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SUMMARY 

Some of the charac ter i s t ics of j e t - l i f t V/STOL a i rc ra f t are discussed 

in terms of the i r effect on the a b i l i t y of these a i rc ra f t to operate from 

small, semi-prepared s i t e s , without the usual a i r f i e ld f a c i l i t i e s , in both 

good and bad v i s i b i l i t y . Accumulated experience from experimental operations 

with j e t - l i f t a i r c ra f t has been used as a basis for a tenta t ive extrapolat ion 

to s i tuat ions and conditions not yet ( in 196^) examined in f l i g h t . 

An attempt i s made to present these par t icu la r capab i l i t i e s in such a 

way that future statements of requirements for t h i s c lass of a i r c r a f t , and 

proposals for t he i r t a c t i c a l deployment may be formulated to take be t t e r 

advantage of such experience as already ex i s t s , and of the provisional 

conclusions that may reasonably be drawn from that experience. 

In addit ion, a t ten t ion i s drawn to what appear to be some outstanding 

problem areas , and suggestions are made regarding a possible future programme 

of theore t i ca l , model and fu l l - sca le work. 

* Replaces R.A.E. Technical Report 66150 - A.R.C. 28^43-
The author wishes to s t r ess tha t , in view of the s ignif icant progress in the 
VTOL f i e ld , t h i s Paper was or ig ina l ly written five years ago (1964). 
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1 INTRODUCTION 

The acquisition of a background of operating and operational experience 

even remotely approaching that of conventional aircraft - or even of heli

copters - will be an expensive and time-consuming process for V/STOL aircraft. 

The development of this class of aircraft could be strongly influenced by the 

existence of clear and realistic operational requirements, yet, paradoxially, 

these requirements are difficult to formulate because of this lack of 

experience of their capabilities and limitations which may, to some extent, 

be due to the uncertainty as to the precise requirements. 

This Paper was written (in 1964) with a view to clarifying some of the 

fundamental capabilities of V/STOL aircraft, so that current and future 

statements of requirements may perhaps be formulated to take better advantage 

of such experience as already exists, and of the lessons that may reasonably 

be learned from this experience. 

This somewhat ambitious objective is, however, restricted to the 

specific problems of take-off and landing, on the understanding that, outside 

these phases of flight, the capabilities of V/STOL aircraft may be determined 

by processes not fundamentally different from those for aircraft using normal 

techniques. Emphasis is laid on what are understood to be typical operating 

conditions - small semi-prepared sites, in more-or-less rugged and probably 

unfamiliar terrain, in good and restricted visibility. 

Use is made, naturally, of the results of flight tests and experimental 

operations, and this data is used as a basis for extrapolation to situations 

and conditions which, so far, have not been examined in flight. Flight 

experience is, in fact, already sufficient for certain procedures to be 

recommended for take-off and landing in preference to others, and the 

extension of this experience by the use of estimated performance of typical 

aircraft allows further suggestions to be made for likely procedures in these 

new situations. 

The Paper deals, first, with some of the problems likely to arise in 

operations from unprepared surfaces, and with ways of alleviating these 

problems, and of achieving possible performance benefits, by choice of 

optimum procedures. Then, the airborne manoeuvre of changing from hovering 

to conventional flight, and back again, is discussed in some detail, from the 

performance and handling aspects, again with emphasis on the small, 

restricted site. 



Finally, some thought is given to the prospect of operating in restricted 

visibility, and possible procedures for approach and landing in these 

conditions are examined. 

While an attempt has been made to keep the arguments and aiscussion as 

general as possible, in terns of the classes of V/STOL aircraft to which they 

apply, where it has been necessary to use real or hypothetical aircraft as 

examples, attention has tended to concentrate on the jet-lift V/STOL aircraft. 

Tliis is certainly the field in which we have most practical experience, but 

the capabilities of other systems should not be overlooked. It is hoped that, 

even though the choice of examples is rather restricted, this Report may at 

least serve as a guide to the analysis of other systems. It will also become 

clear that, even in this field in which we claim familiarity, there are many 

questions as yet unanswered and some benefit may result from the underlining 

of the importance of such questions. 

2 GROUND EFFECTS AND HSArlS OF ALLEVIATION, FOR "PURE" VTOL OPERATIONS 

Although "VTOL" has come to be associated with operations into and out 

of a 500 ft "strip", it is proposed to deal, first, with some of the operating 

problems due to ground effects that arise whent rue vertical, or "zero-length" 

performance is required. 

2.1 Erosion and debris ingestion 

Primary concern in this context is with protection for the aircraft, not 

the ground, although it should be remembered that in an operational situation, 

blast or scorch marks on the ground, or dust clouds, may be sufficient to 

betray the aircraftTs. presence. Further, it is obviously preferable to 

attempt to alleviate the problem at its source, rather than to burden the 

aircraft with protective equipment. 

Wire mesh screens over the engine intakes involve a weight and thrust 

penalty, the latter being dependent on the percentage blockage caused by the 

mesh. The allowable mesh size should be roughly proportional to engine size 

(e.g. to the diameter of the first stages of the compressor), so that larger 

engines would suffer a smaller percentage thrust loss - or might even have no 

built-in protection at all. The S.C.1. (RB 108 engines) and P.1127 (BS.53 

engine) illustrate the two extreme cases, the former having screens of about 

0»05 inch hole size while the latter has no such protection. Both aircraft 

normally operate from prepared surfaces, but the "vectored thrust" feature 

^m^m^mmm^ 



of the P.1127 has allowed it to demonstrate take-off from grass surfaces 

which would have created problems for the S.C.1. This point is discussed 

more fully in a later section. 

A further disadvantage of intake screens is that they are liable to 

blockage by vegetable debris, etc., which, in limited quantities at least, 

might not harm the engine had it been ingested. This situation has arisen on 

one occasion with the S.C.1, when the intake was blocked by grass mowings, and 

resulted in loss of thrust and excessive engine temperatures. In addition, 

certain combinations of air temperature and humidity produce a risk of icing 

on these screens, resulting in blockage which could have serious results. 

The case for dispensing with such screens on an operational aircraft is over

whelming. 

This conclusion points to the need to ensure that no debris of a kind 

that could harm the engines becomes entrained in the intake flow. If this 

cannot be done by the adoption of the "rolling" take-off and landing techniques 

described in Section 3, then some form of ground preparation may be necessary. 

We are hampered hero by (a) lack of definition of what is meant by 

"unprepared" or "semi-prepared" surfaces and (b) lack of full-scale experience 

on the disturbance and distribution of debris caused by the operation of 

vertical lifting jets near such surfaces. The operators naturally await 

advice on what is likely to be a reasonable requirement, while the setting-up 

of a research programme involves some guidance as to the sort of surfaces 

that should be studied. 

Some ad hoc experience is accumulating with the P.1127, aimed at showing 

that it can operate on a variety of surfaces, including both dry and wet turf, 

with no ground preparation. More relevant to the problem of preventing 

erosion is the work of Rolls Roycc Ltd which shows that small light-alloy 

plates on the ground will prevent erosion under typical jot-lift engines, 

during take-off. Somewhat more sophisticated measures, involving temperature-

resistant plastic materials poured onto loose ground and allowed to set hard, 

were described by the Bell Aircraft Company in 1960. 

Some basic work on the conditions governing the start of erosion was 

started by NASA , and covered the whole downwash-velocity field from heli

copters to jet-lift in broad outline. This work has been continued in detail 

but over a limited range of downwash velocities by the Hiller Aircraft 

Corporation , and a comprehensive summary of this, and related studies, is 
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given in Ref . 5 . One simple conclusion i s that the onset of erosion depends on 

the dynamic pressure of the outward flow close to the ground. Therefore, with 

increasing th rus t over unprotected ground, erosion wi l l begin where the dynamic 

pressure near the ground ( q ^ reaches a maximum and the r e su l t s given i n Ref.3 

indicate tha t t h i s occurs at about 1 to 1,5 nozzle diameters from the centre 

l i n e . The maximum value of qs reduces rapidly with nozzle height, for a fixed 

nozzle dynamic pressure, to about a quarter of the nozzle pressure at a height 

of s ix diameters. This indicates that the erosion problem can be greatly 

a l levia ted by mounting the nozzles as high as possible on the airframe,* 

If ground protect ion i s necessary, the area t o be covered i s determined 

by the radius at which the value of qs decays to a safe l eve l . Appendix A 

shows that t h i s decay i s very rapid and t h a t , for a given t h ru s t , the area 

needing protect ion does not vary much with exi t veloci ty . Fig.1 i l l u s t r a t e s 

the effect of temperature on the r ad i a l decay of q s . F ig .2 , compares three 

different j e t s of the same t h ru s t , and shows t h a t , because the hot , high 

veloci ty je t i s smaller in diameter than the cooler, low veloci ty j e t , the 

radius at which a given dynamic pressure i s reached i s only s l igh t ly greater 

for the former. Even using a fan to give a 20 t o 1 reduction in exi t dynamic 

pressure would only halve the radius of the area needing protec t ion . 

The above model studies deal with the onset of erosion but give l i t t l e 

information on the t r a j ec to r i e s of the displaced sol id p a r t i c l e s . We are 

mainly concerned with those that might enter the engine intakes or otherwise 

damage the a i r c r a f t . For th i s reason, while model t e s t s can be useful , 

pa r t i cu la r ly where ac tual l i f t engines can be used, special care should be 

taken to get representat ive intake flow cordi t ions , so that the r i s k s of 

damage can he properly assessed. I t a lso seems fundamentally necessary to 

represent properly the t rans ient nature of these effects during an actual 

take-off. The time spent a t f u l l power i s only a few seconds, which must 

a l l ev ia te the problem t o some extent . 

To summarise, i f t rue v e r t i c a l take-off i s required, the amount of 

protect ion needed on the Ground can be quite small in extent . Light metal 

p la tes of about twice the diameter of the nozzle w i l l prevent serious erosion 

of normal pastureland, e t c . Landing on to such p la tes i s nei ther pract icable 

nor necessary, with t h i s type of surface, since the engines are normally shut 

• I t should be noted tha t r e s u l t s are given in Ref.3 for j e t s with 
po ten t ia l cores only about one diameter long I t ^ m M ^ t ^ ^ ^ 
nave poten t ia l cores more than four diameter long and i t i s theref°*« P ? " " * 8 

tha t the values given for a in Ref .3 may not be quant i ta t ively applicable t o 
fu l l - sca le j e t s . 



down immediately on touch-down. Both the S.C.1 and P.1127 have demonstrated 

t h i s . 

The exi t area loading of the l i f t i n g system has r e l a t i v e l y l i t t l e effect 

on the surface flow, except immediately under the a i r c r a f t . The larger mass 

flow of the lower veloci ty cool je t could even be more damaging to nearby 

personnel and equipment, even though i t s dynamic pressure may be somewhat 

lower. 

2.2 Recirculation 

Allowance has always t o be made, in performance es t imates , for the loss 

of engine th rus t due to a r i s e in intake temperature during take-off. These 

estimates are generally based on model t e s t s , but the effect of model scale i s 

uncertain, and representat ion of the t rans ient nature of the flow i s very-

d i f f i c u l t . Even then, the effect of t rans ient intake-temperature changes on 

engine thrust i s not obvious, and special bench t e s t s may be needed. There 

i s a general lack of model/full-scale comparison data in t h i s f i e ld , par t ly 

because of instrumentation d i f f i c u l t i e s (the intake-temperature d i s t r ibu t ion 

i s generally uneven, and changing rapidly) and pa r t l y because the take-off 

performance i s affected not only by t h i s loss of thrus t but a lso by aero

dynamic effects (ground suc t ion) , which makes the measurement of the individual 

effects very d i f f i c u l t . 

I t i s worth considering, in general terms, the conditions l i ke ly to be 

conducive to s ignif icant rec i rcu la t ion ef fec ts , so that means of a l l ev i a t ion 

may be found. I t i s c l ea r t ha t convective e f fec t s , plus the powerful sink 

effect of the engine in takes , are mainly responsible for the temperature r i s e . 

I t can be assumed tha t the intake wi l l be located clear of the ex i t flow f i e ld , 

although t h i s may require some design ingenuity when two or more hot j e t s 

impinge on the ground under the a i r c r a f t , since t h i s condition can give r i s e 

to a powerful upward flow of hot gas in the i r plane of symmetry. 

Convective r ec i rcu la t ion wi l l be encouraged by the rapid decrease i n 

flow velocity p a r a l l e l t o the ground and the associated turbulent mixing and 

formation of eddies of hot gas. The closer to the a i r c r a f t that t h i s process 

takes p lace , the more l i ke ly wi l l rec i rcu la t ion become. Benefit could be 

obtained from any means used to increase the outward flow ve loc i ty . Thus, 

use might be made of de f l ec to r s , which, while r e s t r i c t i n g the free spread of 

the hot gas, might serve to maintain i t s velocity over a r e s t r i c t e d sector , 

so tha t the convective flow could only occur well clear of the a i r c r a f t . 
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Similarly, the effect of s l igh t inc l inat ion of the je t a x i s , r e l a t ive to the 

normal, i s also benef ic ia l , although i f t rue VTO i s t o be achieved, two or 

more nozzles are required, so t h a t the horizontal components of t h rus t thus 

generated can be made to cancel out. F i g . 3 , cased on data from Ref.6, shows 

t h a t , at a given dis tance from the point of impact, a 20 degree inc l ina t ion 

gives a 50# increase i n loca l flow veloci ty . 

The effect of wind i s to cause a major d i s to r t ion of the low velocity 

flow f i e ld . The above data also shows tha t the flow wil l penetrate 

up-wind only to the point where, i f there were no wind, i t s velocity would have 

been twice tha t of the wind. Thus, for the examples i l l u s t r a t e d i n F ig .2 , the 

hot j e t flow would extend up-wind t o about 50-60 f t , and the cooler fan flow to 

L0-50 f t i n a 20 knot wind. These conditions may lead t o excessive rec i rcu la t ion , 

i f the heated a i r has r i sen to the level of the intake by the time i t has been 

blown back t o the a i r c r a f t , but i t can be al leviated by a s l ight inc l ina t ion of 

the j e t axis in a down-wind d i rec t ion , since the bulk of the flow wil l then be 

i n that d i rec t ion . 

The above r e s u l t s are based on very limited data, and much more needs t o 

be done, especia l ly at f u l l sca le . I t should be noted t h a t , due t o boundary 

layer conditions, the effect of wind, with the a i rcraf t s ta t ionary , may be quite 

di f ferent from that due t o forward motion of the a i rcraf t i t s e l f . Ful l -scale 

t e s t s on the S.C.1 7 show t h a t at forward speeds of 25 knots and above, the 

rec i rcu la t ion ceased, due t o the containment of the forward part of txhe hot gas 

oloui under the wings, as the a i r c ra f t moved forward, even though the forward 

separation of the hot flow from the ground may have occurred r e l a t i v e l y closer 

t o the a i rc ra f t than if i t had been at r e s t . 

2 .3 Heating effects 

Because of the rapid f a l l in gas temperature with increasing distance 

from the j e t , heating effects i n general are not a serious problem. Those 

p a r t s of the s t ructure which are foreseen to be exposed to high temperatures 

can be designed accordingly. The lay-out of the S.C.1, with cent ra l ly mounted 

j e t s and main undercarriage uni ts quite close together and near t h e j e t s 

(because of the small s ize of the a i r c ra f t ) i s probably as severe a case as 

wi l l be met. The P.1127 has the main gear inboard cf the hot flow, which i s 

thus mainly away from the main wheels, e t c . , and although the outriggers are 

i n the flow, they are a f a i r distance away. 

Measurements on the S .C .1 7 show that the surface temperatures reached 

even on elements exposed to the d i r ec t flow, are generally less than the 

• • • ^ ^ • • • n ^ ^ 
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estimated loca l gas temperature, and are less for metal l ic than for non-metallic 

(poorly conducting) mater ia ls . The time of exposure t o the flow i s a l so 

obviously important, and during a rapid take-off cycle the temperature r i s e may 

be only 60% of tha t of the loca l flow, re la t ive to ambient condit ions. 

A note of caution needs to be sounded, however. Items l ike the under

carriage may act as def lec tors , and resul t in hot "streaks" of gas reaching 

unprotected par t s of the s t ruc ture , or , worse s t i l l , finding access into equip

ment bays, e t c . Similar effects may ar i se from in terac t ion of adjacent nozzles, 

due t o a strong upward flow in the plane of symmetry. Even with 4 c losely-

spaced nozzles, as on the S.C.1, evidence was found of hot gas flow upwards 

between the 1+ engines, and a baffle had t o be inserted to prevent t h i s flow 

from entering the intake bay. 

Provided that a careful model survey i s done, there appears t o be no 

serious problem in designing for the sor t of temperatures l ike ly to be reached 

on jet VTOL a i r c r a f t . 

As fa r as the ground i s concerned, high temperatures on na tura l surfaces 

wi l l tend t o make erosion more l i k e l y . Moisture acts as a binding agent on 

loose surfaces, and tu r f r e l i e s on the protection of the binding and re inforc

ing propert ies of the grass root s t ructure as well as the surface vegetation. 

In time, therefore , most unprepared surfaces wi l l erode, and i t wi l l be 

necessary t o avoid repeated operations from one spot . Quite t h in metal p la tes 

protect such surfaces from blas t ef fec ts , although some drying-out must occur 

underneath. On heavy metal decks, however, the heating i s r e s t r i c t e d to a 

r e l a t ive ly small area, and the temperature r i s e , even d i rec t ly under the j e t , 

may be quite small . 

2.4 Suction losses 

I t i s now well known that the l i f t due t o a je t emerging from near the 

centre of area of a wing near the ground i s less than tha t available away from 

the ground. This loss i s reduced if, instead of using a concentrated centra l 

j e t , the nozzles are moved out, towards the periphery of the planform - leading 

ult imately to a ground cushion vehic le , with considerable augmentation of l i f t 

force. 

Estimates of l i f t loss based on model t e s t s are very d i f f i c u l t to confirm 

at fu l l sca le , because the effect i s inevitably combined with t h ru s t losses due 

t o rec i rcula t ion and intake temperature changes. The very scanty f u l l scale 

data so far available ( e .g . Refs.7> 8) does, however, suggest that there may 

be a favourable scale effect , by comparison with the model r e s u l t s of Ref.9. 

