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An investigation has been made into the effects of mainsiream speed
ann the perfommance and stability of a medel of an Air-Cushion-Vehicle. At
constant speed of the lifting fan, the 1ift increases both with reduction
in ground clearance and increase in forward speed. The craft has a large
drag which is mainly intake momentum drag. Limited speed could be available
from tilting the craft bows down, but augmentation from propulsive units would

be required for higher speeds.

Large nose-up moments occur at forward speed, reaching a maximum when
the mazinstream dynamic head is comparable wath the cushion pressure. At
higher speeds, the front air curtain breaks down with a resultant rearward
moverent of the centre of cushion 1ift thus giving some reduction in the
nese-up moment. Pitch stiffness 1s reduced by an increase in either ground
clearance or speed and 18 reduced to zero when the front curtain breaks down;
at higher speeds there is some recovery in stability. Attempts to amprove

pitch control by means of & tailplane or by throttling the front Jet proved

inadequate.

* TReplaces R.h.E. Technicael Report 66383 ~ A.R.C. 29280
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1 INTRODUCTION

The principle of the Air-Cushion-Vehicle (A.C.V.) has now been well
established and many types have been built both in this country and abroad.
So far they have only been operated over a speed range where the mainstream
dynamic head is much less than the cushion pressure. Future developments will
obviously include increases in forward speed and 1t was felt that the balance
of pressures at high speed might lead to a collapse of the front air-curtain
hence causing severe stability problems. A programme of low-speed wind-tumnel

research was therefore called for to investigate A.C.V. behaviour at high speed.

The possibility of testing a full-scale craft above a ground-board in the
2l £t wind-tumel was considered and rejected. Thas would have avoided the
problems of reproducing, on model scale, the full scale fan characteristics
and the internal duct losses but it would have meant that a craft would have been
unavailable for flight testing for a long pericd and any detailed modifications
suggested as the work proceeded would not have been easy,

Furthermore, there are great uncertainties in the mainstream speed when
ground effect tests are made on relatively large models in open-jet tunnels,
It was therefore decided to build & scale model of the Britten-Norman C.C.2 for
testing in a closed tunnel at the R.A,E. OSeparate models for investigating the
effects of intake and exit flows independently had their attracticns as the
complicated fan aerodynamics could then be removed but, in view of the urgent
need for results on a complete model to supplement full-scale research, a 1/6th

scale fan-powered model was constructed,

One great disadvantage in testing complete models at low Reynclds number
is that the internal flow may not be truly representative of that in the full~
scale A.C.V. For this reason it would be imprudent to assume that the results
can necessarily be sealed up in detail though the general trends should apply.

2 MODEL DETAILS

A 1/6th scale model of the Britten-Norman C.C.2 (Figs.1-4) was manufactured
from wood structural members covered with an ocuter skin of dural sheeting. The
model construction was samilaer to that used by the firm for their own dynamic
model but the extra weight and rigidity required for wind-tunnel balance measure-
ments was provided by a solid wooden czbin containing the heavy variable~
frequency three-phase electric motor used to drive the lifting fans while heavier
gauge metal sheeting was used throughout. Thus the basic medel weight was
increased from 20 to 80 1b.



A pair of Heba 100 type fans (Fig.i(a)), were fitted in the model, Origi-
nally the fan design incorporated rather sharp intake lips (Fig.l(b)), but alter—
native lips were also provided to give lip radii of 5% and 10% of the inlet throat
diameter. The fans exhausted through a plenum chamber to a peripheral blowing
slot which was inclined inwards at 30° to the horizomtal. Additional longitudinal
blowing slots (Pig.3), were fitted on the full-scale craft to provide pitch and
roll stability., These could be represented on the model, if required, and guide
vanes were avialable to give a vertical et or t_‘,\Oc> deflection fore and aft.

On the full-scale vehicle, the fans rotate in opposite directions but, for simpli-
city of construction, the model fans both rotated in the same direction, clockwise
when viewed from above. This may have caused some difference in the velocity
distribution arcund the circumference of the blowing slot.

Behind and outboard of the rear intake, a pair of fixed fins could be
mounted on the craft and a rudder capable of deflections up to 30° was cut in
each fin (Fig,3). Furthermore, a tailplane could be mounted in a high position
between the two fins (Fig.2)., Provision was also made for the installation of a
pair of propulsion motors ahead of the cabin with each motor driving a two-bladed
propeller (Fig.1 and 2).

