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STMMARY

This study examines the control and guidance of light air-
cushion vehicles, primarily below a weight of S000 1b (2270 kgl. The
relatively small amount of data produced om the subject, since the
operation of the first ACV, has been reviewed and presented in this
study where appropriate. The nature of the contrel problem and the
primary forces affecting directional contrel are discussed and illustrated,
in particular, the tuwrning and braking of ACVs. Very little measurement
of control and handling behaviour of small ACVs has been carried out, =o
mich of the data for this study has been drawn from tests on larger craft
but is equally applicable in non-dimensional terms to smaller craft. A
detailed review has been made of existing cemtrol metheds applicable to
light ACVe amd data on these i= presented.

Control standarde were considered at some length but it was
found difficult to advance this idea without first setting up Metandard
environmental conditions" for control assessment. A proposed set of
such standard conditions is given in this study and tentative ideas are
put forward for the type of control standards that might eventually be
considered.

As a practical example of the development of a controcl system
to meet the special needs of the ACV, a discussien is given on the Jones,
Kirwan, Canive Industries range of ecraft in which specific attention has
been given to control.

A nusber of new ideas for control devices and improvements are
-included in the report and recommendations are made for Turther work aimed

at improving the controllability and safety of air-cushion vehicles.
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1.0 INTRGICTION

This study was coemissioned by the National Research Coancil
of Canada -nd the contract awarded Lo Jerman and Milne in assnciation
witk Robert Trillo Limited. An additional contract was awarded to
Jones, Kirwan and Aasocciates on the merits and drawbocks of various
systems teated in their research vehicles and this work has been
incerperated sa Sectionm 13 of this report.
The subject of control and guidance of air-cushion vehricles
(acvs) ia relatively unexplored in the literature whirh has been
produced since 1959, With the emall smphibious ACVE with which this
study is concerned, (ecraft not exceeding 5000 1b (2270 kg)} grosc weight),
very lit'le techmology hag been applied to the decign of thelr contrals.
This stuly has been undertaken with the object of reviswing data currently
anvailable from Canada, America and Europe; working towards the determination
f control standsrds; identifying the forces required and neans for
generating these forces; outlining the ergonomics of the control =situstion
and illwstrating, where poagible, the practical solutions to Lhe
porticularly and uniquely difficult control problem of air-cushien wvehicles.
The unique aspect of ACV control is that the craft must be
gteered in relation to surface routen and features but munt seemingly
derive its steering foreces Irom the ambient airflow, whether these be

powered-thrusting foreea or free-stream derived aerodynamic forces.



Hence the ACV is extremely sensitive to wind speed and direction when
trying to pursue a particular sarface track. To obtain rather more
positive steering forces, having some independence of prevailing wind
conditions,; sugegests making contact with the surface over which the
eraft is operating., This is an area which has been rather neglected
to date with only a very few instances of relatively crude systems
having been tried, The nature of the control problem ie discuesed
in this report, together with the basic aerodynamic characteristics
of ACV-shaped bodies. WVarious control devices which have already been
used on ACVe have then been reviewed and, where poseible, data of
control forces achievable has been presented. Turning and braking
performance of current ACVs shows that congiderable distances are
required; particularly over ice, and illustrates well the need for
improved control devices. It would be convenient if such devices
could be designed against a set of control standards and this possi-
bility has been looked at during the course of the work on which this
atudy is based., It has become clear, however, that before actual
control standards can be set up, environmental comditions miat be
defined. A proposed set of stondard conditions for control assess-
ment is put forward for consideration in this etudy, combining what
appesr to be primary surface conditions (e.g. horizontal or sloping
land, shallow water, deep water, waves) with wind conditions amd
gtraight and turping craft motion. Assuming agreement can be reached

on these standard conditions or something similar, then the behaviouor



of ocraft againat such conditions may be examined and a picture built up
of+potiafactory and unsatisfactory ereas of control. From that point
on the requirements for controls can be sharpened and, hopefully, the
gafety of craft improved.

At the time of writing several basic control needs for ACVs
have been recognised in general terms. The allocation of power for
control, in one form or another, is essentinl. Control power must not
deprive the thrust or cushion aysteme except when to do so is the
deliberate intention. In braking conditions, directional control must
be fully maintained. In downwind conditions when wind speed iE equal
to ground speed, directional control must be fully maintained. These
requirements may seem to be obviocus but they are difficult to achieve
and have not been achieved on many ACVe, especially the smaller ones.
The work by Canive Tndustriss Ltd. in Canada on solutions to the control
problem {in association with Jones, Kirwam) (Section 13), is of considerable
interest because it highlights the difficulties in providing a control
aolution for the small ACV.

Sugrestions for new control devices or developments of
existing devices are given In this study and recommendations are made
for further work aimed at improving the control and guidance of light
ACVs.

Where systems and dewices hawve been described in this report,

it ghould be noted that these may be pubject to potent righta.



2.0 DEFINITION OF SYMBOLS

Symbol

Definition

Aerodynamic drag coefficient

Hydrodynamic drag coefficient

(based on fromtal area)

Lift coefficient

Maximum 1ift coefficient

Aerodynamic yawing moment coefficient
2N

S —
2, b
o 8,

Side Torce coefficient

Merodynamic zide foree coafficient

EE—FA

= - g
Fﬂ vﬁ Ep

Hydrodynamic side force
coeffigient
&F..

— h -
- 2
ol Vg T8,

Fropeller diameber

fderodynamic drag
Hydrodynamic drag

Fropeller advance ratio
L)

D

Aerodynamic yawing moment

Bevelutions per minute

Propeller normal force

inits

dimenaionless

dimensionless

dimsnsionless

dimenglonless

dimensionless

dimensionless

dimensionless

dimensionless

ft, m

1b, kg
1by kg

dimensionless

1b.ft., kg.m.

revs,/min.

1b, kg.



Symbal

F

Definition

Reaul tant of percdymamis eside
force and drag

Resultant of ‘Rn and RH

Resultant of hydrodynamic side
force and drag

Component of HAH normal to track
Component of RAH along track

Area
3ide force

Cushion area
Frontal ares

Fin area

Aerodynamic side force, normal o
resultant flow wvelocity

Hydrodynamic side force, normal to
resultant flow velocity
Propeller thrust coefficient
- lyr
T1.0g

Propeller/duct thrust coefficient

_ Thrust at ot = ¢°

Q«5
Turning moment
Veloeity
RBesultant of wind speed and

vehicle ground speed, giving
vehicle trie aerodynamic velocity

TUnits

1b, kg

1b, kg

1oy ke

1b,; kg

dimensionless

dimengionl eas

1b.Ft., KoM,

ft/s, m's

ft/s, w's



Exghul

WA

Wl

10

Definition Units

Vehicle speed relative to ground

and along vehicle track . ft/sy mepehe
knots, km/hr.

Resultant of water surface speed

and vehicle ground speed (sea bed)

aloag craft track, giving vehicle ft/a, m/a
true hydrodynamic welocity

Flipstream velocity ft/s, m/B
Water surface velocity, dependent ft/s, knots
upon wave and current velocities m/=
Wind speed ft/s, knots
km/hr

Wind speed mepsured at 10 meters knota, lm/hr
above surface
Weight b, kg

; a 1II12 2 2
Dynamic pressure = Zf 1b/ft, kg/m
Angle of attack degrees

Propeller blade angle at 0.75 radius degrees

Density of air Elugs,-""ft3
Density ﬂf water [(assume 1.99 7
slugs/ft”} slugs/ft
Angle between UA and wehicle

lengitudinal axie (X) = aerodynamic

yaw angle degrees

Angle between ¥V, and wehicle
longitudinal axEn (x) =
hydrodynamic yaw angle degrees

Angle between vehicle longitudinal
axie (¥X) and vehicle track degrees



z
|
l'.‘\E:? aw axis.

r il
X Rell axis
-

AlR CUSHION VEHICLE AXIS SYSTEM.




3.0 CHARACTERISTICS OF LIGHT ATR-CUSHTON VEHICLES

The trends of the characteristics of a representative melection
of existing light air-cushion wvehicles in the weight range up to 5000 1b
(2270 kg) are given in this Section by a series of charts, Fige. 1 to 9.
For the purpose of this study; light ACVs are interpreted as those not
exceeding 5000 1b (2270 kg) in gross weight, as opposed to 3000 1b
(1365 kg) which the Department of Transport use for definition purposes.
Descriptive information on light ACVe and their applications is given
in Ref. 1 "Air-Cushion Vehicles - their potential for Canada™, NRGC
10820, December 1969. The characteristics given in Figs. 1 to 9 are
overall length and height, total installed power, installed 1ift power,
ingtalled thrust power, cushion pressure, cushion density (pe/1;) and

the ratio of thrust b.h.p. to gross weight plotted against Froude Number,
The above Figures help to define the properties of the exigting

ACV typea in the weight range being considered but the trends should not
be considered as being very firmly established since the technology of
small ACVs 1s s5till in an extremely unrefined state, Even some of the
larger craft in the range do not reflect much input of currently
available techmnology in the ACY field.

Other factors having a bearing on some of the characteristics
congidered inelude the enviromment in which the craft is desipned to
operate. [High altitude operatione (three =mall ACVE recently operated
successlully in the Himalayan rivers at heights around 5000 £t (1800 m)
with small reciprocating engines can incur power losses of around 4%

per 1000 £t (305 m) and hence rather higher installed powers are called



for than for sea-level operating craft. TIf craft are to operate
only over land, then higher cushion pressures may be used since the
induced wave drag thrust requirement no longer exieta. On the
other hand, operation in loose snow sets up a "wave" of snow in
front of the craft which must be overcome in & similar way to
induced waves when operating over water. The cushion does not
blow away the enow. There is evidence also from SRNS tests over
land and over water (Ref. 2) that a ome=third higher propeller power
requirement is necessary over wet sand (rippled surface) than over
water with 3 inch (7.6 cm) waves. Hence, it is apparent that very
large differences may exist in powering and cushion characteristics
depending upon the application of the craft, Similarly, large
differences in control requirements and solutions are likely even when
the technology is more advanced, espeeially when substantial differences
in craft size are involved.

The craft referred to in Fige. 1 to 9 are identified by

numbers in the following list, Table 1, on the next page.
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TAHLE 1
LIST OF CRAFT COVERED IN FIGURES NOS. 1 TO 9

(Detaile extracted from Ref. 3 or from manufacturers)

l. Hovermarine Hovercat Mk.2
Za Bruzzone Job 2.
3. Hovergem G-2E
4« Taylorcraft Transport Pty. Ltd. Skimaire 1
S« Canive Industries Ltd. BV 104
6. Flyle Corp. Ltd. Caliban
7« H.I.L. Industries Ltd. Hovertrek
8. Horn Bonmy 1
9. Hoverjet HJ-100
10. Komar Engineering Ltd. Aquaterra
11. Modern Hover Vehicles Ltd. Spectra I
12. Modern Hover Vehicles Ltd. Spectra II
13. Gooch J-k
1%.  Club Francais de Aeroglisseurs Motoglisseur DSE IT
15. Sedam Maviplane N 102 ¢
16. Israel American Motor Corporation Ltd. N-2 Lady Bird 2
17. ACVS Italians Idria
18. Hovercraft Italiama SRL BT 3 Titan
19. Nihon University Pastoral 1 (2-seat)

20,  N.V. Luchtkussenvoertuigenfabriek Industrieterrain B2 (S-geat)



21.
22,
£235.
24,
25.
26.
27
28,
29
30,
1 1
o=

33a

35
36.

37

Hover Vehicles (N-E) Ltd. H.V.L.

Alr Vehicles Ltd. AV2 (5=6 =eat)

Ajax Hovercraft Ltd. AHZ2 (4= peat)

Daily Express. Air Rider

Light Hovercraft Co. Cyeclone 274 (2-smeat)
Pindair Ltd. Skims

Sealand Howercraft Ltd, SH-2

Air Cushion Vehicles, Inc. Air Cyole

Adr Kinetics Inc. Smuggler

Bertelsen Mfg. Co. Inc. Aeromobile 13

Curtizs Dyna-Products Divieion., Hoverpacer Mk.I
Dobson Producte Co. Air Car Model F

Eglen Hovercraft Inc. Hoverbug

Gluhareff Helicopters Inc. MEG=1H Yellow Jacket
Fishlock/Howe. Mistral

Cushioneralt Ltd. OCO7

Hovermarine Canada Ltd. Sandpiper
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4.0 INTRODUCTION TO THE CONTROL PROELEM

The control of ACVs is often referred to as a problem because
of the unique combination of the six degrees of freedom possessed by the
concapt and the infinite number of environsental conditions encountered
in the air-to-operating surface interface. A lunar module has six
degrees of freedom too but doss not have imposed on it the irregular,
sometimes unpredictable and infinitely varisble effects of wind, surface
roughness (whether fluid waves, ice formationa, tarmac or tundra) that
an ACV does. The extreme operating surface capability of the ACV is
thus obtained at the expense of an unusual and difficult control problem.

The basic requirement of any transport vehicle is the carriage
of a payload at an appropriate speed. Hence, the payload must be lifted
and partially or wholly contained and then coupled to a deviee to propel
it. The basic lift method of an ACV payload is the air-cushien, and
the hull containing the payload ia normally placed on top of the cushion.
A platform=shaped craft usually results, but in the smaller craft sizes
with which this study is concerned, the shape can be highly irrsgular
for the reasons previously discussed. ‘This aspect adds further difficulty
since as a result the variation of forces and momenks in the plane of
directional contrel, the yaw plane, can become highly irregular due to
flow separations and flow reattachments. Reference to the photographs,
Fige. 10 to 15, of various light ACVs will quickly show the great

variation between craft forms. In general them, the lull of & small
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ACV will be considered in this report to be an irregular-shaped object
and roughly oval in planform. As discussed in the next Section, the
basic hull form will be assumed to be directionally unstable.

The above discussion has assumed that the ACV is free of
conkact with the surface over which it is operating. One of the main
difficulties in controlling an ACV is unwanted sideways movement, often
referred to as sway, drift or sideslip. This movement can be restricted
or eliminated by surface contact, or, in the case of over-water operations,
surface penetration. With the latter method, a retractable device is
obviously required if amphibious capability is to be maintained. By
sach means, the quality of control ~an be considerably improved. Such
a4 device can assist in yaw and sideslip comtrol.

With large ACVe, swivelling propellers, prlon-mounted, con be
uged to obtain a high degree of control through providing direct thrust
sideforce but are difficult to employ on amall ACYs because of mechanipal
complexity although small-diameter swivelling ducted propellers could
prove yracticable for some craft. In general then, for small ACVs the
craft will be yawed to execute turnms and to resist beam wind components
by using an opposing thrust vector. The velocity, forees and moments
acting are illustrated for definition purposes in Fige. 16 and 17. Two
main sources of disturbing forces are shown in these figures, natural
wind forces and natural water forces as may arise from currents o WAVES,

asguming here some degree of surface contact.
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To maintain a particular track the ACV must be able to
provide controlling forces and moments as well as thrust to achieve
an equilibrium state against the forces and momente impesed on it
by its environment and by its own motion. The make-up of the
principal quantities is as follows:

Aeradynamic forces:

Hull profile drag (including inflated skirt)

Cughion airflow momentum drag

Hull side force (including inflated skirt)

Hull upper surface asrodynamic 1lift

Aerodynamic moments:

Hull pitching moment

Hull yawing moment

Hull rolling moment

Yawing moment due to fan intake momentum drag

Hydrodynamic forces (sea state effects included)

Induced wave drag

Water contact drag including skirt drag

Bpray drag

Skirt/cushion sideforce

Hydrodynamic moments (mea atate effects included)
Induced wave drag pitching moment
Ekirt contact pitching moment
Skirt contact yvawing moment

Rolling moment due to hydrodynamic drag when side-slipping



Terrain forcea:
Sloping surface, component of weight acting
parallel to surface (thrust, drag or sideforce)
Frictional resistance resulting from skirt contact
Etiction of skirt when moving off from hove=
Terrain momente:
Relling moment on aloping surface
Pitching moment on sloping surface
Rolling moment due to skirt contact wien side-slipping
Skirt contact pitching moment

Skirt contact yawing moment.

The well-designed ACV should be able to contend with 211 the
above forces and moments, within the limits of its design operating
enviromment.

Numerous control deviees and methods hove been used and it
seems probable that many further developments will take place in thia
field before a narrowing down occurs on really effective practical systems.
Most methods to date fall under the following headinpgsa:

Group 1. Aerodymamic free stream control surfaces
" 2. Propulsive gystem including control purfaces in airstream
" 3. Cushion air manipulation
" b, Burface contacting or pemetrating devices
" 5. Separately powered air jets
" 6, Centre of gravity shift

" Y+ Centre of pressure shift
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Systems under headings 1 to 5 are capable of control in
yaw, roll and pitch, lift, drag and sideforce, while & and 7 can be
used to achieve resulte through pitech and roll. Particuler examples
will be shown in the next Section. Group 1 devices were used on
some early craft such as the Cushioneraft CC2=001 snd the MARAD test
vehicle Columbis; but in combination with other controls., The hull
of an ACV acts as a free stream control surface when yawed to produce
centripedal force in a turn. A Tixed fin at the stern of the wehicle
can provide directional stability. In both circumstances the ability
of the surface to provide a controlling force and moment is totally
dependent upon a relative air velocity existing past the surface.
Thia condition disappears when an ACV is travelling downwind st a
ground speed equal to wind speed. Fig. 18 illustrates this situation
and perhaps helps to bring out the umusual nature of the ACV control
problem. A point te note with special reference to amall ACVe below
G000 1b (2270 kg) gross weight is that thelr desipgn cruising speeds are
appreciably closer to typical average wind speeds and, a8 a result, they
will in operation tend to spend rather more time in tailwind situations
than will higher-speed larger craft. This condition is, however, some-
what offset by the fact that the wind speed existing at the typical
centre of pressure height of small ACVE is only oome 35% to 75% of the
typilcally measured wind values at a height of 10 metres. See Figas.

3 and 54,
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From the conditions illustrated in Fig. 18 it is clear that
the effectiveness of free stream control surfaces can be reduced to
zero and therefore even partial dependence upon such surfaces for
contrel could prove disastrous in some situwations. For instance, a
craft turning downwind at a ground speed of 20 knote (36 km/hr) would
find all free stream dependent control forces and moments disappearing,
if the wind wae aleo 20 knots (36 km/hr), as it became alipned with the
wind direction. If reliance was usually placed on these controls being
availabley their absence could prove dangerous if sudden avoiding action
was required.

By shifting the centre of gravity of the ecraft or ceantre of
pressure, roll and pitch changes can be secured leading to skirt-to-
surface contacting to produce yaw, sideforce, or improve directional
control by means of drag and cushion air forces. In either instance
power will be absorbed and speed will decrease. (me way or another
power will be absorbed in providing control. This fact is mot always
recognised. The allocation of power for comtrol will be discussed in
fiection 6 against various methods covered by the headings previonsly
listed.

Before coming to descriptions and results of particular comtrel
devices, it is worth noting some of the findings from ACV experience
since 195%.  Standing out more than anything is the need for higher
controlling forces and moments. In particular, the provision of

sideforce approaching the level of the thrust force would greatly
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improve the manseuverability of ACVs. Low control forcee tend 4o
lead Lo overlong application causing overswing and sip-zar behaviour.
Many control devices used cauce secondary effects and cross—coupling
effects.

Controls should not, upon operation, induce unwanted craft
attitude changes or force and/or moment increments which have to be
cancelled by another system. For example, high-mounted rudders can
produce a rolling-out moment inm a twrn, leading to skirt contact
drag forces opposing the turn. Puff ports fed from the cushiocn air
Supply can cause a drop in cushion depth, thereby impairing over-wave
capabilities and poseibly leading to the risk of ploughing in.
Relling in a turn to produce side foree and/or asymmetric surface
contact drag unavoidably uses up clearance height and may not be
acceptoble in rough terrain areas. If & high degree of directional
stability is provided by means of a stern-mounted fin, not only will
the weathercocking tendency in & tailwind situation prove difficult to
handle but also response times in turning will be greater, offsetting
to some extent the greater side area and force provided, except of
course when turning into wind. Some form of wvariable=effectiveness
fin eeems to be required, either retractable or perhaps employing
boundary layer contrel. For craft in the 3000 1b to 5000 1b (1350 kg
to 2270 kg) weight range, such devices would mot seem impracticable.

High yaw angles, if used to obtain high side forces, may be

in the range of irregular yawing moment and sideforce variations with
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wilh yow angle and this would cause difficulty in control.  Such
variations are most likely with the very emall ACVE where 1ittle
streamlining iz possible.

Speeds over smooth land surfaces tend te be considerably
higher than over water and this is especially true over smooth ice,
With most of the controls available on craft built to date the general
experience has been that control and handling is more diffieult owver
land than over water. Basically this finding is simply a reflection
of the lack of surface contacting devices in overland use, while over
water waves are nearly always present snd there is 1ittle reluctance
on the part of ACV drivers to allow the skirt to touch water in order
te generate useful forces for control, the wear rate being less severe
than when sbraded owver land,

In many of the past ACV designa it is clear that little
consideration has been given to directional centrel, a pood percentsge
of craft possessing only a rudder. Power hae to be ewpended in providing
control forces and moments, whether these are penerated by o powered
thrust system, such as a swivelling ducted propeller, or simply by
aerofoil surfaces moving with the craft through the air. The use of
puff porte, drawing upon cushion air iz not an entirely satisfacto.y
arrangement because for many craft a restriction is placed on their use
at high speed because they deprive the cushion of asome of its airflow.

The cushion iz the fundamental form of support for the ACY and unless
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alternative forms of 1ift are provided (on very large craft aercdynamic
1lift could be appreciable at high speed), it does not seem to be good
rractice to take air from the cushion unlese a surplus ie provided for in
the initial design of the craft.