More work i s needed to c lar i fy t h i s s i tua t ion . 
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Obviously, every a t tempt should be made i n t h e des ign s tage t o reduce 

t h i s l o s s as much as p o s s i b l e , f o r example, by s epa ra t i ng t h e l i f t i n g u n i t s 

so t h a t a r e g i o n of p o s i t i v e p r e s su re can be c r ea t ed between them, t o o f f s e t 

s u c t i o n l o s s e s e l sewhere , or by r a i s i n g the height of t h e nozz les r e l a t i v e 

t o the ground. 

L i t t l e can be done t o a l l e v i a t e t h i s l o s s for l a y o u t s f o r which i t 

occu r s , e i t h e r by choice of procedures or t h e use of simple equipment " in t h e 

f i e l d " . Of cou r se , i f a permanent base can be c o n s t r u c t e d , t h e l o s s can be 

e l i m i n a t e d comple te ly , but t h i s involves a major c o n s t r u c t i o n a l e f f o r t ( s e e , 

f o r example, the base i l l u s t r a t e d i n R e f . 7 ) - However, qu i t e e f f e c t i v e r educ 

t i o n i n l o s s e s can be achieved by t h e u s e , fo r t ake -o f f on ly , of a semi-

p o r t a b l e p la t fo rm of the type developed f o r the S.C.1 (F ig .9 of R e f . 7 ) . Such 

a p la t form can get r i d of almost a l l e r o s i o n , r e c i r c u l a t i o n , hea t ing and 

s u c t i o n l o s s e s , but i t s use on d i spe r sed s i t e s could r a i s e a formidable 

l o g i s t i c problem. 

3 USE OF "ROLLING-" TAKE-OFF AND LANDIN& PROCEDURES 

As c u r r e n t l y env isaged , most VTOL opera t ions w i l l probably t a k e p lace 

from s i t e s on which t h e r e i s a t l e a s t t h e space a v a i l a b l e f o r ground runs of 

a few hundred f e e t , a l though t h e surface i t s e l f may not be s u i t a b l e . There 

a r e two main advantages (and some problems as we l l ) i n us ing t h i s space f o r 

bo th t a k e - o f f and l a n d i n g . F i r s t l y , ground e ros ion and r e c i r c u l a t i o n e f f e c t s 

can be very much a l l e v i a t e d by forward motion, a l though o the r ground e f f e c t s 

( h e a t i n g , s u c t i o n ) may not respond so favourab ly . Secondly, even t h e l i m i t e d 

space l i k e l y t o be a v a i l a b l e might permit t h e use of a i r s p e e d s a t t ake -o f f 

such as t o produce s i g n i f i c a n t and worthwhile i n c r e a s e s i n payload for no 

i n c r e a s e i n i n s t a l l e d t h r u s t . These b e n e f i t s a re d i s cus sed more f u l l y i n t h e 

s e c t i o n s fo l lowing . 

3.1 Bene f i t s of " ro l l ing;" t ake -o f f 

For t h i s procedure t o be p r a c t i c a b l e a t a l l , i t i s , of c o u r s e , necessa ry 

t h a t t h e su r face be compatible wi th t h e undercar r iage and t y r e c h a r a c t e r i s t i c s . 

Unfo r tuna te ly , t h e emphasis on weight -saving i n VTOL a i r c r a f t d e s i g n may 

d i c t a t e a g a i n s t t h e use of l a r g e low-pressure t y r e s and a massive unde rca r r i age 

To some e x t e n t , t h e r e f o r e , a requirement f o r a reasonab ly smooth hard sur face 

w i l l ease t h e e ros ion problem which i t s e l f i s one of the reasons f o r us ing a 

r o l l i n g t a k e - o f f . Put ano ther way, i f the surface of t h e s i t e i s such t h a t a 

r o l l i n g t a k e - o f f i s i m p r a c t i c a b l e , t h e n e ros ion problems a r e l i k e l y t o be more 

s e r i o u s anyway. Some f u r t h e r guidance from t h e opera to r s of t h e s e a i r c r a f t 

seems e s s e n t i a l , i n t h i s r e s p e c t . 

•MMBM^HMHHHM 
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Erosion i s a time-dependent phenomenon, and any procedure which reduces 

the time for which a par t icu la r point on the ground i s subject to b las t ef fects 

must be benef i c i a l . For example, an RB.103 engine can be run continuously 

without any i l l effects i f i t i s moving forwards, a t 10 knots whereas, i f i t 

were at r e s t , i t would erode good quali ty tur f in a matter of seconds . 

Similarly a rec i rcu la t ion flow pat tern must take a f i n i t e time to reach the 

height of the in take, and i f the a i rc ra f t has some forward speed the hot flow 

can pass below the level of the in take . 

Rolling take-offs with the S.C.1 and the P.1127 a i rc ra f t confirm these 

benefi ts on concrete, tarmac, and dry and wet grass surfaces. I t should be 

noted, however, t ha t the P.1127 configuration offers the great advantage t h a t 

the s ta r t -up procedure can be done with the th rus t l ine horizontal , and the 

take-off i t s e l f can be begun in the same condition. With the S.C.1 layout 

however the s t a r t i n g of the l i f t engines i s necessari ly done with the a i r c r a f t 

s ta t ionary , so tha t some loca l protect ion of grass , e t c . surfaces would be 

required. T7ith tha t layout, however, the propulsion engine can provide the 

horizontal accelera t ion, so that the l i f t engines need not be opened up to f u l l 

power t i l l the a i r c r a f t i s moving forward fas t enough to avoid erosion and 

rec i rcu la t ion. 

Heating effects are not necessarily a l levia ted and may, in f ac t , be 

worsened by the adoption of a ro l l ing take-off procedure. The effect of the 

r e l a t i ve wind i s to d i s t o r t the isothermals of the j e t flow in a downwind 

d i rec t ion , thus bringing different par t s of the a i rc ra f t within the hot flow 

region, or exposing them to a hot ter flow than when a t r e s t . Such an increase 

i n temperature has been observed on the S.C.1 . 

The l i f t losses disoussed in Section 2.4 may be increased, ra ther than 

a l l ev ia ted , by increase in forward speed, because of the mutual interference 

between the j e t exhaust, fuselage-wing combination and free-3tream flow. This 

loss in l i f t i s a function of veloci ty r a t i o (free stream/jet ex i t ) and of 

the wing area surrounding the j e t nozzles, and i s present in and out of ground 

e f fec t . As speed increases, the normal l i f t due to incidence begins to cancel 

the interference l o s s . Very l i t t l e comparative data between model and f u l l -

scale are available ye t , but rough measurements on the S.C.1 do at l eas t show 

the loss on t h a t a i r c ra f t t o be greater a t forward speeds up t o 40 knots, 

compared with the ve r t i ca l talee-off case. 

The effect of t h i s interference loss i s that a higher speed, and/or 

higher wing incidence must be used for a given l i f t increase, and t h i s in 

general involves the use of a speed higher than tha t needed for the a l l ev i a t ion 
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of erosion and rec i rcu la t ion and also seme ro ta t ion of the a i r c ra f t at the 

unst ick poin t , i f the maximum performance benefi t i s to be achieved. 

This performance benefit i s l i ke ly to be the most important fac tor 

governing the use of the " ro l l ing" take-off procedure, the elimination of 

erosion and rec i rcu la t ion losses requiring r e l a t i v e l y low forward speeds. 

The advantage i s that a "rol l ing" take-off i s possible at a weight greater 

than tha t a t which a ve r t i ca l take-off could be made with the same ins ta l l ed 

v e r t i c a l t h r u s t . 

Detailed estimates of t h i s gain require a specification of the a i rc ra f t 

and the take-off procedure tha t i s not appropriate to th i s qual i ta t ive survey, 

but some general isat ions are poss ible . If the a i rc ra f t has separate l i f t and 

propulsion engines, or i f i t shou?d not be possible t o a l t e r the nozzle 

pos i t ion of the vectored th rus t engine during the take-off, then the ground 

r o l l and unstick must be assumed to be made with the resul tant thrus t 

deflected t o some fixed angle from the v e r t i c a l . I t i s shown in Appendix^ 

t h a t , for a minimum ground r o l l d is tance , t h i s fixed angle i s simply cos T,/W, 

and the resu l t ing distance i s a function of thrust/weight r a t i o and the conven

t i o n a l unstick speed, i . e . the unstick speed that would be used i f the thrus t 

l i n e was along the axis of the a i r c r a f t . Fig .4(a) shows these distances for 

3 values of the conventional unstick speed - 100, 150 and 200 knots. In order 

to r e t a in the margin of 0.05g ve r t i ca l accelerat ion which i s recommended in 

Ref .11, the thrust ac tual ly used i s l e ss than the maximum available by an 

amount which would resu l t in t h i s acceleration increment being produced i f 

t h r u s t were increased without change in angle. Thus, the curves reach zero 

a t a thrust/weight r a t i o of 1.05, instead of 1.00. 

These simple estimates show that if , for example, a ground r o l l of 300 f t 

could be used - which may be appropriate to operations from a 500 f t " s t r i p " -

then the thrust /weight r a t io could be reduced from the figure of 1.05 needed 

for a v e r t i c a l take-off t o 1.01 i f the conventional unstick speed i s 150 knots, 

or t o 0.89 i f the speed were only 100 knots. These reductions in thrust/weight 

r a t i o can be regarded as increases in take-off weight at constant t h r u s t , i f 

the conventional unstick speeds are kept constant by corresponding increases in 

wing l i f t coeff ic ient . 

These gains in permissible a l l -up weight represent very useful increases 

i n payload or range, and well i l l u s t r a t e the value even of t h i s somewhat 

cautious use of the ro l l ing take-off technique. However, i t i s important to 

note that i t does not make fu l l use of the capabi l i t i es of one class of VTOL 

a i r c r a f t - the thrust-vectoring type tha t can use a l l i t s th rus t for horizontal 

^ • ^ ^ • • • • • • H 
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accelerat ion during the ground r o l l , and avoid ground effects at the same t ime. 

In the l imit ing case, the distances could be reduced s t i l l further as shown in 

Fig.4(b) by assuming r o t a t i o n of the thrust-vector to the v e r t i c a l at unst ick. 

This i s an extreme case because the a i rc ra f t could not accelerate af ter take

off, and in p rac t i ce , some lesser rota t ion ( typica l ly t o 20 -30 from the 

ve r t i ca l on the P.1127)is used at unstick. In the estimates shown in F ig .4 (b) , 

the thrust/weight r a t i o actual ly used i s 0.05 less than the maximum avai lab le , 

in order t o provide the same margin of ve r t i ca l accelerat ion as in the previous 

case. The analysis of t h i s procedure i s also given in Appendix B. 

Compared with the previous example, the use of a 300 f t ground r o l l with 

th i s extreme technique would allow the required thrust/weight r a t i o to be 

reduced from 1.05 to 0.89 i f the conventional unstick speed i s 150 knots, or to 

0.78 if tha t speed i s 100 knots. Even for a conventional unstick speed as high 

as 200 knots , a thrust /weight r a t i o of 0.95 would suffice with t h i s technique. 

I t i s important t o remember that the above discussion r e l a t e s only to the 

ground r o l l performance, and takes no account of obstacle clearance requirements. 

3,2 Lift margins during unstick and i n i t i a l climb 

The typical. VTOL operating s i t e i s usually defined as being 500 f t in 

extent , surrounded by 50 f t obstacles . Adoption of the ro l l ing take-off 

procedure therefore r a i s e s the question of safety margins during the airborne 

phase up t o the point of clearing the obstacle. Because of the forward speed 

of the a i r c r a f t , only a l imited time is available and a minimum ve r t i ca l 

acceleration capabi l i ty i s thus defined. By contrast , true v e r t i c a l take-off 

from such a r e s t r i c t e d s i t e i s theore t ica l ly possible with a near-zero v e r t i c a l 

accelerat ion, although in pract ice a margin of 0.05g i s usually recommended. 

Probably the best-known proposal for r a t iona l i sa t ion of these margins i s 

tha t of Ref.12. S t r i c t l y applicable only to d i r e c t - l i f t systems, t h i s paper 

proposes t h a t , i f the climb-out manoeuvre requires the use of a v e r t i c a l 

acceleration of ng, then the t o t a l available accelerat ion, Ng, should be given 

by:-

N - n £ (0.1 + 0.35 n) F 

where F i s an "a l l ev ia t ion factor" dependent on the proportion of t o t a l l i f t 

produced by d i r ec t engine t h ru s t , i . e . not subject t o l imi ta t ion due t o s t a l l i n g 

or other high-incidence e f f e c t s . Modifying s l igh t ly the form given i n Ref.12, 

we define F as 
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F = '1 - hr p Y 
05j i . 

„here P i s the proportion of t o t a l l i f t p r o d u c t by d i rec t t h r u s t . When the 

d i rec t thrus t i s suff ic ient for v e r t i c a l take-off, i . e . when P has the value 

1.05, F becomes zero and no addi t ional l i f t margin i s required. 

For the purposes of t he calculations in the next Section, however, i t 

w i l l be suff ic ient to assume tha t (H - n) should not be l ess than 0 .05. The 

best climb-out performance i s then obtained by using a v e r t i c a l accelerat ion 

0.05g less than the maximum ava i lab le . This maximum includes the wing l i f t 

contr ibution, and occurs when the resul tant thrus t i s deflected so tha t the 

horizontal component i s jus t suff icient to maintain speed at the unstick value. 

At the low speeds considered here, the drag i s low enough for the loss xn 

v e r t i c a l component to have a negl igible effect on the ve r t i ca l acce lera t ion . 

This procedure can be readi ly adopted on a i rcraf t using vectored-thrust 

engines ( e . g . P.1127), but may not be achieved exactly when separate l i f t and 

propulsion engines are used, (the l a t t e r remaining at f u l l power), unless the 

a i rc ra f t i s rotated t o an extreme nose-up a t t i tude in order to br ing the 

resu l tan t thrus t vector t o the required angle. However, the a b i l i t y t o ro ta te 

the l i f t engines i n the accelerate sense means tha t the fuselage can be rotated 

t o a nose-up a t t i tude without losing the horizontal component of t h r u s t . This 

enables some contr ibut icn from propulsive thrus t to be added t o the v e r t i c a l 

l i f t . 

I t i s sometimes argued tha t , because of the greater t o t a l i n s t a l l ed 

th rus t resu l t ing from the use of separate l i f t and propulsion engines, a 

greater performance margin i s avai lable , compared with a thrus t -vector ing 

layout. In fac t , the difference i s not rea l ly apparent in t h i s i n i t i a l climb-

out nhase, since t h i s climb performance depends mainly on the v e r t i c a l l i f t 

ava i lab le . To the extent t ha t the resul tant thrus t of the composite-engined 

a i rc ra f t cannot be ro ta ted readi ly down to the optimum d i rec t ion i t can be 

said that some reserve of ve r t i ca l th rus t i s available by ro ta t ion of the 

a i r c ra f t beyond i t s normally-used a t t i t ude . 

Ouite a w t from the ground effect problem with separate l i f t engines, 

the take-off performance can suffer , r e l a t ive to a thrus t -vec tor ing layout, 

because the acce lera t icn in the ground r o l l i s lower. In addi t ion, t h i s 

accelerat ion wi l l be maintained to some extent , (depending en t h e a t t i t ude 

chosen) af ter unst ick , with a corres ?crding reduction in the time avai lable 

to c lear t he 50 f t obs tac le . 
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The r e a l b e n e f i t ( t o t h e p i l o t ) of t h e s e p a r a t e - l i f t - e n g i n e s layout comes 

a f t e r c l e a r i n g t h e o b s t a c l e , i n t h a t , f o r t h e same t ake -o f f performance, t h i s 

a i r c r a f t , having a g r e a t e r t o t a l i n s t a l l e d t h r u s t , w i l l g e n e r a l l y have a b e t t e r 

a c c e l e r a t i o n or climb c a p a b i l i t y i n t h e t r a n s i t i o n t o wing-borne f l i g h t . 

This b r i e f d i s c u s s i o n makes i t c l e a r t h a t i t would be imprudent t o 

pronounce i n favour of one layout r a t h e r t h a n t h e o the r on the b a s i s of t a k e 

off margins a lone . 

3»3 Take-off performance from r e s t r i c t e d s i t e s 

The e f f e c t of t h e s e l i f t margins on t h e o v e r a l l t ake -o f f performance i s 

i l l u s t r a t e d i n Fig.5> f o r the v e c t o r e d - t h r u s t l a y o u t . The manoeuvre i s made up 

of 2 p a r t s (a ) a ground r o l l us ing f u l l t h r u s t i n t h e h o r i z o n t a l d i r e c t i o n , and 

(b) a climb wi th t h e t h r u s t approximately v e r t i c a l , except fo r a small h o r i z o n t a l 

component s u f f i c i e n t t o mainta in speed. 

The ground r o l l d i s t a n c e t o t h e u n s t i c k speed, V, i s given b y : -

D1 = V*/2 | g , 

ignoring drag and friction. If the conventional unstick speed is V . , the 
n rj mm 

aerodynamic l i f t / w e i g h t r a t i o a t uns t i ck i s simply V / V . and wi th t h e t h r u s t 

a c t i ng v e r t i c a l l y , t h e n e t t v e r t i c a l a c c e l e r a t i o n i s thus 

H - H - < ) ° 
min 

and the airborne distance to the 50 ft obstacle, at constant speed V, is 

D2 = vJioo/K , 

while the t o t a l d i s t a n c e i s simply (D + D«) . 