3 TEST DETATLS

The tests were made in the No.1, 115 x 8% ft low-speed wind-tunnel at
R.A.E, Farnborough during 1963 and 1964. The model was suspended in an upright
position from the overhead &-component balance, using a conventional V-wire rig
on which the wire lengths could be adjusted so that different hover heights could
be represented, The 'ground' consisted of a 2 in thick elliptic-nosed woocden
board spanning the tunnel. It split the tunnel cross-sectional area approximately
in the ratie 2 ; 1 and extended 2 £t ahead of and L ft behind the model extre-
mities, The wind-speed at the model position had been determined, before the
model was installed, from measurements made with a suitably located pitot-static
tube for a series of values of the pressure differential between the usual two
reference stations in the tunnel circuit. Experience has shown that a model of
normal size has little or no effect on the total mass flow rate through the
tunnel, so that a corrected value of wind-speed at the model could be obtained
by measuring the changes of the mean velocity in the air passage below the
ground board. No constraint correcticns have been applicd except for this

velocity re-distribution.



Measurements were made at four hover heights of the 1lift, drag and pitching
moment of the unyawed model, both with and without stability jets, at mainstream
speeds up to 75 ft/sec over en incidence range that was limited solely by the
bow or stern touching the ground. Usually the chosen fan speed was that required
for dynamic similarity (1288 rpm) though some tests were alsc made over a range
from 1030 to 1800 rpm. The fan speed was measured by counting pulses on a tachow
generator in the motor and could be controlled guite easily to within 20.1% of the
desired value. At a hover height representative of 7k in full scale (h/t = 3.57),
the directional and lateral stabilaty were investigated for a range of values
of the ratio of mainstream dynamics head to cushion pressure. Tests were also
made with a pair of propulsive motors installed and their performance was examined

for a range of propeller blade settings.

Lift and moment contmbutions from the air cushion were obtained from eleven
static pressure orifices fitted along the centreline of the under-surface of the
model and a further tenorifices distributed over the port half of that surface.
Mazs flow rate through the model and the exit momentum were estimated crudely
from measurements of the total and static pressures at seven peripheral stations
in the port half of the nozzle (Fig.6); two pitot tubes were fitted at each
station whilst the static pressure was obteined at crifices in the inner and outer
walls of the slot. Similarly the flow through the stabllity jets was obtained
from single pitot and static tubes at seven stations along the length of the port
Jet.

L RESULTS

In order to facailaitate more general use of the informetion obtained from
these tests, the results are mainly quoted in 4 non-dimensional form in which the
forces and moments have been made ncn~dimensional by dividing by the 1ift (L)
and also for the pitching moments by the craft length (6)}; 1ift itself has been
non-dimensicnalised by divading by the hover 1lift (Lo) at zero incidence for the

Qg

appropriate hover height., In addition a velocity parameter ( T hag been

C
Q

formilated where q, is the mainstream dynamic head and Pc is the mean value of
0
cushion pressure at hover. The yawing moments, sideforces and rolling moments

have all been non-dimensionalised in the standard aerodynamic way,

It should be remembered that these tests were made at very low Reynolds
nurber (sbout 1/15th of full scale) and thus it 1s unlikely that the internal



flow regime was truly representative of that apertaining to the full-scale craft,
particularly as regions of scparated flow were cbserved. Consequently it mmst not
be assumed that the results necessarily apply quentitatively to the full-scale
craf't though general trends would be expected to be asimilar,

Le1 Aerodjmamics of the basic shape

The aerodynamics of the basic craft with intake-lips removed and intakes and
exits sealed are given in Fig.5(a)=(i)s The forces and moments are here given
in the usual asrodynamic coefficient form with the measured values divided by the
mainstream dynamic head (qo) and plan area (S) and also, for the moments, by the
overall length of the model (c) or width (b) as appropriate. As expected, the
1lift slope increased as the model was brought nearer to the ground but there was
negligible 1ift at zero incidence (CL » 0.02). Integration of the pressure
measurcrments on the under surface of the craft at zero incidence gave the negative
values of 1ift coefficient indicated in the table below; the difference betwesen
these values and the balance measurements gave 1ift external to the cushion area
which varied between CL-va.lues of Q.15 and .20 over the tested height range.

o oy L
b/t Overall | Cushion area tf;ﬁ:ﬁiﬁ
14957 +0.,02 -0.18 +0.20
3,571 40,02 -0,16 +0,18
L9951 40,02 -0.15 +2.,17
792 +0.01 1 ~0u 1l +0.15

From the pitching mement curves (Fig.5(v)), it could be deduced that the
aerodynamic centre was at dbout one sixth of the overall length at zero incidence
but moved back towards the mid-point as the incidence was increased. The profile

drag (CD = 0.05) was virtually independent of ground clearance (Fige5{c)) though
Q
there was the usual reduction in induced drag as the ground was approdched.