Summing wp, the present control situation applied to amall ACVs
sugrests that two main themee should be explored, firstly, that adeguate
power must be installed for control and, secondly, that surface contacting
devices should be developed.

The provision of adeguate directional contrel is an essential
feature of any practical ACV. An extreme directional comtrol could be
considered as an instantanecus application of yaw, turning the craft
until full thrust is vectored sideways, This would enable a maxisum
rate of turn to be iritiated but is of course impracticable from the
point of view of the accelerations involved. Some craft indeed may be
quite satisfactory with only moderate control forces and slow responses,
depending upon the use to which they are to be put. A araft operating
in congested areas, however, or many light craft operating together,
roguire fairly precise and responsive controls for safety. Opinions
differ widely on the handling and contrellability of various 1ight
hovercraft and this is not really surprising because the response of
people to movement and accelerations, noise and outside stimuli also
varies widely.

Because the ACY has extreme flexibility as far as the surfaces

over which it may operate are concerned, it does not follow that controls
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should be capable of handling a11 situations regardless of speed, wind,
waves, ete. In particular, ACVa should not be required to accosplish
tight U-turns at high speed any more than cars de. It is obviously
degirable to provide maximum manceuvering and control capability at
any speed but very often reduction of speed can ensble manoeuvres to
be carried out which would otherwise be dangerous or impossible at
higher speedo.

With a number of ACVs in the range up to SRNE size, there is
a digtinet feeling of lack of control below hump when moving forward at
steady speed. Jn these conditions the thrust level is low =nd alip-
stream=dependent control systems will not be penerating their mascimum
Toroes. It is felt by some experienced operators that strong sideforce
systems could be usefully employed in this speed regime,

Mthough fundamental to the performance of the ACV, the
thrust/weight ratioc is also important in relation to the control and
handling of the craft, especially in difficuit aituationa, for instance,
where there is a large amount of pground friction.

The problem of braking ACVs effectively over ize is still
outstanding and points to solutions vwaing ground contact rather than
aerodynnmic means.

Another unigue aspect of ACV control iz that the response of
the craft to control movements by the pilot depends upon the 180"
range of craft headings which are possible in relation to the relative

air velocity vector and, aimilarly, with the ground or surface velocity
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vector. IFor exsmple, full application of rudder whem the eraft ig
proceeding forwards relative te the surrounding airstresm will produce
an eatirely different result from that obtained when the craft is
travelling sideways.

The number of combinations of craft motion, cnnérnl and
cnvironmental conditions which may be encountered by am ACV ie infinite.
To establish the degree of manoeuversbility possessed by = craft,
however, certain basic manceuvres may be carried out and the diffsrences
between craft and craft control devices moted. Fig. 19 from Ref. & is
a good example of what can be done on these linea, showing the track of
a 3200 1b (1455 kg) ACV when attempting to go round a square course.

Finally, in this introduction to the control problem it is
instructive to read an extract of a paper by Crewe and Eggington (Ref. 5)
desceribing the control problem and ite solution on the world's firek
aip—cushion vehicle, the Saunders Roe SENL:

"The choice of control systems was dictated by & desize

to provide means which were reasonably simple, would not
prejudice the demonstration of the cushion principle in its
basic form, and would not involve hydrodynamic appendages
gince, although the latter could be efficiest over water, they
could not be used over land. However, the craft has
considerable gide and frontal ares, and travels operationally
at speeds ranging down to very low values at which straight-

forward aerodynamic control surfaces, operating in the free
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"air stream past the craft, will provide very little
poment unlese their area ie quite exrcemsive. Further-
more, one of the main purposes for which the 3RN1 wes
constructed was to make experiments on control and
gtability since, like nearly all new craft, the 'fesl?
of piloting needs to be experienced al first hand before
the regquirements of the control system are fully appreciated.
"In these circumstances a combination of control devices
was used. These comprise gate valves im the propulsion ducts,
[ore and aft rudders placed just shead of and just behind the
fore and aft ends respectively of the propulsion ducts, and
'1ift" walves located in sepments of the wain cushion 11ift
gir ducts.
"The pgate valves split the propulsion air in any
degired ratio and direct it fore and aft enabling the craft
to hover without forward motiomn, or move backwards or forwards.
The propulsion jet system provided on the SRVl does not Eive
agsymmetric thrust for directicnel comtrol or lateral thrust
to check sideslip, but the small rudders deflect the
propulsion air and give some directional control whenever
the craft is airborne, whatever its forward speed may be.
The aft rudders are extended above the ducts into the free
air stream, by tall high-efficiency, high-msspect=-ralic
aerodynamic surfaces, which provide directional control at

spead.



"The *'1ift' valves allow limited appliecation of pitch
end heel by dropping the sector of the craft on which the
airflow is reduced and raising the remainder slightly.

This allows the pilot to augment the thrust or braking
power available from the propulsion ducts, or to move the
eraft pideways, since any tilt of the platform results in a
thrust component in the directiom of tilt dowm, due to the
effective total cushion pressure, which acts perpendicular
to the bage,; being deflected from the vertical in the =mame
direction, by an angle equal to the tilt,

"It will hawve been apparent to many who have seen the
SRNl demonstrated that both asymmetric thrust and side
thrust are necessary for completely sasy control of a
hovercraft, and further work is continuing to mchieve thim
with a minimum requirement for additional power.

"The control devices of the SEN1 are operated by two
levers and a rudder bar, located in the control eabin, and
linked to the propulsion duct gate valves, the '"1ift' valves

and the rudders respectively."
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5.0 AFERODYNAMIC FORCE AND MOMENT CHARACTERISTICS OF THE ACV HULL

As previouely discussed, the hull shapea of craft below 5000 1b
(2270 kg) gross weight will tend to be rather more irregular in sghape than
those of wvery much larger ACVs. Most test datm, however, has been
obtained for larger craft and although in most instances the trends of
the non-dimensional coefficients may be safely carried over in
considerations of smaller craft, care should be taken in cases where
large departures of ghape are involved.

Although, as will be shown later, the hull serodynamic forces
and moments may often be assisting in the control of the eraft, it has
been considered convenient for the purposes of this study to look at
them separately from the specific control devices which will be appraised.
In this Section, therefore, the hull and its merodynamie characteristica
will be looked upon as the "body" which has to be controlled. Tt im
renerally agreed that contrel of ACVe is easier over water because more
gources of controlling forces are available.

This study is fundamentally concerned with directional contrel,
and three aerodynamic characteristica are of major concern:

l. Drag coefficient wvariation with yaw anrle
2. Sideforce coefficient variation with yaw angle

3« Yawing moment coefficient wariation with yaw angle
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Trar coafficieant

Cp, = =D (s, or 8, is used in some
(a-Vy°-5¢ work instead of Sg)

In both examples from Refs. ©& and 7 ghown in Fig. 20, drag
coefficient begine to incresse rapidly for yaw angles ahove 10°
te 15°. When yaw as high as 407 is employed in a turn, drag
aleng the track of the craft would, at unchanged speed, be
approximately trebled for semi-rectangular planforms, In
practicea, speed falle off while turning due to increases in a
number ¢f drag components, as well as a reduction of thrust due
to yaw. It seems probable that with small craft the level of
ﬂnl at zero yaw would be higher than for the examples shown, and
for mingle-zeat open cockpit ACVE a GDA at mero yaw of around 1.0
ia quite possible. Towed craft drag measurements in a oumber of
Jones Kirwan ACVs have given Cp, values of around 0.7. Cirecular-
shaped craft do not show any significant variation of GDA with
yaw angle if the fan intake is amidships.

Sideforce coeffizient

Gy, = 2 EFjl

A —_—
Pa-¥a"-5p

Three examples of the variation of sideforce coefficient with

¥aw angle are shown in Fig, 2l. The characteristic variation is
of approximately sinuisodal form. For yaw angles in the 20° to

o range useful sideforces are generated by these particular body



shapes which can assist in turning. On the other hand, in
beam wind conditions with a relative airflow approaching the
craft at, say, 45“ of yaw, there iz a large sideforce generated,
a component of which, normal to the craft longitudinal axias,

muet be opposed to maintain track.

Yawing moment coefficient

2
GHA N A

_ Fh.VhE-EP.h

Examples from Refs. 7 and 8 in Fig. 22 show the general

characteristic variation of yawing moment with yaw angle and in
conjunction with Fig. 21 the variation reflects the movement of
the sideforce centre of pressure along the amxis of the hull.

The characteristics show a hull having directional inatability,
i.e. as the craft ie deflected away from a heading aligned with
the oncoming airstream, the moment acting on the hull arising from
the pressure distribution around it, will act to increase the yaw.

Pitoh and roll characteristice of the hull on cushion

Pitch and roll are expressed either as pitching and rolling
moments versus pitch and roll angle respectively or as percentage
centre of pressure shifts per degree of relevant angle. Far an
ACV to be controllable it must be statically and dynamieally
gtable on ite supporting means, the cushion. Angular movements
in pitch and roll are reguired in order to optimise the craft

attitude in various operating conditions and therefore stability
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must exiat over the useable angular range. Different skirt
oystems are capable of producing different ranges of cushion
stiffneas (atatic atability) and lmll centre of gravity
height will also affect the finel value. This study will
not examine the effects of cushion stiffness on control and
guidance since, assuming inheremnt cushion stability, the
degree of stiffness provided will primarily affect the dynamic
regponse of the system in roll and pitch rather than the
directional control capability.

Typical characteristics for a segmented skirt system are
shown in Fig. 23 extracted from Ref. 8.



29

6.0 CONTROL DEVICES AND METHODS

This Section describes and discusses a number of existing

control devices and methods which can be applied to craft up to

5000 1b (2270 kg) in weight. Braking devices are mainly discussed

in Section 8. The following list is considered in this Section and

principally in relation to directional control:

1.

8.

9.
10.

Free-atream asrofoil surfaces

1.1 Fixed fin

1.2 MAll-movable surfaces (rotatable)

1.3 Fixed fin plus rudder

Aercfoil surfaces (rudder) in free-air propeller slipstream
Aerofoil surfaces (rudder) in ducted propeller slipstream
Aerofoil surfaces (rudder) in centrifugal or axial fan discharge
Rudder ducts

Puf{ ports

Skirt manipulstion

7+1 Skirt 1ift

7.2 Skirt shift (cushion centre-of-pressure shift)

Ballaet and centre of gravity shift

8.1 Tank sy=stems

8.2 Body movement

Gimbal -mounted fans

Hydrodynamic surface-piercing surfaces
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11. Hydrodynamic sideforce
12. Wheels
13. Elevators
1k, Differential thrust
14.1 Side-by-side propellers

ik.2 TIow-speed air jets

F.l Fres-streasm asrefsil surfaces

Free-stream merofoil surfaces can only provide controlling
forces if there is a relative air flow existing., If, for example,
an ACV is on stationary hover and a natural wind ie blowing, then
forcee will be generated. Or in still air conditions, forces will
arige on the control surfaces as soon as the craft bepine to move.
Batisfactory control can be obtained from fin/rudder installations
on small ACVs for which craft inertias are relatively low and hence
low controlling forcea can provide a reasonable response. The
Dobaon series of craft use a conventional fin and rudder but in
combination with cushion control vents which can provide yawing
gontrol at zero relative airspeed.

Galsl Fixed fin

Fig. 24%a shows the three definitive types (A1, A? and
A3) of free atream controls currently used. The plain fixed fin
(A1) is really a directional stability device and is mormally used
to give a basically unstable hull form sufficient directional

stability for the driver not to tire under normal straight path
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cruising conditions. Hritish Hovercraft Corperation attempt to
make all their craft directionally stable up to about 20° of yaw
(Ref. 9). Excessive directionul stability can cause diffisulty
in craft handling at low ground speeds {vd} but high wind speeds
{vm]. In practice it has been found difficult to estimate the
fin size requirement with any accuracy and changes have been made
on & number of craft following trials experience. The Westland
SENZ required a rather larger fin than originally provided and the
BHC SEN5/€ required a reduction in fin size. The Hovercraft
Development Ltd. HD2 (2 awivelling pylons) had no fin but now two
lew-aspect-ratio fins are fitted, clear of the propeller slipstreams.
Although the maximum 1ift coefficient of a low-aspect-ratioc surface
will be less than for high-aspect-ratiocs, stalling oecurs at much
higher angles of attack and sudden drops in EL are not encountered
as on high-aspect-ratio. For inatance, Clumx values of around
1.0 are achievable at stall angles around 25° to 30°.

£.1.2 MAll-movable control surface (rotatable fin)

System A2 in Fig. 2Ya was used in a forward twin-fin
arrangement on the Vickers VA-3 ACV. TProvided other controls are
available, not dependent upon relative free-stream air flow there
could be a case for using this kind of control if weight, simplicity
or cheapness considerations were of prime impertance. However, the
basic directional stability of the craft becomes a variable if no

other fin is provided. This feature could of course be useful in
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low-ground-speed, high-tail-wind sitwations. Perhaps this type

of control should be examined as an adjustable incidence fin,

more guitable for craft in the 2500 1b to 5000 1b (1135 kg to 2270 kg)

range than for wery small ones.

6.1.3 Fixed fin, movable rudder

For emall craft using cushion air propulesion of some
form, this system (A3) appears to be satisfactory in being able to
give reagonable control if used in conjumetion with ancther Bystem
not dependent upon forward speed.

As directicmal controls, eystems A2 and A% would always
be more powerful when working in a powered airstream such as a
prepeller slipstream or the flow from a centrifugal fan. The
following paragraphs discuss these powered systems.

6.2 Aerofoil surfaces in free-air propeller slipstream

As a directional stability and control device the use of a
rear-mounted fin and rudder surface, positioned in the slipstream
of a propeller has besn proved to be practical and effective for
a mmber of ACVe. The precise arrangement has taken many forms
on such craft ag the B.H.C. range of SRNS and SENG, the SEN4, the
Bell Voyageur, the Bell Carabao, the Bertin BC-8, the Hovermarine
Transport Hovercat, the Mitsui MV-PPS and MV-FP15, and numerous
light sporte ACVe.

By using a control surface in the slipstream, two advantages
arise, one of which is particularly valuable when applied to the

omni-directional nature of the aerodynamics of the ACV in the
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horizontal plane. Firstly, the alipstream will greatly enhance
the effective 1lift coefficient properties of am aerofoil surface
placed within a zone extending from 0.5 to about 3.0 diameters
downatream of the propeller plane. Up to the normal stalling
angle of the surface; the EL versus X glope will imcreooe with
increasing propeller thrust coefficient. In addition, the stall
will be delayed and at high thrust coefficients, angles of attack
of around 40" te 50" will be reached before the DLfafslnpe becomes
negative. Even then, very large GL values (3.0 to 8.0) are =till
being generated. Fig. 25 illustrates NACA test results (Ref. 12)
for a semi-span wing/propeller model test which could perhaps be
considered for an ACV fin application. The results shown sre for
zero rudder deflection., The second advantage is the wide range
of flow angles {ji} which may be accepted by the fin/propeller
combination without incurring swdden stall characteristios

(¥, = & in Fig. 25).

It can be seen, therefore, that the side force generated by
the high EL values possible can produce strong directional stability.
The following example illustrates the difference in forces due to
propeller slip stream for & typical installation at zero rudder

deflection:



Assume T = 500 1b (225 kg)

Propeller diameter = 5.0 ft (1.52 m)

Relative free-stream air velocity = 35 knota (65 lm/hr)
= 59,1 ft/sec (18 m/mec)

q = 1.0 1b/£t° = 17,0 ka/a

Aercdynamic yaw ahgle,}éi = 15°

rheny T = ; ) 2 = 2
LD xgq 11x 50 x0.5=x 0.002378 x 59.1
T Ly
= Ilé

Interpolating on Fig. 25, at), = 157, Gy = 2.6
while without slipstreasm effects, EL = 0,975

The corresponding forces generated are:

q SC = 166 1b (75.5 kg) with slipstream and 62,3 1b (28 kg) without
slipstream.

The effect of the glipetream on an asrofoll surface can be seen
to be appreciable and at very large anglea of attack (e.g. of = Lo°
te 60°) as will be encountered in ACV applications, the effects are
proportionately even greater. A free-atream asrofoil surface can
of course produce ne force in still air conditions, e.g. in
stationary hover with no wind blowing, or when travelling at speed
downwind with ground speed equal to natural wind speed, A side
force can, however, be generated if a hinged fin ("all moving control
surface") or a conventional rudder hinged on a fixed fin, is employed
behind the propeller. With such an arrangement the thrust vector
may be swung through an angle and a side force generated im still adr

conditions.
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In Fig. 2ba the three definitive systems, BEl, E® and B3,
using aerofoil surfaces in a free-propeller slipstream are shown.
With no control deflections and no propeller swivelling, these
systems will have control force trends with angle of attack similar
to those shown in Fig. 25 and as discussed above.

Additional forees can then be achieved hy:
1. System Bl

Deflection of the whole contrel surface zbout =

forward pivet point (not necessarily at or near

the leading edge)

2, Bystem B2
Deflection of the movable rudder about its hinge axis
3« System B3

Deflection of the movable rudder about its hinpe axis
in combination with swivelling of the upstream propellec
axia.

M1 three szystems are in well-established use but it seems
unlikely that ewivelling free-sir propellers will be used on craft
below 5000 1b (2270 kg) gross weight, though one application is
believed to have been made on the Dutch NV Luchtkussenveerluipfabriek
B-2 craft (Ref. 10), a 23 ft (7.0 m} long by 12.33 £t (3.75 m) ACV.

Larger forces could be achieved from aystems B2 and BE% by
pivoting the main fin and hence obtaining & fin side force increment
from slipstream angle of attack, buet at the expense of some cost and

weight increase.
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The Hl oystem iz mechanically the simplest, the liphtent
and the cheapest. Under zero relative free-stream conditions,
the all-movable control surface may have the advantage by being
able to be positioned at a large angle of attack to the propeller
slipstream of generating a 1ift force (side force) preater than
that obtainable by deflection of a rudder control surface with
the fin at zero angle of attack to the mean slipstream flow.

It is interesting to note that the General Dynamics SKIP-1 research
eraft was originally tested in amn all-moving fin configuration
(Ref. 11), which gave directional instability at low spesd and
insufficient control power sbove 20 m.p.h. (31 lm/hr). A new
twin-fin and rudder cembination of larger size was installed and
proved entirely satisfactory.

If reversible pitch propellers are used, the corresponding
reverse propeller inflow is likely to cause separated flow over
the centrel surfaces if deflected. This eeparated flow in turn
will reduce the efficiency of the reverse thrust propeller.

Fig. 26 illustrates this situation. Free-stream rudder controls
could still remain effective but not, again, at low forward speeds.

In gusty wind conditions controls in the slipstream will tend
to provide steadier aerodynamic forces than those exposed to free-
stream flows.

6.3 Aerofoil surfaces in ducted-propeller slipstream

These systems, shown as ¢l and C2 in Fig. 24%b, are in wide-

spread use on craft below 5000 1b (2270 kg) gross weight and =lso
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on larger craft. The control surfaces provide side force when
deflected in the slipstream. There will be a slight agymmeatry

of side ferces (port to starboard) due to slipstream rotation.

wWhen yawed, large side forces are available from the duet.

Duct side force increases with incressine thrust coefficient.

Fig. 27 illustrates the trends of this characteristic as established
by NASA tests (Ref. 13) on a full-scale, 7 ft (2.12 m) propeller
diameter model of a Bell Aerosystems ¥-224 ducted propeller unit.
Poorly designed ducts, as have appeared on a number of small ACVs,
would not give comparable results. At low thrust eoefficients,
stalling occurs in the duct outer surface but this is substantially
delayed under high thrust conditioms. Ref. 13 illustrates results
on duct stalling and indicatea that correctly desighed ducts should
be free of stalling up to angles of attack of about 35”,

The EL values shown in Fig. 27 show that the ducted propeller
provides a powerful side force capability when yawed, more so than
for an equivalent-side-area, fin-in-slipstream system (Fip. 25).
Hence craft fitted with stern-mounted ducted propellers may DOSEeSS
rather high directional stability unless the hull is strongly
unstable directionally., Swivelling, small diameter ducted propeller
units ¢could possibly be considered for craft in the LOOO 1b to
G000 1b (1750 kg to 2625 kg) range, where the enrine iz mounted as

part of the thrust package.
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To lessen the directional stability contribution of the duct,
the external contour may be designed to stall at low yaw angles.
This treatment, howewer, will lead to a higher external drag in
normal sero-angle-gf-attack conditions.

By positioning wvane surfaces in the exit area of the duct,
gide forces can be generated sufficient to yaw the craft.

fide force test resultas obtained by Hoverproducts Ltd.

(Ref. 14) on a 3 ft (0.915 m) diameter ducted propeller known as
their QT=30 thrust package, are reproduced in Fig. 28. The form
of this unit is shown in Fig. 29. The improvesent in side force
capability by increasing the number of rudders from two to four

in moat marked and perhaps greater increases might be possible
with development. Weight, cost and cosplexity are of course
increasing with additional rudders but if these factore sre allowed
for in the preliminary deasipgn of the craft then the increased
turning effectiveness can be available. The optimisaticen of these
gystems would seem to offer a fruitful field.

In order to yaw an ACV fitted with such units, the eide force
from the rudder vanes must be greater than the side force produoced
by the duct when yawed. Initially at emall yaw angles thie
situation isg likely to prevail, but as the craft yaws in response
to the wane deflection forces, angle of attack of the relative
free=gtream flow will build up and, depending wpon the external

profile of the duct; an opposing side force will be generated.
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It should perhaps be pointed out here that the normal force of a
free-air propeller inelined to the airflow is very small and does
not present the apparent problem encountered when ducts are used,

If ducted propeller unite are used at both ends of the craft,
then the side force of each duct may be ueed ag a contribution of
the necessary side force for turning.

