = Drag coefficient, D /  coq S. 

D 
D = Drag force, in the direction of rnodel centre- 

line. 
qco = Free-stream dynamic pressure. 
S = Area or main wing. 
C = l i f t  coefficient, L /  qc0 S. 

L 
C = Pitching moment coefficient about 45% chord 

m45 point of main wing, M / (qW SC). 
A'; ,., 

X = Location of centre of pressure, where C = 0. 
C.P m 

X = Z,ocation of aerodynamic centre, where 
a.c 2 C  / b C  = O .  

m L 
C = Pressure coefficient, ( p - p m ) / y ~  

l p  = Tail-length, distance from CG lo aerodyllamic 
t centre of tail. 

S = Effective area or the horizontal tail (expanded 
Heff area) x [cos (dihedral angle)]2. 

C = Rolling moment coefficient (rolling 
1 moment) / qco Sb. 

C -. Yaw~ng moment coell'icient (yawing 
n moment) / qco Sb. 

b = Span or main wing. 
P = Angle or yaw, degree. 

5 = 
Angle of bank, degree. 

= Width or float. See Fig. 4. 
f 

I = Length oT float. See Fig. 4. 
F 
L 

"W P " = See Fig. I. 

"WAPO" = See Fig. 1, photo 7. 

"wBPO" = See Fig. 2, photo 5.  

" W C p "  = See Pig. 3, photo 2. 
E 0 

"W Pi" = See Fig. 3. 
e 

"W P " = See Fig. 3. 
E F 

"W F" = See Fig. 4. 

''WF S, "WF ", "WF 31 ,  UWF W, <<WF 9 ,  

d-15 do d l 5  dl 5sp d30 
= See Fig. 5. vhoto 3. 

C FIU FIL 
= See Fig. 6. 

"T " - - See Fig. 7, pl~oto 1. 
v35 

" 1 ,, 1 = See Fig. 7. 
r 

" C , I ?  , "C " = See Fig. 8. 
A B '< \ I, C =: See Fig. 8, photo I. 

"CC" = See Fig. 9. 
D 

"E" - -- See Pig. 9, photo 1. 



ey power for Air Cushion Vehic 
Bristol Xiddeloy Gnome gas turbines 
have been chosen for the new TTrestland 
SRN 3 Hovercraft, which will shortly 
be handed over to  the Interservices 
Trials U n ~ t  for ovaluation. 

This means that  Bristol Siddeley 
englnes have now been spec~ficd for 
seven types of alr cush~on voh~cles, the 
TVostlarld SRN 1 (Mlts 3 and 4) ,  the 
SRN 2, tho SlZN 3, tho SItN 5 and the 

Vickers VA-1 and VA-3. Those appli- 
cations have given 13ristol S~ddeley 
unrivalled experionco in the use of gas 
turbrnes for tlris typ? of vrh~clo. 

With over 30 years' expcrrence in the 
production of gas turbmes, and now 
mannfactnring tho wldest range rn tho 
world, Br~stol Sidcloley are well equip- 
ped to m e ~ t  the power requirements of 
thrs now form of transport. 

For f ~ ~ r t h e r  mformation, ploaso write 
to: 'l'he Sales Manager, Powor Ilivlsion, 
Brlstol Srdtieloy Engines L~rnited, PO 
Box 17, Coventry, England. 
Lacensees f o r  SocaetB l 'urborneca SA. 

 lie ~i'estland S K N  2 vowwed 0.V four Nimbus anuines. l rhe  Westland SRN 1 uses a Viper gas turbine. The  TI'~.stlancl SIliV 5 uses a Gnonze engine. 



Steadying wings that skim through turbulent water 
Four of the six major U. S. hydrofoil projects now 

under way are using stabilizing equipment designed and 
manufactured by Hamilton Standard. They are the U. S. 
Navy's PCH (Patrol Craft, Hydrofoil), the Maritime Com- 
mission's Denison, the Marine Corps' 35-knot Amphibi- 
ous Assault Hydrofoil, and also the 300-ton, 220-foot 
AG(EH) now being built for the U. S. Navy. 

Hamilton Standard's capabilities in the hydrofoil field 
are backed by years of success in designing stabilization 
equipment for helicopters. If the stabilization of hydro. 
foil "wings" is your problem, write the United Aircraft 
knternational representative listed below. . ' 

Sole overscas rcpiesentat~ve for Pratt & Whitney Aircraft . Hamliton Standard . Sikorsky A~rcraft . Norden . United Technology 
Centre . United F\lt'ci'afl of Canacia Lim~ted RCPRESENTATIVE TOR HAMILTON STANDARD PRODUCTS IN  ENGLAND UNITED AIRCRAfT 
INTERNATIONAL, SAIIL, 39 AVENUE PIERRE Ie r  a c  SERUIE, PARIS 8", FRANCE 
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