Without fins the model was directionally unstable though the chosen fin

design gave stability at sideslip angles up to 17° (Fig.5(g)).

he2 Ceglibration of mass flow rate an model with optimised intake lips

An exploration of the peripheral jet with pitot- and static~pressure tubes

in the plane of the nozzle exit indicated that, even in the hover, there were

AN



variations in the jet velocity (VJ) and total head around the periphery (Fige6)e
Increases in the mainstream speed reduced the mass flow rate through the front
sections of the nozzle but this loss was more than compensated for by increased
flow through the remainder of the nozzle; similar variations were also cbserved
in the stability jets. Thus overall some benefit appeared to be derived from the
mainstream ram pressure but flow separations from the front portions of the
intake lips (Section 4.})} precluded any further gains once the mainstream speed
had become comparable with the intake velocity.

L3 Static hover

The effect of hover height on the static 1ift is illustrated in Fig.7 where
the results have been converted to 1b and £t full scale. Opening the stability
Jets led to some loss in laft at moderate hover heights as this imposed some
decrease in the flow-rate through the peripheral jet but close to the ground
the stability Jets had little effeect as the large back pressure of the cushion
then reduced the flow-rate through them to a negligible amount. The majority
of the 1Lift could be attributed tc the cushion pressure (Pc) acting on the area
(A,) within the peripheral jet (Sectian k.7) though, of course, there was some
contribution from the jet momentum £lux (m .}')' Typically, at an h/t- value of
3457, 5;2‘1- = 1416 and 1,10 with stability jets closed and open respectively.

c
Throughout the investigated height range, good agreement was achieved with the
Stanton~Jones exponential theor;'yf‘r for the cushion pressure produced by a simple
peripheral jet of total head H, (Fig.8):-

P
£
H
J -
Some reduction in 1ift was observed if the craft was tilted from zero incidence,

= 1= 6% where x = /b (1 + cos 8) .

In general, the pitching moments become increasingly nose-drum as the
incidence was increased (Figs.12(e), 13(c), 14{c)) thus demonstrating inherent
stability though the static mergin was reduced as the hover height increased,
The few measurcments made with the stability jets closed indicated that they had
negligible effect on the pitch stability.

Lol Intake medification

The original air intake (Fig.h(b)) had been desagned to give maximum effi-
ciency in hover, Unfortunately this resulted in an installation with relataively

sharp intake lips whose performance in a cross-flow was rather suspects. A tuft



survey was therefcre made and this revealed significant flow separations in the
intakes even at quite low mainstream speeds. Ceocusequently further intakes were
built with the more generous lip radii of 5.4% and 10.8% of the inlet threat
diemeter (Figsh(b)). These gave appreciable 1lift gains in the presence of main~
stream flow (Fig.9(a)) although they had nc measursble effect at hover, Further
benef'its were achieved by fairing the cabin lines into the rear intake and extend-
ing the front centre part of the forward intake to the bows of the craft as detailed
in Figs.3 and L4(b).

By increasing the intake efficiency, these improvements gave a greater intake
masa flow-rate and hence an increase in momentum drag but, as the associated
lift gains were proportionately greater, there was a slight reduction in the
drag/lift ratio (Fig.9(v)). Only small chenges in the moment characteristics
were induced by these modifications (Pig.9(c)).