Instead of vanes, fin/rudder combinations may be used and
these may be preferable for structural reasons although for a given
size of total comtrol surface (fin plue rudder) the forece generated
is 1likely to be less. A fin/rudder system in & slipstream is at
zero angle of attack apart from swirl effects.

6.4 Aerofoil surfaces in centrifugsl or axisl fan discharge

With fan propulsion systems on the original SREN1 and more
recently the Hoverjet HJ-100 and the Cushioncraft CC7, effective
Yyaw control systems can be devised using wanes, one or more in
number in part or all of the fan efflux. These systems are
relatively insensitive to ambient airflow direction and speed and
hence control forces available are determined by fan rotational
speed (thrust) and vene deflection,

Systematic test results on the effect of nusber of vanes
(between 2 and 5) are given in Ref. 15 for two duct airflow |thrust)
conditions. These results are redrawn in Fig. 30, and show a
worthwhile gain in "turning moment" by going to 5 vanes. When

only 2 vanes are used they should be placed well within the core



40

of the efflux for maximum effectiveness. Fig. 31 showa the
Final CCF vane eonfiguration.

The results of Ref. 15 indicate the variations possible
and suggest that there ie room for comsiderable optimisation
in the design of these systems, in terms of vane epacing, size
and aerofoil section. Greater effectivensss could alse probably
be achieved by ueing vanes with hinged trailing edges.

The turning moments in Fig. 30 are also expressed in a non-
dimensional form by dividing by the product of cushion length and
craft weight. This parameter is useful for comparative purposes
but only im a very general way.

It should be menticned here that when multi-vanes, as
diecussed above, are deflected some change in the fan cperating
point is likely to occur and could result in higher effective
thrust.

An earlier vane rudder system was used on the Britten Norman
CC5, Ref. 16, and shown in Fig. 32. Two low-speed air jets, fed
by centrifugal fans exhausting rearwards for propulsion, were spaced
2 ft (0.61 m) from either side of the centre line. Hinged vanes
on the sides of each duct deflected the flow by moving through + BO
although the yawing moment was only equivalent to a 6% to ?u
deflection of thrust line. This rather low effectiveness can
probably be traced to the particular vane arrangement which
effectively extends the sides of the ducts and, as shown in the

"2 outer vane" configuration on CC7 (see Fig., 30), results in

o
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relatively poor side force generationm. Teat results are
reported in Ref. 16 of the yawing moment to port and ta

starboard for various engine r.p.m. valuea.

(1) (2) (3) (%) (5) (6)
Engine rpm Total thruns Yaw moment Yaw moment Yaw moment Yaw moment
airflow. ft"/sec. to port Wxl to starb'd W x 1
(controls neutral) 1b.ft. . it § 1b.ft. v
5600 x 21.75
=500 1170 B2 0.00453
P00 1133 - 271 = 0,00225 s 0.00340
3500 1090 - 22k - 0,00184 356 0.00290
TR0 1030 - 176 = 0,001 58 0.002094

Because of the pimplified test conditions used, the accuracy of
the above moments is only believed to be within + 25 1b.ft (+ 3.4 kam).
The differences between port and starboard moments are believed to be
due mainly to lack of precise centering of the controls and to small
pitech and roll attitudes causing yawing moment contributions.

The maximum value of yawing moment divided by the product of
craft weight and cushion length achieved in these tests (0.00453%)
is very similar to that obtained for a similar vane configuration on
CC7 which gave 0.0046 at 3‘3& vane deflection, although the static
thrust was only 60% of that of CCS.

6.5 Rudder ducts

Measurements of totml thrust, without the propeller on, were
made on an SANS (Ref. 2) and give an indication of the combined

thrust from escape of air beneath the cushion and from the rudder



ducte. Fig. 33 shows these results. The 300 1b (137 kg) of
thrust at zero trim is a significant percentage of the total for
the craft (2800 1b statie) (1275 kg) but was really provided as
an inecidental result of having to improve rudder yawing forces
on the SRNS without invelving large fin/rudder areas which would
give too much directional stability. The power expended on this
duet airflow would be better supplied to the propeller if thrust
was the aim. Fig. 34 ghows the rudder duct installation as used
on SRENS and SRENG.
6.6 Puff ports

Puff porte for yaw control (or aide force contrel) have not
appeared in the majority of light ACVs. Certainly craft may be
satisfactorily controlled without them, but they have been shown
to be highly advantageous to craft in the SRNS and SENG series,
and there would seem to be little reason for not incorporating them
in very light ACVs. On the SEN5 and SRN6 craft puff ports were
added after the design of the sraft was complete. Fig. 35 is a
photograph of the Bell BE-5 showing its puff ports open. The
ports allow cushion air to be expelled from rectangular sideways—
directed ports at a velocity of about 150 ft/sec (45.7 m/sec) from
& plenum chamber feeding a cushion at about 28 l'l:n,.-"'ftE (145 kgfh?}
in the case of an SK-5, Ref. 17.

If puff ports are fed from the main cushion supply, it is
poseible, if eirculation of air within the cushion is not particularly

free, that a heel may develop, producing a side force in oppesiticn
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te the force desired from the puff ports.

If, say, four puff ports are used these may be opened to
dump cushion air in order to achieve rapid cushion drag for
braking.

Puff ports used in a downwind turn ecan reduce the air
supply to the downwind side of the craft, thereby inereasing
the possibilities of a plough-in occurring.

Puff ports on N5 and K6 are opened or shut by amimple
hydraulically actuated doors. Since they allow the escape of
cughion air, their operation will affect the stability
characteristics of the cushion skirt system. The effects are
likely to be greater when puff ports are fed from compartmented
cushion systems and skirt bags than when taken from more "freely
clreulating” cushion systeme.

Localised lome of air from a forward quarter of a craft
could induce plough-in from twe causes, a reduction in diagonal
cushion stiffnees and a reduction in effective cushion height in
the same gquarter. If, for instance, a forward puff port is
operated to initiate a turn, then the corresponding quarter of the
cushion will be affected and the craft's behaviour will be most
gsensitive to this advancing area. If, on the other hand, a rear
puff port is operated, deprivation of the sensitive sushion area
ie avoided.

The effect of puff port operation on cushion height is given

in Ref. 2 for the SRNS at a weight of 14550 1b (6BOO kgl. At &
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rise height of 3.4 in (B87.5 cm) corresponding to 2 in (5.08 cm)
daylight clearance, opening of one puff port dropped rise height
te 33.4 in (85.0 cm) and to 31.9 in (81.2 em) skirts on ground
with two porte open,

Ref. 18 is concerned with the H.D.L. HI® research ACV. Om
thise craft, puff porta, operated by a "roller-blind" device, were
incorporated in the skirt loops and were found to be satisfactory
from an installation point of view. Aa on a mumber of craft,
puff port contrel ferces were not high encugh and being fed from
the cushion more cushion air was thought to be necessary. Also
they would have been more effective if they had been repositioned
to give a maxisum moment arm, If puff ports are built into the
skirt structure, some flexible flap shielding of the lower areas
of skirting are required, otherwisme the air escaping through the
puff ports may suck up parts of skirtinmg in the immediate wvicinity.

Loss of cushion air can cause an appreciable drap increase at
speed, hence loes in speed, as well as introducing the risk of
plough=in. It seems clear, therefore, that the use of air for
puff port contrels should be separated from the cushion supply,
if at all poeaible, or regulated in such a way that no detrimental
effects are felt or caused by the cushion.

For very light ACVa, flexible ducting structures might well be
usaed for lightness and if air has to be taken from the cushien air
or thrust air it would seem to be preferable to take it from the

thrust system.



It seems to be generally agreed amongst craft pilotse that
more development is required with puff port arrangements to
secure higher forces and moments. Quicker turning response is
generally wanted and this really calls for higher forces and the
ability to obtain maximum turning moments on the craft by their
application. The exiating puff port aystems on craft such as
SENS and SRN6 draw air from a eystem which was not designed to
feed them. The usefulness of puff ports has, however, been
recognised over the last few years and in any future craft they
should certainly be incorporated in the basic desipgn and suitable
powering allocated for the purpose.

' The forces available from puff ports on current craft are
strikingly small when expressed as a percentage of craft groes
weight. Measurements taken on an SRNS (Ref. 2) pive a good
indication of what can be achieved by tapping cushion plenum
chamber air. Single ports give a thrust equal to just over one=
half per cent of craft weight (T/y = 0.005) and with two operating
on one side a maximum thrust of 1.1% per cent of craft weight

(T/y = 0.014) was reached.



46 TAELE 2 (REF.2)
STATIC FORCES AVATLABLE ON HOVER WITH SRNS PUFF _PORTS
Giross weight 15950 1b (5600 kgl.
Contral Ret force & % wt. M = Moment M
direction E:
= M
THG50 x 29.%
= H
b1y 00)
Skirt LiTt
port fwd 210 1b (95.5 kg) to port 1.40 - -
port aft 220 1b (100 kg) to port  1.47 - -
port fwd &
aft 280 1b {155 kg) to port 1.87 - i
athd fwd 180 1b (B2 kg) to sthd  1.20 - -
gthd mft 200 1b (91 kg) to sthd 1.3k - -
gtbd fwd &
aft 260 1b (118 kg) to stbd 1.7 = -
port B sthbd
frdd 70 1b (32 kgl  fwd 0.47 - .
port B athd
aft 50 1b (23 kg) aft 0.33% = -
Puff porta
port twd Bs 1b (38 kg) to sthd  0.57 + 600 1b.TE. + 000136
+ (82.5 kg.m)
port aft 100 1b (45 kg) to stbd  0.67 - 1000 1b.ft. - 0.00223
= [13?15 ]":.E:f'}
port Cwd &
aft 160 1b (73 kg) to stbd 1.07 - -
gthd fwd B0 1b (36 kg) to port 0.5k - 580 1b.ft. - D.00132
= (79.5 kg.m)
stbd aft 100 1b (45 kg) to port  0.67 + 1050 1b,.ft. + 0,00239
+ (1564 leg.m)
sthd fwd &
aft 170 1b (77 kg)} to port 1.1k - -
port fwd &
stbd aft - - - + 1700 1b.ft. + 0.00387
+ [234 kg.m)
pert aft &
stbd fwd - - - = 1400 1b.ft. = 0,00319
- (1920 kg.m)
All skirt 1ift
L puff ports
used on one side + 290 1b (132 kg) 1.04 - -
Full stbd rudder 120 1b (S5k kg) to port 0.80 + 1250 1b.ft.  + 0.0028%
L port rudder + (172 kg.m)
no propeller 120 1b (5% kg) to sthd 0.80 = 1050 1b.ft. = 0.00279
= (144 kgem)
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f.7 Skirt manipulation

The attitude of the ecraft in roll and niteh is determined to
a very great extent by the alr-cushien and skirt characteristics.
A number of ACV designs have now successfully employed slkirt
movement mechanisms to assist in control. Examples are the Bell
Carsbac, the Bell S5K-5, the H.D,L. HI2 and the B.H.C. SENG. With
segmented skirts the potential for greater ¢u1l control from skirt
manipulation by varying the ratio of bag to sushion pressure has
been referred to in Ref. 9. In this wey, considerable skirt depth
changes are produced, but the rolling effect of depth reduction
could be offzet to some extent by an incremse in skirt span.
Scooping by rear askirt sepments can cause a deterioration in
manceuverability when the craft is ynwed and rolled but £his cen be
evolded by setting the tips of the finpers above those of the rest
of the gkirt.

Two main methods are at present in use on segmented skirts,
akirt 1ifting and skirt shifting, and both would appear to be vary
suitable for use on light ACYs.

£.7.l Skirt liftings

For segmented skirts this methnd inwolves a more or
less vertical movement of the skirt hemline, achieved by pulling
upwards 1n the vieinity of the segment inner attachment points,
gee Fig. 36. The lifting may be applied on forward and aft

gide=-gkirt positions on either side of the craft. The affect of
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local raising of the skirt i= to cause the craft to roll down on
that side and to incur some additienal drap (Ref. 19) providing

an ipitial yawing moment in the required direction. The idea

was [irst tried om the B.H.C. SRNS and has gince proved most
effective in a number of craft for indueing roll inte turns, mainly
at 1nu.apeeda.

On the Bell Carabao, the skirt lifting mechanism was found to be
of considerable value in control and manceuvering. By using the
regulting sideforce the vehicle could easily be held on course at sn
approximately 15" yaw angle into the wind during runs in = EHIIF,

15 knot (27 kmir) cross wind,

Measured values of forces available from skirt lifting on an
SRNS are given in Table 2 extracted from Ref. 2, the highest side-
force achieved amounting to 1.87 per cent of craft weight.

The Hoverair Hoverhawk had a very definite tendemcy to roll
out in A turn and many people whe have driven thie eraft falt that
it would have benefited from some form of skirt lifting.

6.7.2 Ekirt shifting

This term is usually employed to describe a lateral
movement of the perimeter of the skirt to achieve a shift in the
cushion centre of pressure. Fig. 3% extracted from Ref. 9 shows
two arrangements.

The H.D.L. HD2, Ref, 18, was fitted with lateral skirt-shifting,
operated by movement of the inmer attechment of the aside segments,

hence causing movement of the lewer extremities of the segments.
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The sldeways movement of the cushion centre of pressure was
found to roll the craft most effectively (up e 4.SE} and to
produce a yawing moment due to skirt drag, the craft rolling inta
a turn. In beam wind conditions this system could be used to
reduce downwind drift and/or yaw angle. At epeede in excess of
20 knots (36 Jm/hr) (Froude Number 1.2) this control had to be
applied sparingly in order to prevent a severe tightening of the
turn, follewed by excessive yawing and subsequent uncontrolled
pircuetting of the ecraft.

Model work performed on a BH7 model, Ref. &, alsc provides
further evidence on the effeots of skirt shifting. Steady turns
could be made using only skirt shift over water, while the radius
could be reduced by a small amount of pylon movement.

In mederate winde, the skirt shifting was still effective for
turning cut of the wind but was relatively ineffective in other
headings. Turping into wind from a cross wind heading, a lateral
skirt shift barely offset the rolling moment induced by the wind and
only a very gradual turn was achievod.

The skirt shifting system on the BA7 was discontinmed because
the loads required to operate it were comsiderably greater than those
required for skirt lifting and the system could not be easily
checked with the craft reating on its buoyaney tank.

The above methods do seem to be particularly att-active far

small ACVs since the mctuating parte are very simple, being malnly
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dependent upon cords or cables together with a few pulleys and =
cockpit control. Care should be taken, however, to see that the
risk of control lines snagging is minimised and that they are not
liable to ice acretion.

6.5 Ballast and centre of gravity shift

6.8.1 Tank systems
Fuel or water ballast systemas are in use on a number

of ACVe, including the Hovermarine Hovercat, the B.H.C. SENS and

SHENE and the Bell Voyageur. These systems obviously involve a

woight penalty and when fuel is used they are not availsble under

maximum endurance or maximum range operations. Ballast systems

are generally liked by ACV pilota for taking care of fore and aft

trim. It is not easy, however, to avoid a slow response system

and they cannot therefore be used satisfactorily as a dymamic control,

for instance to aveid wave impacts. Obviously, the fastest

reasonable transfer rate ig desirable to facilitate change of trim

following change of heading over waves, for example. One great

advantage of using ballast for trimming the craft is that it iz a

purely internsal system and is independent of the other control systems.
The weight penalty can be considerable. Om SRNE, 100 gallons of

ballast is carried in fore and aft tanks, The earlier versions had

25 gellons of ballast for trim but this was really not sufficient

although it was accepted at the time. Omne hundred gallons weigh

800 1b (360 kg) which is 3% of the craft gross weight. Military

versions of SENG also permit cross—transfer of this same ballest

P S “H. TS
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and excellent trim longitudinally and laterally can be provided
by this system. The Hovercat has provieion for 300 1b (136 kg)
of ballast, equal to 5.3% of groes weipght.

On & e¢raft such as the Hoverhawk, the zthwartships trim wes
important and if a large passenger was being carcied, one or both
oceupants would have to lean sideways to restore the horizontal
trim in roll.

A8 a general design principle, the use of ballast should be
avoided since unlike & ship power has to be expended in lifting it,
even when the craft iz not moving. It is sugpested that considerable
effort should be expended on devising skirt/cushion movement systems
that can deal effectively with the requirements of longitudinal and
lateral trim. Certainly for craft uwp to 5000 1b (2270 kg) in groas
weight the weight saving should be appreciable (in cases where
ballast appears to be required) without incurring appreciasble cost
or complexity.

6.8.2 Body movement

Partial control by body movement producing pitch and
roll changes is a practical possibility for wery small ACVa. With
many light ACVe partisl bedy movement contrel has often been employed.
One eraft which relied initially on such control was Colonel M.W.
Beardsley's Little Skimmer II, a single-seat craft weighing 98 1b
(55 kg) unloaded and powered by a single 5 h.p. engine driving a

aingle fan for thrust and cushion at 4000 r.p.m. with a flow of
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125 ftifhac (3.45 m;fbﬂc}; cushion area is 35 £t° (3.25 ut)
and operating pressure 7 1b/ft° (35 kg/e’). Colonel Beardsley's
comments on his craft, received in a private comeunication, Ref. 20,
are of interest:
"The direct effect of leaning the body is to shift the
¢.g. and cause the vehicle to translate in the direction
of leaning. Turning is caused by dragging a (usually)
rear corfner so0 that the resulting side force due to
friction causes the change of heading. Thie requires
a little coordination which comes naturally after a little
practice, but the need for application of some skill keeps
the operation interesting. For operation over land T
affixed a 2 inch diameter rubber-rimmed furniture castor
roller to each rear corner to provide better aide frietion
for turning, especially over smooth paved surfaces.
Control over water was superior to that over land due to
the keel effect of the rear portion of the skirt being
lower in the water. The turning radius was a function
of speed, and T don't have any figures on it. From a
standing start I could practically pivot about a rear
corner of the craft. No numbers on stepping distance,
but by leaning back and discharging cushion air cut under
the front of the skirt as the back of the skirt dragged

the surface, stopping was fairly effectiwe. As nearly
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"ag I could measure the slope elimbing capability was what would
be expected with the static thrust of about 18 1b (B.2 kg) and
250 1t (114 kg) gross weight, about 1/1% slope. For winds
greater than an estimated 20 m.p.h. {30 ke/hr) control was
unsatisfactory = not so much because of the kinesthetic type

of control as because of the directional stability of the
wehicle with its rear locatiom of the fan duct. The vehicle
would weather-cock into a stromg wind and could net be turned

to a down-wind heading."

Whereas for large craft controls should be operable without the
need to move the body, for very emall craft (one- to two-geaters)
controls shouwld perhaps be designed to be coordinated with body
movement, Ae an illustration of this, the Fishlock Miastrel shown
in Fig. 13 uses a stick for rudder cumtfﬂi and when stick and body
move to one side the craft is yawed and rolled in a coordinated
MANNer .

f.9 Gimbal-mounted fans

Dr. William R. Bertelsen has developed several craft designs
embodying gimbal-mounted fan systems with the apecific purpose of
improving controllability. Porces for lift, thrust and control
are provided by a zingle source. Three craft types incorporating
this principle have been built, the Bertelsen Aeromobile 1%, 14 and

15 The fellowing data is applicable to the Aeromobile 13:
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Groas weight 5000 1b (1370 kg)
Empty weight 2000 1b ( 910 kg)
Power plant two 125 h.p. Mercury outboard engines

(about two-thirds thrust at wmaximum
duct tilt, ome-third 1ift.)

Cusghion pressure at

gross weight 20 1hfft2 (8.5 kgfmz}
Overall length 21.5 £t (6.55 m)
Overall width 9.5 £t (2.9 m}
Cushion area 150 e (13.6 mE}

Static thrust, forward 600 1b (270 kg)
Static thrust, reverse 600 1b (270 kg)

Side force 600 1b (270 kg)

Fig. 37 ie a photograph showing the general layout of the eraft.

The engines drive 3 ft (0.915 m) diameter, 8-blade axial flow fans,

in gimballed apherical ducts, one forward and one aft. Fach unit

may be rotated and tilted in any direetion. Several specific modes

of operation are possible:

1.

2a

Maximum thrust
Fan rotating in vertieal plane, 30% of air
dalivered to cushion,

Zero thrust
Fan rotating in horizontal plane - total

air digcharged into cushion.
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3s Hormal operation
By tilting the fan plane of rotation forward
(intake side on top) the duct design is such
that the air from the fam is divided, some to
flow aft over the deck of the ecraft and some

to supply the cushion.

No trials results are available to the writer for these craft
but the principle employed does offer the possibility of thruat
vectoring without resorting to swivelling pylons. When weight,
space and complexity are considered, however, it would seem that
the system may have limited application since the craft layout is
very much dictated by the imstallation. On the other hand, the
system offere 8 unique control cap&bility amongst ACVs im that
pide force can equal forward or reverse thrust.

6.10 Hydrodynsmic surface piercing control surfaces

A vertical symmetrical hydrofoil surface is considered in
Ref. 21 for the generation of side force. Flaced beneath the
K=axi=s centre line of the craft and with ita centre of pressure
beneath the transverse axie through the c.g., this surface would
produce a rolling moment on the craft tending to rell the craft
out of a turn. This rolling moment may, however, be countered by
another device so it is worth examining the possibilities. The

drag forces on the hydrofeil surface will produce a pitching moment
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on the craft but this is not so serious as the rolling moment.

In addition, while the basie ecushion rolling stiffness of an ACYV
does not normally vary significantly with speed, it is apparent
that the hydrodynamic eside force control by means of a foil can
be used at low spoed where the force it generates will be smaller
but so will be the foree reguired. At low speeds, therefore, a
hydrodynamic surface piercing foil surface may be a useful contral
in certain circumstances (craft operating in deep-water canals for
mogt of the time, for instence) provided the moment in roll
generated could be accepted.