Three s e t s of cu rves i n F i g . 5 r e f e r t o conven t iona l uns t i ck speeds of 100, 

150 and 200 k n o t s , each covering a range of t h r u s t / w e i g h t r a t i o s from 0.85 t o 

1 .05. (The h igher r a t i o i s s u f f i c i e n t for a v e r t i c a l t ake -o f f , n e v e r t h e l e s s , a 

r o l l i n g t a k e - o f f procedure may be necessary i n o rder t o a l l e v i a t e ground e f f e c t s . ) 

The e f f e c t of i n c l u d i n g the 0.05g margin can be found simply by s u b t r a c t 

ing t h i s amount from t h e a v a i l a b l e t h r u s t / w e i g h t r a t i o . For example, the curve 

f o r , say T/V7 = 0 .95 wi th t h e j/a margin would be very nea r ly the same as the one 
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drawn for T/\V = 0.90 and no margin. However, when the wing l i f t contribution 

i s s ign i f ican t , then some or a l l of t h i s 5?a reserve could be obtained by 

increase in incidence beyond the normal value, and l i t t l e or no increase in 

engine th rus t need be allowed. 'Vhen the unstick speed i s more than about one-

t h i r d of the conventional unstick speed, t h i s 5% l i f t margin could be produced 

by a wing-l i f t increase of l ess than 5Q#. At lower speeds, seme of the margin 

would c lear ly have t o come from an increase in engine t h ru s t . 

These r e su l t s i l l u s t r a t e the fact t h a t operations from the assumed 500 f t 

s i t e require thrust/weight margins very close t o unity, pa r t i cu la r ly when the 

wing- l i f t contr ibution i s small (high conventional unstick speed). In fac t , 

with the assumed technique, only the low wing-loading caoes produce distances 

l e s s than 500 f t t o the 50 f t obstacle for thrust/weight r a t ios l ess than 1.0. 

This resu l t i s ra ther similar to tha t i l l u s t r a t e d in F igA, which refers to the 

ground r o l l only, without consideration of the obstacle clearance problem. The 

improvements in take-off weight that can be achieved by use of a r o l l i n g t ake

off are small when the minimum conventional f l igh t speed i s high. Nevertheless, 

they may well represent s ignif icant gains in payload and/or range. 

3,4 Some differences between take-off behaviour of vectored-thrust and 

composite power-plant a i rc ra f t 

The take-off procedure assumed above for the vectored thrus t power plant 

layout involves a change in thrus t vector angle at the unstick po in t . The 

operating mechanism must have very high i n t e g r i t y , because the horizontal 

accelera t ion wi l l be very high (almost 1g) and with the limited space avai lable , 

a f a i l u r e t o operate must be expected, in general , to produce an over-run. In 

f a c t , assuming a 500 f t s t r i p and an average braking deceleration of g /3 , any 

fa i lu re above 50-55 knots would resu l t in an accident of t h i s so r t , The need 

for i n t eg r i t y i s emphasised by the fact t ha t a full-power check of the opera

t i on of the vectoring mechanism i s not possible before take-off. Fortunately, 

with the thrust/weight r a t i o s needed for operation from a 500 f t s t r i p , there 

13 no need to delay the vectoring operation to higher speeds than the above, 

as i l l u s t r a t e d in F i g . 5 . 

The composite power-plant layout r e su l t s in a similar problem, in tha t 

the l i f t engines cannot be checked at fu l l power before take-off (unless 

special ground f a c i l i t i e s are provided). However, the best performance requires 

the l i f t engines t o be run at fu l l power as soon as the forward speed i s 

suff ic ient t o a l l ev ia t e ground effects (erosion and rec i rcula t ion) and th i s 

speed may be as low as 20 knots . Lift engine fa i lu re at these speeds could be 

dea l t with by normal braking, within the confines of the 500 f t s t r i p . 
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Unstick and climb-out over the 50 f t obstacle w i l l , in c r i t i c a l condit ions, 

generally require 3ome ro ta t ion of the a i rc ra f t i n order t o generate the needed 

aerodynamic l i f t , i r respec t ive of the power-plant configuration. During the 

climb, pa r t i cu l a r ly , a further change in a t t i tude may be needed to maintain t h i s 

aerodynamic l i f t , i f there i s a s ignif icant upward accelerat ion resul t ing in a 

steepening of the f l i gh t path. 

These a t t i t ude changes wi l l resu l t in corresponding changes in the angle 

of the resul tant t h rus t vector to the v e r t i c a l , unless the p i lo t makes s imilar 

changes in the angle r e l a t i ve t o the a i r c r a f t . The need for precis ion i n making 

these changes i s grea tes t when the maximum performance i s sought, and the th rus t 

vector has t o be in i t s optimum d i rec t ion . As explained above, i t i s not 

usually possible t o achieve t h i s optimum vector angle with the composite power-

p l an t . To t h i s ex ten t , precision in a t t i t ude control may be less important, 

and the p i lo t*s problem may be eased by the a b i l i t y t o increase the v e r t i c a l 

th rus t component by ro ta t ion beyond the normal a t t i t u d e . But t h i s advantage has 

t o be weighed against the fact t h a t , for a given take-off performance, the t o t a l 

ins ta l l ed th rus t i s necessar i ly greater with the composite power-plant than with 

the combined (vectoring) layout. 

3*5 "Rolling" landing procedures and performance 

The reasons for using the "rol l ing" landing procedure are so similar t o 

those for the take-off case tha t i t i s worth in terrupt ing the discussion of 

the take-off sequence t o deal with t h i s part of the landing now. Considering, 

for the moment, only tha t part of the landing from the 50 f t obstacle down t o 

r e s t , the use of some forward speed may be expected t o show advantages -very 

similar t o those for take-off, namely, a l l ev ia t ion of ground e f fec t s , and the 

use of some aerodynamic l i f t . 

If we assume, as before, a braking decelerat ion of g/3> then using jus t 

half of the available 500 f t s t r i p fixes a l imit of about k3 knots for the 

maximum touch-down speed. At th i s speed, normal undercarriage design l imi t s 

would probably require the f l igh t path just before touch-down to be no steeper 

than about 6 degrees (1 i n 10) and consequently the descent from the 50 f t 

obstacle wi l l generally involve some reduction i n ra te of descent , i . e . a 

normal f l a r e . 

The excess l i f t required for t h i s f la re can come pa r t ly from the avai lable 

aerodynamic l i f t , but the associated forward veloci ty makes i t necessary to 

descend more rapidly , t o avoid overshooting the landing area, and thus the 

required excess l i f t i s greater than i t would be i f a slow, near -ver t ica l landing 

were made. 
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A rough approximation to the distance involved can be made using seme 

simplifying assuir.ptions. We wi l l suppose that the rate of descent i s t o be 

reduced to zero before touchdown. The f la re i s i n i t i a t ed by instantaneously 

ro ta t ing the thrus t vector, T, to the ve r t i ca l and increasing the wing l i f t 

coeff icient to the value corresponding to level f l ight at the minimum conven

t i o n a l f l igh t speed, v'mjn. 

The net t v e r t i c a l accelerat ion i s then, approximately, 

mm 

and i f the descent angle i s Y , the descent veloci ty , V sin Y, wi l l be reduced 

to zero i f the flare i s s tar ted a t a height, h, where, roughly, 

h = V2 sin2 Y/2 ( I + 72 " 1 ) S * 
min 

If t h i s height i s l e s s than 50 f t , the t o t a l distance from 50 f t to r e s t , 

assuming that Y i s small so that the above acceleration i s roughly normal to the 

f l ight path and resu l t s in a f la re which i s a c i rcular a rc , and assuming g/3 

decelerat ion in the ground r o l l , i s approximately, 

u tan Y sin Y ^S 

If the height i s greater than 50 f t , the distance from 50 f t , s t i l l 

assuming a c i rcu la r f l igh t path in the f l a r e , becomes 

>t - 'iooh/(i - cos Y) - 2500 + -; 
3V2 

2g 

The above a n a l y s i s i s obviously t o o elementary for the e s t i m a t i o n of 

abso lu t e d i s t a n c e s , n e v e r t h e l e s s , the r e s u l t s p l o t t e d i n F i g . 6 a re good enough 

t o show obvious t r e n d s . Here , a range of t h ru s t /we igh t r a t i o s has been used , 

f o r 2 va lues of t h e minimum convent iona l approach speed and 2 g l i d e a n g l e s . 

C l e a r l y , f o r sho r t - l and ing opera t ions i n the p re sen t c o n t e x t , t h r u s t / w e i g h t 

r a t i o s not f a r shor t of u n i t y have t o be a v a i l a b l e , even wi th no margin fo r 

c o r r e c t i o n of e r r o r s . I n f a c t , fo r a t r u e v e r t i c a l l and ing , Ref.11 proposes 

t h a t a t o t a l t h r u s t / w e i g h t r a t i o of a t l e a s t 1.15 should be a v a i l a b l e , and 

t h e a p p l i c a t i o n of t h e p r o p o s a l s of Ref.12 ( i n a form s i m i l a r t o t h a t d i scussed 

http://ssuir.pt
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i n Sec t ion 3 . 2 , above) a l s o r e q u i r e s t h e a v a i l a b i l i t y of a v e r t i c a l a c c e l e r a 

t i o n margins between 0 .05 and 0.15g over and above those a c t u a l l y used , depend

ing on t h e sharpness of the f l a r e . 

Secondary conc lus ions from the above a n a l y s i s , i l l u s t r a t e d i n F i g . 6 a r e 

( a ) t h a t the approach a n g l e , over t h e 50 f t o b s t a c l e has very l i t t l e e f f e c t on 

t h e t o t a l d i s t a n c e , because t h e s t e e p e r angle r e q u i r e s the f l a r e t o be s t a r t e d 

h igher , and (b) t h a t t h e a c t u a l t h r u s t / w e i g h t r a t i o has l e s s in f luence on t h e 

d i s t a n c e when t h e minimum convent ional f l i g h t speed i s lower. 

The broad conclus ion i s t h a t , while the " r o l l i n g landing" procedure may 

be b e n e f i c i a l from the p o i n t of view of a l l e v i a t i n g ground e f f e c t s , no g r ea t 

performance b e n e f i t s can be expected i f r e a l l y shor t landing d i s t a n c e s a re 

r e q u i r e d . 

4 THE TAKE-OFF TRANSITION 

if.1 Procedures with vec to red t h r u s t and composite power-p lants 

I n t h i s phase of f l i g h t t h e a i r c r a f t a c c e l e r a t e s from a near -hover 

cond i t ion t o one i n which i t can be e n t i r e l y wing-borne , and i n convent iona l 

f l i g h t . 

Using t h e veotored t h r u s t arrangement, the forward motion i s i n i t i a t e d 

by a small r o t a t i o n of t h e t h r u s t vec to r i n the a c c e l e r a t e s e n s e . Unless t h e 

t h r u s t i s i nc reased a t t h e same t i m e , a smal l l o s s i n l i f t must r e s u l t - though 

not n e c e s s a r i l y a l o s s i n h e i g h t , i f t h e a i r c r a f t i s s t i l l c l imbing a f t e r l i f t 

off . As forward speed i n c r e a s e s , w i n g - l i f t becomes e f f e c t i v e , and a f u r t h e r 

r o t a t i o n of t h e t h r u s t v e c t o r can be made. I n t h e o r y , a con t inuous , p r o g r e s s i v e 

r o t a t i o n could be made, b u t i n p r a c t i c e (on the P.1127* fo r example) the t h r u s t 

v e c t o r i s r o t a t e d i n a s e r i e s of d i s c r e t e s t e p s , whi le mainta ining t h e d e s i r e d 

height or c l imb p a t h . 

For t h e p i l o t , t h i s procedure has r a i s e d no p a r t i c u l a r problems i n the 

absence of o b s t a c l e s near t h e intended f l i g h t p a t h . Obviously, t h e t h r u s t 

vec to r angle must be ve ry p r e c i s e l y c o n t r o l l e d , bu t t h e p i l o t s have achieved 

t h i s p r e c i s i o n without d i f f i c u l t y because of t h e i r high s e n s i t i v i t y t o normal 

a c c e l e r a t i o n cues ( " s e a t - o f - t l i e - p a n t s " e f f e c t ) . Excess ive r o t a t i o n of t h e 

t h r u s t vec to r i s immediately sensed as a r e d u c t i o n i n v e r t i c a l a c c e l e r a t i o n , 

and cor rec ted by s topping t h e r o t a t i o n , and/or i n c r e a s i n g wing i n c i d e n c e , once 

some forward speed i s a t t a i n e d . 

The procedure can b e i l l u s t r a t e d by the f ol lowing simple a n a l y s i s of t h e 

manoeuvre, f o r t h e vec to red t h r u s t con f igu ra t i on . I t i s assumed t h a t the 
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incidence i s held constant; throughout at the value appropriate to f l ight at the 

minimum conventional f l ight speed, V^. , and that the constant t h r u s t , T, i s 

deflected to an angle, 6, from the v e r t i c a l so as to maintain zero net t accelera

t i on normal to the f l ight path which i s a s t ra ight climb at an angle, r, to the 

hor izonta l . For s impl ic i ty , l i f t interference losses are ignored, and a 

constant aerodynamic l i f t / d r a g r a t i o ( L / D ) i s assumed. Instantaneously, the 

a i r c r a f t , of weight 17, i s a t a speed V, and a distance x from the s t a r t . 

Then, for balance of normal forces, we have 

2 
§ cos (6 + Y) + - * - cos Y = 0 

mm 

and the accelera t ion along the f l igh t path, x, i s given by 

t 
v 

I - I s in (0 + Y) + s in Y + ~ (rfc) = 0 

mm 

These equations lead to the r e s u l t s shown in Fig.7 , for the case of a 

horizontal, t r ans i t i on (Y = 0 ) , for two thrust/weight r a t i o s , 1.05 and 1,00. 

The s t a r t has been taken as a speed of 5 knots, because the a i r c r a f t hovering 

(V - 0) with thrus t exactly equal to weight cannot, in f a c t , s t a r t the 

t r a n s i t i o n without losing some height. The t r ans i t ion ends at V = V ^ =150 k t , 

in t h i s example. A nominal L/D r a t i o of k has been used, although, because 

the drag includes a momentum drag component, the r a t io cannot, s t r i c t l y , remain 

constant in t h i s case . Fcr i l l u s t r a t i v e purposes, t h i s e r ror can be ignored. 

The va r ia t ion of thrus t vector angle with time i s of par t icu la r i n t e r e s t . 

The r a t e of ro ta t ion i s quite small i n the ear ly stages, but bui lds up to over 

10°/sec. In p rac t i ce , the p i lo t cannot achieve t h i s idea l ; the actual angle 

w i l l tend to be l e s s than the maximum possible and the surplus v e r t i c a l th rus t 

component w i l l be compensated by use of l ess wing- l i f t . For example, as i s 

shown in F ig ,7 , with the P.1127 the vector angle has usually reached only about 

2,5 degrees when conventional flying speed i s reached, and, except at the s t a r t , 

the maximum r a t e of rotat ion of the thrus t vector seldom exceeds 2 / s e c . 

Thus, i n p rac t i ce , the performance - in terms of distance and time 

elapsed - w i l l be below the theore t i ca l l imi t . However, the same trends wi l l 

be apparent, namely that the higher available thrust/weight r a t i o has a more 

benef ic ia l effect en the time taken (and therefore on fuel used) than on the 

d is tance , I t i s also clear tha t r e s t r i c t i o n of the r ate of ro ta t ion of the 

th rus t vector ( 3 % e c on the Poll 27) wi l l extend the distance by reducing the 

• • • ^ • • M 



23 

accelerat ion that can be achieved i n the l a t e r stages of the t r a n s i t i o n , where 

i t i s the most benef ic ia l . However, safety d ic ta tes 3ome such r e s t r i c t i o n , and 

t h i s par t icu la r performance penalty i s of no great importance. 

The composite power-plant configuration presents the p i l o t with a some

what l ess demanding task . By using the separate propulsion engine, t he 

t r ans i t ion can be s tar ted without t i l t i n g the l i f t engines, i f des i red , although 

be t t e r accelerat ion wi l l r e su l t if t h i s can be done without loss of height . 

The p i lo t i s free t o choose any a t t i tude (or incidence) he finds bes t , 

because the propulsive th rus t component available i s independent of the l i f t 

carried on the wings. The most economical t rans i t ions are made with a l l 

engines at maximum t h r u s t , at approximately zero incidence, so as to gain 

normal flying speed as quickly as poss ib le . If appreciable wing l i f t i s 

allowed to appear too ea r ly , the l i f t engine thrust may have t o be reduced, i f 

the engines cannot be t i l t e d far enough, and then the accelerat ion wi l l suffer . 

4,2 Performance aspects 

The comparison between the theore t i ca l ly possible and the normally 

achieved t r a n s i t i o n performance i l l u s t r a t e d in Fig.7 i s not , of course, an 

attempt to correla te theory with p rac t i ce . Rather, i t i l l u s t r a t e s the obvious 

dependence of t h i s performance on the assumptions as to the way in which the 

gross thrus t vector i s controlled by the p i l o t , and as t o the f l i gh t path he 

wishes to follow. With so many var iables , parametric studies would be laborious 

and of l i t t l e value. 

There i s , however, the problem of defining, in the specif icat ion stage, 

the performance required in terms of the height and location of obstacles i n 

the v ic in i ty of the take-off area , pa r t i cu la r ly those beyond the t r a d i t i o n a l 

50 f t screen. 

The best mission performance - payload and range - wi l l r e s u l t i f the 

a i rcraf t can be allowed to accelera te i n level f l igh t af ter c lear ing the 50 f t 

screen. If, on the other hand, i t must continue to climb, and pa r t i cu la r ly i f 

a s ignif icant manoeuvre capabi l i ty i s required, then more fuel wi l l be used 

and, for manoeuvring, an ex t ra margin of t o t a l l i f t /weight r a t i o wi l l be 

required, resu l t ing in a mission performance penalty if the take-off weight has 

t o be further r e s t r i c t e d . 

•̂..3 Lift margins for manoeuvring during t r ans i t ion 

The manoeuvrability margin defined in Ref,12 and already mentioned in 

Section 3.2 i s s t r i c t l y applicable only to the i n i t i a l climb to the 50 f t 
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screen, where the normal acceleration to be used can be specified, and xvhere 

conditions are more-or-less unchanging. The problem from that stage onwards 

is that the accelerations to be used in avoiding obstacles, etc., are not 

kn.own; and, further, the relative proportions of aerodynamic and engine lift 

are changing continuously. Thus, the probability, and the consequences of 

exceeding a limiting wing incidence during such manoeuvres will vary from 

start to finish of the transition. At the start, the thrust vector provides the 

major part of the manoeuvring force; at the end, the wing takes over this 

function. 

A vectored thrust aircraft following the procedure assumed in Fig,7 for 

maximum performance has, cf course, no lift margin in hand for manoeuvring. 