The effects of forward speed and incidence (Sections Le2, Lu5, Le6, 4a7)
were investigated in detail with this optimised intake design installed but
the remainder of the tests were made early in the programme when the sharp lipped
intakes were fitted and lack of time prevented repeat testing after the manu-
facture of the improved intakes.

b Effect of mainstream svweed at zero incidence

The combined effects of mainstream speed and hover height at zero incidence
are 1llustrated in Pigs.10 and 11 with and wathout the stability jets represented,
No simple relationship could be established for the variation of the lift-values
with height and speed but this was hardly surprising in view of the effects of
the various parameters on the several contributions to 1lift (sce Appendix).
Although integration of the cushion pressure distribution {Section 4.7) indicated
some slight reduction in the cushion 1ift as the mainstream speed was initially
increased from rest, the aerodynamic characteristics external to the cushion were
sufficient to produce continuously increasing overall lift throughout the tested
speed range.,

The drag was also made up of several components each of which was influenced
by various parameters and thus again complex chenges were observed as the height
and speed were altered. At low mainstream speed the drag/lift ratio (Figs.10(b)
and 11(b)) increased virtuslly linearly with the speed parameter

’-;2 and nearly all the drag could be attributed to the loss in horizontal
c

o
momentum at the intake. The reduction in the rate of growth of the drag/lift



ratio at high specds was mainly due to the rapid rise in aerodynamic 1ift
menticned above though there was also some reduction in the growth rate of the
inteke momentum drag once the mainstream speed became comparable with the
intake velocity as £1low separations from the intake lips then reduced the

fan efficiency and mass flow rate (Section L4.2). A very sigpificant result was
the substantial drag rise as the ground clearance was increased thﬁs indicating
that operation of ACVs at excessive height would incur penalties in propulsive

power as well as in lifting powsT.

The 1ift and drag changes were accompanied by a forward movement of the
effective centre of pressure as ihe mainstream speed was raised from zero
(Pigs,10{c) and 11(c)) until a eritical speed was attained after which there was
a fairly sudden rearward movement of the centre of pressure back tcowards the centre
of arca. This critical condition occured when the mainstream dynamics pressure
was comparable with the cushion pressure as under this condition the front air
curtain broke down with a consequential rearward movement of the centre of
cushion 1ift (Section h.7). Unsuccessful attempts were made to delay this
flow breakdovm by fitting a spoiler immediately behind the front jet aligned
firstly tangential to the jet and later perpendicular to it.

Large nose-up moments mast be expecied from & design incorporating upper
surface intakes as their associated momentum drag must effectively act high up
on the craft. From simple sink flow considerations, Whitley and Bisse112 pre-
dicted that the momentum drag should act half a diameter above the intake lips,
& suggestion used in estimating the momentum drag contributions on Fig,410{c) but
this could not account for even half of the indicated moment. Other experimental
work at the RJ.A.E, on lifsing-fan mcxie,ls5
effectively acts far higher than suggested by simple sink theories and consequently

has also mdicated that momentum drag

the intake flow phenomenon needs further consideration.

Le& Effect of incidence

At low mainstream speeds, the overall 1ift was reduced by angular deflec-~
tions of the model in either the positive or negative sense (Figs.12(a), 13(a),
11{a), and 15(a)), However, at speeds where the mainstream dynamic head had
becone comparable with cushion pressure, the influence of external asrodynamics
gave some lift increase at positive attitwle and appreciable gains were available

at higher speeds.

Throughout the investigated range of hover height the craft was statically

aC
stable (—E":;) negative |at low mainstream speeds (Figs.12(c), 13(c), 14{c)) but
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the pitch stiffness was reduced by increases in either hover height or maine
stream speed (Fig.16) leading to almost neutral stability in the vicinity of

the critical speed (qo % P ). Fortunately, further increase in speed led to
o
some recovery in stability. Thus, extra pitch controls (Section L.10} would

be regquired for safe acceleration through the critical speed range.

Forward propulsion would be available from negative tilt (Figs.12(b), 13(v),
14(b), 15(b)) but the resulting speed would be limited by the angle at which the
bows touched the ground. Higher speeds would require separate propulsive system
(Section 4.8). At high speed the optimum performence would no longer be achieved
at negative incidence as the powerful effect of the positive slope of the 1aft/
incidence curve on the drag/lift ratio would imply a large positive inclination

for the most economic operation.