To oppoae the unwanted rolling moment induced by such a sontrol
surface, the skirt shifting (centre-of-pressure-ghifting) idea might
be developed to achieve the required balance.

Fig. 38 presenta lift and drag forces obtainable from a simple
surface piercing foil (from Ref. 21) together with a ealeulation
chart for rapid estimating.

fa11 Hydrodynamic side force

Carefully measured turning performance trials of the B.H.C. EH?
craft (Ref. 9) and subsequent analysis have shown the existence of a
subatantial hydrodymamic side force. Further model test work confirmed
these findings and results from this work have been sxtracted from
Ref. 9 and reproduced in this report as Fig. 39. One to two degrees

of roll can treble the side force available at about 10% of YW



Thia force is believed to be due te skirt frictiomal forces and
will obviously depemd on the particulsr skirt configuration
involved. Ho further informetion on hydrodymamic side force
is awvailable to the suthors but Fig. 39 may be used as a guide
to indicate the level of forces available for control.
£.12 Wheels

The use of wheels to obtain guidance from ground contect has
been tried on several ACVa but develomment hess not been carried
very far. Consequently, there is little data on which to base an
assessment of the idea. Two craft designed and built by Mr. 0.0G.
Harding in the United Eingdom have demonstrated succasafully the
advantages of wheeled puidance and propulsion, Bef. 22. MEg. H%0
is a photograph of Harding's "Wotsit IM. For the size of craft,
22 ft (6.7 m) long and 11 ft 6 in (3.5 m) wide and weighing one tonm,
the warious systems involve some complexity but the application of
wheel drive has produced reslly practical results as far as control
and braking is concerned. Also, by using wheel propulsion, the
noige level is very low, The craft accelerates; steers, decelerates
and reverses, very much like a car. The propulsion and sateering
unit iz & standard final-drive and 850 c.c. engine unit from a
Renault Dauphine, The 1lift system is powered by a 15 heps British
Aneani 325 ce.c. 2-gtroke engine, Non-standard oversize wheels weres

fitted for which tyres could be obtained easily. For low=spead
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over-water work, eight 5 in x 5 in (12.7 em x 12.7 om) vanes were
fitted to the inside of each wheel. Steering of the craft is
achieved by differentisl braking on the two wheels. fn additional
propulsion means has been tried which has amphibious capability.
Fig. 40 phowe the craft fitted with vaned drums for propulsion,
which float on the surface of the water and are capable of driving
the craft also over land. The forerunner "Wotsit I" has climbed
a one-in-three gradient with this system.

An earlier craft, the Folland Germ, was alsc equipped with
wheels but only for guidance. They carried 5% to 10% of the craft
welght, were positioned near the c.g. and could be braked for turning
arcund.,

The Vickers VA=-2 was also fitted with wheels and these were found
to be very useful when manoeuvering in confined spaces, and when
proceeding along cambered roads. Over rough ground and at speed
they had 1ittle value, however, and had to be raised to prevent
damage.

Some interesting tests of manceuverability over shnow were carried
out by the U.5. Army Cold Regions Research and Engineering Laboratory
on & Bell Carabao ACV, a 3200 1b (1455 kg) wvehicle with = single
propeller and rudder in the slipstresm, and equipped with harrow
disecs for ground contact guidance.

The following description of the tests is extracted from Ref. 4:

"The undisturbed snow surface (0 to 2 in or 0 to S em) in the
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"Camp Century test area varied in density from 11.56 1hfft3

(0,186 £/ca’) to 20,0 1b/ft> (0.320 g/em’), the average being

16.2 1b/1t> (0.26 gfem’). During prolonged hovering mo
significant erosion of the anow was produced after several minutes,
although snow epray was present.,

"Manoeuverability tests showed the relative effectiveneas of
the gideforce and the harrow dises as an aid in directional
centrol.  Fig. 19 shows the path of the wvehicle and ite yaw
attitude while travelling around a rectangular course at a speed
of 20 to 25 m.p.h. (31 to 39 km/hr) using various directional control
methods. These manceuverability teste were repeated several times
with two different operators, and quite consistent results were
obtained after a few trisls.

"It can be seen from Fig., 19 that, when using only rudder and
thrust contrel, from 150 to 250 ft (45 to 76 w) of turning room is
required when entering the turn at a speed of 25 to 30 m.p.h. (39
to 48 kmShr). Without the sideforce effect it was not possible to
maintain the desired epeed and negotiate the corners without drifting
awey from the course. When the sideforce was used, only about 50 ft
(15 m) of additional distance was needed, and the next heading was
achieved in considerably less time,

"Besides providing improved directional control by deflection
of the air-cushion, the use of the skirt-1ift side force alsoc resulted

in additional skirt drag, which allowed for more effective use of the
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"thrust but of course reduced the vehicle speed.

"The wind effect was an important factor. The turns at the
NW and SW corners could be performed more effectively than at the
NE corner because of the yaw attitude of the vehicle with respect
to the wind direction. When the vehicle was headed approximately
intoe the wind, the thrust could be used effectively. Ey
anticipating the use of rudders and thrust, as well ag the gideforce,
and starting the yaw before the turn was actually encountered,
unnecegsary swing-out due to wind and inertia could be averted.
Unless the yaw was performed sufficiently early, thus positioning
the wehicle in a direction for effective use of thrust, a considerable
ewing=out resulted.

"In the NE corner, after yaw to the left, the vehiecle was
heading with the wind, and the use of thruat was not as effective
for maintaining the desired courge., It was in this corner of the
test course that the sideforce effectiveness was quite evident.

The use of the thrust and rudder controls was most effective in the
SE corner, since the wehicle was travelling into the wind.

"The use of the harrow discs was very effective for yaw control
and for maintaining a heading in a cross wind. Manoceuverability,
such as the ability to make sharp turns, wes decreased. Umoat as
much turning space was required as when making s turn without using
the skirt-1ift. The dises, however, could be raised pricr to a

furn and lowered again when on the desired course.
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"The effect of the harrow discs in yaw control was tested By
heading the vehicle toward a specific point with the dises up and
yawing the wehicle with rudders, then repeating the procedure with
the discs penetrating the smow surface 4 to 5 inches (10 to 13 om).
The differemce in yaw ctiffness and in heading stabilization was
apparent from the behaviour of the wehicle and the disc tracks in
the snow. However, a considerable reduction in spead was noticed
with the disce down, and acceleration was difficult.

"The maxisum aceeleration (or deceleration) of the vehicle
during a test run sround the rectanpular teat course in a counter-
clockwise direction at 30 m.p.h. (48 km/hr) was (in terms of gz

Forward 0.43 g

Aft 0.8 g, ™

The need for scme form of pround contact is suggested aleo by
<ir Yivien Fuchs in a paper on the subject of hovereraft in polar
regions, Ref. 23. It is apparent that to ensure that reasonable
reliance can be placed in a ground contacting control device, whether
it be wheels, harrow dises or skids, the load earried by such a
device should be maintained by a control link to the cushion air
supply system. In this way, as the craft rose and fell in heave,
the ground cortact load would remain within scceptable 1imits.

6.13 Elevators
Opinions seem to differ considerably om the requirements for an

elevator and there seems to be some prefersnce for a good ballast
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cystem to take care of fore and aft trim. The SENS and SENG

"elevator control, however, has been found to be of good use in

deep water situations with long swells where the oraft can be
"flown" with the elevator. TUsing the control in this manner
avoids impacts, improves ride in general and in combination with
the rodder the higher wind conditions encountered at the tops of
the swell waves can be handled comfortably. The elevator as a
trim device on SRNE can only provide a small amount of pitch moment
at eruise speed. On CC7 where the elevator control was, for all
practical purposes, independent of craft forward speed but heavily
dependent on thrust flow, the centrol could be used to assist in
getting the craft over hump., The need for this control is further
emphasized in the following CC?7 trials'! comments from Ref. 2L:

"When the craft is travelling into a brisk headwind, its

bow 18 forced down by the wind. The trim flaps fitted

to the rear of the craft are intended to apply a

compensatory force to maintain trim but are, in fact,

only capable of limited movement. Therefore, to raise

the bow, the exhsust ports on the top of the vehicle

muwst be opened, thrusting air in the same direction as

the craft iz moving and seriously hindering its forward

progress. This handicap waes most marked when travelling

on water. The difficulty of maintaining longitudinal

trim in a headwind appears to be a design fault that

reduced the effectiveness of the machine in those

gunditinns and terrain for which it might otherwise be

well adapted."
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On the Trans-African SENG expedition (Ref. 25) across Weat
Afriea, diffieulty was experienced in getting over hump due to
exgess weight and high ambient air tesperature. Tt was Tound
though that by working the elevator a rocking motiom could be zet
up "™which helped the bow to step over the hump wave™. If this
failed, an alternative technique was to flick open the forward
puff porta and then «loge them so that the lift effect at the bow
coincided with the rocking effect of the slevator.

Following operational experience im the Hovermarine Cenada
Sandpiper, a horizontal contrel surface was slotted into the
steering vanes on this craft to give trim control. As has been
found on SENGs and SRNGe this fcaﬁur& enabled the craft to pet over
husp more easily under critical c;nditibns.

From the above practical results it is clear that an elevator
control surface is particularly useful in diffieult operating
conditions. For maximum effectiveneas it should be in the propulsion
system airstream and not on the edpe. As with fin/ruddor vanes, two
aor more elevatora in the airstream would murkedly increase effectivensos.

(.14 Differential thrust

£.14.1 Side-by-side propellers

Side by side propeller arrangementa vaine differential
piteh offer a powerful means for yaw control but heavily influence
the lavout of the craft. Tr. sdditien, costa are likely to be
appreciably gresater Tor the duplicatien of propeller and transmizsions

and such layoute tend to lead to the use of two or even three engines,
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again adding cost and, especially with the emaller ACVa, the riak
of one or more engines not starting although thise aspect can be
prgacd from several points of wview.

An sxample of a side=by=side propeller layout is shown in
Fig. ¥ which illustrates the Cushioncraft CC2-003. This version
represents o mejor modification of the originel CCP-001 craft which
relied entirely on the cushion system for propulsion and control
(Ref, 26}, using deflection of vanes in the peripheral jet and having
fixed fins but no ruddera. The 003 version is fitted with rudders
and two fixed=pitch propellers, directly driven by two Continental
piston engines. Wind tunnel tests on the stability and control
characteristics of this craft are given in Ref. 27. The CCZ type
has had a history of changes to improve the handling characteristics
and it might well prove to be a useful craft with which to establish,
at relatively low costy a series of control capabilities asgainst the
conditions proposed in the Section of thia report dealing with comtrel
standards.

f.14.2 Low-gpeed air-jeta

By suitable duct and walwve design, craft employing low-
gpeed air-jete for propulsion may obtain effective yawing moments.
The Cushionecraft CC7 incorporates such a system and yaw control may
be obtained either by deflection of the rudder vanes in the air=jels
or by a combined deflection of the wanesa and reverse thrust on one
side of the craft. The system is such, howewver, that if reverse

thrust is used on the outer fan efflux system the cushion flow tends
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to become asymmetric inducing a rolling ocut tendency. This
regults in a rather bad plough-in in overland operations, usually
at about Wh of ¥aw producing a very uncosfortable sensation for
those on board. Otherwise the controls on thie craft are
penerally considered to be very good and well matched to its
intended duties.

Fig. 42 shows typical results for CC7 using differential

thrust.
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7.0 TURNING BEHAVIOUR

I The ability of a craft to turn in an acceptable manner is
important because it is fundamentsl in securing good manoeuverability.
The turning motion of an ACV is in some respects unlike that of any
other wvehicle although perhaps similar motions are sometimes encountared
when turning a car on ice at high speed. The centrifugal force inherent
in a turn must be balanced (in a constant radiug turn) by an equal and
oppogite aide force on the vehicle. The side forece may be generated by
the movement of the ACV through the air and in addition by forces arieing
from contact of the ACV with the surface over which it is travelling and
by components of thrust directed towarde the centre of the turn. Because
an ACV above hump speed is principally dependent upon nerodynamic foreces
for control and guidance, it iz correspondingly heavily dependent upon
the wind conditions as far as its track over the surface iz concerned.
Also, surface waves or surface slope can have far reachine effects. The
wind speeds are of the same order as the normal craft operating apeeds.
It ia apparent, therefore, that the control of an ACY in relation to
fixed points on its operating surface presents a very complex problem
#nd this qhﬂwa up particularly in turning motion,

Whereas for a ship very small yaw angles of only a few degrees
will produce very large hydrodynamic side forces, this is not so for the
ACV although some small but significant hydrodynamic side force can be
cbtained from the skirt-cushion system, as previously mentioned. The
ACV ie bagically moving through the air but unlike an aircraft it

cannot bank substantially in order to generate a major side force from
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a horizontal component of 1ift to oppose centrifugal foree in a turn,
Further, because the air velocities relative to amall ACVs are low,
(generally not greater than 50 knots (92 km/hr)), aerodynamic side
foreec, if they are to be larpe, must be provided by the biggest
possible product of side force coefficiemt and corresponding hull
reference area. Typieally, maximm aerodynamic side force coefficients
are generated between 30 and 60 degrees of yaw {ﬁlj. At these large
yow angles the compoment of thrust normal to the track of the craft is
&leo a major contribution to opposing centrifugal force. Om large
ACVs for which swivelling propeller pylons are a practical proposition
a gideforce may be generated from the thrust system without involving
craft yaw.

For analysing turning motiom of am AZV it is convenient to
draw upon normal naval architecture practice. Fig. 43 illustrates
definitions of the turning manceuvre for this purpose and the following
account of a turning manceuvre is takem from standard ship manceuvring
theory, assuming only a rudder is used to yaw the craft. It ahould he
noted in Fig. 4% that two definitions are suggested for Advance, Transfer
and Tactical Diameter, the first define these distances on change of craft
headinpg, as is usual ship practicezand the second define them in terms of
the track of the craft. For ACVs the differences can be quite large
since the drift angles are excessive, with 40° or even more often being

experienced,
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The steady turn condition shown in Fig. 4% will only occeur in
till air conditions. In winds and gusts an approximately circular path
can be flown by wvarying control settings and thrust settings. 1In
practice, measurement of turning circles will often include theee effects
and in many instances the effect of sea state. The effect of winds on
turns is shown pictorially in Fig., 51 of Section 10 and also in Fig. &b
whicl shows measured overall turning dimensions for a turn carried out by
the Cushioncraft CC7 in a 20 kmot (36 km/hr) wind., For this manoeuvre
the pilot was requested "to do whatever he could to make a }6ﬂ¢ turn in
minimun width while maintaining speed.™

Referring now to Fig. 43 the first stage of the turn starts as
soon as deflection of the rudder commenges. The consequent rudder force
and moment cause accelerations on the craft which are initially opposed
by the inertial reaction of the craft. The transverse acceleration, in
a turn to starboard as illustrated, is directed te port comzistent with
the rudder force being directed to port to carry out a turn to starboard.

The acceleratioma arising from the rudder force and moment give
rige to a drift or sideslip angle and a rotation in yaw. 'The second
atage of the turn is now commencing. As a result of the drift angle, a
gide force EF directed to starboard s generated towards the centre of
the turn and rapidly becomes larger than the port directed rudder force.
The aide force eventually comes into balance with the outwardly directea
centrifugal force of the ACV. The rudder force will initially cause

the centre of gravity of the craft to move to the port side of the original



approach path but it will eventually move back as the craft side force
predominates. There is likely to be some directional oecillation as
these changes are taking place until eventually a steady turning
condition is reached. Stapge 3 then commences with the establishment
of & new egquilibrium of forces.

7=l Measurement of turning performance

As an example of the detailed changes taking place during a
turn, reference may be made to some SENS trials (Ref. 2) and the
results (Fig. 45) may be assumed to be typical of a craft having
a pimilar confipuration and forece and moment controls. The
test technique used was to apply full skirt 1ift into the turn
and use the rudder to trim the required steady rate of turn; the
angle of gidealip cbtained was recorded. Since the wind was
light, airspeed and water speed were similar throughout the turn.
Occasional small rudder deflections were necessary to correct
emall disturbances.

The maxisusm rate of turn of 5.5q per second was achieved at
a sideslip angle of 45, At the higher rates of turn the skirt
in the inner side of the turn dipped into the water and the eraft
became directionally unstable and oppoaite rudder had to be
applied. L

The rudder deflections requifed to trim the craft at different
rates of turn are alsc shown in Fig. 45. The craft was out of

trim directionally during these testz and nearly 50% of full
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starboard rudder had to be applied to hold a straight course.

The thrust power requirement im the stesdy turne incressed
markedly when skirt contact with the water occurred and Fig. U5
showsa the rapid rise of power needed ag rate of turn increased
from 2° to £° per second.

7«2 Turning eirele data

Meagured turning circle data for a number of craft are given
in Fig. 4. Such data can only be approximate since a pure circle
ig very unlikely to be achieved in practice. The "effective" side
force of Fig. %6 is eimply assumed to be equal and opposite to the
centrifugal force in the turn. It is interesting to note that the
highest values of %F are achieved by the H.D.L. HDZ2 research craft
and are around 0.20. Thia craft is equipped with two + %0°
swivelling pylens, fore and aft skirt shift and puff ports. The
effective side force achieved in a turn is, a= discussed previously,
the summatiom of all components, aerodynamic, hydrodynamic (surface
contact) and propulsive. The aerodynamic componente may be broken
down into hull, control surface (partisally opposing) cushion efflux
and puff porte when used. On the small craft which are being
considered in thig report all these forces can be available although
very few small eraft have to date innﬂrpﬂFattd puff{ port or side
thrusting dewicesa.

To obtain good turning performance without the need for

exceasive yaw angles (potentially dangerous) a greater provision
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for aide thruat seems to be worthwhile and skirt manipulation
systems and the deliberate provieion of powered side thrusting

systems could be developed to provide this thrust.

7e3 Very low-speed turns

Very tight turning circles may be achieved by ACVs from
near stationary conditions.

CC7, for instance, (Ref. 24) was shown to be capable of
being turned in a radius of only 21 to 24 ft (6.4 to 7.3 m) at
alow apeed by using full rudder (lnw-apaaﬁ air-jet vanes) mnd
full differentisl thrust,.

The 600 1b (270 kg) Pindair Skima can turn at 5 knots (9.2 km/hr)
with a radius of 10 ft (3.0 m). Similarly the MHV Spectra 1T, a
1250 1b (568 kg) two-seater can turn at 5 knots (9.2 km/hr) with a
radiue of 20 £t (6.1 m).

Like many small craft, Sandpiper could be turned through 360°
(Ref. 28) in a very small circle at slow speedj arcund a tree or
buoy, for inatance, the bow could be kept within & yard or less of
the obstacle. Steering control from the vanes in the thrust ports
wias excellent and skirt drag and body movement could also be used to
assist im a turn.

Nermal turns at speed were affected by skirt confipuration. In
order to improve over-hump performance, the immer flaps of the rear
skirt sepments were extended and stiffened and while this improved

over-hump time it gave slightly less cornering capability.
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In many operational situations it is possible to slow down
before turning and thus avoid attempting tight turms and the
cansequent difficulties which can be encountered.

7«4 Overturning

Turning at high speed with some ACVs can lead to the risk of
overturning. The Hoverair Hoverhawk when being turned at apeed
called for ample manceuvering space and anticipation and unless
handled cerrectly could result in guite alarming sideways plough=
ins and pessible overturning (Ref. 30). In particular, attempting
to turn in too short a radius, turning in cross-wind conditions,
turning with uneven load conditions aboard, and turning too fast
from the downwind condition, could all lead to a sideways plough-in
of a fairly aevere nature. The chances of overturning the craft
under these conditions were considered to be very real. The craft
had a basic weight of nearly 1300 1b (590 kg) and a static thrust
of 120 to 125 1b (54.5 to 56.8 kg). (See also Ref. 29).

Y«5 (Genersal comments

come craft such as the Hovermarine Hovercat have been found to
be more critical tuwrning over land than over sea and the rolling out
tendency is greatly increased in a downwind Eituatinn; The effect
of applying conetant rudder for a turn and turning downwind is for
the rate of turn to increase steadily and for the ground speed to
increase also. Continuing with fixed rudder could Iead to a

pirouette manoeuvre effectively diacontinuing the intended steady



turn of the craft. Over land this same manceuvre can lead to the
"outaide" bow going down and grounding which in extreme cases could
bring the craft to a halt. Both skirt drag and high rudder centre-
of-pressure moments contribute to this type of behavieur. There is
some evidence to suggest that the bottom segment angle of the
inclination of the outer facs of a skirt segment may have an important
bearing on the level of drog foreces set up in these turning conditions.

When skirt lift is provided, it is normal to operate it first te
provide bank for the turn; then a small amount of rudder may be put
on and a good coordinated turn can be obtained. If rudder is put on
first, a skidding tuwrn results in much the same way as with zome
alreraft. In practice, the movement of the craft away from the
direction of the intended turn due to the sideforce of the rudder is
of no real significance except when cperating in close proximity to
other craft or cbetacles.