In practice, the P.1127 results show that, from about half-way (in time) 

through the transition, the thrust vector is more nearly vertical than is 

theoretically necessary. Consequently, less than maximum wing lift is being 

used, and a useful lift margin becomes available as the speed increases. 

A similar situation usually exists with the composite paver-plant layout, 

because the resultant thrust vector (lift and propulsion) cannot, in general, be 

rotated to the theoretical ideal angle- and consequently the wing lift has to 

be kept below maximum. This class of aircraft in general has the advantage 

(for the pilot) of offering a greater lift margin than the corresponding 

vectored thrust aircraft, since it is possible to use the whole of the wing 

lift for manoeuvring, with the vertical thrust component balancing the weight. 

To summarise, there is a need for (a) a clearer definition cf the likely 

location of obstacles which may affect the choice of transition path, and 

(b) statistical data on the average normal accelerations used during such 

transitions. Then, if ng is the required usable acceleration, the total, Ng, 
12 

that should be available might be defined as 

N - n » (0.1 + 0.35 n) F 

and the a l l ev ia t ion f ac to r , F, modified to agree with the recommendations of 

Ref.11 for ve r t i c a l take-off l i f t margin, as in Section 3 .2 , i s given by 

replacing the l i f t /weight r a t i o , P, by (T COS a)/.7, so t h a t : -

/fH c o s @N 

'T705~^ 

I ^ ^ M H H H B ^ H I 
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I t i s suggested tha t the t c t a l accelerat ion avai lable , Ng, should be 

defined as that produced by maximum thrust and maximum incidence only, but not 

including that increment which might be produced by ro ta t ion of the thrust 

vector ( r e la t ive to the a i rc ra f t datum) back towards the v e r t i c a l . 

F inal ly , I t should be noted t h a t , so fa r , wing/jet l i f t interference 

losses have only been b r i e f ly mentioned. In fac t , these losses can be ser ious , 

and i t i s known tha t on one a i r c r a f t , at l e a s t , the t o t a l l i f t (v/ing + j e t s ) 

a t one stage of the take-off t r ans i t i on i s normally less than the weight, 

despite the use of fu l l engine power and 12 degrees wing incidence. Only by 

acquiring an appreciable ve r t i ca l velocity early in the t r ans i t i on can an 

actual loss of height be avoided on t h i s a i r c r a f t . 

Tunnel data on t h i s effect i s now available (e .g . Ref.10) but there i s 

a marked lack of f l igh t data for cor re la t ion . Clearly i t i s important to 

es tabl ish the amount of t h i s loss i f there i s t o be any precision i n determina

t ion of these l i f t margins. Flight t e s t s for t h i s purpose are , i n fac t , in 

hand on P.1127 and S.C.1 . 

4 .4 Consequences of engine fa i lu re 

There i s obvious i n t e r e s t in attempts to compare the r e l a t ive safety , 

for p i l o t and a i r c r a f t , of the vectored-thrust and composite power-plant 

configurations with each other and with corresponding conventional a i r c r a f t . 

There a r e , however, so many imponderable factors affecting safety t h a t only 

very cautious general isat ions can be made. These factors include:-

(a) The probabil i ty of engine f a i lu re during the take-off. 

(b) The proportion of l i f t and propulsive thrus t los t when an engine 

f a i l s . 

(c) The sp^ed, height and f l igh t path d i rec t ion at the ins tant of fa i lure , 

(d) The effect on trim and control power. 

(e) The type of t e r r a i n over which the t r ans i t i on i s made ( i . e . i t s 

su i t ab i l i t y for a forced landing) . 

(f) P i l o t ' s ac t ions . 

In these general terms, the composite engine layout need be considered no 

fur ther i f the number of engines i s such tha t i t can maintain height when one 

has fa i led (or with 2 "fai led" i f a second engine has to be shut down to 

res tore trim) and if the t rans ien t effects of the fa i lure are control lable 

e i the r by the p i l o t or by some automatic system. The recommendations of Ref.11 
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are intended t o cover these handling problems, and any mult i - l i f t -engined a i r 

craft meeting these recommendations should be able to survive. If height can 

not be maintained, at zero speed, then an emergency landing wi l l resu l t unless 

the forward speed can be increased before h i t t i ng the ground. There i s thus 

an area on a speed-height diagram - the "dead man's curve" - outside which an 

engine fa i lu re car, be to l e ra t ed . The lower boundary to t h i s curve describes 

conditions from which a landing could be made without excessive v e r t i c a l 

veloci ty - i f the t e r r a in were su i tab le . F ig .8 , i s a typica l "dead man's curve" 

for t he S.C.1, with one engine fa i l ed . 

By comparison, the single vectored-thrust engine a i r c ra f t is less safe. 

Engine f a i lu re almost inevitably means loss of the a i r c ra f t (as i t does on a 

s ingle engined conventional a i r c r a f t ) , and at low speeds the p i l o t i s 

endangered as wel l , because loss of engine power wi l l also deprive the a i rcraf t 

of i t s main, i f not only, source of control power. The r i s k would, however, be 

less than that for the composite power-plant configuration i f the l a t t e r a i r 

craft could not be trimmed following engine fa i lure - with a single engine, 

the f a i lu re should at leas t be symmetrical and give the p i lo t a reasonable 

chance to escape. 

The vectored thrus t engine VTO a i rc ra f t cannot s t r i c t l y be compared with 

a conventional s ingle engine a i r c r a f t , even though the engines may have the 

same probabi l i ty of f a i l u r e . The environments of the two types of operation 

are l i ke ly to be very d i f ferent , the one taking-off from a small semi-prepared 

s i t e with rough t e r r a i n outside i t , the other from a long level runway with 

prepared over-run areas and no obstacles under or near the take-off path. 

Accepting tha t the a i rc ra f t wi l l be l o s t or damaged (unless the fa i lure 

occurs early in the take-off) in e i the r case the p i lo t i s concerned with the 

time for which he, himself, i s exposed to danger. With the conventional a i r 

c ra f t , the r i sk pericd probably extends from the time of passing the c r i t i c a l 

("refusal") speed up to the point at which he has su t f ic ien t height (and, 

therefore , time) to make the decision, complete the v i t a l act ions and clear 

the a i r c r a f t before i t h i t s the ground. In th i s se r ies of events the time 

taken to make the decision i s probably the most important and cer ta in ly the 

most indef in i te item. Experience has shown tha t , even with a "zero-zero" 

e ject ion sea t , the p i lo t tends to stay with the a i r c ra f t in circumstances 

where reason d ic t a t e s that he should leave, when the emergency occurs close to 

the ground. 

Despite the fact that the vectored thrus t VTO a i rc ra f t can gain height 

rapidly a f t e r l i f t off, the r i s k period, during which there i s insuff icient 
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time for the p i lo t to be sure of escape, i s probably longer than tha t for a 

conventional a i r c r a f t . I t i s not possible to s t a t e an exact height from which 

the p i l o t would survive i f the a i rc ra f t dropped freejy with him s t i l l strapped 

in h i s seat , but i t i s probably l ess than 50 f t . From that height, i t would 

be necessary to subject the p i l o t to a mean decelerat ion of 10g if the seat i s 

to be ar res ted in 5 f t by s t ruc tura l deformation. A safer assumption would be 

25 f t for t h i s c r i t i c a l height, a t zero ground speed, and an even lower height 

i f there i s appreciable forward velocity because of the extra energy to be 

absorbed by the s tructure on impact. Therefore, i f fa i lure occurs above 25 f t 

(and th i s i s a leaver height than we can assume for a take-off and level 

accelerat ing t r ans i t i on ) the p i l o t must c lear the a i rc ra f t before i t touches 

the ground. 

I t i s easy to show t h a t , at low forward speed, wing l i f t has very l i t t l e 

effect on the time of f a l l . Fig.9 shows t h i s time of f a l l as a function of 

forward speed and i n i t i a l height, on the assumption that the v e r t i c a l (downwards) 

accelerat ion i3 simply (1 - V /V . )g , Until a t l ea s t half minimum f l ight 
*~v \ / m i n / o 

speed i s reached, there i s no s ignif icant improvement, and increase in height 

from 50 to 100 f t doe3 not add mere than 1 second to the t ime, a t low forward 

speeds. 

If we assume that the pi lot needs at l eas t 3 seconds to clear the a i r 

c ra f t , having made the decision, i t appears that the speed must be at l eas t 

Qy'o of conventional f l igh t speed i f fa i lure occurs at 100 f t , or £0,'-> at 50 f t . 

To reach these speeds takes, typ ica l ly , 20-25 seconds for a vectored thrus t 

a i r c r a f t , to which must be added the time taken to climb from the assumed 

c r i t i c a l height (25 f t ) to the height a t which the t r a n s i t i o n i s made - say, 

a further 5-10 seconds. The t o t a l i s therefore about 30 seconds, i r respec t ive of 

the height - the greater height i s safer, but i t takes longer to get there . 

No worthwhile simple calculat ions can be done for the conventional a i r 

craf t , but the r i s k period for the p i lo t wi l l generally be appreciably shorter 

than tha t for the VTO a i r c r a f t . 

For safe ty ' s 3ake, therefore, the best procedure i s to gain flying speed 

as quickly as poss ib le . I t i s shown in Ref.13 tha t t o t a l energy, defined in 

terms of the "energy height", h , where:-

h = h + V2/2 g 

is gained most quickly if the aircraft accelerates along the ground for as long 

as possible consistent with an unstick and climb over the 50 ft obstacle at 
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constant speed, i.e. without further acceleration. Equating total energy to 

safety, it is clear that increase in speed is nor* effective than increase in 

height. 

5 THE LANDING- TRANSITION - GENERAL 

5.1 F a c t o r s a f f e c t i n g d e c e l e r a t i o n d i s t a n c e 

An i n f i n i t e v a r i e t y of t r a n s i t i o n p a t h s i s p o s s i b l e , but fo r s i m p l i c i t y 

i n demonst ra t ing t h e e f fec t cf v a r i a t i o n s i n important pa rame te r s , a s t r a i g h t 

p a t h w i l l be assumed. The r e s u l t a n t t h r u s t v e c t o r i s held a t a cons tan t angle 

r e l a t i v e t o t h e a i r c r a f t datum, and t h e t h r u s t i t s e l f i s adjus ted t o main ta in 

zero a c c e l e r a t i o n normal t o t h e f l i g h t p a t h . I f al lowance i s made fo r i d l i n g 

t h r u s t of t h e p ropu l s ion engine , t h e a n a l y s i s can be a p p l i e d equa l ly t o a 

composite engined or vectored t h r u s t l a y o u t . 

With t h e symbols defined i n F i g . 1 0 , t h e balance cf fo rces normal t o t h e 

f l i g h t pa th g ives 

L - ^ i | T + T cos ( a + 6) - W cos Y = 0 

i . e , 

T = 

W cos Y " CL i p V S 

/£L 
cos ( a + 6J - ( T 

Then , i f x i s t h e a c c e l e r a t i o n along t h e f l i g h t p a t h , we have, 

H x - W sin Y + D + T s i n (a + e ) 
S 

s 0 

where 

D = %*PV ' S + M V 

and t h e engine mass f low, * , , i s a func t ion of T, while the l i f t - l o s s r a t i o , 

(AL/T) i s a func t ion of a i r s p e e d , V. Th i s i s almost c e r t a i n l y an over

s i m p l i f i c a t i o n of the l i f t - l o s s e f f e c t , s ince i t v a r i e s , i n g e n e r a l , wi th t h e 

d e f l e c t i o n a n g l e , 6 , but w i l l be good enough fo r p r e s e n t pu rposes . 

Combining t h e above e q u a t i o n s , we can write t h e a c c e l e r a t i o n as 

x = A + BV + C\T 
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where the coefficients A, B and C are grven by 

cos Y sin (a + 8) 
A = g sin Y -

cos (a + 6) - / Y"! 

and 

r 1 S g / CL 3 i n ( a + 6 )
 c 

cos (a + 6) - f-£-j 

Then, by pDotting V/x against V and integrating graphically, the distance, x, 

required to decelerate can be obtained directly, since 

x 

In the presence of a headwind, the speed, V, in the above integration i s , 

of course, the ground speed, but the acceleration, x, has to be calculated for 

the airspeed corresponding to each particular ground speed. 

At low speeds, the constant term, A, is clearly the most important in 

determining the deceleration, and it remains significant at al l speeds in the 

range considered. Its importance relative to the remaining terms becomes 

less at higher airspeeds, in a manner depending on the engine mass flow (which 

determines the momentum drag contribution) and on the wing loading and wing 

incidence (which determine the aerodynamic drag and l i f t , the lat ter , in turn, 

affecting the amount of engine thrust required). With the usual approximations 

for small angles the acceleration at zero speed is given very closely by 

g (Y-a-e ) , with the angl.es in radians. This quantity must, of course, be 

negative. 

Some insight into the contributions of these various parameters may be 

gained from Fig.11, which shows the variation of the resultant deceleration 

with airspeed for various wing incidences, for two classes of jet- l if t aircraft 

one highly-loaded vectored thrust aircraft roughly resembling the P.115-I-, the 

ether lightly-loaded with separate l i f t and propulsion engines (S.C.1). 

http://angl.es
http://Fig.11
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The r e su l t s refer , for i l l u s t r a t i o n , to a glide slope of 10 degrees; for any 

other glide slope, the foregoing analysis shows t h a t , t o a close approximation, 

the decelerat ion would be changed by a constant increment equal t o 

g s in (Y - 10) f t / s e c 2 . I t w i l l be noted in Fig.11 that the thrus t def lect ion 

angles chosen for the two a i r c r a f t d i f fer s l i gh t l y . This difference has been 

chosen so tha t both a i rc ra f t have roughly zero accelerat ion at zero speed and 

zero incidence, despite the effect of the idl ing th rus t of the propulsion 

engine on the S.C.1. 

On both a i r c r a f t , a t low speeds, there i s the expected increase in 

decelerat ion due to increasing incidence, but the effect f a l l s off a t the higher 

speeds. The reason i s that the accompanying increase in wing l i f t requires a 

reduction in engine th rus t i n order to maintain the glide path. At seme speed a 

s i tua t ion i s reached where an increase in incidence r e su l t s in a reduction in 

decelerat ion, showing tha t the increase in wing l i f t i s such tha t the necessary 

reduction in engine t h ru s t more than counteracts the increase i n drag and the 

more favourable inc l ina t ion of the thrus t vector . 

This effect i s na tura l ly most marked on the l ightly-loaded S.C.1 a i r c r a f t , 

and the calculated stopping d is tances , shown in Fig.12(b) i l l u s t r a t e the anomaly. 

Because of t h i s , and the i n sens i t i v i t y of the t o t a l stopping distance to the 

incidence used a t the s t a r t , i t i s common pract ice on the S.C.1 (as noted, a l so , 

in Ref.14) to hold the inoidence (or a t t i tude ) more-or-less constant a t whatever 

value the p i lo t f i n i s most comfortable, say 5-10 degrees, during the ear ly par t 

of the t r a n s i t i o n . At low speeds, of oou-se, when the p i lo t i s , in any case, 

more aware of the need for changes in decelerat ion, inoidence or a t t i t ude 

changes are very effective for making the f ina l corrections to the stopping 

po in t . 

Nevertheless, t h i s i s not necessari ly a general conclusion, and the 

r e s u l t s i l l u s t r a t e d in Figs.11 and 12 for the highly-loaded a i r c r a f t show that 

inoidence can be quite effect ive overal l in control l ing the decelerat ion. 

P ig .11 , for example, shows t h a t the speed a t which the anomaly ooours xs not 

much below the minimum steady conventional f l igh t speed on e i t he r a i r c r a f t , and 

in the case of the highly-loaded a i r c ra f t the anomaly rapidly disappears as 

speed i s reduced. The calculated stopping distances for t h i s a i r c ra f t are also 

shown in Fig.12. 

Increase i n glide slope, cf course, increases the stopping dis tance, as 
shown in Pig .13. The stopping-performance of the vectored th rus t s t r ike a i r c ra f t 
i s apparently much b e t t e r than t h a t of the S.C.1, since at a given speed (below 
V , ) i t requires a larger engine thrus t t o maintain the f l i gh t path , due t o the 

min 

http://Fig.11
http://Figs.11
http://Pig.11
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higher wing loading, and thus a larger decelerating component is available 

also. However, allowing for the difference in speed at which the decelera

tion must be started - say, 200 knots for the strike aircraft, 140 knots for 

the S.C.1. - the difference is not large in this particular case. 

The effect of a change in glide slope can be largely eliminated if a 

corresponding change can be made in the thrust deflection angle, as shown in 

Fig.12f, The reason is simply that the expression for the deceleration, above, 

is dominated by the constant term, A, which, in turn, depends largely on the 

difference between these two angles. This is particularly the case for the 

highly-loaded strike aircraft, less so for the lightly-loaded S.C.1. Neverthe

less, it does illustrate a useful increase in flexibility, allowing steeper 

descent paths to be used, if the thrust vector can be rotated further in the 

decelerate sense. It must be remembered, of course, that if wing incidence 

limits are not to be exceeded, then steep paths may necessitate an approach 

in a nose-down attitude, at least at the start, while the speed is still high. 

Finally, the effect of a headwind on the distance to stop from a given 

ground speed is very small, as shown in Fig.15> though there is, of course, a 

reduction in distance for a given airspeed. Since instrument or automatic 

landing systems would probably be based on measurements of ground speed and 

distance, this result suggests that correction for wind speed might not be a 

serious problem. 

5*2 Corrections to deceleration distance 

The previous section has mentioned the effect on the stopping distances 

of changes in some parameters. In general, some such corrections will be 

necessary during any landing transition, either because of errors in choosing 

the starting point, or errors in setting up the required thrust angle, attitude, 

incidence or glide path. 

Whether a visual or instrument approach is considered, it is probable 

that the necessity for making corrections (either in stopping distance, or in 

azimuth), whilst being not readily apparent at the beginning of the transition, 

will become increasingly more so towards the end of the manoeuvre. Obviously, 

the earlier the correction can be initiated, the more effective it will be. 