4e7 Pressure distribution under the model

The static pressure distribution on the lower surface of the model was
investigated over ranges of hover height, mainstream speed and incidence; values
along the centreline being illustrated in Figs.17 and 18 for the model with
stability jet nozzles closed and open respectively., Increase of hover height
gave thc anticipated reduction in cushion pressure and, as already mentioned
(Section L.3), integration of the pressure measurements gave good agreement
with the Stanton-Jones exponential theory (Fig.8). However, with stability

Pc .
Jets open, the —~ -~ values were somewhat greater than predicted by the theory

)

though, of course, the absolute values of cushion pressure were reduced by

cpening the stability jets (compare Figs.17(a) and 18(a)).

Increase of mainstream speed from zerc initially caused some reductian
in cushion pressure towards the rear of the cushion (Fig.17(a)) but when the
mainstream dynamic head exceeded cushion pressure the resulting breakdown of the
front curtain led to a rapid reduction in pressure in the front part of the cushion
which was accompanied by a pressure rise in the rear part of the cushion. Inte~
gration of the overall pressure distribution implied that there was an initial
glight loss in cushion 1ift associated with a forward movement of the centre
of pressure but above the critical speed the breakdown of the front curtain

led to a substantial rearward movement of the centre of cushion 1ift.

Angular deflections of the hovering model led to some pressure increase

under the downward going part of the craft but there was an even greater pressure
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loss under the upward moving part of the craft so that there was an overall
1ift loss {Figsd8(a), (c) and (d4)). Increase in mainstream speed at positive
incidence resulted in an initial reduction in the cushion pressure but, at
higher speeds, there wes an increase in pressure originating at the front of the
cushion though rapidly extending rearwards as the speed was further increased
(Fig.18(e)). At negative incidence, the mainstream interference effects pro-
duced pressure losses at both the front and back of the cushion (Fag.18(8))

and thus, although there was a lift loss, the centre of pressure movement was
less rapid than on the undeflected model,

L«8 Directional and lateral stability

Yawing moments, sideforces and rolling moments have been plotted against
sideslip angle in Fig.19 for a cruising speed Just below the critical speed.
The negative values of yawing moment at zero sideslip angle arose fram the pre=
cessional moment produced on the model by the rotation of both fans in the same
direction; full-scale they rotate in opposite directions so this effect would not
be expected, With fins installed, the model was directionally stable over the
range 1‘120 of sideslip though it was completely unstable in the absence of fins,
As might be cxpected from their high position, the fans increased the negative
value of &v as well as doubling the value of Yv.

The effect of variation of mainstream speed was only investigated on the
model without fins (Fig.20). Although the results show linearity at

b

T - values below unity, some non-linearity was present at higher speeds.
o
dag ac

Reductiona in the values of - —aé'z and - 'Eéé with increase in speed were con-
sistent with the effects of the intake momentum drag component acting in the
sideforce directioni-
Vi
A Cy (intake) « == sin B .

v
o

Le9 Propulsion motors

In general, the model propellers were driven at 6880 rpm which was the
dynamic scale speed for the proposed full-scale installation though a few check
tests were alszo made at 80% of this speed. Blade pitch could be manually
adjusted and a range of blade tip angle (¢tip) between 7.50 and 16, 75° was
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tested so that the effect of blade coarseness could be inveatigated through the

speed range. The resulting thrust coefficient (KT = thrust peg:é‘___p;'opeller> has
v pn dh

been plotted ageinst the advance factor (% = Eg) in Fig.21(a) where the implied

fullescale values of thrust and meinstream speed are alsco indicated. Measurements
were slso made on a Weston analyser of the input power to the electric motors;

the measured values (which make no allowance for motor efficiency) were non=
dimensionalised with respect to the power consumption with the blade tip set at

11.5° at zero meinstream speed (Fig.21(b)).

In the hover, there was little change in thrust with blade setting, suggesting
that the blades stalled at a ﬁtzp value of 90. At fine pitch settings the thrust
decayed rapidly as the mainstream speed was increased but this decay could be
delayed by coarsening the blade angle though more power would then be required
from the motors. Operation of the rear lifting fan gave large reductions in the
apparent thrust at low mainstream speed (approximately 25% loss at hover) as

some of the slipstream was drawn into the rear intake.

At zero incidence the propellers gave scome benefit to the lifting system
(Fig.22) presumsbly through the slipstream augmenting the inlet totel pressure
but at negative incidence this was counterbalanced by the downward component
of thrust. In consequence of their high position on the craft, the propeller
thrust produced a useful nose-down moment increment and analysis of the results

at zero incidence (Fig.23) showed that the simple relaticnship:—

MM (propellers) = 0.85 AD (propellers) lb £t

applied throughout the incidence range. This showed excellent agreement with

the fact that the propeller axes were 0.85 f't above the mement centre.