The moat powerful way to reduce turning rate is simply to
reduce speed. A turn attempted at too hiph a8 epesd will on most
craft result in a more or less atraight line path with the craft
travelling éidewnya or pirouetting. There is no need to slow down
in turping into wind but in a downwind turn-the control reaponsces
gre much lesa. Where controls such as propeller pitch and skirt
1ift are provided, it is possible to perform more or lecc properly
coordinated; approximately circular 359“ turna in slight to moderate

windo. If no control adjustment and soordination is carried out,
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then in down wind situations an elongated turm will result. Cm

very smsll craft, which are most unlikely to have propeller pitch
cantrol as well asa being limited imn other control directions, it

iz wery unlikely that properly coordinated turns can be obtained.
Attempte to reduce cushion power to obtain a correct turn can

prove to be dangerous under certain conditioms.
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H.0 ETOPPING AND ERAKING OF CRAFT

5.1 Heverse thrust

If an ACV is to remain clear of the surface over which it is
operating, then braking forces can only come from aerodynamic forces on
the craft generated by the hull, control surfaces, propulsion system or
cushibn system, Of these forces the designer may look to the propulsion
gystem for the largest component and the upper limit for this source
would be set il a 100% conversion of forward thrust to reverse thrust
were possible, Conventional air propellers, designed to be efficient
(high 1ift/drag ratios) at the desipn cruise condition will employ blades
having appreciably cambered merofoil sections. These sections when
operating at negative angle of sttack in reverse thrust conditions not
only then possess a poor 1ift/drag ratio but alan encounter stall at a
lower maximum 1ift coefficient. Lower-cambered sections could be used
to avoid the worst effects in reverse thrust conditions but then forward
thrust would be leas unless blade area weére to be increased. Increasing
blade area has proved to be difficult on the larger craft propellers
baecause of weight incresses leading to the need for toughening up of
blade rnn; retention in the area of hub design. For small craft, though,
(around 5000 1b) (2270 kg) it might well prove to be worthwhile to examine
the uwse of relatively large blade areas combined with nearly aymmetrical
aerofoil section blades and a simple Z-position lorward-to-reverse pitch

changing mechanism.
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With present day ACV propellers as fitted to craft such as
SRNG, the reverse thrust capability is certainly no more than half
the forward thrust and under many operating comditions it is down
to one=third.
For fan-propelled craft such as CC7, flow is redirected in &
forward direction to obtain reverae thrust. with ccy (Ref. 15),
the posgition of the rewverse thrust outlet induces a largs bow-up
moment and therefore increases the reverse thrust by a component
from the cushion, Despite this increment the reverse forces are
not large, as the following table shows; for static thrust conditionsa:

Total s.h.p. 200 300 400 00

Reverse thrust
Forward thrust 0.21%  0.207 0.19% 0.181

.2 &5 topping distances

Trials have been carried out on a number aof AOVe to record
atopping distances. Various technigues have been used and in some
instances not all the relevant facts are known concerping tests.
Data on stopping distances for the Cushioncraft CC7, the B.H.C. SRING
and the Bell Caiabno are presented here:

8.2.1 Cushioncraft CC7 over water

The following information is extracted from Ref. 2L:

"The wind was rather strong for this type of test but
time did not permit the schedule to be sltered. The stops
were made just off a jetty which ran parallel to the shore-

line and, fortunately, nearly parallel to the prevailing



"wind direction as well. The craft approached at
normal cruising power and full reverse thrust was
applied at the instant the end of the jetty was
reached. No steering problems were encountered
upon application of reverse thrust. The time
required to atop was recorded and the position along
the jetty was noted so that the distance could be
measured later. When ctopped; the craft was not on
the buoyancy tanks but still on the air cushion with

the engine at idle.™

Wind: 18 to 20 knots (33 to 36 km/hr) from 250°
Average Current: approx. 2 lmots (3.6 lm/hr) from EEU‘G
Waves: approx. 9 in (2% cm) with 1 £t (30 cm) swell

Orosts weight on departure: 5200 1b (2360 kg) including fuel

Average trim: ~ 2° by the stern

Direction Time Regd. Stepping Distance {Assume from)

Tpwind 11 sec. 102 £t (51 m) 25 knota (45 km/hr)
Downwind 14 sec. 195 ft (59.5 m) 37 knots (68 lan/hr)
Average 12.5 =ec. 150 £t (45.5 m)

8.2.2 B.H.C. SENf over smooth ice

Ref. 31 (p.93) gives results of stopping distance tests
uaing propeller reverse thrust on the SENA eraft. Thess tests were

carried out to assess the effectiveness of the reverse pitch and
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pirouette stopping methods on a smooth spurface and were run over
smeoth ice both into and with a 16 m.p.h. (24 km/hr) wind, in

Button Bay just west of Churchill, Manitoba. In the words of the
Department of Transport report: "reverse pitch wes found to have
gome effect when travelling into wind but wvery little when travelling
with it." A pirouette stop was completed in half the forward
distance required for a reverse pitch stop againgt the wind., These
resulte are shown in Fig. 47.

8.2.3 Bell Aerogyatems Carabac over land

Ref. &4 presente measured braking distances for the Carabao
using two different techniguea.
Ueing full reverse thrust and skirt 1ift to give an aft force
the ghortest distances were obtained. Weight assumed = 3200 1b

(1455 kg). The distances shown are for bring the craft to stationary

howver,

E%- {m} Direction Br:k ﬂiar'r;anna
10 (16) against wind 60 (18)
10 (16) with wind 90 (27)
20 (32) against wind ™ (2%)
20 (32) with wind - 105 (32)
30 (L48) against wind Bh (26)

0 (48 with wind 105 (32)



Considerable yawing of the craft occurred from the original
heading. Better control of the vehicle during breking wes obtained
by mwoving the skirt 1ift control from the aft position to the side
poeition. Thus the use of side force caused the wvehicle to move
gideways with a constant yaw attitude with reapect to the original
heading.

If throttle of 1ift and propulsion engines are simply cut and
the craft allowed to "ground ocut" then rather longer distances for
braking occur, but there is virtually no yaw, skirt drag contributing

heavily to the braking:

ﬁ.p:di (lon/ M) Direction Braking distance
ft (m)
10 (16) against wind 96 (29)
20 (72) againat wind 132 (40}
30 (48) against wind 138 (42)

These distances are not the shortest poszible since no reverse
thrust was applied.

Btopping distances for small craft over water can be very short.
From a speed of 40 knots (7h.lan/hr) the MHV Spectra II is capable of
stopping in 4O ft (12.0 m), just 3.2 times craft length.

8.3 Bwergency stopping (collision avoidance)

Collision avoidance testscarried out om an SENS by the Defence

Research Board (Ref, 32) provide some useful data on distances bo
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bring o cfaft to reat ae quickly wus possible using yaw durts, skirt
1ift,; rudders and propeller pitch. The tests were carricd out over
a natural anow eurface and the results ar&.mhﬂwﬂ in Fig. 4. With-
put the use of yaw ducts (puff ports) the space required increased
by as mach as LO%,

8.4 Stnpping distence data

Fig. 49 presents collected data on stopping distances for
various cralt and shows the effective mean decelerations. The
cverage "g" levels are low by automobile standards.  Bmergency
alepping of cera on dry road surfaces typically reach 0.60 to 0.70 g,
though at these values ocoupants must "hold on™ or be strapped in,
nented passcnpers probably receiving injuries at 0.5 g.

8.t Oeneral comments

-

Until really efTective braking systems are devised which can
halt a eraft in emergencies in just a few craft lengtha, it EEI.!'I'I'ZE
that some form of survey ahead of the route will always be necessary,
especially in emow and’ice covered regions. In addition to providing
IEffEﬂtivE braking, light ACUe should also be eguipped with pelatively |
Jarpe-area disc-ghaped landing pads so that the craft can be set Jdown
at speed when travelling inm any direction. If craft always have to
be get down whea tJ‘E'Fﬂll;i.EE,’ forwerds, then in emergenciss attempling
to turn craft in & direction suitable Fforr landing could lead Lo an
accident.

The CC7 can provide braking in down slope operations and still

maintain reascnable directiconal control. The craft ean in faet be
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stopped on a slope, turn on a slope,; and be held on a alope.

Very few light craft possess any form of braking but because
of their low mass the distances in which to come to a halt are not
great, especially over water. Ower smooth ice the problea ire
entirely different.

Experience with SRNG at Churchill, Manitoba, (Ref. 1) also
led to g recommendation that o method of slowing the craft rapidly,
other than reducing the hoverheipght and drapgging the slirt, shoold
be imnvestigatsd.

It im suppested that a cloge examination ehould be made of
the brakine methﬂdﬁ of the Bwedigh hydrocopters, Brakirg is
achieved by steel pins whicl are pressed inte the surface of the
ice by a foot-operated lever syntem. This possibility is taken
up agein in the Section dealing with new control ideas,

Smooth ski pade could be conpidered for braking on snow
surfaces and the reader is referred to Refsn. 3% and 3 for a full
apprniﬂdl of skis operating on snow suwfacen. This work, however,
was not connerned with obteining maximum corfficients of resistanco
but rather the opposite, UTypical values of coefficient of
recistance quoted for skis on snow range from 0.1C to 0.21 {depending
upon nki surface type) over bearing pressures from 100 to 500 lhfft?
(495 to 2500 ke/n® )
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6.0 CONTROL STANDARDS

The six degrees of freedom possessed by the ACY in combination
with the infinite number of environmental conditiona which may be
encountered present an apparently elusive situation as far as definition
in concerned. Coupled with the variety nf comditionn which ACVE may
operate in; there are also mamy Torms that ACVs may toke. Although the
more extreme forms may disappear or find only very specialized application,
there will doubtleas remain a large number of different types reflecting
the wide variety of operational uses and enviromments. At this very
early stage in the development of entirely new types of wehicle it would
be premature to lsy down hard and fast rules as far as atandards of control
are concerned. The lack of syatematic testing of craft in the area of
directional stability and control and the commercially discreet nature of
mich relnted work which has been carried out has of course not halhad to
reach an anderstandiog of the problem.

Despite these difficultiea, certain trends have begun to emerge
and "also certain primary conditions im which an ACV should be both
controllable .;rn:l gafe. The combinations of wind conditions and surface
conditions in conjunction with e¢raft headings and changes in heading may
be representcd in simplified form by a series of Etan@ard Copditions fTor
Contrel Assessment. The conditions are a&finud.in words by Table III,
and gome by illustrations in Figs. 50, 51 and 52. Begardless of surface
componition, overland surfaces are considered either as horizontal or

sloping, and in the latter case craft movement, up, down and ncross the
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Elope i conslidered. The other primary surface considered is water,

in four categories, calm, shallow and deep (depth greater than craft
length) and waves, shallow and deep water. These surface conditions
are then combined with craft heasding relative to wind to arrive at
"gtandard" conditions. First, straight motion in still air, into

wind; down wind and in a beam wind are set as basic conditions. Second,
turning metiom in still air, and then starting a turn into wind, down
wind and in a beam wind provide the second set of conditions. The
various combinatione which result are fully shown in Table ITI. A
gimple numbering system is proposed which allows the rather large number
of conditions to be easily referred to.

The authors therefore would recoemend that experience to date
with ACVs (of all sizes) should be assembled and assessed agzinst the
suggested basic conditions shown in Table III. Unexpet:ted results hawve
already occurred in the control behaviour of craft in varicus conditions
and some of these of course have led to accidents. An interesting
example of a condition which has been experienced in the vicinity of
Cowen Harbour in England has been an apparent complete reversal of
directional stability of SRENS and SRNG type craft due to water depth
effects when coming out of the harbour, and particularly noticeasbls in
strong wind conditions. In practice, to maintain heading when this
phencomena takes place, a change from full rudder one way toc opposite
full ruder the other way is required. This rather unusual effect only

perves to {llustrate the very wide range of conditions which may be



encountered, the results of some not being fully understood. By

exploring clearly defined overating conditions, howewer, it is

suggested that patterms of craft behaviour and handling will begin

to emerge which will be seen to be fundamental to the ACY concept.
Initially, it would ¢ven be valuable to set up control

standards in the most general terms simply establishing that a craft

is actually controllable under a given set of conditions, in other

words; that the manceuvre may be repeated over and over with negligible

differences in the path travelled by the craft. Here again, consideration

should be given to what is really meant by controllasble and it would seem

in this connection to be worthwhile establishing some rule of thumb

definitions as & very preliminary step. Tdeas along thaag lines are

rresanted in the following notes to be read in conjunction with some of

the standard conditions of Table III. These ideas are very tentative

and are presented here to encourage diecussion and further work in this

AR .

Condition HI1., (Straight motion in still air, horizontal land)

The craft should be able to accelerate from the stationary
hover conditien to its mormal design cruising epeed along a straight
track. When in trim sbout all axem, the eraft should be capable of
being flown hands and feet off controls, theugh for wvery small craft
a hand-held-on throttle contrel seems preferable. Although a change
of attitude in pitch may cceuwr with forward speed, this must not be

excessive so that proumd clearance is substantially diminished and
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should be capable of beinpr trimmed out to wilhin l_lﬂ al’ Lthe
horizontal. Directional stability is considered to be
espontial but the lewel will be determined in conjunction
with the down wind comtrol standard, HL3.

HL2. (Straight motion, into wind, horizontal land)

Control requirements wery similar ko HL1. The ground speed
will be lese than the design cruising air Fpeed and this will to
some extent determine the maximmm natural wind speed that the
eraft should operate in., A craft designed to give n 35 knot
(64 km/hr) still air cruising speed over land would be slmost at
a standstill in a 35 kmot (64 km/hr) wind but surface contact drag
would be neglipible so gome forward speed would be left. It ie
suggested that a limiting wind epeed should be set that ensbles the
ACV to proceed at a ground speed not less than one=third of its
still air cruising speed. Thus, disregarding surface contact drag
a 35 knot (&4 km/hr} desipn-cruise-speed craft should, for exsmple,
be able to pTﬂéﬂﬂd at 12 knots (21 lm/hr) when operating in a
headwind equal to that specified as liwiting for the craft in
question.

HL3. (Straight motion, downwind, horizontal land)

This condition is illustrated in Fip. 18. Tt should be
poessible to maintain any chosen ground speed, that is, there must

be sufficient thrust and/or drag contreol to prevent the craft being



"Carried away by the wind". In addition, any tendency for the
araft to weathercock inte wind should be easily controllable

through use of the normal yaw controls with heading divergence
limited to + ED in steady wind conditions. Wwhen the craft is
travellirg downwind at a ground speed equal to wind speed, full
contrel over the eraft's track and heading should still remain.

HILA. {Straight motion, beam wind, horizontal land)

In this condition most ewisting light craft hawe ﬂifficulty ie
holdinrg atation on hover without Ehgnging their heading into wind.
nleszs gome form of ground contact is used it seems wery unlikely
that many ACVa in the wery light weip'it renge (350 to 2000 1b)

(140 to 910 kg) would be able to have sufficient :nntryl powar to
hold statiop withowt changing heading,.

When moving forward in beem winde up to the limiting wind, the
craft should not exceed heading anpgles relative ko the track,}&T
of 30°,

U5l. (5till air, up slope, etraight motion)

Tﬂe eraft should be able to proceed up the meximum gradient,
for wiich it is designed, in a strnight path. Idrectional control
ghould he sufficient to restore heading of craft, i.e. to connber
the yowing moment of the c.g. over, say, + 107 of yaw, should a
dizturbance produce: such a yaw. Trim in pitch shonld be provided

in order to prevent the nose-up pitching moment caused by the



rearvard movement (im a horizontal plane) of the c.g. of the

inelined ¢raft, causing the rear skirt areae to drag.

Further suggestions could be made alonr these lines but a
more wuseful _npprﬂach u:;u_‘:l.ui be to ascertain at least the capabilities
of a number of existing craft against the conditions put forward in
Table III for assessment. A current achievement level could then be

established for the various conditions.

a7



10,0 COCKPIT CONTROLE AND ERGONOMICS

Adr-cushion vehicles ranging frem 5000 1b (2270 kg) groes
weight down to perhaps oaly 250 1b (114 kg) obviously eall for wery
Aifferent cockpit arrangements and instrumments. The higher weight
eraft such as the Hovermarine Hovercst and Ceshioncraft 007 are acapabls
of carrying out a veriety of induEFri&J and commercial operatioma, some
of which may involve lopg endurance journeye and must therefore be
correspendingly equipped. At the lower end of the scale the single-
seat sperts eraft will carry the absclute minimum of equipment and have
the gimplest form of controla. Many of the general principles of good
practice apply, however, to the whole range of craft being considerad.

A particularly useful paper, Ref. 35, discusses the control
skilla required of am ACY pilot. To some extent problems have nrisen
from cockpit layouts based on aircraft proctice or boat practice and
there has in fact been A genaral tendency to copy the controls of various
existing wehicle types. ‘Thia pattern is partly simply a reflection of
the very early stages of a new form of vehicle. Even now it ia not
really poosible to be dogmatic om the precise form controls shoull tuke
but cne c¢an be dogmatic in saying that they should be designed specifically
to deal with the unigue ACYV guidunce problem. A basic theme suggested in
Refs 35 is that the designer should determine what craft mobtions are
possible and which ones are required. Then the ACV dAriver—enviconmens
system can be looked at to find out the limitationa within it in trying

to produce the required moticma. This approach would involwe deciding



what information the driver needs, what controls are best suited to the
gystem and what skills are required of the driver. Ideally, cockpit
controla ghould enable a complete marrisge of the capability of the
driver and the craft responses.

If instant and well placed control forces were to be available
on a craft, for instance small rockets at all four corners of yaw, it
does not follow that the ﬂriéﬂr could necessarily manoeuvre the craft
any more successfully than with limited controls. There is a contral
load which each person can cope with and beyond that it may well be that
the provision of higher forces or more controls simply produces a
deteriorating situation. ‘The ability to anticipate controlling actions
and to respond to various stimuli is obviously called for in order to
achieve safe and efficient craft control.

At the moment, hovercraft drivers have to ascertain what is
going on through their senses. There is next to no instrument display
provided iﬂ keeping with the motion characteristics of a hovereraft.

10,1 Control afd cockpit reguiremsnts

When manceuvering many amphibious ACVs, especially at low
speed and in restricted spaces, it ie fregquently necessary to make
rapid and coordinated use of rudder, throttle, propeller pitch,
gkirt 1lift and yaw ports. It is this control demand om the
driver which has led to the need for both hand and foot controls
on current craft.

Control of rudders by conventicnal aircraft-type rudder bar

and pedal is recommended. Some gquick release means of applying



friction to held the rudder bar in a selected position should be
. incorporated.

It i important that the movement of controls in the cockpit
sheuld be compatible with the desired movement of the craft.

It seems best in most instances to have full foot-operated
controls in an attempt to allow hands to be available for duties
other than contrel of the craft. Th-ur;a are always occasions when
hands are needed to do something like map reading or taking
refreghment, and in the worat conditions for bracing against the
cockpit's sides.

n a small hovercraft, one- to two-seater, a fail/safe throttle
control could perhaps be provided, i.e. should the occupant be flung
‘gut of the craft in an accident, the throttle should close auto—
matically. Otherwise twist grip throttles appear to be attractive
or, alternatively, a forward/aft movement guadramt arrangement.

Should skirt 1ift be employed on wery light ACVe, the manual
forces required will certainly be within sny normal person's
capability. In fact, there iz little reason for manual control
loads to be anything but light in eraft up to weights of S000 1b
(2270 kg).

For craft which may be used for utility purposes as opposed to
pleasure purposes, some operations may involve long endurance runs ;

in beam wind or other conditions requiring contimuous applicatiom

R e R



of rudder. Some form of spring-loaded artificial centering

system would be helpful, as used on the military SENG, so0 as to
relieve rudder pedsl loads in such conditions. Another tiring
caéditiun which may arise with ACV rudder controls con exiat in
tail-wind conditions when, if the wind is strong, the rudders can

be forced over to full deflection, calling for a continuous

physical exertion to hold them in any intermediate positien (Ref. 1).

Considersble attention sheuld be paid to the layout of cockpit
controle to see that at their full deflection they can a1l be reached
by the hands and feet without invelving body movement.

The ability to antiecipate required comtrolling actions and to
regpond to various stimuli is obwiously celled for in order to
achieve gafe and efficient control over craft movements.

Throttle movements and linkages should be designed so that
engine power is not sensitive to very small adjustments. ©On CO7
a twist grip throttle on a lever operated by the right hand tended
to rotate when the lever was pulled backwards, thus closing the
throttle. This rotation was the result of a hand movement auto-
matically resulting from the arm movement.

Hand and foot controls should move in directions which are
natural for the driver; in simple terms, one pushes the control
in the direction that one wantas to go. FPurther, controls should

be placed in such positions that the driver knows where they are
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without hawving to leck, that is when reaching for a contrel his
hand will come naturally to it and operate it again without
looking. Mevements of controls should bear some relation to

the craft and engine response resulting from their use. For
instance, a fingertip throttle movement of #' (1.27 cm) from idle
to full throttle would be particularly unsatisfactory and a hand
control swing of, say, 18" (45.72 cn) to provide the roll of the
craft would be unsatisfactory.

The basic practices of good human engineering are well
documented and may be .applied to the new technology of air=cushiom
;Ehitltﬁ. The reader is referred to Ref. 37 for a full treatment
of the subject.

10.2 Instrumentation

Ref. 36 is a brief report on the recommendations of a working
party coneisting of four experienced ACV pilote, set up to make
suggestions Tor & standardised hovercraft instrument layout and
cockpit layout for a hovercraft of SRNE size. A number of the
peints raised are nppiicahle to the larger craft in the renge astudied
in this report uwp to 5000 1b (2270 kg) weipght (e.p. the Hovermarine
Hovercat) and have therefore been extracted and are included here.

In order to navigate with accuracy and handle his craft gafely
within its operation limitations, the report recommends that the

driver should be provided with the following data:
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croft heading

craft water speed

angle of drift

craft attitude in pitch and roll

relative windspeed and direction,

*

Craft hﬂ&li:l.l:lE :
Heading reference ie a basic and essential

requirement which can be most simply provided by a
magnetic compass. (It should be remarked here that

this is not 80 in the far North and a solutionm to this
problem, certainly for the larger craft, is the Range
Positioning System (REPS) developed by the Motorola
Government Electronies Division. The system determines
the X-Y coerdinates of a vehicle (airborme or surface) in
an arbitrary coordinate system from the EPS range-range
data. Additionally, the deviation from a preselected
course is determined and presented on a steering
indicator so the craft can be kept on course. )

Craft water aspeed:

Water speed information is required for navigation
and fer cerrect control of the craft when approaching
beaches or slipway ascents. The latter is particularly
important at night. The epeed information may be cbtained
from a doppler source.