Pilots with flight experience on the S.C.1 research aircraft claim, with 

support from flight records, that during a visual landing transition, they can 

recognise the need for a correction to stopping distance when the 3peed is as 

high as 100 knots. According to Fig.14(b), which embraces typical transition 

configurations, this is at a distance of about 2000 ft from the intended 



stopping po in t . This i s not t o say that a correction i s necessari ly i n i t i a t e d 

a t t h i s oo in t . If the required correction i s small, i t would be l e f t t a l l 

l a t e r when i t can be done by an a t t i tude or incidence change. Such a change 

a t 100 knots on the S.C.1 produces very l i t t l e change i n decelerat ion a t the 

time (Flg.11) although i t becomes effective l a t e r (Fig .12(b)) . Fur ther , any 

ear ly change in incidence necessari ly involves a change in thrus t in order to 

hold the glide path. 

The preferred means of making e a r ^ corrections t o the decelerat ion i s 

therefore by a change i n thrus t vector angle . This i s a powerful cont ro l , and 

vAth the th rus t near v e r t i c a l , the cross-coupling i n the l i f t d i rec t ion i s 

small. 

However, for maximun performance, the thrus t vector should be as far as 

possible in to the decelerating sector , so that the available increase in 

decelerat ing component may be small - even zero. The p i l o t ' s aim, in view of 

t h i s general l imi ta t ion , i s t o undershoot the landing area i n i t i a l l y so tha t 

any correction w i l l be in the sense of reducing the decelerat ion for a t i n * . 

Tte f i n a l correct ions , including the posit ioning of the a i rc ra f t for the 

v e r t i c a l let-down, are done by means of a t t i tude changes, i n both p i tch and 

r o l l . The effect of the control power of the a i r c r a f t on the ease wxth whxch 

these f ina l corrections are made i s discussed in a l a t e r Section. 

5.3 Wind effects 

A headwind has the effect of reducing the distance required t o stop from 

a given airspeed, as shown in Fig.15 hu t , from a given ground speed, the 

distance t o stop i s not much affected. Obviously, therefca-e, a correct ion 

mUst be made to the s t a r t ing point of a decelerating t r ans i t i on , but onwards 

from the point at which the p i l o t s t a r t s to base his judgement of progress 

on ground speed and d i s tance , the problem i s no longer seriously affected by 

w i n d . Similarly, any instrument or automatic landing system based on range 

from the landing area, and rate-of-change cf range ( i . e . ground speed) would 

not be seriously complicated by having to deal with a change in headwind 

component• 

The effect cf a cross-wind i s l e s s eas i ly pred ic tab le . As with conven

t iona l a i r c r a f t , two basic procedures are possible i f a decelerat ing t r a n s i t i o n 

must be made across the wind d i reot ion . 

The f i r s t (corresponding to the conventional "dr i f t ing" approach) involves 

flying the a i r c ra f t with zero s ides l ip throughout. The VTOL a i r c r a f t , however, 
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t e n d s t o end up wi th very l a r g e d r i f t angles - becoming 90 degrees i f cont inued 

t o zero ground speed. This procedure makes c o n t r o l of d e c e l e r a t i o n a long t h e 

t r a c k very compl ica ted , due t o c ross -coup l ing r e s u l t i n g from t h e skew angle of 

t h e t h r u s t v e c t o r . 

The second technique (corresponding t o t h e convent ional s i d e s l i p p i n g 

approach) involves holding the a i r c r a f t on a cons tan t heading, and removing 

t h e e f f ec t of t h e cross-wind by banking i n t o wind. In a cons tan t c ross -wind , 

t h e bank angle r equ i r ed w i l l not change much as the speed reduces t o ze ro , and 

i s l i k e l y t o be sma l l , anyway, so t h a t t h i s i s t h e p r e f e r r e d t e c h n i q u e . Before 

t h e f i n a l le t -down the a i r c r a f t can be tu rned to head i n t o wind, so t h a t t h e 

touch-down can be made wi th wings l e v e l . 

However, t h i s p r e f e r r e d technique i s not n e c e s s a r i l y e n t i r e l y t r o u b l e -

f r e e . On bo th the 3.C.1 and the P.1127 t h e r e i s evidence of t h e r o l l i n g 

moment due t o s i d e s l i p - a t l a r g e s i d e s l i p angles - being dependent on bank 

ang le : i f t h e windward wing i s lowered i t t ends t o "d ig in" and i f r a i s e d i t 

t ends t o r o l l out of wind. There i s a danger , t h e r e f o r e , i n making t h e s l i p 

ping approach, when t h e windward wing i s held down t o ba lance t h e s i d e f o r c e s , 

t h a t changes i n bank a n g l e , made t o co r r ec t e r r o r s from t h e de s i r ed t r a c k , may 

r e s u l t i n an i n c r e a s e of t h e in to-wind r o l l i n g moment which can absorb a l a r g e 

p ropor t ion of a v a i l a b l e c o n t r o l power. 

The o r i g i n and c o n t r o l of t h i s a d d i t i o n a l "d ihed ra l e f f e c t " i s , a t p r e s e n t 

(in 1964) improperly unders tood. Meanwhile, i t i s prudent t o t r e a t cross-wind 

approaches wi th c a u t i o n , making l a t e r a l c o r r e c t i o n s gen t l y so t h a t l a r g e 

ang les of bank a r e avoided . 

6 '.'LANCEUVRABILITY REQUIREMENTS DU3IKG- TRANSITION TO THE HOVER 

6.1 Height c o n t r o l 

At the s t a r t of a d e c e l e r a t i n g t r a n s i t i o n the a i r c r a f t i s s t i l l capable 

of be ing handled conven t iona l ly , and g l i d e pa th c o r r e c t i o n s can be made v i a 

inc idences changes without major c rocs -coup l ing a f f e c t i n g t h e d e c e l e r a t i o n . 

The t o t a l w i n g - p l u s - j e t l i f t a v a i l a b l e i s about twice t h e weight , so t h a t 

l a r g e normal a c c e l e r a t i o n increments are p o s s i b l e . However, a t t h i s e a r l y 

s t a g e , the need fo r such c o r r e c t i o n s t o g l i de pa th may not be apparent t o t h e 

p i l o t . 

As the speed d e c r e a s e s , changes i n wing incidence become p r o g r e s s i v e l y 

l e s s e f f e c t i v e means of c o n t r o l l i n g t h e g l i d e pa th , and t h e p i l o t i s aware of 

t h e need t o a l t e r h i s p rocedure , so t h a t g l i d e pa th c o r r e c t i o n s come t o be 

made by changes i n l i f t t h r u s t , whi le t h e s t i c k becomes e s s e n t i a l l y an a t t i t u d e 
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control . The point a t which t h i s change-over occurs cannot be precisely defined, 

but p i l o t s find no d i f f i cu l ty i n recognising i t . 

The decrease in available wing l i f t necess i ta tes a corresponding increase 

in l i f t engine t h r u s t , and the l i f t margin available for glide path control 

depends, in the end, on the difference between actual and maximum available 

t h r u s t . Therefore, i t nays t o carry as much l i f t as possible en the wings, sc 

that excess th rus t available i s a maximum. I t should be noted, however, t ha t 

wing-jet l i f t interference losses may be dependent en incidence, so that the 

maximum wing incidence i s not necessarily the optimum. Wind tunnel data on the 

pa r t i cu la r configuration wi l l indicate the most favourable condition for maximum 

manoeuvrability. 

At low speeds and at the hcver, the normal accelerat ion margin available 

depends on the difference between the weight and the maximum ins ta l l ed t h ru s t . 

The l a t t e r must include losses due t o in takes , in terference, control bleed, 

e t c . Ref.11 recommends tha t the l i f t margin for landing should be a t l eas t 1 * 

for adecuate manoeuvrability. There i s evidence, from both S.C.1 and P.1127 

tha t the normal accelerat ion increments actually used (by ski l led p i l o t s , IB 

non-c r i t i ca l cordi t ions) are l e s s than t h i s . However, a proper s t a t i s t i c a l 

analysis of accelerat ion records i s needed in order t o es tab l i sh the probabi l i ty 

of exceeding a given accelera t ion l eve l . 

Lack of adequate l i f t margin also exaggerates the problem of correct ing 

er rors of judgement during the f ina l ve r t i c a l descent before touch-do™. This 

problem i s minimised in current operations by keeping the hover height low, 

but more r e a l i s t i c operations, e .g . into r e s t r i c t e d s i t e s , may necess i ta te much 

longer v e r t i c a l descents. I t i s easy t o show, as i n Ref.15, tha t when the lof t 

. a rg in i s small, a small e r ror in r a t e of descent a t , say, 100 f t , can have a 

disproportionate effect on the ve r t i ca l velocity a t touch-down. Fig.16 

i l l u s t r a t e s the poin t . I t need hardly be emphasised that s t ruc tu ra l weight 

economy in VTOL a i rc ra f t design w i l l encourage the adoption of the lowest 

possible design l imit for the strength of the landing gear. 

These simple calculat ions make no allowance for any change i n l i f t margin 

outside the control of the p i l o t . As the height decreases t o zero, there wi l l 

be changes in interference losses - ground suction effect - and i n the loss due 

to rec i rcu la t ion of hot exhaust gases, causing a r i s e in engine a i r intake 

temperature. Thus, even with a constant engine t h r o t t l e s e t t i ng , there wil l be 

a va r ia t ion i n th rus t margin with height. The effect on impact ve r t i c a l 

veloci ty can be calculated on an energy b a s i s , the increase in k ine t ic ener^r 

between the i n i t i a l point and touch-down being given by 
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(K.E.)T # D # - ( K . E . ) o . JATdh 

where AT i s the amount by which the weight exceeds the th rus t at a height h. 

While one can cer ta inly sympathise with the designer 's plea to keep the 

thrus t margin and the landing gear weight as small as possible , i t must be 

accepted that the smaller these margins, the greater the probabi l i ty tha t the 

p i l o t wi l l meet a s i tuat ion where the t o t a l l i f t thrust i s inadequate to 

prevent the a i rc ra f t s t r ik ing the ground with excessive ver t ica l veloci ty -

or coll iding with an obstacle. I t i s a lso worth remembering that plan-

posi t ion manoeuvring (discussed below) necessi ta tes the inc l ina t ion of the 

thrus t vector to the v e r t i c a l . Certainly, the loss in ver t ica l component i s 

small when angles are small, but i f angles up to 25 are ever required, even 

the recommended ^%h margin wi l l be reduced to ^/o unless a height loos can be 

accepted. 

6.2 Plan-position manoeuvres 

Under t h i s heading are included manoeuvres involving both fore-and-aft 

and l a t e r a l displacements and v e l o c i t i e s . In general, the analysis can be 

applied, t o a f i r s t order a t l e a s t , to e i the r case, in the absence of 

s ignif icant aerodynamic e f fec t s . We are in teres ted in the angular d isplace

ments involved, the time taken and in the effect on manoeuvrability of 

l imita t ions in control power, i . e . i n angular accelerat ion. S tab i l i s a t ion 

in the form of ra te damping, may also be s ignif icant i f i t l imi ts the angular 

r a tes tha t can be used. 

A simple analyt ical treatment of plan-posit ion manoeuvrability i s 

possible if we assume the a i r c r a f t t o execute, in time T, a l a t e r a l or 

longitudinal manoeuvre in which the var ia t ion of bank or pitch angle with 

time i s sinusoidal, i . e . 

• 2%t 
0 = 0 sin ,, . 
r max f 

This results in zero bank (or pitch) angle at the start and finish of the 

manoeuvre but the initial and final angular rates are not zero. 

The maximum angular rate is 

Pit 

$> = 0 4 ? 
max max T 
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and t h e maximum angula r a c c e l e r a t i o n ( i . e . t h e r e q u i r e d c o n t r o l power) i s given 

fey 

. __ I • 
max 

' * — = 0 m a x \ 

If angles are small, the linear acceleration resulting from the angular 

displacement 0 is g 0 . Hence the total linear displacement can be obtained by 

integration, thus 

6 0r 
y = 

max rr-,2 
^ — L > 2x 

t h e l i n e a r v e l o c i t y be ing zero a t t h e s t a r t and f i n i s h of the manoeuvre. This 

exp re s s ion i s e x a c t l y t h e same as t h a t de r ived for a conven t iona l a i r c r a f t 

performing a symmetrical " s i d e s t e p " manoeuvre dur ing a l and ing approach i n 

Re f .16 . 

As a l r e a d y noted , the above simple assumption r e s u l t s i n l a r g e peak 

angula r r a t e s a t t h e beginning and end of t h e manoeuvre, as well as i n the 

middle . I n Appendix C a more r e a l i s t i c v a r i a t i o n of angle wi th t ime has been 

assumed, g iv ing zero r a t e a t t h e s t a r t and f i n i s h , and the t o t a l displacement 

i s shown t o be 

which, because of t h e s l i g h t l y smal ler average ang le s used, i s some 20^ l e s s 

than t h a t g iven by t h e previous exp re s s ion . However, t h e peak angular acce le ra 

t i o n i s now twice t h e previous v a l u e , i . e . 

... (2^ 
9max max \^T 

F ig .17 i l l u s t r a t e s t h e assumed manoeuvre f o r one p a r t i c u l a r c a s e . The complex 

shape of the angu la r a c c e l e r a t i o n t i m e - h i s t o r y r e q u i r e d t o produce t h e smooth 

v a r i a t i o n of angu la r displacement i s noteworthy. I n t h i s manoeuvre, l a s t i n g 

only k seconds , i t can be seen from the l a s t e q u a t i o n , above, t h a t only small 

peak bank ang les can be used (numer ica l ly , about o n e - f i f t h of t h e peak angular 

a c c e l e r a t i o n ) . 

• • • M B ^ M H H H 
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I t i s not, of course, e s sen t i a l fcr the p i lo t to generate t h i s complex 

control input, and a similar cycl ic response could be achieved by a ser ies of 

pulses of control power, with somewhat lower peaks than those required here, 

The present assumptions are considered adequate for comparative purposes, but 

absolute values should not be taken too l i t e r a l l y . 

In Pig.18, some numerical r e su l t s are shown for a range of typ ica l bank 

(or p i tch) angles ; and the corresponding peak angular accelerat ions are a l so 

given. For the reasons given above, the peak accelerations may be somewhat 

exaggerated, nevertheless the orders of magnitude, and the effects of changes 

are probably quite r e a l i s t i c . 

Fig.19 shows the effect cf bank angle or angular accelerat ion on the 

t rans la t iona l veloci ty changes that can be achieved in a given t ime, assuming 

the same type of manoeuvre as before. The derivat ion of Fig.19 i s given in 

Appendix C, The quoted angular accelerat ions are subject to the same 

qualif icat ions as those re la t ing t o l inear displacements. 

These simple calculat ions show, as expected, that large displacements -

or large velocity changes - can be achieved with very modest requirements for 

angular accelerat ion. For example^ a 100 f t displacement can be achieved in 

about 8 j seconds, using only 20 / s e c angular accelerat ion. This time i s only 

reduced to about 7 seconds by doubling the acceleration to 40 / s e c , while the 

peak angular displacement increases from 18 to 26 degrees. If there i s some 

additional l imi ta t ion to the angular displacement that the p i lo t i s wil l ing t o 

use, then he may not need a l l the available angular accelerat ion. There may, 

of course, be some connection between t h i s p i lo t - l imi ted pitch or bank angle 

and the angular accelerat ion available that i s not revealed by the above 

analys is . For example, p i l o t s appear to be unwilling t o use large bank angles 

during such a manoeuvre i f i t takes too long to restore wings l eve l at the end 

of i t , because of the an t ic ipa t ion required. Even though the manoeuvre may be 

of such a s ize that there would be time to use larger angles, i t i s l ike ly tha t 

t h i s l imi ta t ion might be over-r iding e 

When we examine the a b i l i t y to make small rapid t r ans la t iona l manoeuvres, 

the effect of limited angular accelerat ion capabi l i ty i s more not iceable . The 

enlarged portion of Fig .18, for example, shows tha t the bank (or p i tch) angle 

tha t can be used while making a correct ion of, say, 10 f t in hovering pos i t ion 

i s severely r e s t r i c t e d , and even with the highest angular accelerat ion con

sidered (120 / s ec ) cannot exceed 15 . Conversely, i f we assume t h a t , due to 

some external disturbance, a bank or p i tch angle of, say, 10 degrees i s 

imposed on the a i r c r a f t , then i t w i l l suffer a displacement of 15 f t i f only 
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L 0 % e o 2 a c c e l e r a t i o n i s a v a i l a b l e , before coming t o r e s t once more. I f , on 

t h e o the r hand, 1 2 0 % e c * i s a v a i l a b l e , t h e d isplacement w i l l be only 5 f t . 

Tiris d i f f e r e n c e i l l u s t r a t e s the need f o r adequate c o n t r o l paver much more 

c l e a r l y t h a n does t h e case of making l a r g e d i sp l acemen t s , 

S i m i l a r l y , F ig .19 shows t h a t i f , f o r example, t h e a i r c r a f t acqu i re s a 

v e l o c i t y of, say, 10 f t / s e c for any reason , i t can be brought t o r e s t i n about 

1.7 s e c , i f an angular a c c e l e r a t i o n of 1 2 0 % e c 2 i a a v a i l a b l e , but i f only 

4 0 % e c 2 i s a v a i l a b l e , t h e c o r r e c t i o n w i l l t ake twice as l ong , because only 

ha l f the bank or p i t c h angle can be used. 

To summarise, while no a n a l y s i s of the above type w i l l i n d i c a t e the 

minimum accep tab le c o n t r o l power, i t i s c l e a r t h a t l a c k of such power w i l l be 

mainly n o t i c e a b l e as an i n a b i l i t y t o co r r ec t the e f f e c t of d i s t u r b a n c e s , or 

t o perform small p r e c i s e manoeuvres a t t h e hover . Large changes i n p l an -

p o s i t i o n can always be achieved i n t i m e , but the lower t h e c o n t r o l power the 

longer w i l l be t h i s t ime - which i s embarrassing i n i t s e l f - b u t , more 

impor t an t , t h e accuracy w i l l d e t e r i o r a t e because of t h e need t o programme 

c o n t r o l i n p u t s on a more p r o t r a c t e d time s c a l e . 