The lateral and directicnal stabilaty of the craft with propellers and fins

Fitted was only investigated at one speed (;];;i_ = 0,87 ) and the results show

o
that the directional stability was now limited to 150 of sideslip angle (Fig,Zh).
Consequently larger fins would be required to give the same handling characteris-
tics as those experienced on the basic craft. An engine fallure was simulated
by rotating the starboard propeller whilst holding the port propeller stationary.

Originally, directional control on the C.C,2 had been obtained by deflec-
tion of vanes in the peripheral Jet but this was insuff'icient at the higher
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speeds available with propulsive units installed. Extra control was therefore
provided by cutting rudders in the fins (F1g.2). Curves of yawing moment,
sideferce and rolling moment have been plotted against sideslip angle for a range
of rudder angle in Fig.25. At low sideslip angles the directional stability wes
unaffected by sideslip angle but fin stall gave an antisymmetric set of yawing

moment curves at higher sideslip angles.

410 Tailplene

As previocusly mentioned (Section 4.5}, the nose-up moment increased rapidly
as the mainstreem speed was 1ncreased and some form of ftrim control was thus
desirable. One possible solution was to carry a tailplane between the fins though
this would need to be mounted high up to allow for the operation or rudders.

Measurements were made of the 1if't, drag and pitching moment of one such
installation (Fig.2) with the tailplane at various settings between O and 25°
and, in order to obtain the tailplane contributions, measurements were also made
with the tailplane removed. The tailplane contribution to pitching mcement has
been plotted against tailplane angle (Fig,26) for a range of mainstream speed.
From these curves, the mean downwash angle at the tailplane was determined as that
tailplane setting required to give zero contribution to pitching moment; values
so deduced have been plotted against meinstream speed in Fig,27. As expected
from consideration of the effects of the flow into the rear intake, the downwash
angle decreased rapidly at first with increase in meinstream speed but only at a
very slow rate once the mainstream speed exceeded about a half the intake velccity.

Operaticn of the propulsion motors caused some increase in the mean downwash

angle at low mainstream speed but had neglagible effect at );2'- values above 1.
c
o

Overall pitching moments are plotted against speed parameter in Fig.28 with
the tailplane set teo give maximum nose-down moment contribution on the model both
with and without the external propulsion units; curves are also shown for the model
without a tailplane. At % - values above 0,7 insufficient thrust was being

e —

P
c
o

produced to balance the drag (Section 4.9) so an attempt was made tc assess true
performance by estimating the moment contrabution produced by the additional pro-
peller thrust required tc give zZerc net drag; in Section 4.9 it was demenstrated
that propeller thrust acted along the propeller axes. The estimmted overall
mement on the model with drag trimmed in this manner is given in Fig.29 where it
can be seen that the tailplane weuld be inadequate below the critical speed, Some
improvements may be possible by fitting the tailplane on low booms behind the crafs
so that the favourable 1ift arm could be increased whilst climinating the adverse
drag arm.
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La 11 EBffect of sealing front peripheral jet

An alternative method considered for trim control was the variation of
flow throygh the front part of the peripheral nozzle. A simple test was made at
an h/t-value of 1.73 with the extreme ccondition represented by complete closure
of the front nozzle between the stability jets; i.e. Just over a tenth of the
air curtain was removed. The results have been compared in Fig, 30 with those

for a fully open nozzle,

In the hover, a lift centre movement of 1.1% of the craft length was obtained
at zero incidcnce though tilting the craft reduced the available trim control
which also deteriorated with increase in mainstream speed. Naturally some
benef'it would be available from a more forward position of the centre of gravity.
As was only toc be expected, at the higher speeds complete closure of the front
nozzle had negligible effect as even with the front nozzle open the air-curtain
was blown back and adhered to the under-surface if the mainstream dynamic head

exceeded the cushion pressure.

Throughout the speed range, closing the front nozzle had little effect
on 12ft and drag.