Water speed should be displayed on a conventional

round-faced moving pointer instrument, reading in knots.



Angle of drift:

Some direct indication of drift is important to
supplement pilot judgement, both for accurate navigation
and to enaure1that craft operating limitations are not
exceeded,

Drift angle should be displayed on‘a round-faced
instrument shbwing a moving card unﬂerla fixed point
indicating drift angle in degrees,

Craft attitude in pitch and poll:

To achieve best performance and maxinum passenger
comfort, the amphibious hovercralt sust be correctly
trimmed for the prevailing conditions. Rell sttitude
is easy for the pilet to detect but has & turning effect
and causes heading errora. Pitch attitude is lese apparent
but large departures from the optimum are indicated by skirt
contact and loss of performance. Excessive forward trim
can contribute to "plough-in" and rapid deceleration.
Until ACY dewvelopment produces craft less sensitive to
extremes ol attitude, gome indicaticn of trim is necessary.
Spirit level indicators would serve the purpose 1if heavily
damped; but an indicater forqing part of the main instrument
display is preferabla.

The instrument should be round-faced and combine pitch
and rcll angle in & dual presentation. The pitch analé
should be pufficiently expanded to allow fine trimming

ad justments to be made,



Relative wind speed and directionm:

It is difficult to make an exclusive case for a
relative wind indicator, but the information has enough
of a “supporting role" in other areas to justify ita
inclusion in a basic instrument display. Theee areas
are:

a. To provide the normal wind information

required by the ACV driver;

b. as a back-up to the water speed

indicatar;

c. to support and provide a eross-check

for the drift indicater.

Relative wind speed and direction should be
displayed in a round-faced instrument having a dual
repregentation. FRelative wind direction should be
indicated by & pointer, and speed by digital counters.
The data source should be an anemometer and wind vane.

Instrument arrangement:

The instrument layout proposed by the working party

is shown in Fig. 53. The "basic inatruments" should be

logated in the upper part of the instrument panel to reduce
the eye movement reguired from the pilot's normal line of

lookout outside the craft.
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10.% Seating
. Tiredness can affect the ability of an ACV pilet to contrel

the craft. With small craft, craft random motions will be more
severe in general and accelerations are likely to be relatively
greater than for the larger craft. |when such craft are used for
special uwtility purposes such as communications, supplies, survey
work, ete., journeys of mamy hours may be called for, for instance,
along rivers and over extensive areas of iece, and therefore it seems
i wise to pay close attention to avoiding unnecessary causes of
fatigue. C.B. Boltom of the Royal Aireraft Establishment (Ref. %8)
in England haz developed bead or "wentile incompressible cushions"
which have been fouml to improve long-term sitting comfort, both in
static and dynamic situations. Dr. Loveaey of the Department of
Human Engineering st R.A.E. used one of these seats on the Trans-
African Hovercraft Expedition and found that he could undertake
particular taske for much longer periods than those seated on more
conventional seating. Ref. 39 remarks that reports from uscrs of
bead cushions indicate that the discomfort which normally results
from sitting in one position for several hours on a conventional
springy cushion is comsiderably reduced. Whereas the pressure
pointa experienced with normal cushioma remain practically unchanged,
a alight wriggling produces a redigtribution of the bead cushion
filler and therefore a new support pattern. The bead cushion also

has good self-wventilation properties which reduce discomfort.



Ref. 39 presents results from a vibration rig.

The R.A.E. had found that pilets very often were less
efficient when fully strapped in than when not atrapped in at
all and so if some restraint was really necessary, a lap strap
seems preferable. In hard=riding craft the comfort of a
person sitting on a spenge cushion will be much worse when

fully strapped in because the sponge cushion can resonate.



11.0 FENVIRONMENTAL FACTORS .

The weather and operating surface with which an ACY must

contend determine to a great extent the powering levels for the craft,
for thrust, for zontrol and fTor the cushion. The enviromment can be
tnken into account in setting up control standards but there are a
nusber of interesting cperational conditions which have now become
apparent from the operational experience gained to date.

11.1 Winds

Meteorological wind recordings are normally made at a standard
height of 10 meters (37.5 ft). Air-cushion wehicles up to 5000 1b
(2270 kg) weight are low in heipght, as Fig. 3 shows, typically
ranging from &% ft to 10 ft (1.2 to 3.0 m). Because of the wind
boundary layer gradient, the wind speed at these heights is only
likely to be around 55% to 85% of the value measured at a height
of %0 meters (97.5 ft), see Fig. Sh.

The gradient curve for a large expanse of smooth water shown
in Fig. 5% indicates higher wind speeds near the surface than over
grazs fields. Over normal rough water, however, thie difference
would be less. Similarly, rough ice and snow surfaces will
generate rather thicker wind boundary loyers. A fairly éenar;l
observation has been that winds will be found to influence eraft
behaviour much more over land than over water. Thie result,
however, ia mainly due to the much greater surface contact when
operating in winds over water and, in some instances, it is due to

a higher level of gustiness experienced over land, With some



form of surface contact device overlasnd, wheele or skids for
instance, controllability could be improved in winds.

11.2 Snow and ice surfaces

Vigibility in over snow operations has been a problem on a
nuzber of coecasions. In particular, when travelling downwind
over snow, the craft may become surrounded by a cloud of snow
generated by the cushion escape air. This condition can result
in & complete loss of vieibility and was experienced during SHNG
trials at Churchill in Northern Canada, Ref. 40. The extent to
which snow is blown up around the craft by cushion air is 1ikely
te be very much less severe at cushion pressures relevant to
small ACVs, see Fig. Y, since the amount of smnow disturbed iE a
function of the discharge flow velocity beneath the skirt.

Operating over deep snow can cause problems. fAn ACV should
move away gquickly from a standing start as otherwise there ie a
risk of the cushion flow literally digging a hole beneath the
craft. A discussion of this problem is given in Ref. 17 which
presents results of tests with a Bell 5K-5 with a peripheral-jet
skirt.

When operating over hard flat snow or ice surfaces, very high
speeds are possible since sgkirt contact drag will be negligible.
At the same time, visibility way be difficult and hence the ability
to change craft heading gquickly ¢r to brake and to come to a
standstil]l in a short distance is eesential. During operations

on the Mackenzie during the break-up period, puff ports were found



to be very useful for obtaining a quick response, despite the very
?l&ll forcea generated by them.

During SRNE trials at Churchill, Ref., 31, pilots commented on
the apparent loss of rudder control when travelling over land, snow
or ice. The rear skirt bags of the SENG seemed to give little
friction with the surface in relation to the "feel" experienced

‘over water and the rudders seemed dead or slow to produce a turning
action. Skirt 1ift and puff ports were therefore considered to be
a necessity for this craft when operating over solid surfaces.
Because of the reduced surface friction; the pilots found that finer
and mach more frequent and pre-planned manceuvres were necessary.
11.3 Rapids

The ACV has been shown to be capable of safe operations over
rapids on a nusber of occasions at Lachine in Canada, on the Amazon,
and on the rivers in the Himalayas and Afriea. By keeping maximum
cushion height, minimum disturbance from the water surface is felt
by the craft. The following extract iz from a report on the Trans-
African SRNG expedition, Ref. 25:

"Onee agning the hovercraft demonstrated its

exceptional performance over rapids. These were a

real challenge to the craft and static waves over mix

feet high were crosased, Tt was found that the upstream

passage was considerably easier than going downestresm;

the craft was more controllable imto the current and the

surface wind the rapids cause, and alsoc the pilot was able

to seé hazards, such as rocks or violent turbulence, which

would be wasked on the downstreams trip."



101

Probably” the surface gradient in the downstresm direction
also reduces the contrallability of the craft but it appears
from reports on operations over raplds that copntrol is mot

unduly affected.
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11.4 Operation through surf -

. To aome extent it is poesible to draw upon experience with
relatively large craft operations in order to indicate handling
practices which could be applied to smaller ecraft, thouph it
should be borne in mind that there are many opinions on handling.

Ref, 41 suggests that in operations through surf (8BNS and
SRNE trialse) in really small waves of the order of cushion depth
it ia safe to head straight out t¢ =ea, accepting the occasional
impact on the bow of the craft which had little effect on the
overall apeed of advance. Tor appreciably larger waves, it is
best to head the craft at about 45° to the wave front, enabling
the eraft to ¢limb and roll safely over spilling surf up to heights
of about 2} times cushion depth, By avoiding impacts it is
possible to keep above hump speed.

Coming into shore it iz possible for the craft to statiom
itgelf in the trough between two rollers and maintain speed in thiE‘
emooth water area right into shore where it can accelerate through
the broken water and rum up the beach.

An entry anple of about hﬁ“ to the surf line is recommended in
Ref. 42 (leaving the beach above hump speed) and then, if a break
can be seen in the next approaching wave front the craft should be
taken through. Thie procedure can be repeated through further waves

until the eraft is able to ride safely over them.
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Coming ashore in surf conditions is best done by taking up a
position in one of the wave troughs Just behind a proceeding wave
line. Ref. 4 guotes an average wave front speed proceeding
inghore as sbout 12 lmots (22.2 lm/hr). Good directional control
ie required in thie situation and & technique which may prove
necegsary is to reduce cushion air so as to drag the skirt in the
water and then to use more thrust in order to give the directicnal
control surfaces more effectiveness without increasing craft gpeed.
The craft sheuld be accelerated up the beach, well clear of the
breaking waves, otherwise there is a real risk of the craft skirt
being caught in the undertow from the breaking waves, pulling the
craft back down the beach and exposing it to the full force of the
next breaker.

dnocther opinicn as to the best technigue for coming ashore
through surf is given in Hef. 4% which disagrees with the above
suggestions. In Ref. 43 it is strongly advocated that when coming
ashore in surf conditions the approach should always be above hump
spesd and that whilst the craft will tend to decelerate and plane
on the top of each curler, intelligent use of power and trim will
apaist the craft over the weve towards the beach. This technigue
is felt to offer far less risk of "broaching” and sbowe the hump
the craft may sleo safely suwrmount the under-tow of sand and shingle=-

laden water.



The above two opinions illustrate once arain the Jdifferencen
which exist when handling technigques are discussed by experiesnced
pilots of ACVa. Also these opinions indicate how fluid the
present state of the art is as far ps control and handling are
concerned. The impertance of defining the environmental conditions,
however diffiecult and tentative this may be, is again emphasized.

With small ACVs below 5000 1b (2270 kg) in weight, craft
inertias are low and violent motions ecould result if care is not
taken in surf conditions. In fact, except for the largest craft
in the ranme it would be wise to avoid operatioms im all but the
slightest of surf conditions,

11.5 Iee aceretion aon AOVa

When craft are operated over water in conditions just below
freezing, a steady build up of ice can ocour from the spray generated
by the cushion. Protuberances in particular are likely to suffer ’
from @ rapid build up and two main control effects result. Firstly,
a film of ice may build up over the whole structure if wind and smray
patterns combine adversely. Secondly, control surfuces may be
affected; both by becoming coated and pomeibly being jemmed if icing
becomas aevere and the control i= not in constant use., The irst
effect may increase the weight of the craft by 20% or more and unleos
de-icing and/or anti-iecing techniques are used, sufficient installed
power chould be allozated in the design to cover the eventuality if

the craft is intended for operalion for much of the bime in areas

where icing will be prevalent. The second effect will reguire

L T
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special attention during design, both from the point of view of
avoiding obvious features leading to freezing up and aloo to
minimige the extent .of accretion,

Some indication of the extent of the problem ias given by

figures recorded during the Churehill trials of the SHNHA, Rof. 31:

Date 1968 17 Jan 18 Jan 30 Jan 1 Feb 2 Mar & Mar

Air temp. °F 9 - 10 -21 - 34 15 5

Water temp. °F 30 30 30 30 32 32

Wind speed mph 15 14 10 10 20 12

Ben emoke Patch yes Yes Dense Yo Yes Hone

Fropeller Bpinner Mil Wil Hil Bpinnexr Hil
only only

Fudder and

elevater 3/8m £ I 3/16"  Nil i

lover leading

edges 0.95 ca 1.9 cm 1.27 cm 048 em - 2.54 em

Rudder and .

elevator Nil Nil Nil 1/716"  Ril 1/8"

upper leading

edges - - - 0.16 cm = 0,32 om

Ice accretion was never conasidered alarming on these trials but .
n recommendation was made that pilots should employ technigues which raise
as little spray as possible. De-icing methods should be provided to deal
with rapid ice build-up conditions, particularly on controls.

Another aspect of icing and freezing which should be watched
carefully in the design stage is the likelihood of control cables, slides,
pulleys and associated systems, either becoming restricted in movement or

jamming solid.
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12.0 SAFETY ASPECTS

. Without acceptable control and guidence properties ACVE can im
no sense be considered ng safe. At-'this atage in the development of
ACVs no effective control standards have yet been set and, fortunately,
Tew accidents have oncurred. Thoae that hawve oceurred have been more
concernsd with cushion behaviour over varying surfaces, such as omooth-
water plough-in and ice-to-water tramesitiom, thon with collimion awnidance,
although there have been a mumber of less serious accidents in this category.
Tt should, however, be recognised that very few ACVs are yet operating in
relation to other forms of transport and reereational wehicles, and judged
in this 1ight there can be no complacency over the safety record to date.
Positive directional control and effective braking is essential for sofe
operation and recearch and development effort in this area is necessary
now in order to ensure that whem eraft begin to appear in larpe nushers
they will be safe and well-proven designs.

With emall recresticonal ACVs particuwlar attention should be
paid to protection of the occupants in the evemt of the craft being in
¢ollision.,  Avoidance of sharp edges and projections in the cockpit
sren 18 neceasary and grids should be fitted over propeller and fan
intekes. Care should be taken also to see that control surfaces, puff
port deers, control csbles and linkages, that are exposed to people
handling the craft do not endanger fingers. Starting handles should
be =0 positioned that scarves cannot posoibly become entangled with
rotating machinery. While control loads may be tiring for cperators

of some craft, starting loads of some engines gcan be excessive and this
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poiot Ehnu.l.l:l be watched in relation to heart attack risks. Similsr
risks can arise if controls are insufficient to keep craft clear of
becoming stuck in difficult areas, when extreme physical exertion
may be used in an attempt to free the vehicle.

Because ACVs can travel in areas inaccessible to other types
of wehicle, rescue aspects have a special significance. Very light=
weight mobile VHF-FM transmitter-receivers are now available (weight
less than 8 1b) (3.6 kg) which would seem to fit in very well with the
needs of small ACVe operating far from base.

12.1 Snowmobile Accident Experience

Mlthough there are many dissimilarities between ACVa and
Snowmobiles, the accident record has not been good for Snowmobiles
and some of the situatioms which have resulted in accidents teo
them could well be duplicated for light re-:r-e.utium.l ACVa. The
following review is extracted from Ref. 44:

"The Natiomal Safety Council, Ime. (NSC) has published an
informal report of available information on snowmobile aceidents
for the 1970-71 winter semson, Data were cbtained from news-
paper surveillance, individual reports to NSC, verificatioms (im
some cases) by vital statiaties, bureau reports, and with the
co=operation and assistance of State officisls and agencies.
This rather involved procedure wae neceseary in the abeence of

official reporting of snowmobile mccidents to any cemtral agency.
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“The [GC report shows at least 102 snowmobile deaths in
the 1970-71 season, compared to 84 for the 19569-70 meason and
54 the year before that. Included in the rejorts were 428
perasong injured in the 1970-71 winter compared teo 306 the year
before. NSO did not report exposure data.

"iceording to the Internotional Snowmobile Industry
Ansocintion of Minneapelis, Minnesota, there were in 1971
approximately 1,022,000 snowmobilea registered (or estimated)
in o total of 31 States, In the combined States of Michigan,
Hinnesotn, New York, Wisconsin and I1linois, for which States
H8C reported a total of 82 snowmobile deaths in 1970=-FL, there
were 677,000 snowmobiles. Thia would average out to one
fatality for each 8,250 machin:e, Bazed on this average,; the
national total would have been sbout 124 fatalities. That
the W& fipures were proboably on the low side is supported by
the fact that NEC reported no deaths fopr 13 Stablaes which had
a combined snowmobile population of over 117,000 pachines.

"4 study copducted in the State of Maire during three
winter periods (1958-69, 1959-70 and 1970-71) and which is
gontinuing under the joint operation of the Maine Department
of Inland Fisheriez and Came and interested private persons,
has indicated the rate of growth in the sport of snowmobiling
which may be indicative of its national growth. In the

winter of 1969=70, some 29,000 machines were registered under
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"Maine law [ne registration required if the machines are used

entirely on private property). By the winter of 1971-72,
thies nurber had grown to 50,000 machines excluding mgany
thousands used on private property only.

"Maine found that 215 persone were injured in the winter
of 1970-71, and four persoms killed. Thus, based on Maine's
experience, the injury to fatality ratio is of the order of
50 to one. If thie ie applicable everywhere, there would
have been approximately 5,000 snowmobile accident injuries
in the nation as contrasted with the 428 reported by NSC for
1370-71.

"Maine reported that the causal factors most commonly
identified were, in descending order: trevel too, fast for
conditiona, operating in unfamiliar srea without reasonable
.caution, mechanical fajlure, operating on a public way,
inattention, striking uneeen object, or being thrown from
machine. No details of caunses were reported. Parte of
the body injured were lower extremitiea (37 percent), head
and neck (34 percent), upper extremities {19 percent), chest
and trunk (& percent), and back (4 percent)}. These conflorm
closely to the NSC analyeis of injuriea. NSC reported that
%2 percent of "sericus injuries" involwved the head and neck
but that 80 percent of the fatalities involved the head and

neck.
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N30 reported thatlat least 1% deaths [1970=71) were
freom drowning, which points up a specific hasard of operation
on rivers and lakes., Two deaths from exposures illustrate
the wiadom of the "buddy" system (operation im pairas) in
revel off the beaten path. The high ratio of deaths from
head and neck injuries attests to the need for helmet use.
HEC reports of snowmobile injuriea and fetalities by ame
proups cannot be interpreted because of tho lack of pertinent
expogure dato. Absence of any licensing requirement {other
than a2 minimum age level) or formnl accident investipatinom
(or reporting) procedures obscures the significance of the
raw data on accidents, injuries or fatalities; aocident
causation or interactions of the driver/vehicle/environment
factors cannot be determined on the basis of available data.

"Exemplifying the diversity of factors involved in
snowmobile crashes {and fatalities) are four Maine accidents
which are summarized:

ny . On December 10, 1971, two young girls, high school
studenta, were riding together on a snowmobile which becams
stuck in a snowdrift. While they were trying to free the
wvehicle, by pushing it with the ﬁntnr running, one girl's
soarf becage entangled in the drive mechaniem and drew her
inte the machine. She was strangled.

"The machine had the usual engine cowling but the

addition of a simple screen-type guard wouwld have prevented
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"this traéédy- The accident illustrates the haszard of
uﬁarinh clothing or accessories of a type that might bacome
entangled in the equipment or which can snag on environmental
posts, wires, or branches.

"Z2. On Christmas Day, 1571, a fl-year old experienced
snowmobile operator was travelling on a loeal lake, with
which ho was known to be familiarr as he had warned ather
snewmobilers of hazardous ice patches. Despite his
experience and familiarity, he ran onto a dangerous patch
end drownel when his machine went through the ice.

"The especial hazard of snowmobile operations on iece is
demonstrated in this accident. Changing currents, especially
during mild spells, can drastically alter the thickness of ice
slmost ever night. [Ddsregard of the "buddy"™ system znd the
abaence of any flotation item delayed rescus efforta.

"%+ On December 27, 1971, a young man experienced in
snowmobile operation, familiar with the area, was engaged in
racing at 50 to 60 miles per hour on a local lake front.

is machice struck an obstruction which deflected it inte a
tree on the lake shore. He was woaring an approved-type
safety helmet with full face shield; it is speculated that
shiel:d fogging may have partially obstructed his view. In
the Impact, the helmet shattered and fatal head injuries were

received.
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"The minimal occupant protection offered by snowmobiles,
t}*-ease with which cu%trﬁl i lost, and the limited zrotection
of =afety gear in certain types of crash are all illustrated ik
thie case.

", Om January 23, 1972, two adult males were riding a
snowmobile on & private roadway which had been poeted apgainat
snowmobile operations. At a turn in the roadwsr, the
snowmobile cut to the left and ran headlong into a pickup truck
at the crest of a small hill with such force that #3800 damsge
was done to the truck. Ome snowmobile rider was injured
critically; amd the other was dead on arrival at the sres
hoepitals

"That snowmobiles are no match for automobiles or tru&%s
in collisions 1s graphically illustrated in this erash. Having
disregarded the signe prohibiting snowmobile use, the operator
compounded hiz error by travelling on the wrong side of the road
in &n area with Jimited view ahead, B0 that neither driver had
a chance to take evasive actiom.”

The above experience is sobering and it should be remembered that
the snowmobile has a hipgh degree of contrel in relation to the ACV,
although lack of control is not the =ole source of accidents of
course. The experience emphasires the wide range of drivera which
must be designed for in recreationnl craft and the operatiomal
conditions which should be avoided. Many such congiderations are
common to a wide variety of wehicles if they are to be handled safely

mnd the ACYV is no exception.
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13.0 A DISCUSSION OF A PRACTICAL CANADIAN DEVELOPMENT OF A CONTROL SYSTEM

13.1 Introduction

The objective of o control system is to emable a vehicle to
be operated safely by a competent driver. For the class of ACY
being considered in this Section, the degree of training must be
minimal te meet the economic considerations of the small or
pleasure craft market.

When Canive Industries Ltd. entered the air-cushion field im
1958 it was apparent that either the basic Irémch or British
patents could be used to design a suitable skirt. However, there
was not a control system available that could provide the
manceuverability necessary for a small ACV.