F i n a l l y , mention must be made of the e f f e c t of a u t o s t a b i l i s a t i o n i n the 

form of angular v e l o c i t y damping. I f i t has f u l l a u t h o r i t y , t h a t i s , i f f u l l 

i npu t by the p i l o t r e s u l t s i n a s teady r a t e , t h e n t h e p i l o t ' s input needed t o 

produce t h e assumed manoeuvre w i l l be more l i k e the angular r a t e t i m e - h i s t o r y 

( F i g . 1 7 ) than t h e a c c e l e r a t i o n curve , t h e degree of s i m i l a r i t y depending on 

t h e t ime cons tan t of t h e response . I f t h i s i s s h o r t , then c o n t r o l w i l l be 

imoroved by be ing changed from 4 t h to 3rd o r d e r , but i f t h i s i s achieved by 

h igh damning, t h e manoeuvrabi l i ty w i l l suf fer because angular r a t e s , and thus 

angula r d i sp lacements w i l l be l i m i t e d . As always, a compromise must be sought. 

Ref.11 a t t empt s t o de f ine ju s t such a compromise, b u t t h e optimum can probably only 

be found by t r i a l and e r r o r fo r each p a r t i c u l a r c o n f i g u r a t i o n . 

7 LiflJDIKGSINRBSl'RISTED SPACES 

In t h i s Sec t ion an at tempt i s made t o f o r e c a s t some of t h e expected 

d i f f i c u l t i e s , and t o suggest s o l u t i o n s t o some of t h e problems of operat ing 

t h e s e a i r c r a f t away from normal, unobs t ruc ted a i r f i e l d s , and g e t t i n g them 

s a f e l y and r e l i a b l y i n t o smal l , r e s t r i c t e d l and ing s i t e s . "Normal" v i s i b i l i t y 

i s assumed fo r t h e moment; the a d d i t i o n a l problem of r e s t r i c t e d v i s i b i l i t y i s 

touched upon l a t e r . 

For nurposes of i l l u s t r a t i o n , the t y p i c a l "d i spe r sed" s i t e i s assumed t o 

be some 500 f t i n h o r i z o n t a l e x t e n t , wi th 50 f t obs t ac l e more -o r - l e s s cont inuous 
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around the perimeter. The topography outside the perimeter i s not defined. In 

some cases a level approach jus t clearing the 50 f t obstacles may be feas ib le 

(e .g . a clearing in a l eve l , wooded a rea) ; in others , there may be h i l l s , 

buildings e t c . that may force the adoption e i ther of a much higher level 

approach, or of a steeply-descending path aimed at the landing area. 

I t must be admitted t h a t , with the notable exception of he l icopters , 

there i s l i t t l e fu l l - sca le operational experience on which to base these 

forecas t s . However, some preliminary attempts at simulation of the operational 

problem have been made with the Short S.C.1 and the resul t s and p i lo t experience 

are considered re levant . 

7.1 Main problem areas 

The small size of the landing area , and the "unfriendly" nature of the 

surface outside i t , emphasise the need for accuracy in plan-posit ion for the 

f ina l hover and let-down, if a v e r t i c a l landing i s to be made. The p i l o t may 

not have the assistance of familiar landmarks from which to judge where and 

when to s t a r t the decelerating t r a n s i t i o n . The extreme - and near-impossible -

case seems to be an approach to a s i t e of unknown dimensions located on a 

featureless plain.-, Some means of augmenting the p i l o t ' s judgement of range, 

in the 2000-5000 f t bracket , may become e s s e n t i a l . Some geometric pa t t e rn of 

l i gh t s or markers may be of assis tance here, and experiments are planned to 

study t h i s . 

In conjunction with th i s problem i3 the obvious need for the p i lo t to be 

able t o locate the landing area quickly and cer ta in ly . There i s plenty of 

experience t o show that a target which seems eas i ly ident i f iable when seen i n 

plan view, e i the r in r ea l l i f e or on a diagram., i s much less so when viewed 

from low a l t i t u d e , at a shallow angle . The pat tern of l i gh t s or markers, 

already mentioned, would, of course, serve t h i s purpose as well . 

Next, the presence of obstructions around the s i t e and beyond i t wi l l 

d i c t a t e e i the r a high level approach and a prolonged ver t i ca l descent, or a 

continuous steep descent. The former has the advantage that decelerat ion 

performance i s be t t e r , so tha t the t r ans i t i on can be started l a t e r , closer to 

the landing area , and also tha t overshoot errors are no more than wasteful of 

time and fue l . Against these advantages, the l ine of sight t o the landing area 

gets progressively steeper and s teeper , and wi l l inevitably pass below the nose 

of the a i rc ra f t sooner or l a t e r . To combat t h i s , the approach could be aimed 

off t o one side, since view downwards from the average cockpit i s usually 

s ignif icant ly be t t e r in these sectors* The f ina l ve r t i ca l descent would have 
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t o be made in t h i s way, a l so . However, a serious problem with the long 

v e r t i c a l descent i s the p i l o t ' s lack of appreciation of height , and par t i cu la r ly 

of rate-of-change of height, un t i l the height i s below 100, or even 50 f t . No 

great help could be expected from sophisticated instrumentation, since the 

p i l o t ' s v i sua l a t ten t ion must be outside the cockpit. Provision of a "head-up" 

v isual display may be feas ib le , but the wide range of d i rect ions in which the 

p i l o t may want to look must ra i se serious problems. However, an audio aid 

would not suffer from t h i s problem, and p i l o t s already find the change in 

engine noise as the a i rc ra f t approaches the ground to be of some help in the l a s t 

few feet of the descent. 

The steep descent, on the other hand, has the advantage of keeping the 

"aim point" more nearly along the l ine of f l i g h t , so that visual f l igh t path 

information can be provided from the landing s i t e i t s e l f . The p i l o t ' s judge

ment of the progress of the t r ans i t ion would be improved, compared with the 

high, l eve l approach. The disadvantage i s t h a t , for a given geometric 

configuration of a i r c ra f t and l i f t engines, the decelerat ion distance wi l l be 

greater ( e .g . Fig.13) and l a s t longer. Secondly, e r rors of judgement of where 

t o s t a r t the t r ans i t i on (already further away than before) wi l l r esu l t in 

e r rors not only in plan-posit ion but also in height at the hover. Obviously, 

safe margins wi l l have t o be allowed. 

7.2 Simulated "operational" landings with Short S.C.1 a i rcraf t 

In order to obtain some preliminary information on the problems of making 

descending t r ans i t i ons into a small, unfamiliar landing s i t e , a t e s t programme 

has been i n i t i a t e d with the Short S.C.1 experimental j e t - l i f t a i r c r a f t . 

Al l operations were necessarily carr ied out in normal v i s i b i l i t y , on the 

a i r f i e l d a t R.A.E. Bedford. The p i l o t s who took par t were thoroughly familiar 

with the a i r f i e l d (and the a i r c r a f t ) . No attempt was made to erect a r t i f i c i a l 

obstacles near the landing area. 

However, some claim to realism can be made. Whereas the p i l o t s had 

h i the r to made nearly a l l t h e i r t r ans i t ions along the d i rec t ion of the main 

runway, without any great concentration on precision of the f ina l hover point , 

t r a n s i t i o n s were now to be made in a var ie ty of d i r ec t ions , and the hover 

point was closely defined beforehand. Of course, new landmarks were soon 

found by the p i l o t s , and no a r t i f i c i a l "range markers" were provided. 

The desired landing point was always a t some recognisable feature of the 

concrete/grass pa t te rn on the a i r f i e l d , but was not otherwise marked or 

emphasised. In fac t , 7 such points were nominated, and in some t e s t s , 
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simulating the effect of res t r ic ted v i s i b i l i t y , or cf breaking out of low cloud, 

the p i lo t was to ld (by R/T) which of the 7 possible s i t es he was t o use, only a t 

a l a t e stage in the i n i t i a l approach. He then had to identify t h i s point and 

decide quickly where t o s t a r t the t r a n s i t i o n . This part of the exercise 

confirmed the need for clear marking of the landing s i t e . 

7.2.1 Level t rans i t ions 

Level t r ans i t ions at 50-100 f t , whet lie r to a previously-nominated point 

or t o a lately-recognised one could be performed with adequate consistency, 

although in the l a t t e r cases the p i l o t s s work-load wa3 considerably increased. 

The essence of the technique was t o aim always to undershoot the landing poin t , 

and then to "stretch" the t r ans i t i on in the l a t e stages by lowering the nose of 

the a i r c r a f t and reducing the decelerat ion. Previous measurements of t r a n s i 

t ion performance had indicated the "ideal" point for the s t a r t of t r ans i t i on 

for a giver, configuration ( l i f t engine t i l t angle and a t t i tude ) of che a i r c r a f t , 

and the p i l o t s generally aimed to s t a r t at or before reaching t h i s poin t . Seme 

la t i tude was possible because nei ther the l i f t engine t i l t angle, nor the 

a t t i tude were extreme values, so tha t the decelerat ion could be increased (or 

decreased) as necessary. As previously shown (Section 5»2 and Fig012), 

a t t i tude or incidence changes are r e l a t i ve ly ineffect ive in changing the 

t r ans i t i on distance on the 3.C.1, i f they are made a t speeds above 100 knots , 

but become very effective a t lower speeds. Engine t i l t angle was not used for 

precise control of dis tance, being merely set to the desired value a t the s t a r t 

and returned to zero jus t before the a i rc ra f t came to r e s t . 

The p i l o t ' s judgement of the progress of the t r ans i t ion was surpris ingly 

good, and from about 100 knots they were 'well aware whether or not they would 

eventually stop at the desired point . 

7.2.2 Descending t rans i t ions - unaided 

Descent angles up t o 8 degrees have so far been investigated in f l igh t on 

the S.C.1. The l i f t engine t i l t angle was increased, r e l a t ive t o that used for 

the level t r a n s i t i o n s , so as to produce the same stopping distance as before. 

I n i t i a l l y , these descending t r ans i t ions were made without assistance for 

the p i l o t . He was to ld to approach a t , say, 500 f t and to s t a r t the decelera

t i on when 3500 f t from the landing point , i f an 8 path was required. Lift 

engine thrus t was adjusted, to hold the glide path , and if the a t t i tude was 

held at the correct value (general ly, with fuselage level) the speed should 

have decreased t o zero over the landing point - i f the t r ans i t i on had been 

s ta r ted at the correct point . 
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In f a c t , although the terminal accuracy was as Socd as before, the paths 

ac tua l ly followed deviated from the desired s t ra ight descent. One common 

f e a t u r . of the few approaches made in t h i s se r ies was a marked tendency to 

descend too slowly at the s t a r t , and for the path to get steeper towards the 

e m , producing a roughly parabolic prof i le with a f a i r l y constant r a t e cf 

descent as the speed decreased down to about 20 knots, a t which point the 

approach was usually broken off. 

No sample e m a n a t i o n for t h i s effect i s offered. However, a comparison 

with the analogous case of the approach of a conventional a i r c r a f t , also with . 

out a v isual a id , suggests that the p i l o t ' s judgement cf were the projection of 

h i s instantaneous f l igh t path wi l l in te rsec t the ground plane may be compromised 

by the fac t t ha t the speed i s continuously decreasing in the present case. .Vith 

the conventional a i r c r a f t , the constant approach speed allows the p i l o t to get 

some assistance from the development of the "streamer pattern" by which objects 

on the ground anpear t o move rad ia l ly away from the point where the projection 

of the f l i g h t path in te r sec t s the ground. When the speed i s decreasing, t h i s 

streamer pa t te rn may perhaps become progressively less informative, for in the 

end, a t zero speed, there i s no movement at a l l . 

The other important difference between the conventional and VTOL a i rc ra f t 

i s the fact tha t the l a t t e r , during a decelerat ing t r ans i t i on , cannot be 

trimmed on t o the glide path, nor has i t any s t a b i l i t y , in the sense of tending 

to re tu rn always t o a bas ic speed/glide angle con i i t ion . The whole manoeuvre 

i s t r a n s i e n t , with the p i lo t having to vary the l i f t thrust continuously, with 

l i t t l e or no feedback except for his appreciation of normal accelerat ion ("seat 

of the pants" e f f ec t ) . 

These departures from the intended f l i g h t path are of more than academic 

i n t e r e s t , because when the path i s steeper than intended there i s a danger of 

exceeding s t a l l i ng incidence at an airspeed high enough for the r e su l t t o be 

se r ious . In these t e s t s with the S.C.1, there were no obstacles near tne path, 

but r e a l obstacles may well be obscured from view by cockpit l imi ta t ions . 

Further , unless the obstacle i s of a famil iar size and shape, i t may not be 

easy t o judge whether the projected f l ight path wi l l c lear i t by an adequate 

margin. Of course, i f the obstacle i s c lea r ly defined and properly posit ioned, 

i t could provide a valuable glide path aid by functioning as one half of a 

• v- <•>,* „ « e r half being a point on or near the landing area simple aiming sighc, t.ie Ovher nan oea.ug •» f 

i t s e l f . 
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7 . 2 . 3 Desccndj ng t r^ ; s^ i t io : i s j d . t h_ yisual_ a id 

The value of a simple o p t i c a l g l i d e s lope i n d i c a t o r was c l e a r l y 

demonstrated i n these t e s t s . The device used was a ITaval "HILO" g l i d e s lope 

i n d i c a t o r , which, through a s e r i e s of h i g h - i n t e n s i t y narrow-beam lamps wi th 

2 -co lour f i l t e r s , g ives t h e p i l o t an i n d i c a t i o n of h i s angular p o s i t i o n 

r e l a t i v e t o t h e in tended g l i d e s l o p e . This d e v i c e , used only because i t was 

r e a d i l y a v a i l a b l e , could be t i l t e d t o give any d e s i r e d g l i de a n g l e , a l though 

t h e informat ion zone extended only about ±Q- degree i n e l e v a t i o n . 

The o i l o t s found, and records confirmed, t h a t t h i s device g r e a t l y 

improved t h e accuracy of g l i d e pa th ho ld ing , and mad.e descending t r a n s i t i o n s 

not much more d i f f i c u l t than those i n l e v e l f l i g h t . The d i s p l a y , which 

appeared as a v e r t i c a l row of l i g h t s which changed p r o g r e s s i v e l y from red to 

white as t h e a i r c r a f t approached the g l i d e pa th i n i n i t i a l l y l e v e l f l i g h t , was 

e a s i l y recognised and i n t e r p r e t e d . However, no a t t empt was made t o f ind t h e 

optimum s e n s i t i v i t y of such a d e v i c e , nor t o i nc rease i t s coverage, which was 

dec ided ly too smal l - i t was a l l too easy t o f l y r i g h t through the informat ion 

zone (i-g- degree only) before g e t t i n g e s t a b l i s h e d on t h e descen t p a t h . 

These t e s t s merely served t o demonstrate t h e va lue of a s imple , e a s i l y -

read v i s u a l g l i d e slope i n d i c a t o r i n terms cf cons i s tency of f l i g h t pa th and 

p i l o t work- load . No doubt , o the r d e v i c e s , p o s s i b l y s impler and l i g h t e r , could 

be and should be i n v e s t i g a t e d . 

More work neeas t o be done, a l s o , on the l o n g i t u d i n a l dynamics of the 

behaviour of t h e a i r c r a f t on changing from a l e v e l t o a descending f l i g h t 

path, while d e c e l e r a t i n g , s ince these t e s t s showed t h a t i t took an app rec i ab l e 

time to get s e t t l e d on the new p a t h . S t a t i s t i c a l a n a l y s i s of c o n t r o l usage , 

and of normal a c c e l e r a t i o n w i l l a l s o be of grea t va lue fo r des ign p u r p o s e s . 

8 LAMHS-S IN RESTRICTED VISIBILITY 

8.1 Assumptions and d e f i n i t i o n s 

With almost no p r a c t i c a l experience t o c a l l upon, d i s c u s s i o n under t h i s 

heading d e a l s only with t h e o r e t i c a l p o s s i b i l i t i e s , and i t i s important t o 

de f ine the cond i t i ons under which a p a r t i c u l a r procedure might be recommended. 

" R e s t r i c t e d v i s i b i l i t y " i s t aken t o r e f e r t o a c loud-base height of 

200 f t above l o c a l obs t ac l e s coupled wi th a s l a n t v i s u a l range of g" m i l e , 

i . e . i t i s assumed t h a t t h e p i l o t can see the ground up t o ^ mile ahead while 

a t a height of 200 f t , whether or not t h e s e l i m i t a t i o n s occur s imul taneously 

in a c t u a l weather c o n d i t i o n s . I t i s common exper ience t h a t while v i s i b i l i t y 
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ahead may be r e s t r i c t ed , i t i s often possible to see the ground more nearly 

below the a i r c r a f t . Thus, with the steeper glide slopes appropriate to these 

a i r c r a f t , i t might be reasonable to expect that ground-based visual guidance 

information would become available e a r l i e r - or at a greater height - than for 

a conventional a i rc ra f t in the same conditions. 

However, in the present context, these numerical values are used 

l i t e r a l l y , meaning that a l l f l i g h t above 200 f t wi l l be assumed to be on 

instruments, and that nothing w i l l be seen of the landing s i t e i t s e l f beyond 

a range of & mile (3000 f t ) . F l ight below 200 f t wi l l be considered as 

v i sua l , on the assumption that the view ahead provides enough cues for the 

f l i g h t to be continued without the use of guidance information. F l ight 

experience so far in similar conditions i s encouraging, but has a l l been 

carr ied out over l eve l , familiar t e r r a in . A different r e su l t might be obtained 

in more r e a l i s t i c circumstances. On the other hand, these l i m i t e d - v i s i b i l i t y 

f l i g h t s did not have the benef i t of any aid such as a l ight ing pa t te rn , or a 

head-up a t t i tude display. I t i s therefore reasonable to assume tha t , in the 

fu tu re , f l i g h t below 200 f t could be treated as v isua l , in the sense that no 

elaborate guidance information would be required. 

Obstacles near the landing area may extend above the 50 f t l eve l , but 

i t i s assumed that at l ea s t p a r t of the f i na l approach path can be made below 

200 f t in more-or-less level f l i g h t , i f required. 

Consideration of the navigational accuracy needed to ensure acquis i t ion 

of the terminal guidance system i s outside the scope of th i s paper. I t i s 

assumed that the a i r c ra f t can, i n fac t , be flown through some "gate" from 

which the f ina l descent w i l l be i n i t i a t e d . 