5 CONCLUDING REMARKS

These tests have shown that serious trim and stability problems require
solution before air-cushion-vehicles can operate at relatively high speeds. The
nose-up moment contribution associated with the intake momentum drag predominates
over trim consideraticns at low mainstream speed, but when the mainstream dynamic
pressure become comparable with the cushion pressure the front air curtain breaks
dewn leading to a rearward movement of the cenitre of 1ift whilst simultaneously

the pitch stiffness is reduced to zero. There is some recovery at higher speeds,

Forward propulsion can conveniently be cbtained by the installation of pro-
pellers mounted sbove the craft; their thrust moment then tends to counteract the
intake momentum drag moment. However, care should be taken in positioning propel-
lers so that their high energy slipstream 1s not swallowed by the intakes as such

an eventually would lead to increased intake momentum drag.

Operation of craft at excessive grocund clearance would nct only incur a
high 1ift power penalty but greater propulsive power would also be requared,

Analysis of the results on this compesite model has proved dafficult
because the effects of varying mainstream speed cn the asrodynamics of the
upper and lcwer surfaces are interconnected; 1.e. intake efficiency changes
with speed and this leads to changes in internal mass flow rate and ¢ushion
rressure, Conseguently a full understanding of the problems would require
three models:=-



(a) an intake model for the upper surface aerodynamics;
(b) an efflux model to study the air cushion; and,

{(¢) & composite model to check the interference effects.

15
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Appendix
ANALYSIS OF LIPT AND DRAG FORCES

The lack of uniformity of flow through the nozzles precluded any rigorous
enalysis of the results but an attempt has been made to give a crude estimate of
the various components of 1lift and drag.

In order to investigate the importance of the 1lift external to the air-
curtain, the integrated cushion 1aft (B, S r:) and vertical componenta of Jjet
moment s (m.] sin 8) were subtracted from the overall balance measurements. Curves
of these dduced values plotted against mainstream dynamics head (Fig.31) were
parsllel indicating that at all speeds and heights there was a constant GL-value
of 0,28 (based on overall plan area) attributable to the external aerodynamics.
The slight stagger of the curves may have been produced by the entrainment of
air inte the standing vortice external to the curtain. Thus the major compcnents
of 1lift could be expressed in the form:~-

LIFT = P 8 + 0,280 S +Im, sin ©
c ¢ (o 3

Simple consideration of the drag results showed that after remcval of the
intake momentum drag, derived from measured mass flow rate (Section 42), the
remaining drag veried directly with both hover height and mainstream dynamic
head, Thus drag could be expressed:=-

DRAG = {A +B(h/t)lq°+pvolel .

The first two terms represented the profile drag extermal to the air-curtain and
a term which, being dependent on the cross-sectional area of the passage under
the craf't, could be regarded as ‘curtain drag's Transposition of these terms

into more appropriate forms gave:-

Profile drag = 0.05q° S
'Air-curtain' drag = O. 667qc hb
Intake momentum drag = pV Vi Ay

The implied profile drag component was only just over half the value established
for the basic craft without fans (Section 4.1)s Such an improvement could be

attributed to the elimimation of skin friction on the lower surface of the craft
and also to B.L.C. effects on the astern of the craft induced by the air curtain,



Appendix

A comparison of measured drag with empirical values derived from this analysis
is given in Fig.32 where the importance of the intake momentum drag component
is clearly demonsirated,

17



18

Table 1

Model deteils

Plan area

Cushion area
{area within peripheral jet)

Intake area {at throat)
Peripheral Jet exit area
Stabilaty get exit area
Overall length of craft
Overall width of craft

Length of cushion

Width of cushion

Thickness of peripheral nozzle
Inclination of peripheral jet to horizontal
Propeller diameter

Tailplane area

Tailplane chord

Tailplane arm
(£ ohord point to C.G.)

3

3]
c

o
i

&

Q

0 o o+ o o o
o

Le] 2
LS S

13,05 sq £t
8495 8q £t

Q.94 8q £t
0.70 sq £%
0.51 saq ft
5.00 £t
3.00 £t
Le17 £%
2433 £
0,667 in
30° inwards
0.995 £t
0.923 sq £t
0. 500 ft
2,04 £t