A programme of research and development was initiated to
obtain basic data and several experimental vehicles were conatructed
to evaluate the various design concepts.

Thie Section summarizea the results of the programme together
with subsequent tests carried out by Jones, Kirwan and Associates.

1%.2 Integrated lift/thrust system

Unlike Furope, year-rcund use of ACYs in Canads will entail
operation over hard surfaces rather than water.

The results of initial testing indicated that surfase porosity
such ma granular snow, muskeg, etc., could become @ major probles
to the extent that the cushion could diesipate through the surface
under the vehicle without reaching the pressure regquired to 1ift

the craft.
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Although the daérae of porosity has not been determined for
various surfaces, experience hes shown that if 8 lerge percentage
of the total installed power could be used initially to inflate
the cushiong; then thia problem would be overcome for all the
surfaces preaently encountered. The technigue is to dump much
of the propulsion air into the cushion, with the craft being
accelerated by the remaining thrust. As the vehicle moves forward,
the cushion has leas time to dissipate through the surface and more
air can be transfered to the propuleion system until the correct
relaticaship between 1ift and thrust has been achieved. This
integrated lift/propulsion system is featured om all vehicles
degeribed in this Section and ie considered to be part of the
control aystem.

1%.% Skirt comfipuration

The Bertin concept has been chosen for the teat ACVas because
the maltieell confipuration offers better protection against
cushion decay over deep ditches, ruts; etc.

1%.4 Control requirements

In the absence of any specific regulations poverning the
performance of small ACVe, the interpretation of "safe operation"
was considered to apply to craft whose control system would enable
them to aveid obstructions larger than the obstacle=clearing
papnbility of the flexible gkirt, taking into account driver

identificntion and reaction time.

I




1t was sesumed that in an emergency the engine would be shut
of f and the craft be permitted to skid along the ground. The
cushion decay time would then become A critical parameter in
determining ekid length.

FPerhaps the most important requirement is that the controls
are presented to the driver so that they can be moved without any
undue physical effort. They should reflect the intended direction
of the craft, for instance, if the control is pushed forwsrd, the
vehicle should move forward. TEvery effort should be made to make
the system aimple and coordination between hands and feet should be
avolded where possible. To achleve these requirements, the vehicle

must be provided with:

8. thrust

b. reverse thrust

8 cide foreoe

d. ability to turn

0. ability to dump propulsion air into cushion.
13.5 BV 101

A teat vehiele was built using the supgested desipn eriteria
and designated BV 107. It was intended that this wooden rig would
provide data for the design of a suitable centrel system for a
projected two-seat vehicle aimed at the pleasure market.

The generul layout of the vehicle is presented in Fig.g55 and
ehows a centrifugal fan pressurizing s plenum chasber “rom which
there is one thrust and one reverse duct. Exits in the chamber

floor supply air te the cushion.
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A control wheel is linked to the two doors throwgh a control
box as presented diagrammatically in Fig.56 . The operation of
the control wheel is as follows:

Ha Wheel in the central position. Thrust and

reverse doors and half open giving zero net
thrust.

i:. Wheel pushed forward. Rear thrust duct door is
progresaively opened while front door is shut.

Gs ‘Wheel pulled back. Front thrust door is
progressively opened giving reverse thrust while

. rear door is shut.

de Wheel move sideways., FRudders situated in the
reverse and thrust ports are moved in the same
direction to provide a side force.

[ Wheel moved down. All control doore are
progressively shut until all the air is being
directed into the cushion.

f. Wheel rotated. Rudders move in opposite directions
to give a turning rotation to the craft,

The operation of the mechanism is as follows (see Fig.sg ):

When the wheel is moved forward or rearward it rotatea arm "A" pivoting
about axle "B" which ie rigidly attached to the wehiele, The other
end of arm "A" is attached to a cable "W" which conmects the front and
rear doors such as one opens and the other shuts. Therefore, as the
wheel 1z moved forward the rear door opens beyond the neutral half open

pogition to provide thrust.
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A cable shortening device "M" ig situated on the cable "W
aﬁd consista of three pulleys, the centre pulley being movable so
that the distance between it and the other two can be changed,
thereby lengthening or shortening "W" as required. If the three
pulleys are moved closer together; the cable will effectively
lengthen and cause both the front and rear control doors to shut
prugreaaifaly until all the fan discharge is ducted into the cushion.
The devige "M" is activated by movement of the control wheel in a
vertical directiem; this changes the distance between the two
securing points of the inner and outer sections of = conventional
"Bowden™ cable shown in Fig. 56 as "K" and "L".

If the wheel is rotated, it rotates axle "E" in housing D"
and causes arm "G" to rotate in a similar direction to the wheel.
The upper point of arm "G" is attached to rod "O", bell cranmk "g"
and via another rod to rudder "R". Similarly, the bottom point
of arm "G" is linked to rudder "S"., Therefore, if the wheel is
rotated the rudders are moved in opposite directions to provide a
turning movement to the vehicle.

If the wheel ie moved sideways, arm "G" also moves sideways
causing the rudders to be rotated in the same direction, resulting
in a side force being applied to the eraft.

13.5.1 BV 101 test results

The BV 101 was tested over snow and ice during the

spring of 1968 and clearly demonstrated the need for an integrated
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lift/propulsion system for thie size of wehicle.

The cuntrui gystem provided adequate guidance, especially
in close proximity to buildings, but the driver was required to
concentrate to maintain a vehicle heading, Tt would seem that
a driver subconsciously favours the use of one hand over the
other and as the wheel was pushed forward, for instance, a right-
han&ad driver will also tend to push to the left, giving the
vehicle an unrequired side ferce, It was further found that if
the wheel moved forward the hands tended %o rest on the wheel
which caused it to move downwards and clese off the thrust doora,
a condition contrary to that desired.

During these tests the period when each control was used was
earefully noted and two significant points became apparent.
Firstly, it was usual to yaw the wehiele to correct for drift at
espeed because the application of side force reduced the thrust
and hence vehicle speed. Secondly, the effect of =oil porosity
became negligible over 10 m.p.h. (16 km/hr) and ducting propulsion
air into the cushion above that speed was unnecessary. A pummary
of the tests suggested that the control system should be modified
to make it simple to operate during the majority of the wehiele
running time, which would be in the open at speeds sbove 10 m.p.h.
{16 km/hr}.  An additional control for low speed was therefors
included to actuate the aide force doors and the 1ift integration

device,
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Becauge of the deteriorated condition of the BV 101 and the

" advanced state of the design of a prototype two-geater, it was
decided to abandon further experiments on the BV 101 and introduce
the two-stage control system on the BV 102.

1%.6 Two-seat BV 102

The specification sheet for the BV 102 iz presented in Fig. &
and showe an ACV 13,0 ft (3.95 m) long and 7.0 £t (2.1 m) wide.
4 dyiver and passenger are seated side by side in & cabin in the
front of the craft. Behind thie is Jloeated the central centrifugal
fan driven by & single engine situated at the rear. The fan
pressurizes & plenum chamber which feeds air to the two reverse and
two forward thrust porto. Internal ducts supply air to the cushiom.
The BV 101 control system was modified to inelude the four door
configuration. During the redesign a method was found which wouwld
automatieally close all the doors when the control columm was im
the "neutral" or the "no thrust" position, thus eliminating the
need for s ceparate lever for integrated 1ift. However, a separate
control was still reguired for side force. Furthermore, 1t was
believed that the vehicle would have sdded sales potential if it
could be controlled from either of the fromt seats. —The control
gtick was therefarse mounted betwesen the twoe front E;EtE‘ whiesh
dictated that the wheel must be removed and replaced by a stick
that could be controlled by ocne hand. Eide force was achiewvad

by a separate lever also located on the central console.
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The main control seguelice was as foellows:
Stick central. A1l doors shut, complete fan discharge
being ducted into cushion. Mo thrust.

Stick forward. Rear doors open; forward thrust.

Stick back. Front doeers openi reverse thruast.

Stick sideways. Opposite forward and reverse thrust

‘ dm;rs open to provide a turning movement.

The mechanical detaile of the control box are presented in Fig.sS8

The control stick "A"™ is located in a housing TE“ which is
attached to an axle "C" loeated in the structure of the wehicle.
A cross arm "I is attached to lever "AM. ﬁuda "E" and "F™ link
two tee pleces "5" and "H"™ to the ends of arm "I", The ends of -
the two tee pieces are attached to the four push-pull cables "I",
rJv, "K' and L' which actuate the doors. The tee pisces are
located vertically by radiuvs rods "¥" and "2" which pivet about axle
oM, When the control is in neutral, all the four cables are in the
closed position and the tee pieces are kept up against the cn;trul
‘cable atepa by springs "M" and "N". As the stick is moved forward,
ﬁherafurg, tube "B" rotates about the axle "C" and causes srm "I
to move downward, which in turn rotates the tee pieces about the
pivot in arms "2" and "Y', @=ince the ends of the tee pieces "I
and "IL" must move forward, pulling the ¢ .le and opening the rear
thrust doors. The sequence iz similar when the control stick is
moved backwsrds, in which case the control cables attached to points

I gaund "K" are pulled, thereby opening tze reverse doors.

LY
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If the atick "A" is moved sideways, one end of arm "D" riges
and the other lowers, thereby opening the reverse port ocm ome side
and the thrust door on the other thereby providing a turning motion
td the craft.

1%3.6.1 BV 102 test results

Tests showed that the new system was much superior to
the BV 101 and required much less driver concentration. However,
it was found that small mﬂf;mﬂnts of the stick sideways resulted in
relatively high rates of turn, coupled with the fact that in order
to turn, one of the thrust doora required to be partially closed,
. which reduced vehicle apeed. Thia "course" relationship between
stick and craft movement required the average driver to be continuously
moving the stick from side to side to maintain a desired heading and
it was diffiecult to achieve maximum speed. The problem was overcome
by placing a rudder in each of the thrust ducts and connecting them
to a twist grip on top of the stick.
The technique for eruise was to push the stick fully forward so
that the control cables were up against stops and the stick could
not be moved gidewaye; maintaining a heading was then achieved by
a gimple wrist movement to turn the twist grip and hence the rudder.
This modified system permitted the craft to be controlled safely.
13.6.2 Cam box
[nfortunately, some mechanical problems had developed in
the system; in particular it was found that grit amd dirt could collect

on the sliding position of the push-pull cable and increase friction.
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This resulted inla condition where the stick could be returned to
the neutral pesition but the spring may not have enough force to
pull both cables against the stops. Hence a door could be left
Tully or partially open and there weuld be a change in the response
of the craft te the movement of the control stick,

A solution was sought whereby the springs could be replaced by
a pogitive mechanical mction. The result was a cam box, ahown
diggrammatically in Fig.59 . The tee pieces were retained but
rallera were added to thg ende where they attach to the cables.

These rellers ran in grooves, the shape of which was defined by a
radius of s distance equal to the length between tﬁa ecuter races of
both rollers and a centre which was at the ocutermost part of the race
when the tee piece was against both cable stopa in the neutral position.
Because the vertical distance between the two grooves decreased towards
the point where they joined, and because the distance betwesn the two
rollera was mechanically fixed, the tee piece muat owing about one of
the rollers when it iz up against a stop. The tee piece cannot mowe
forward and will always come up against a stop providing a positive
mechanical link between the stick and control doors.

The BV 102 programme was shelved before the control system could
be modified, but it was incorporated in the side force door system with
great succesa.

13.7 BV 106
During the development of ths BV 102 a larger vehicle,; desipgnated

BY 106, was being constructed. The specification is presented in Fig. 60.
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* The integrated 1ift/propulsion eyetem featured n mingle
engine driving two vertically mounted centrifupal fans located
either side of the machine. . The fans discharged into serolls
which ducted air to the cushion, the thrust ports located at the
rear of the vehicle and reverse and side exits located in the top
of the wcroll.

Two cam devieces, similar te these described in paragraph
13.5.2 were positioned between the forward and reverse thrust
doors located on either side of the vehicle. The cam boxes were
actuated by levers which only moved fore and aft, selesting forward
or reverse thrust on that particular mside of the wvehicle; turning
was accomplished by differential movement of the levers. The
gide force doors were opened by foot pedals, the right pedal moving
the craft to the right and the left pedal to the left,

Each fan fed the stability jupee situated om that perticular
side of the craft and there was no cross-ducting. Therefore, as
glde force air was bled from the left hand side, the air flow to
that side was diminished and the vehicle rolled. The rcll was
accentuated by the moment resulting from discharge of the side foree
air from the top of the serell. The net result wes the roll to the
left was sufficient to decrease the hover gap on the left and increase
it on the right side, giving a side force from the cushiom itself.
The concept is shown in Fig. 61,

This method provided a strong aide force which proved effective

both at high and low forward speeds.
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13.7.1 Test results

Initial tests showed that the craft was difficult to
contrel directionally, the probles being traced to the rudder
effect of the shut-off doors located in the thrust ducts. From
aerodynamic and design reasons the doors were hinged at the guarter
chord position and the hinges attached to the frame at the duct
exit. Therefore, when the duct was fully open, the trailing
sectionsof the doora were outside the duct and acted very much
like rudders. Gnnsiﬂ¢r.a turn to the left; the thrust from the
left duct must be reduced to provide the turning moment due to the
unequal thrubt between the left and right hand sides. The doora
closed off the duct by rotating inwards which produced a rudder
effect opposing the turn (Pig.62).

In the partieular cauE of the BV106, the longitudinsl distance
between the thrust exit and the centre of gravity was greater than
that between the duct and the vehicle centre line, resulting in the
turning moment due to the rudder effect of the doors being grester
than that from differential thrust for small angular deflections of
the doors. This caused the vehicle initially to turn in the
upfusitn direction to that desired for small movements of the controls;
for the mid range the moments were substantially balanced and no
twrning eccurred. With the doors nearly shut the correct turn was
negotiated.

This condition was clearly unacceptable. Several door

configurations were tried and one in which the two dooras in each
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ductluﬂ?ud opposite ways (Fig.03) wae acceptable from a performanse
consideration. However, in the event of a control linkage failure
the doors would open resulting in an unsafe condition. The two
doors were replaced by buckets (Fig.654%) which transferred the
aerodynamic load back to the hinge point for all door open positions
resulting in little effort being needed to move them. A Light
spring ensured they would shut if the linkage failed, thus meeting
the safety requirements.

Tests proved that the mechonical and control aspects of this
system were good but that the driver should be required to operate
only one lever. A control box similar te the EV 102 was considered
but w:;aﬂ not installed.

For gimilar reasons to the BV 102, two rudders were located in
the thrust duct exits and controlled by a twist grip om the right
hand lever.

13.8 BV 104

The results of a market survey, supported by the lack of sulies
of other emall ACVe, indicated that pleasure sraft were not yat at a
stage where they had gained public acceptance. However, the analyeis
did show a possible potentisl for a small commercial vehiele with four
or five seats or a half-ton paylosd capability.

A cost effectiveness study suggested that the cost, weight and
maintenance could be substantially reduced by replacing the two
coentrifugal fans and scrolls of the BV 106 with a single axial fan

and shroud.



126

The integrat;d lift/propuleion aystem waa still considered
deairable and a fan was selected with characteristics that would
avoid stall Hhén the {low was reduced by shutting off the reverse
and ferward propulsion portes.

The vehicle specification is prasihtud in Fig.65, and the
details of the contrel doors in Fig. 66. '

v

By reference to Fig. 66 it can be seen that the cireular duct
in the plane of rotation of the fan changes shape until at the rear
of the machine it is nearly square. A scoop is situated in the
centre to duct air inte the cushion.

' The control doers consist of two concentric buckets pivoted
on a common axis end located in the thrust duet, the thrust was
reduced by swinging the inmer bucket across the thrust duct.
Reverse thrust ie obtained by also swinging the outer bucket across
the thrust duct, thereby exposing a series of deflectors to turn
the flow and discharge it forward at 45°. The control box in the
cabin was similar to the BV 102 with a control atick actuating four
_push-pull cables.

There was a slight change to the operating techmique because as
the two thrust ducts were so0 close together there was little turning
moment due to differential forward thrust. The real turning force
came when reverae thrust vector was used to provide the turning
moment. The magnitude of this force was approximately 25% of the
total thruat.
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- Tedtes showed that rudders were required at the high forward
speed and these were actuated by the conventiomal twist grip om
the control etick.

Anslysis of the instslled fan and duct characteristics
indicated that the fen wes close to stall when all the doors were
shut, and there was little increase in hover gap between all doors
shut ahd the reverae doors open. It was therefore decided to
gimplify the control system further by eliminating the reverse
doors, neutral position now being when the reverse thrust equalled
the forward thrust.

The two=-gcable control box is presented diagrammatically in
Fig: £7 »

13.8.1 Side Force

The duct layout pr;;luﬂﬂd the side force air being
supplied from anywhere except the cushion. The magnitude of the
force was below 2% of the vehicle weight and its effect on the
guidance was negligible. Because of the folding sides of the BV 104
the mechaniem of & side force control located in the sponsons became
somewhat complex and it was decided to exclude this feature [rom any
production craft.

13.8.2 Wheels

The test results had shown that some method must be
included in the coptrol syatem to stop sideways movement in a cross-

wind; etc.; when in confined aress., An alternative to side force
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was through ground conmtact by wheels. An undercarriape was
therefore fitted to the BV 104 that could be raised and lowered

by hand from the cabin, and the ground pressure could be adjusted
to take up to 10% of the groas weight. It was found that below
5% the tyres would not mske sufficient vontact with the ground and
a congiderable amount of skidding occcured resulting in excesaive
tyre wear. At 5% and abowve, excellent tracking was maintained in
side=winds up to 40 m.p.h. (64 km/hr) on a runway surface, and
sharp 90° turns were executed Ht.ﬂpﬂeﬂﬂ below 20 m.p.h. (32 km/hr).

A coat effectiveneas study showed that the cost difference
between including side foree or an undergarriage on o vehicle was
negligible, and the wheel assembly resulted in approximately 50 1b
(2% kg) increase in weight. During the test it became apparent
that considerable advantsge would be gained by strengthening the
undercarriage and using it when trailing or moving the vehicle
without the cushion. This modification was introduced at the
cost of a further 40 1b (18 kgl.

The only operational probles encountered was with the lowering
and raising mechaniss. It was found difficult for the driver to
try to maintain station in windy conditions and at the same time
adjust the undercarriage.

13.9 € 105
The © 105 wae deeipned by Jones,; Eirwen and Acsocistes @e a

production vehicle capable of carrying a driver and four passengers
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or 4 half-ton payload. Tt was fundamentally a stretched BV 10k
nﬁd incorporated all the experience gained in previcus vehicles.
The control box waes a productionized wversion of the two-cable
system and was lnq;atefl centrally between the two front seate. A
two=bucket deoor configuration was used for thrust and directiomal
control. FRudders were aleo fitted but experience on the other
vehiclea had shown some wrist fatigue if a twist grip was used om
the dontrol stick; rudder bare were therefore introduced.

The undercarriage was redesipgned to be 1lifted by an electrie
winch in the cockpit. The assembly weighed 5% of the vehicle
. weight and dropped under its cwn weight. Two locking devices
were gwung into position when the wehicle was on the cushion to
lock the wheels down for ground handling with the engine aoff.

Some problems were encountered in reverse thrust where the
fan awallowed the discharge. This was overcome by repositioning
the wanes.

13.10 Summary

Experience gained by some 300 hours of testing had suggested
the following criteria for the design of control systems for small
Canadian ACVs:

8 An integrated or partially integrated 1lift/propulsion

system should be installed to overcome soil porosity.

b Twe control systems are necessary, one when the vehicle

ie at speed and an additional control for manceuvering

in confined spaces.
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The main control system should be actuated by a
siﬁgl& stick managed by one hand.

Rudders are necessary for small directional
adjuatments at high speed, The control eould
be a twist grip loecated on the main comtrol
stick or rudder pedals.

The additional low speed control could be either
aide fores ar ground contact wheels.

Cost effectivenese studies suggested that an
undercarriage system was competitive to side
force, especially if it could be locked down

to permit vehicle handling with the engine off.
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14,0 POSSIELE NEW CONTROL DEVICES

From the work carried out for this study, the following ideas
have arisen which are considered to be worth further investigation:

15,1 Qptimum pesitioning and angling of puff ports

For naximum effectiveness in yaw, puff ports should be at
the extrese corners of the craft and sngled to give a maximum
moment arm about the centre of gravity. If four puff ports are
used as ouggested in Fig. 68, then all four, if argled as shown,
could be used to execute a vaw manoeuvre. The weight of the
puff port installation would be approximately the same but twice
the air power requirement would be called for, giving an increase
in yawing moment of about 2.3 times present practice for an SRS
type configuration. This type of arranpement could slmost
certainly be applied to craft of 4000 to 5000 1b (1750 to 2270 gz)
welght and in simplified form to smaller craft.

14,2 Swivelling fin/rudders in ducted propeller slipatream

Multiple all-moving vanes or rudders have been shown to be
capavle of producing effective side forces for yaw control when
positioned in & slipstream as on the MHV Spectra IT or in the
efflux of a ducted fan an on the Cushioncraft CC7. The vanes ars
symmetrical plain aerofoils and the 1ift roefficients they can
generate are limited to those corresponding to plain asrofeil
characteristica. If these vanes were to be fitted with trailing

edge "flaps" then increased lift coefficients sould be generated,
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giving enhanced cﬁhtrﬂl forces. The weight might be too great
for very light craft, 250 to 500 1b (114 to 227 kg) but acceptable
for the larger craft.

14.3 Variable weathercock stability devices

) In order to extend operations of light ACVs into higher
limiting windspeed conditiomns; some form of varisble weathercock
gtability device seems to be required to ensble craft to be
cperated with minimum contrel movements in tail winds in excess
of the craft ground speed. A retractable forwerd fin could
probably achieve this; perhaps of inflatable form. Alternatively,
boundary layer control might be used on rear-mounted eylindrical
fins for the larger craft, being capable of enhancing or destroying
fin forces as reguired.

i variety of vertical fine were tried on Sandpiper (Ref. 28)
to examine their effects on weathercock stability and turning.
This work led to the belief that an adjustable fin was required

to deal effectively with the varying wind conditions.