8.2 Possible procedures and recommendations 

Two bas ica l ly different procedures can be recognised. One assumes that 

some instrument or automatic f l i g h t control system can be provided such tha t 

the t r ans i t i on can be performed along the same path that would be followed in 

unres t r ic ted v i s i b i l i t y . The technical f e a s i b i l i t y of t h i s procedure i s not 

questioned, but the problems involved are mainly in the realm of equipment 

development and are not dea l t with here . 

The second procedure assumes tha t the p i l o t wi l l only be provided with 

a minimum of addit ional equipment and that a descending decelerating t r a n s i 

t ion on instruments i s not f ea s ib l e . Two further p o s s i b i l i t i e s have then to 

be considered. In the f i r s t , the i n i t i a l descent i s made a t , or jus t below 

minimum conventional f l igh t speed, on instruments. At 200 f t , the p i lo t i s 
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i n v isual contact with the ground, and the f ina l decelerat ion can be completed 

v i sua l ly . Navigational accuracy i s assumed to be such that the p i l o t can at 

l eas t get within visual range of the landing area before coring t o the hover. 

The second of these further p o s s i b i l i t i e s i s r ea l ly a general isat ion of 

the f i r s t . Serious objections can be raised t o the concept of breaking cloud 

over unfamiliar, uneven ground, a t speeds in the region of 150-200 knots . On 

the other hand, i f the instrument approach can be made at 100 knots - or even 

50 knots - then the p i l o t ' s d i f f i cu l t i e s should be greatly eased in tha t he 

has more time to appraise the s i tua t ion , recognise obstacles and 3et up a 

course t o avoid them. The concept of "feeling one's way down" in bad weather 

can be put in to pract ice in th i s c lass of a i r c r a f t provided tha t the a i r c r a f t 

can be flown on instruments at steady speeds i n t h i s intermediate, p a r t i a l l y 

jet-borne s t a t e . 

This preferred procedure can therefore be broken down into the following 

phases. 

(a) Deceleration i n level f l ight from conventional f l i gh t speed to the 

chosen intermediate speed. Any convenient height may be used, and great 

precision i s not required, provided that t h i s intermediate speed i s achieved 

before the descent i s s t a r t ed . 

(b) Descent at constant speed along the required glide path u n t i l 

v isual ground contact i s made, or some minimum break-off height i s reached. 

(c) Completion of the deceleration t o the hover over the landing area. 

These 3 phases are discussed in d e t a i l below and are i l l u s t r a t e d in Fig .20. 

^•2.1 I n i t i a l deceleration 

Previous t o t h i s stage, the a i r c ra f t i s assumed to be flown at about the 

minimum conventional f l igh t speed, at some convenient low a l t i t u d e , and on a 

t rack headed roughly towards the landing area- The speed i s not important, 

except that the higher i t i s , the fur ther away must the whole iDrocess be 

s t a r t ed . Some sort of range information wi l l be necessary, in any case. 

The height should also be as low as poss ib le . Obviously, t e r r a in 

clearance i s the f i r s t important consideration and probably a minimum of 

500 f t above loca l obstacles should be maintained. But even without t h i s 

l imi ta t ion , a cer ta in minimum time must be allowed for the a i rcraf t to become 

se t t led on the glide path. At present , only vague estimates of t h i s time can 

be made, but experience with the S.C.1 suggests that acquisi t ion of the glide 

path can hardly be completed in under 20 seconds, and U.S. experience with 
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hel icopters would put the figure at over 1 minute. Allowing a further short 

i n t e rva l - say, 10 seconds - of steady f l igh t on the glide path, the t o t a l 

descent time could be between ^ and i j minutes. U.S. experience with hel icopters 

also suggests that descent r a tes must be limited to not mere than 1000 ft /minute, 

so tha t i n the extreme, 1500 f t of height might be los t on the glide path , before 

breaking cloud. Therefore, the i n i t i a l approach may need t o be made as high a3 

2000 f t above the level of the landing area - nevertheless, for fuel economy 

reasons, every effort should be made to keep t h i s height as low as poss ib le . 

The range for s ta r t ing the i n i t i a l decelerat ion should be such that the 

desired approach speed can be achieved before reaching the leading edge of the 

gl ide path information zone. Allowance must therefore be made for e r rors in 

se t t ing up the desired a t t i t ude and/or incidence, which wi l l r esu l t e i the r in 

an error in distance t o achieve the desired speed, or in speed at the point of 

entering the glide path. Since the essence of t h i s procedure i s that the p i lo t 

should not have t o monitor speed changes during the decelerat ion, i t seems 

prudent t o allow, say 10 seconds of f l ight as a "buffer margin" "betvreen the 

programmed end of the i n i t i a l deceleration phase and the s t a r t of the glide 

pa th . 

The distances required for t h i s phase can be determined by the process 

already described (Section 5.1) and can be read off Fig.13> for example, for 

2 pa r t i cu l a r types of a i r c r a f t , by taking the difference in stopping distances 

for the two speeds considered. Obviously, th i s phase can be performed a t any 

convenient f l igh t path angle, but for simplicity a level path would be 

preferable• 

This f i r s t stage ends with the a i r c r a f t in steady f l i gh t , p a r t i a l l y j e t -

borne, and on instruments, entering the glide path information zone and 

i n i t i a t i n g the descent. 

8.2.2 Steady descent 

The dynamics of the manoeuvre required to change the f l igh t path angle 

from near-zero to the more-or-less steep angle appropriate to these operations 

has not been studied in d e t a i l . However examination of the effect of t h rus t 

vector magnitude and d i rec t ion on the f ina l steady conditions shows tha t the 

engine w i l l obviously be a powerful control in t h i s respect . Whether the 

descent i s i n i t i a t e d by change in t h ru s t , or in vector angle wi l l depend on 

the actual steady f l i gh t condition. 

Star t ing with the equations of motion as outlined in Section 5«1> and 

adding the condition of zero accelerat ion along the f l igh t path, the speed and 



hi 

glide path angle may be calculated for any given thrust vector. Using, for 

simple illustrative pui-poses, lift and drag coefficients which include, 

respectively, the interference lift loss and the momentum drag of the intake 

flow, the resultant flight path angle, YJ is given by the solution of the 

equation 

C 
~ [W cos Y - T cos (a + 0)] + T sin (a + 0) - W sin Y = 0 
CL 

where the symbols are as defined previously in Fig.10. Similarly, the speed 

corresponding to this condition is given by 

sin Y - ̂ T sin (a + 0) 

v = , c^Tp-sT^ * 

The inclusion of the above addit ional terms in to the l i f t and drag 

coefficients introduces some over-simplification into the ana lys i s , since 

both are functions of the dependent var iable , V. However, the r e su l t s 

i l l u s t r a t e d in Fig.21 do, at l e a s t , serve to i l l u s t r a t e the powerful effect 

of thrus t magnitude and di rec t ion for a hypothetical vectored-thrust a i r c r a f t , 

even though the absolute values should not be read too l i t e r a l l y . 

With these qual i f ica t ions , i t appears that speeds in the 50-100 knot 

range, at f l ight path angles around 10 degrees require vector angles near 

zero ( i . e . normal to the wing chord l ine) and quite high thrus t l eve ls -

Fig. 21 shows that the thrus t vector angle has a powerful influence on f l igh t 

path angle; for example, at a constant thrust/weight r a t i o of, say, 0 .0 , and 

a t 10 degrees incidence, the var ia t ion i n steady f l ight path angle i s about 

70,J of the vector angle change, while the corresponding speed increment i s 

very small. Alterat ions to the f i n a l steady speed are very effect ively made 

by variat ions i n thrus t when the vector angle i s in the decelerate sector . 

Incidence changes are also e f fec t ive , producing f l igh t path angle var ia t ions 

with small speed increments when the thrus t vector i s in the decelerate sector , 

i . e . at low speeds and speed changes with small f l igh t path angle var ia t ions 

when the vector i s in the accelerate sector , at higher speeds (> 100 knots ) . 

These simple calculat ions serve only to provide a preliminary survey of 

the var ie ty of a i rc ra f t configurations that wil l produce a given f l igh t 

condition. The s t a b i l i t y of that condition i s not immediately apparent, but 
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the general shape of the curves for constant thrust/weight r a t i o suggests the 

p o s s i b i l i t y of speed s t a b i l i t y problems analogous t o those met in f l ight at 

speeds below minimum drag speed on conventional a i r c r a f t . However, i f the 

elevator i s used to control the a t t i tude (or incidence), holding a chosen 

gl ide path by means of l i f t th rus t changes, the indicat ions from these calcula

t i o n s , and from f l igh t t e s t s on the S.C.1, are that the a i r c ra f t wil l s e t t l e 

a t the chosen speed, confirming the p i l o t ' s impression that "speed can be l e f t 

t o take care of i t s e l f " . 

Certainly, more theore t i ca l and f l ight t e s t work i s needed t o examine the 

s t a b i l i t y and control problems of t h i s phase of the suggested procedure in more 

d e t a i l , but there are grounds for the hope that instrument f l igh t wi l l be 

possible without excessive complication. 

Discussion of the problem of the provision and display of f l igh t path 

guidance information i s outside the scope of t h i s paper. I t i s t o be hoped 

tha t the choice of a s t ra ight descent path wil l ease t h i s problem. The loca

t i on of the glide path origin (Fig.20) r e la t ive to t he landing area wil l be 

d ic ta ted by the horizontal distance required for the next phase, and by the 

chosen f l i g h t path angle. In general, f a s t , steep approaches wi l l require the 

gl ide path origin t o be f a r the r away, and i t i s unlikely tha t t h i s origin could 

be located within the confines of the landing area i t s e l f , as i s probably 

desi rable from the point of view of simplici ty, unless very slow approaches 

can be made, or unless a decelerat ing, descending t r a n s i t ion i s accepted - a 

procedure tha t has already been considered l ike ly t o be excessively d i f f i cu l t 

for the p i l o t , unless an automatic f l igh t control system i s adopted. 

F ina l ly , the speed used in t h i s stage should be as slow as poss ib le , and 

w i l l be d ic ta ted by cloud base and v i s i b i l i t y l imi t s exis t ing at the t ime. I t 

must be low enough to allow the p i lo t t o oomplete the next and f ina l stage 

without overshooting the landing area. 

8.2.3 Final decelerat ion and let-down 

This f i na l stage s t a r t s with the a i rc ra f t in steady, descending f l igh t 

in the p a r t i a l l y jet-borne s t a t e , and e i ther emerging from cloud or otherwise 

coming within v isua l oontact with the ground. The p i l o t ' s problem i s very 

similar t o tha t facing the p i lo t of a conventional a i r c r a f t a t the end of an 

instrument approach, involving t ransfer t o v isual guidance, but with the 

added d i f f i cu l t y of operating over unfamiliar t e r r a i n . The advantages of a 

low approach speed in these circumstances should need no emphasis. 
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Unlike the conventional a i r c r a f t , however, the ve r t i ca l landing a i r c ra f t 

does not have t o maintain i t s i n i t i a l descent ra te u n t i l i t i s close to the 

ground, and a f la re can be i n i t i a t e d a t any time. I t i s suggested t h a t , on 

making visual contact, t h i s should be the f i r s t step in t h i s f ina l s tage, as 

i l l u s t r a t e d in Fig,20, and should be completed before s ta r t ing t he f i n a l 

decelerat ion. I t may even precede the p i l o t ' s ident i f ica t ion of his exact 

plan-posi t ion or locat ion of the landing area, so as to increase safety by 

removing any r i sk of flying into the ground while t ry ing to get a v i sua l " f ix" . 

Flare manoeuvrability obviously depends on i n i t i a l f l i gh t condi t ions. 

Reference t o Fig.21 shows that the i n i t i a l thrust/weight r a t i o wi l l be in the 

region 0 . 8 - 0 . 9 with the vector angle near zero. Since a thrust /weight r a t i o 

around 1.10- 1.15 should be available for the f ina l ve r t i ca l landing, i t 

appears t h a t , t yp ica l ly , a normal accelerat ion increase of ^g should be ava i l 

able from l i f t engine th rus t change alone, with no danger of s t a l l i n g . This 

i s sufficient to reduce the i n i t i a l descent ra te from 1000 ft/min to zero in 

about 2 seconds a t maximum th rus t . Allowing a reasonable time in t e rva l for 

decision and action by the p i l o t i t should, i f necessary, be possible t o 

achieve level f l ight within about 5 seconds of f i r s t visual contact with the 

ground. For an i n i t i a l condition of 100 knots at 1000 ft/min descent (about 

6°) the height loss would be about 70 f t from the "break-out" po in t . 

With the a i rc ra f t in near-level f l i g h t , in v isual contact, f i n a l course 

corrections can be made. Preliminary f l igh t studies have been done with the 

S.C.1. In these t e s t s , s t a r t ing from low, level f l igh t at 130 knots , the 

p i l o t was told (by R / T ) only at a l a t e stage which one of 7 previously-chosen 

s i t e s on the a i r f i e l d was t o be used for landing. He had to locate t h i s s i t e , 

set up a course towards i t and i n i t i a t e the deceleration so as to ar r ive at the 

hover near the s i t e . I t was found tha t the problem of identifying a designated 

landing point and deciding where to s t a r t the t r ans i t i on i s ce r ta in ly a demand

ing but by no means impossible task, even when s tar ted from conventional f l igh t 

speed. The task wi l l be eas ier at lower approach speeds, bu t , as shown by 

those t e s t s , there i s a v i t a l need to have the s i t e c lear ly marked and readily 

iden t i f i ab le . 

The deceleration distance obviously depends on the i n i t i a l conditions and 

the a i rc ra f t configuration. As previously noted, the thrus t vector angle wi l l 

already be near tha t required for maximum decelerat ion. Some indicat ion of the 

order of distance involved can be obtained from Fig .13 . The distance wi l l be 

around 1000 f t , in level f l igh t from 100 knots, but only about one-third of 

t h i s from 50 knots. I t should be assumed (Section 7.2.1) tha t the p i lo t wi l l 
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added to the distance estimated, to allow for t h i s . 

The t o t a l horizontal distance required from cloud-break to the hover 

po in t , for an i n i t i a l approach at 100 knots, i s thus about 2000 f t , so tha t 

the p i lo t should be well within visual range of the s i t e on breaking out of 

cloud. If s lant v i s i b i l i t y i s less than t h i s , a lower approach speed can 

be used, so tha t the f l a r e and f ina l decelerat ion may s t i l l be carried out 

within t h i s v isual range. 

The near -ver t ica l let-down from the hover point i s , of course, subject 

t o just the same considerations as those already covered i n Section 7. The 

importance of keeping an adequate thrust/weight margin i s again emphasised, 

and prolonged ve r t i ca l descents are not recommended. 

8.3 Discussion of proposed procedure 

I t cannot be claimed that the above procedure defines the best a l l -

weather landing system for j e t VTOL a i r c r a f t . Nevertheless, i t i s believed 

tha t i t does form the bas is for a workable system, as far as the a i r c r a f t / 

p i lo t combination i s concerned. Nothing has been said about e i ther the form 

of instrument display which the p i lo t wil l need, or of the system tha t wi l l 

provide the guidance and other information which might be required to operate 

such a d isp lay . 

The procedure has the merit of f l e x i b i l i t y , in that an in f in i t e var ie ty 

of speed/descent angle combinations i s theore t ica l ly possible for the steady 

descent phase. The chosen procedure can thus be matched to the exis t ing 

t e r r a i n and weather condit ions, without change i n the basic p r inc ip le . 

In p rac t i ce , t h i s matching process would best be s tar ted by consideration 

of v i s i b i l i t y and t e r r a i n conditions on and around the landing area i t s e l f . 

This should f ix the point a t which the f ina l decelerat ing t r a n s i t i o n could be 

s t a r t ed , and, hence, the maximum allowable speed a t tha t point . Working back 

through the f l a r e , in turn , determines the point a t which the steady ins t ru

ment approach phase must end. The approach f l i g h t path angle wi l l be chosen 

t o su i t the local topography and the l ikely r a t e of descent l imi ta t ion at the 

chosen approach speed (which wi l l be the same as the speed at the s t a r t of 

the f ina l dece le ra t ion) . Thus, the guidance requirement for the steady 

instrument approach can be specified in terms of angle and point of or igin . 

This guidance phase can be entered at any convenient height consistent 

with t e r r a i n clearance and with a minimum time to allow the a i r c r a f t to 
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settle down on the steady descending flight path. Means must be provided to 

inform the pilot when to start the ini t ia l deceleration before joining the 

beam, and this point will vary with altitude. However, great precision in 

range indication is not required, provided that allowance is made for a period 

of steady, near-level flight at the chosen approach speed, before entering the 

guidance system. 

The procedure described here takes longer, and uses more fuel than a 

simple level decelerating transition in good visibility. The extra penalty 

is that associated with the steady descent, plus the allowances for time 

before joining the guidance system and at the end, before starting the final 

deceleration. With the allowances suggested above, this total extra time 

would be at least 2<-5 seconds, and could be over twice this. Typically, this 

represents an extra fuel margin penalty of between 1 and 2>o of the landing 

weight, compared with the level transition procedure in good visibili ty. 

However, the alternative low-visibility procedure of a descending 

decelerating'transition, on instruments, carries the penalty not only of 

more complex (and heavier) equipment but also of extended time and higher 

fuel consumption due to the reduced deceleration during the descent. This 

penalty clearly increases as the descent angle increases. Reference to 

Fig.13 shows that changing from a level deceleration to a 10 degree descent 

increases the distance (and, therefore, the time) by over 5Ĉ> for the vectored 

thrust strike aircraft, and by even more for the S.C.1, assuming no change in 

thrust-vector angles. Any comparison of the relative penalties in fuel 

allowances for these two techniques should take account of this reduced 

decelerating performance, as well as that associated with the likely extra 

equipment weight. 

9 CONCLUDING- REMARKS 

This Paper has reviewed some of the capabilities of V/STOL aircraft in 

terms of their ability to operate from small, semi-prepared sites, without the 

usual airfield aids, in normal and restricted visibility. Accumulated data 

from experimental operations (mainly with jet-l ift VTOL aircraft) has been 

used as a basis for a tentative extrapolation to situations and conditions not 

yet (in 1964) examined in flight. 