383

H @ o & O & &

SNBOLS
Geometric
3 plan area
Sc cushicn area
Ai intake threat area
A 3 exit area of peripheral nczzle
As exit area of a stability get

length of craf't

length of cushion (between fore and aft nozzles)
width of craft

height of peripheral nozzle exit above ground
nozzle thicimess

inclaination of perivheral Jet to horizontal

fan speed rpm

Pregsures and velocities

D&D t_l'-.o f_.!a Eﬂd: l'_l<: !-':q‘ O4 60 Uim Ll:.j: Ol-d

cushion pressure

total head at exat of peripheral nozzle
total head at exit of stabality Jet nozzles
mainstream dynamic head

mainstream speed

intake velocity

exit velocity from peripheral nczzle

exit veloeity from nozzles of stability jets
exit mementum flux

peripheral jet dynamic head

stability get dynamic head

Forces 2nd moment s

& 8 B < O

1ift

drag

sideforce
pitching mement
yawing moment

rolling mcment

19
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SYMBOLS (Contd)

CL _ L
qos
D

CD = qos
GY:: Ys
9
m

Cn = a8 ©
n

Gn = qos'b
&

Cp = 50

Prgpeller characteristics

Dp propeller diameter
N  propeller speed (revs per secend)

v
J advance factor —N-g-—
p
Pyyp PLEAC angle (tip section)
£F 0 thrust
K, thrust coe ficient = _T—TP T DP*

P power inpub

Po power input at Vo = 0O with ¢tip = 1.5




[

No. Author
1 Stanton=Jones

2 Whitley-Biszel

3 WeJeGe Trebhle
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Fig:.l Model with final modification to intake lips



FIG.2 SCHEMATIC VIEW OF MODEL
NOTE:- PORT NACELLE AND PROPELLER NOT SHOWN
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FIG.28 EFFECT OF TAILPLANE ON CENTRE OF PRESSURE
h/4=3-57; STABILITY JETS CLOSED,o=0
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AR.C. C.P. No, 983 533.6.013.67 3
December 1966 533.682

Trebble, H.J.0.

LOW-SPEED WIND~TUNNEL TESTS ON A 1/6TH SCALE MODEL OF AN
AIR=CUSHION-VEHICLE (BRITTEN-NORMAN CUSHIGNCRAFT C.C.2.)

An inveatigetion hag been made into the effects of malnstrean spesd on the
performance and stability of model of an Alr=Cushion=vehicle, At coh-
stant speed of the 1iftinr fan, the 1ift increases both with reduction in
ground clearance and inere.se in forward speed. The craft hag = lorge drag
which 15 mainly Intake romentum drag. Limited speed eculd be svallable
from tilting the craft bows down, but augmentation from propulsive units
would be required for higher spewds.

Large nose-up moments occur at forward speed, reaching a maximum when the
minstrean dynamic head Is comparable with the cushion pressure, At
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An Investigatlon has been made into the effects of meinstream speed on Lhe
performence and srtability of = model of an Alr-Cushlon~Vehicle, At cen-
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An investigetion has beep made into the effects of mainstream speed on the
performance and stebility of 2 model of an Alr-~Cushlon=Vehicle, At con=-
stent sneed of the 1ifting ran, the 11ft increases both with reduction in
ground clearance ond increase in forvard spead. The craft has a large drag
which Is mainly intake momentum drag, Limited speed could be avallable
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higher speeds, the front air curtain breaks down with a resultant rear-
ward movement of Lhe centre of cushion 11ft thus giving some reduction
in the nogse~up mument, Pitch stiffniess 1s reduced by an increase in
either ground clearance or speed and {s reduced to zero when the front
curtalin breaks down; at higher speeds there 12 some recovery in stabile
ity, Attempts to improve pltch control by mesns of a tailplane aor by
throttling the front jet proved lnadequate,

higher speeds, the front alr curtain breaks down with a resultant rear—
ward movement of The centre of cushion 1lift thus giving some reduction
in the nose~up moment, Pitch stiffness 1s reduced by an increase in
either ground clearance or speed and i{s reduced to zero when the front
curtain breaks down; at higher speeds there 1s some recovery in stabil-
1ty, Attempts to improve pitch control by means of a tailplane or by
throttling the front jet proved inadequate,

higher speeds, the front air curtaln breaks down with a resultant rear—
ward movement of Lhe centre of cushion 11ft thus giving some reduction
in the nose-up moment, Piteh stiffness is reduced by an increase In
elther ground clearance or speed and lsrechiced to zaro when the front
curtain breaks down; at higher speeds there is5 some recovery in stabil-
ity, Attempts to Improve plich control by means of 2 tallplane or by
throttling the front jet proved inadequate,
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