144 Boundary laver control rudders

Greatly increased low-speed effectiveness can be obtained for
ACV control surfaces by application of boundary layer control.
The guestion of powering needs some investigation in order to come
up with cheap, low cost, low weight solutions, but the basic

technology already exista from light planes upwards,
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14.5 Reversible=pitch axial-flow fans mounted to rotate in

the vertical plane on the sides of a craft

This arrangement showm in Fig. 60 enables a side force to be
obtained from the thrust system without of courae affecting the
cushion eystem. The efficiency of the "reverse th;ust“ side
force will depend om the blade camber and the shaping of the normal
forward thrust duct outlete, as well as the intermal duct losses.
If the fans are near the centre of gravity of the craft, the
combined remaining thrust on the imner famn in a turn and the aside
thruat of the outer fan should enable a turn to be carried out
with rather less sideslip than when craft total thrust has to be
vectored to provide a major component of centripetal force. In
addition, the rolling moment is likely to roll the craft into the
tTurn.

14.6 Autematic control of wheel loadings

If wheels or similar surface contacting devices are to be
used for guidance it is important that the forces which can be
obtained from them remain steady and do not fluctuate with eraflt
hegve, roll or pitch variations as may ogour in gusty conditions.
A solution worth exploring is to use an automatic control link
between cushion air feed and wheel loading so that wheel guidance
forces may tend to remain more or less uniform and dependable.

1%.7 Braking for over-ice operations

At the present time most craft depend on using either reverse

thrust, or & pirouette manoesuvre or skirt drag for braking, The
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Tirst method is not particularly effective since propeller reverse
thrust ie slweys less than half forward thrust; the second sethod

ie potentially dangerous, and the third method leads to high skirt

wear costs as well as being not particularly effective over ice.

o

The idea is suggested here of using some form of braking pad
which ean be pressed down into the ground surface. The use of
steel pins on Swedish hydrocopters to achieve braking over ice may
well provide an immediate solution for wvarious craft sizes in the
range of up to 5000 1b (2270 kg) weight, While many craft carry
considerable weight in ballast for trim and roll control (33% on
an SRN6)}, there has been a reluctance to carry weight for braking
purposes.

A two-gtage system could perhape be devised, as shown in
Fig. 70, where for use over sarth, gravel, grass type surfaces,

& plain hard-wearing curved ski-shaped pad is pressed down for
braking, while for emergency use over those surfaces or for ice
and snow surfaces a second stage of operation is brought into
action. This second stage consists of a pad, the lower side of
which is fitted with a number of steel spikes which normally rest
in holes in the main brake pad. Upeon application of a second
stage, the spiked pad moves downwards and the spikes descend and
protrude beneath the underside of the mein braking pad.

The braking forces available from epikea cutting into ice

are not available at the time of writing but some information is
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on various skid materials used for the landing gear of the North
American X-15 resesrch aircraft, Ref. 45. The coefficients of
friction ever the speed range of 60 knots to 10 knots (111.0 to
18.5 km/hr) tended to vary from about 0.15 to 0.4 at 40 knots
{111.0 lm/hr) to sbout 0.15 to 0.7 at 10 knots (18.5 km/hr), for
a range of both skid and lake-bed surface types.

An alternative arrangement, especislly attractive for craft
fitted with longitudinal inflatable roll-stability keels is to
provide a steel=studded undergide to the keel in conjunction with
an internal prese-down linkage mechanism. A very heavy duty
polyurethane keel undersurface should be provided and internally
attached to the linkage in such & way that when braking is not
required, the linkage is at a height (within the keel) at least
equal to cushion depth. Means must be provided to locate
rigidly the flexibtle braking surface to the internal press-down
pad as soon as contact is made,

With both these ideas, strong nose-down pitching momente
would arise pointing to the need to position such braking devices
well forward of the centre of gravity.

1%.8 Side force gemeration by boundary layer control

This application of boundary layer control has already been
examined in Canada, see Ref. 46. Further sxaminstion is
recommended and in conjunction with the application of boundary

layer control to control surfaces, as previously mentioned.
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15.0 CONCLUSIONS AND RECOMMENDATIONS

The work conducted during the course of this study has shown
that very little attention has been paid to the contrel of light ACVs
(below E:-I:H:ID 1b, (2270 kg)) in comparison with such aspects as performance,
stntic stability, weight, thrust methods and manufacturing techniques.

In addition, few measurements of contrel capebility have beesn
made for light ACVE. Consegquently, most of the background dats
congidered during the course of this study has come from tests on larpger
craft such as SENS and SRN6. No substantial scale effect is believed
to exist,; however, and the principles of control and general findings
gre applicable to the smaller craft.

It is apparent, especially with small ACVe, that very seldom
has any allewance been made for the power requirements of control systems
g0 that performance penalties on many craft are quite severe when controls
are applied or difficult envirommental comditions are encountered.

Ground contacting control possibilities heve also been much neglected
though they appear to offer a very powerful meams for control.

The following specific recommendatione are made:

1. Control trials should be undertaken against the Standard
Conditions for Control Assesement proposed in this report, or
some similar framework, —Consideration might be given to using
two disgimilar craft, such as one of the Canive ACYs and perhaps
the Cushioneraft CC2-003, which could be made avallable.  These

trials would be aimed at discovering satisfactory and unsatisfactory
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areas of contrel with the object of working towards the setting
up of desirable control standsrds,

Ground contacting wheel systems should be inveatipgated for
providing positive steering control wherever surface conditions
permit thelr use. Some system of uutnmﬁticnlly maintaining
wheel loading by controlling the cushion air supply should be
investigated also.

Design studies should be carried out on over-ice braking
systems, following up proposals contained in this report for
ice sbrading pads.

Design studies should be carried out for very simple, two-
or-three-position reversible pitch axial fans and propellers,
suitable for light ACVs.

Boundary layer control possibilities should be examined and
practical examples worked out for the generation of enhanced hull
gide forces and the improvement of control surface forces available
at low craft relative airspeeds.

The gemeral feasibility of a ground contacting amphibious
form of propulsion which can also provide directional and braking
contrel should be studied.

The effects of ice build up on the control problem should be
examined carefully and par:icularly in relation t¢ skirt movement
ayatema which offer a good potential for improved control for

light ACVs.
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8.

e

Skirt shifting and skirt 1ifting techniques should be fully
examined for applicatiom te light ACVe and special attention
should be paid te icing probleme with any arrangements proposed.
jI'heTsa same technigques should alse be investigated as & complete
alternative to weight penalising ballast syetems which are now
in common use.

It 15 suggested that a section for a basic light ACV deeign

manual could now be built up covering control and guidance Aspects.
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FREE_STREAM AEROFDIL SURFACES.
(DEPENDENT UPON RELATIVE FREE-STREAM AIRFLOW)

DEVICE SCHEMATIC PRINCIPLE.

A1 Fixed fin in free-stream, |

A2 . Rotatable fin in  free-stream. .-
.' ",
Al Flxed fin & moveable rudder in free-siream. 'vi-_ !

AERDFOIL SURFACES IN FREE-AIR PROPELLER SLIPSTREAM.
[DEF'EHDEHT UPON FORWARD ‘I'HH!..IEI']

.
A N

B1 Rotatable fin in free propeller slipstream. sz *

B2 Fixed fin & moveable rudder in free 5_..'
propeller slipstream, £
[ — ™

B3 Fixed fin & moweable rudder in slipstream
of swivelling free air propeller.

L

X

FIG 240 EXISTING BASIC CONTROL SYSTEMS FOR
AlR HION IC




AEROFOIL SURFACES IN DUCTED PROPELLER SLIPSTREAM.
(DEPENDENT UPON FORWARD THRUST)

DEVICE SCHEMATIC PRINCIPLE
—
c1 Dueted propeller with rudder vanes ]
c2 Ducted propeller with fin & rudder. ‘ ;
M,
s

c3 Ducted swivelling propeller.

AEROFOIL SURFACES IN CENTRIFUBAL OR AXIAL FAN DISCHARGE.
(DEPENDENT UPON FORWARD THRUST)

D1 Low speed air jet with rudder wvanes.

FIG. 24 b EXISTING BASIC CONTROL SYSTEMS FOR
AlR__CUSHION VEHICLES.




wl_
B
5
A
2
‘I.-
¢ &
0 0 20 0 LD 50 &0 T o) 50
Angle of oftock ~of degrees
Tests all run ot constant T'H'A*'H'EI = 82 ft Fsec (25 m /sac)
2:0 1t (609mml
I W
_.I..-—__————_J_, _i. ———— . Z 2-
i Arga  =S513F (0-477m")
; - Height =3-42ft [1-041m }
—d | P=—=03N1 1-50 fi ;
! 1102 mm | (45Tmm) Mean oemodynamic chord
: ! T =15t (462 mm)
T —H’; | Aspect rafic = 455
-'.'I" | TTuper ratio = 071
, i 4 Propeller dise area 3
—— 040 € — —fti— |- - - = 3141t (0293 m”)
175 ft A 1251t
{534mm] NACADD§ [ 1381 mm)
| saction. |,
| II| B
—J‘!—__.- kmmi, f.(12 figs. 2 R16
L BIfE 1492 Ref.(12 figs. ]
3 L2f(1-041m])

FIG. 25 THE EFFECT OF PROPELLER SLIPSTREAM ON EFFECTIVE FIN

LIFT COEFFICIENT (INCLUDING PROPELLER NORMAL FORCE).




o Slipstream flow.,

= =
ﬂﬂ:)
= <

i

g

REVERSE

<= Freestream  flow,

In reverse thrust condition ruedder control is lod,
aond propelier reverse thrust is spoiled by proboble
seporoted flow from rudder, if deflected.

In reverse thrust condibon freestream rudder
cortred remaing affective of forward
relalive airspeeds

THRUST CONDITIONS .

With no rudders yowing control may be
effectively achieved by applying
differential thrust.

With rudders, only the rudder in the forward
thrust stream s effective in inducing yaw.
Rudder in reverse flow should remain
undeflected to enoble propeller fo give
maximum reverse thrust.

YAWING CONTROL

FIG. 26 PROBLEMS OF REVERSE THRUST PROPELLER FLOW

INTERACTION WITH FIN/RUDDER COMBINATIONS .
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FIG. 27 CHARACTERISTIC VARIATION OF TOTAL LIFT COEFFICIENT

WITH oC AND TI'.': FOR A DUCTED PROPELLER.
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FIG.28 SIDEFORCE AND THRUST CHARACTERISTICS OF
HOVERPRODUCTS LTD. QT-30 THRUST PACKAGE
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LTO. =30 THRUST
AS FITTED TO THE MHV SPECTRA II.

HOVERFPRODUCTS

FIG. 28




Yowing maments ploted

at 7odib [ 309 kMIstatic (hrust .
(zers conirol deflection )

Yawing momerts plotied
ot  3001b (1335 kNistatic thrust.
| zero contrad deflection]

Rudder vane configurations,

] -

k‘ H R
ERERI

i inner wones sel
0 iry o,

2 outer vanes set
i Flow.

e indicatas fan output flow
Vane height = 15 in (380mm]
Yane chord = 7 in [178mm]

Cushion length, [. = 231t ( 7-0m]

Weight, W=5700 Ib [ 2590kg]

b 2000 =011
Swv
b 1800 0-010
1600
0-008

N.m <
1000
0-005
" 800
0-004&
- 600
- 0-003 1
1 5 vanes - ol
'_::: -L?!lgn_tr__,....-- 0- 002
"""..-"'"J:, """#Ehrnr'ﬂs )
0-001
8 10 20 30 .

¥one deflection ongle - dagrees.

Volurme flow at 700 Ib (309KN) thrust with
zero vone deflection = 1350 ftafn: I:Jl-ﬁrnefm]

Volume flow of 3001k (R3S kM) thrust with
zero vone deflection =920 Ft/see 126-0m¥sec |
Duct exit area/eide = 314 #2 (0-293 m 2
Single vane area =0-73ft2 (0-068m?Z|

¥ Toto moment y aither port or starboard,

FIG. 30 YAWING MOMENTS ACHIEVED ON CUSHIONCRAFT LTD.

CC7 001 ACV. USING RUDDER VANES AT EXIT OF TWO LOW-

SPEED AIR-JET NOZZLES. (Ref 15)




FIG_ 31
EUSHIONCRAFT CC-7, SHOWING RUDDER VAME

AND ELEVATOR CONFIGURATION

[By courtesy of B.H.C. |,
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PART-SECTION THROUGH CRAFT SHOWING VOLUTE DETAILS.
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( a —————————
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| Part section as shown above.

L -

PART PLAN VIEW OF CRAFT.

FIG. 32 EARLY VANE RUDDER SYSTEM AS USED ON
BRITTEN NORMAN CC-5.
([Extrocted from Ref 16 )




Croft weight 143001k (65Dkg]
Turbine speed 17 TO0 r.p.m.
Propeller removed.

1500 T o

5
g=-

N - Stopes 170 b /degree

{757 NI /degree

M__.__ﬂkqllfdw
3

i
|
e z 1 Pitch | Trim ]
Hanm c o j'-rp_
i =500

FIG.33 THRUST FROM RUDDER DUCTS AND CUSHION ON SRN 5.
Ref. 2




FIG. 34
RUDDER DUCTS AS FITTED TO SRN S AND

SANG CRAFT.
| By courtesy of BH.C.1




FIG. 35 BELL SKS5 SHOWING PUFF PORTS OPEN OM PORT SIDE .




\J 4= Laorge ar discharge gap formed.

SKIRT LIFT.

Segment angle change Pulling in peripheral bog.

SKIRT OR CUSHION SHIFTING.

[Extracted from Ref.9 |
FIG. 36 SKIRT AND CUSHION MANIPULATION.




FG 37 THE BERTELZEW INC _AEROMOBILE 13, WHICH USES

GMBAL MDUNTED FANS FOR PROPULSION & CONTROL




Refs. 21 822,

Aspect ratio, AR =20
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FIG.38  SURFACE PIERCING FOIL CHARACTERISTICS.
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sideforce
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g L. % ) 3'0 20
IS - “—" 1" nose up trim.
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3 — s I —
Zroll to
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d
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3
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|
|
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Yow angle ~ ?I—_Idngrﬁs.
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Froude No. not owiloble, but probobly equivalent to 3Sknols foro  croft
length of about 71 ft (2v6m), giving 0 Froude Na of approximately 1-25.

FIG. 39. EXAMPLES OF HYDRODYNAMIC SIDEFORCE COEFFICIENT AND

ASSOCIATED DRAG COEFFICIENT. (BHC BH7 MODEL ).
Ref. 9




G.G.HARDINGS WOTSIT I, FITTED WITH AMPHIBIOUS
PROPULSION AND CONTROL SYSTEM.




BRITTEN NORMAN CUSHIONCRAFT CC2-003.
(By courtesy of H.DL.)

FIG. 41
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EiG. 42

Differential thrust s yowing moment is obbwned by independent operation of
the moweable hinged shuftars in the two fon outlels, Maximum differentiol
thrust is obtoined with al flow from cre fon deflected by fully closing Hhe
corresponding  shutter ond leaving the flow from the second fon  undefleced

USE OF DIFFERENTIAL THRUST ., Ref15




Tactical digmeter lon trackl. o

Tactical diameter (on headingl, ,1 ‘

Steady
motion.

FIG. 43

TUrning

radwus. .-"-.'-.-
- Advanca
35 {on trock |
/.f
I ]

‘Rudder applied &/or similar device fto
secureg yow ifnte direction of turn.

DEFINITIONS OF TURNING MANOEUVRE,

|calm water, zero wind, constant control
setting, constant power setting).




Wind
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|
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FIG. 44. EXAMPLE OF 360" TURN IN MINIMUM _WIDTH BY CC7

WHILE MAINTAINING  SPEED. Ref 24
(Only overal dimensions to scalel



Craft type,
SRMNS, NaXT 657

Craft weight
| degries/second. 5D1"'-ﬂuﬂ £ 14 950 Ib
- [ 6 800 kgl
L j 00 Poct |

ﬂh-;ﬁul out-of -trim rudder redquired.

—  BOD D04

3004002 -
| S, \e20] o
? | - 001
-— I. 0 S—
I
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B L 2 2 & B

Rate of turm  degrees /second.
FIG. 45 SIDESLIP ANGLE RUDDER REQUIRED & PROPELLER POWER
' A N
(Ref. 2)
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FIG.46. TURNING PERFORMANCE OF CURRENT A.CVs IN TERMS
OF EFFECTIVE SIDEFORCE AND WEIGHT.
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FIG. 47 SRN & STOPPING DISTANCES OVER SMOOTH _ICE.

[Ref 31]
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TYPICAL COLLISION AVOIDANCE MANOEUVRE "
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FIG 48 . SRN 5 EMERGENCY STOPPING DISTANCES, OVER SNOW.
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FIG. 49. CRAFT SPEED wvs. STOPPING DISTANCES FOR
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EIG. 50. [LLUSTRATION OF STANDARD CONTROL CONDITIONS
FOR ACV) |

(See Table 3 )



HL7

Wl

HL 9 W‘jE

HL 8

T

FIG. 51. ILLUSTRATION OF STANDARD CONTROL CONDITIONS

FOR_ACN's IN TURNING MOTION ON
HORIZONTAL SURFACES IN_WIND.




EIG. 52, JULUSTRATION OF STANDARD CONTROL CONDITIONS
FOR_ACV's IN TURNING MOTION ON A SLOPE WITH

A WIND BLOWING ACROSS THE SLOPE




\ Craft Trim,

FIG. 53. STANDARDISED NAVIGATIONAL INSTRUMENT LAYOUT
AS PROPOSED BY LH.U. WORKING PARTY ON COCKPIT
LAYOUT AND INSTRUMENTATION. (Ref. 36 ).
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WIND BOUNDARY LAYER GRADIENTS GIVING
RELATIONSHIP OF NEAR-SURFACE WIND SPEED

FIG 54
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TO STANDARD METEOROLOGICAL WIND SPEED
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Rudde J
] r__|___‘_‘_‘_‘_-

Front door
Coniral box -
Seat ]

FIG. 55 GEMERAL LAYOUT OF BV 101




" Front thrust port

control vane, 5 Air to cushion Flexible contral cable.

FIG. 56. CONTROL SYSTEM FOR BV 101.
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Specification
Length 13:08# (3-9%Em)
Width. 700 (214 m)
Height, on cushion. SI6H (158 m)
Hord structure cleorance 1'0 fi (0-305m)
Possanger copaciy 2 parsons

FG. 57 CANIVE BV 1025 VEHICLE G.A. & SPECIFICATION.
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FIG. 58 SINGLE STICK, & CABLE CONTROL SYSTEM BV 102.
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3-6Em { oL

Specification.

Length, 211t [610m )
Width (operatingl. 12 # [366m |
Width (without sponsonsl 8 fi | 244m )
Height B5 R (259m ]
I:Ivls'.pnmhh foscaed 1200 |b(545 kg |
Gross weight. 000 IbI1ESkg)
Electrical system. 12 volt.
Possenger copocily. b persons.

FIG. 60 CANIVE BY 106 VEHICLE G.A. & SPECIFICATION.




Sideforce

Fan I Fan

FIG. 61 SIDEFORCE WITH ROLL, BV 106.
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FIG. 62 CONTROL DOORS FOR BV 106 THRUST DUCTS,
ORIGINAL DESIGN,




FIG. 63 ~CONTROL DOORS FOR BV106 THRUST DUCTS,
SECOND _DESIGN.




Doors Doors
closed. open,

FIG. 64 CONTROL DOORS FOR BV 106 THRUST DUCT,
BUCKET DESIGN.




Sreatotion

Diameler, 184 15 48m)

Width, (lowing) E-5ft (20m ),

Height. 7- &ft (2-29m]

Grmss weight. 2000Ib(910 kgl

Enging Ford ¥ B.

Hord structure cwaronce 1 fH(0-30 m] Fi \
Passenger capacity & persons 7

, TR i

1-B3m T 183m 1 1-83m
= 1Bt 18 fi
49 m 54 8m B

FIG. 65 CANIVE BV 104 VEHICLE G.A. & SPECIFICATION.




Sideforce.

FIG. 66.

BV 104 CONTROL DOOR ASSEMBLY.




Left door
cable.

W’;{Fffﬁﬁ’fﬁfﬂ{%

FIG. 67. C105 TWO CABLE CONTROL BOX.




Present proctice

Turning moment availoble on craft is
i = TW" w 0l

whara Tppis thrust force owailoble from one puff port

and | = distance of ling of action of thrust force
from craft cg.

Tolod moment = 2-0.7 |

Suggested Improvements

11 Using ports angled as indicoted, ond octivating fwo
ports only, # 15 possible ko produce o furming moment
of 2 & TF"F' = 1'151, using the some powar

as in present proctice, thus giving

Total moment = 2-30. Tnp'[

2] Considering ormongement shown it is possible to use all
four ports b yow craft, with moveable wvones for
changing airflow direction, If four powered ports are
used the folol power requirement is doubled, Then

Ti b= L+BO.T .l
otal momen B Bp

3] If two ports on oe sde ore opened, then a direct

gide force contrsl i ovoiloble = }D'TF’F=

FIG. 68.  YAW COMTROL AND SIDEFORCE CONTROL OF CRAFT

BY USE OF THRUST VECTORING PUFF PORTS.
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'|:-'f"IF Upper piate corries
spike, which can be
i operoled such that it

passes through hole in
main ski and penetrates
surface of ice,

FIG. 70. SUGGESTED BRAKING PAD SCHEME
FOR__USE ON_SMOOTH ICE.
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