The general tone of the Paper has been deliberately one of qualified 

optimism. Certainly there are many problems s t i l l to be solved, many questions 

unanswered. Solutions to some of these problems may result in further 

performance penalties, but i t is believed that the fundamental benefits of 

V/STOL for specialised military operations can make such penalties acceptable. 
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Subject t o these qual i f ica t ions , i t i s concluded that operations out of, 

and in to the typical 500 f t " s t r i p " wi l l be possible in "normal" v i s i b i l i t y 

with only very simple v isual aids for the p i l o t . "Normal" v i s i b i l i t y i s 

assumed to be such that the landing area can be ident if ied v i sua l ly , and a 

course set towards i t , before the s t a r t of the decelerat ing t r a n s i t i o n . 

An operating base of t h i s s ize wi l l permit "rol l ing" take-offs a t 

s l igh t ly l ess thrus t than would be required for ve r t i c a l take-off. The 

improvement i n maximum al l -up weight is not l a rge , but in terms of payload 

or range i t may be very a t t r a c t i v e . Similarly, l e s s thrus t i s required for 

a " ro l l ing" landing, compared with a v e r t i c a l let-down, but the main benefit 

here (and a large par t of the benefit for take-off) r e su l t s from a l lev ia t ion 

of adverse ground e f fec t s . 

Landing operations in rugged, unfamiliar t e r r a i n are considered t o be 

very different from a landing on a famil iar , unobstructed a i r f i e l d , whatever 

the v i s i b i l i t y . The advantages of being able t o use steep descents are 

examined, and the a b i l i t y t o fly on instruments a t steady, p a r t i a l l y j e t -

borne speeds i s shown to be par t icu lar ly a t t r a c t i v e when operating in r e s t r i c t ed 

v i s i b i l i t y and/or low cloud base. A procedure fo r such operations i s described, 

which might form the bas is for the specification cf a bad-weather landing 

system. 

In the course of t h i s survey, a number of problem areas have been 

encountered. I t i s not claimed that any of these are new problems, and a l l 

have been, or are being examined to some extent already. Nevertheless, i t 

may be as well t o l i s t these areas under 3 headings, t h u s : -

(a) Operating problems 

(1) Further work i s required on erosion and ingestion of debr i s , 

pa r t i cu l a r ly under t r ans ien t condit ions. 

(2) More f u l l scale data i s needed on ground e f fec t s , general ly, 

pa r t i cu l a r ly with a view to improving model/full-scale cor re la t ion . 

(3) A clearer def in i t ion of a typica l landing area i s required, includ

ing the nature of the surface i t s e l f and the probable s ize and locat ion of 

obstacles within, say, 1-2 miles of the area. 

(4) In connection with (3) , above, i t w i l l be necessary to define a 

take-off and landing procedure for demonstration purposes. 
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(b) Handling problems 

( 0 S t a t i s t i c a l data are required on ver t ica l accelerations used and 

margins avai lable , during typ ica l v e r t i c a l and short take-off and landing 

manoeuvres. 

(2) S t ab i l i t y and control problems during the acquis i t ion and following 

of various glide paths requires both t h e o r e t i c a l analysis and f l igh t t e s t 

examination. 

(3) Procedures for operations in cross-wind conditions need to be 

developed. 

(c) Equipment development 

(1) A simple, portable v isua l g l ide slope indicator may be required. 

(2) As a f i r s t step in the development of a bad- or all-weather landing 

system, instrument displays for f l igh t a t pa r t i a l l y jet-borne speeds require 

examination. 
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Appendix A 

DECAY IN VELOCITY AM) TEMPERATTIRK m? A 

SINGLE ROUND JET NORMAL TO A SURFACE 

Ref.17 g ives approximate r e l a t i o n s h i p s f o r t h e maximum v e l o c i t y and temoera-

t u r e i n t h e sur face flow o r i g i n a t i n g from a s i ng l e round j e t impinging on a f l a t 

s u r f a c e . With t h e j e t e x i t w i t h i n 10 d iameters of t h e ground, t h e maximum 

v e l o c i t y and tempera ture away from t h e immediate v i c i n i t y of t h e p o i n t of imoact 

of t h e j e t a r e given approximately b y : -

U - U 
o 1.5 

V i r = 37d 
and 

T - T o 1.1 

V T
0

 = ^ d 

where U i s the ve loc i ty , T i s the temperature, x i s the r ad ia l distance a r t d i s 

the nossle diameter. Suffixes o and 1 refer to a n i e n t a r t nossle ex i t condi

t ions respec t ive ly . These ve loc i t i es and temperatures refer to conditions along 

a H o . incl ined up at about 1 degree to the surface, originat ing at the point of 

impact of the j e t . Conditions on the surface i t s e l f would be less conducive to 

the onset of erosion, and the constants in the above expressions should probably 

be reduced t o , say, 1.2 ar t 1.0 respect ively. 

The above approximate re la t ionships r e su l t in a var ia t ion of dynamic 

pressure of the surface flow with rad ia l dis tance which follows an inverse 

square law i f the flow i s cold, but f a l l s l e ss rapidly i f the flow i s hot, 

because of the increase i n gas density due t o cooling. The r a t i o of surface 

flew to exi t dynamio pressures i s given by : -

- 1 xv-m+mi) • 
Since the ratio cannot exceed unity, this simple relationship breaks 

down at small radial distances, of the order of 2 diameters art less. 

Fig.1 shows the estimated variation of surface flow dynamic pressure 

with radial distance for a range of exit temperatures. The curves have been 
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faired-in roughly to give unit pressure ratio at a distance of about 1 nozzle 

diameter. Using these results, Fig.2 has been prepared for three typical 

cases, of the same total thrust, roughly, that of an RB 162. One is a high-

velocity hot jet, one is a low-velocity lifting fan, of larger diameter and 

lower temperature and the third, a lightly loaded unshrouded propeller. The 

dynamic pressures at which erosion will start on various surfaces (from Ref.3) 

have been marked. Because the cooler, low velocity jets are necessarily of 

larger diameter, the radii at which a given dynamic pressure is reached are 

only slightly greater for the hotter, higher velocity jets, except near the 

point of impact. 

V/hile the constants in these formulae are open to question, so that 

absolute figures must not be taken too literally, the general trend is fairly 

well established. The important points are the rapid decay in surface dynamic 

pressure, and the relative insensitivity of this pressure, except near the 

point of impact, to conditions in the lifting jet itself. Despite an exit 

dynamic pressure variation of almost 20 to 1 between extreme cases in Fig.2, 

the change in radius at which a given surface flow dynamic pressure is reached 

is generally less than 2 to 1. 
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Appendix B 

ROLLING TAKE-OFF DISTANCES TO UNSTICK 

We suppose, for the first example, that the nett resultant thrust, T, 

whioh is less than the weight, W, is deflected at an angle, 0, to the vertical, 

and has to be held fixed at that angle throughout the ground roll, up to the 

unstick speed, V. At unstick, the total lift just equals the weight, and is 

made up of the direct thrust component, T cos 6 and the aerodynamic lift, 
CL * P ^# T h e horizontal acceleration during the ground roll is produced 

by the thrust component T sin 6, compared with which the drag and rolling 

friction may be neglected. 

The unstick speed is given by 

v = J(w - T cos e)/cL i p s 

and the ground r o l l distance i s approximately 

D = (W - T cos 8) W/CL i p S 2T sin 0 g 

Dif ferent ia t ion for minimum distance gives 

6 = cos 
opt 

T 

W 

for the optimum deflect ion angle, and the corresponding minimum distance 

becomes 

Dmin = <? - T X P ST SJ1 " S ' 

For a take-off without a s ignif icant ve r t i ca l thrust component, the con

ventional unstick soeed, V . , i s 
' mm' 

V . = /W/C. i p S mm -M ' L r 
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and the ground roll distance up to unstick is D , where <- ^ con 

D = V2. / 2 g | 
con m m W 

Hence, fo r t h e d e f l e c t e d t h r u s t c a s e , the minimum d i s t a n c e may be w r i t t e n a s 

2 / T * / T 
D . = V". 1 - £ . / 2 g - . mm mm / ...2 / « 

Thus, compared wi th the case of a convent iona l t a k e - o f f wi th h o r i z o n t a l 

t h r u s t , t h e use of t h i s f ixed optimum angle reduces the ground r o l l by 

mu l t i p ly ing i t by a f a c t o r J l - T /W , so t h a t s u b s t a n t i a l ga ins are p o s s i b l e 

a t high t h r u s t / w e i g h t r a t i o s . 

I f , however, the t h r u s t vec to r angle can be ad jus ted dur ing t a k e - o f f , 

t hen a f u r t h e r improvement i n performance i s p o s s i b l e . The ground r o l l can be 

made wi th the t h r u s t l i n e h o r i z o n t a l , g iv ing maximum a c c e l e r a t i o n . The t h r u s t 

l i n e i s then de f l ec t ed towards t h e v e r t i c a l a t u n s t i c k . I n t h e extreme c a s e , 

used here fo r p u r e l y comparative purposes , we w i l l assume t h e t h r u s t l i n e t o 

be v e r t i c a l a t u n s t i c k , ignor ing t h e f ac t t h a t the a i r c r a f t could not t h e n 

a c c e l e r a t e h o r i z o n t a l l y . 

The u n s t i c k speed then becomes 

V = J(W - T)/CL i P S 

and the ground r o l l d i s t a n c e i s approximately 

D' = (W - T) W/C. ipS 2 T g 
Li 

-£V 2 S f • 

Thus the reduction factor in this case becomes M - TS], relative to the 

conventional take-off, or /M - —j /j 1 + —) relative to the case with the 

fixed deflection angle, 8 ,, above. 
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The above expressions indica te zero dis tance , ( i . e . t rue verti .cal take-off) 

a t uni t thrust/weight r a t i o , whereas in fact an excess of thrus t over weight of 

about jfi would normally be required for VTO, as recommended in Ref .11. There

fore , somewhat l ess than the maximum thrust available i s actually used during 

these take-of fs . In the case of the fixed deflect ion angle procedure, the 

ac tua l thrust/weight r a t i o used i s l e s s than the maximum available by an amount 

which would r e su l t in a ve r t i c a l accelera t ion increment of 0.05g when maximum 

thrus t i s applied. This margin i s simply 

~ = 0.05/cos 0 

and, since the optimum angle is being used, the margin used in Fig.4 is 

£ - 0.05/1 . 

For the extreme procedure, with th rus t vector angle adjusted at the 

unstick po in t , the thrust/weight r a t i o s ac tua l ly used in Fig.4 are a constant 

0.05 less than the maximum avai lab le , because the th rus t l ine i s assumed 

v e r t i c a l a t unst ick. 

To give some realism to t h i s l a t t e r case the estimated distances shown 

in F ig .4 , for the 3 values of the "conventional" unstick speed, 100, 150 and 

200 knots, include the effect of a 1 second delay at the unstick speed, while 

the th rus t l ine i s rotated from the horizontal t o the ve r t i c a l . 

http://Ref.11
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Appendix C 

CALCULATED M îTOSirTRE PERFORMANCE AT TIE HOVER 

We w i l l assume the a i r c r a f t t o be i n i t i a l l y i n a steady hover, wi th zero 

a t t i t u d e and angu la r r a t e and zero t r a n s l a t i o n a l v e l o c i t y . The manoeuvre t o be 

s tud ied i s t h a t r equ i red t o move t h e a i r c r a f t t o a new hover p o s i t i o n , f i n i s h 

ing wi th zero a t t i t u d e and angular r a t e and zero t r a n s l a t i o n a l v e l o c i t y . 

Records of s i m i l a r manoeuvres i n f l i g h t show t h a t , t o a good approximat ion, 

the bank or p i t c h angle v a r i e s w i t h t ime i n a s i n u s o i d a l manner. For s i m p l i c i t y , 

we w i l l d i v i d e t h e time taken f o r t h e manoeuvre i n t o 3 i n t e r v a l s , t h e f i r s t and 

l a s t occupying t . seconds each, whi le the middle i n t e r v a l i s t seconds, and 

the t o t a l manoeuvre t i m e , T, i s (2 t + t ) seconds . F i g . 17 , d i scussed more 

f u l l y l a t e r , i l l u s t r a t e s t h i s d i v i s i o n . 

During t h e f i r s t i n t e r v a l , t h e v a r i a t i o n of a n g l e , 0, with t i m e , t , i s 

assumed to be 

6 = ^6 [1 - cos ~ Y z *max ^ t 1 

where 6 is the maximum angle reached. Then, the angular rate, p, .is 
max t o > J 

i 1 x n . nt 
© =. p- 0 —— s m -r— 
* 2 rmax t , t 

and t h e angular a c c e l e r a t i o n ? , i s 

* max \ t y t . 

With the usual approximation for small angles, the translational accelera

tion, y, resulting from this angular displacement is g$ , and the resulting 

velocity, y is given by 

y = * 6 ̂ max ̂  ' IT Sin tj 

and the velocity at the end of this first interval is 

<*>1 = * S *max *1 • 
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Similar ly, the displacement, y, i s given "oy 

y = ? g t a x 
"V *1 /. *t 
. ~ - 7 l 1 " 0 0 s V j 

so that the displacement achieved in this interval is 

Wi = * s Vx *i2 (* - 7 ) 

I n t h e second i n t e r v a l , extending from t ime t t o t ime ( t + t ) , t h e 

angula r d i sp lacement i s r e v e r s e d , from <j> t o -6 , according t o 
max ^max* fa 

* " tax °03 Tl ( t " * 1 > 

so that the angular veloci ty , J i s given by 

* = "tax *~ s i n § (* " *1) 

and the angular accelera t ion, $, i s 

? • "tax ~2 003 € ( t " V • 
*2 2 

There i s thus no discontinuity in angular displacement or veloci ty , but the 

angular accelerat ion i s discontinuous at time t , unless 

t 2 = / 2 t 1 . 

If, however, i t i s assumed that the maximum angular ra te in t h i s second 

in te rva l i s to be the same as that in the f i r s t , the a l te rna t ive condition i s 

*2 " 2 t 1 
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In tegra t ing , as before, with constants adjusted to ensure continuity with 

the previous i n t e rva l , the t r ans l a t i ona l veloci ty i s 

y = g r 

° max FT-^-V'TI 

and the veloci ty at the end of t h i s second in terva l i s the same as at the 

beginning, i . e . 

W 2 " * s tax *1 ' 

Further in tegrat ion, with proper choice of constants for continuity 

gives the displacement as 

y = S 0, 
max 

-w- cos ~ ( t 
_*r x2 

.v+V-i2(i^)4] 
The displacement at the end of this second interval is then 

(y)o = S # max 
1 \ *1 *2 2t2 " 
"7 ) + - 2 - + 7" 

During the th i rd i n t e rva l , extending from time ( t + t ) t o time 

(2t . + t ) , the angular displacement i s returned to zero, according t o 

= " 2 r. 
max 

1 + cos - - ( t - t j - t g ) 

and the angular velocity also decays according to 

» = itax^^^^-S-V 

while the angular acceleration (again, discontinuous with that at the end of 

the previous in terva l ) i s given by 
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9 = i 4> ~~o o o s T" (* " ti " *? ' 
r * rmax 2 t . i * 

t1 

Accordingly, the translational velocity also reduces to zero, thus, 

y = 2 g # 
max 

-t - J . sin f (t - t , - t 2 ) • 2^ + t 2 

and the displacement becomes 

y = i 6 0 
max 

r- 2 t * 
' + ^ oos £ (t - t1 - t 2 ) + t (2^ + t 2) -t 

2 
71 

4 ^ v 2 - ^ | . 4 
-K 7t 

Thus, the total displacement at the end of the manoeuvre is 

(y). is max 

4 t " -i 

« ; , - 4 . «,.,.-# 

and with the previously-mentioned assumption that the maximum rate of rotation 

should be the same during the 3 intervals, requiring that 

*2 " 2 t 1 

the total displacement becomes, after a total time 4 ^ , 

(y)- 4 8 0 < (1 + "=% 2 ° ̂ max 1 V _2 

In terms of the total manoeuvre time, T, this can be written 

(y). •*-^*(* + 7 

a r e 

Referring again to Fig.17, time variations of all the relevant parameters 

shown for one particular case, where the first and last time intervals 
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occupy 1 second each, while the middle in t e rva l i s 2 seconds. For convenience, 

the angular accelera t ions , ra te and displacement are shown as f ract ions of their* 

respective maxima, while the t r ans l a t iona l velocity and displacement are both 

divided by g 0 , where the angle i s , of course, in radians . 
fficlX 

The t o t a l displacement achieved by the time the a i rc ra f t i s again a t 

r e s t depends on the bank (or pi tch) angle used and on the time taken to reach 

the f i r s t peak angular displacement. With the assumptions made here, the t o t a l 

manoeuvre time i s 4 times t h i s i n i t i a l i n t e r v a l , and cannot be made less than 

t h i s without using a larger angular r a t e i n the recovery. 

Actual displacements achieved for a range of peak angles are shown as 

functions of t o t a l time taken in Fig.10. The peak angular accelerations 

required for these manoeuvres are a lso shown. 

Another aspect of manoeuvrability which i s of some in te res t i s also 

covered by the foregoing simple ana lys i s . This concerns the problem of 

changing the t r ans la t iona l veloci ty, s t a r t i n g , typ ica l ly , with the a i r c ra f t 

s tat ionary and ending with a t r ans la t iona l ve loc i ty , but again with zero 

a t t i tude and zero angular r a t e . 

Referring to the above analys is , we can now assume t h a t , instead of 

terminating the f i r s t in terva l at time t . , i t i s allowed to continue with 

the same laws up to time 2 t . . This wi l l r es to re both the angle and the 

angular r a t e to zero, but leave the a i r c r a f t with a t rans la t iona l veloci ty 

(or veloci ty change) given by 

y = « t a x *1 

after a time 2t., during which period it will have covered a distance (starting 

from rest) given by 

y = s tax *1 ' 

The velocity change produced in a given time, for a range of angular 

displacements is shown in Fig.19, along with the required peak angular 

accelerations. The same results will apply, whether the velocity is to be 

increased from zero or decreased to zero. 
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