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Summary 
Results are presented of theoretical studies into the likely stability and gust response characteristics of 

four distinct classes of STOL aircraft, namely those using low wing loading and high CLm,xalone, partly 
jet-borne configurations, aircraft using jet-flap-type wing-lift augmentation, and designs exploiting 
propeller slipstream. The areas considered are gust sensitivity, cross-wind control, dynamic response to 
gusts, speed stability, stability in flight under attitude constraint and dynamic longitudinal and lateral 
stability with fixed controls. 
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1. Introduction. 
One of the limitations of the present day airliner is its dependence on large airfields. This has prevented 

the location of airports at the true origins of traffic demand near city centres and made it economically 
impossible to serve population centres of only modest size. To exploit the potential market excluded by 
these limitations a new class of aircraft is required. These must be able to operate from substantially smaller 
airports and do so with the regularity and safety of competing surface transport. This is the stimulus to 
the current interest in STOL and VTOL. The merits of these two alternative solutions are at present hotly 
contested and much of the argument appears to be at least as much emotive as it is technically informed. 
One of the difficulties is that although a quite substantial body of practical experience is available on 
VTOL aircraft--much of it due to the development of the Harrier VTOL fighter--no comparable technical 
background helps us to assess STOL. This situation is further bedevilled by lack of precise definition of 
what is meant by STOL and by the multitude of the possible design approaches towards STOL. It should 
be noted that tentative airworthiness requirements now begin to emerge 1"2, to set at least design targets, 
but these do not of course define the flying characteristics such aircraft will possess. 

The present report is an attempt to assist in this discussion by studying--as far as this is possible by 
theoretical reasoning--the general handling characteristics one may expect STOL aircraft to have in low 
speed flight and how these may be affected by the various alternative lifting mechanisms that could be 
employed in a practical design. The aim is to present a broad picture and for this reason general trends are 
presented rather than specific answers derived for any particular hypothetical designs. The areas selected 
for analysis are those in which STOL aircraft are generally expected to show deficiencies, such as response 
to gusts, control in cross-winds and stability. Both stability in the generally accepted sense and flight 
under partial constraint by the pilot are considered. Under this latter heading particular attention is 
drawn to flight under pitch attitude constraint which is perhaps the most important control mode and one 
in which STOL aircraft may be less satisfactory than conventional designs. 

The work reported here is essentially an elaboration of the relatively superficial assessment of Ref. 3, 
improving it in depth as well as in scope. Aerodynamically the most significant aspect distinguishing 
STOL aircraft from conventional designs are the extreme demands for lift and hence the mechanism 
adopted for its realisation. Most of the analysis will be based on the properties of appropriate aerodynamic 
models defining these lifting characteristics. First we must therefore identify the principal classes of STOL 
design according to the high lift mechanism used and these are : 

(a) 'Conventional' STOL aircraft~ where speed is lowered by a combination of reduced wing loading 
and ultra-powerful mechanical flaps. 

(b) Wing lift supplemented by direct vertical thrust*. 
(c) Jet flap or augmentor flap, in which circulation is increased by air supplied from the engines. 
(d) Slipstream vehicles, where a major part of the wing is immersed in a powerful propeller slipstream. 
After defining the general aerodynamic properties of these various alternative STOL techniques we 

shall consider the consequent gust response, stability and control characteristics. First we shall study basic 
gust sensitivity, considering in turn, vertical, horizontal and lateral gusts. Next, cross-wind control will be 
considered and this is followed by an attempt to predict dynamic gust response, using Jones' self-similar 
discrete gust model. In Section 4, two particular cases of flight under partial pilot constraint will be 
studied, first the well-known problem of speed stability when the flight path is constrained and secondly 
aircraft stability resulting from tight control of pitch attitude. This particular mode has not received much 
attention in the past, as the remaining longitudinal motion is usually highly damped. However, in the 
STOL regime, as will be shown, pitch attitude constraint may leave the aircraft with a relatively short 
period phugoid-like mode with perhaps less than adequate damping. 

* This technique is seen by many as a first stage towards full VTOL, differing only in the amount of 
vertical thrust. This suggests similarity in the handling characteristics of this type of STOL with those of 
VTOL aircraft during transition. However, the designer of an economic STOL aircraft will strive to extract 
maximum lift from forward speed and provide more wing CL than makes sense in a VTOL aircraft. This 
may significantly affect handling and not too much resemblance should be expected. 



In the final sections, the conventional rigid body modes of the STOL aircraft are analysed showing a 
strong tendency towards instability of the phugoid and of the dutch roll as speed is reduced. Root locus 
analysis is employed to obtain a more generalised answer. 

2. Simplified Aerodynamic Models of the Principal Types of STOLAircraft. 
2.1. General remarks. 

In the Introduction we have identified four main class of possible STOL machines with respect to their 
lifting mechanism. We shall refer to these from now on briefly as 

(a) 'Conventional' STOL. 
(b) Partly jet borne. 
(c) Augmented flap. 
(d) Slipstream. 
It should be noted that 'conventional STOL'  is used here to describe STOL aircraft not utilizing 

powered lift whereas 'conventional aircraft' refers to typical current subsonic jets of the VC 10 or Boeing 
707 variety. Frequently we shall also refer' to the augmented flap and the slipstream designs together as 
aircraft using power augmented wing lift. 

On most STOL designs the total lift is made up of two components, one associated with engine aug- 
mentation, and the other related to the airfoil lift supporting a conventional aircraft. In an idealised case, 
to which the partly jet-borne aircraft approximates, it is easy to separate these two components: assuming 
that in the STOL regime incidence and flap angle are held constant, the wing lift or 'aerodynamic' part of 
the lift is proportional to the square of speed, the balance of lift force being made up by 'powered' lift. This 
relationship is illustrated in Fig. 1. Vo0 is defined as that speed at which, in this aerodynamic configuration, 
the aircraft is just able to sustain itself without power assistance to lift. Above Vo0, incidence (or an equiva- 
lent flap angle) must of course be reduced to maintain trim; below V00 lift must be increasingly augmented 
by vertical thrust until a minimum operational speed Vni,~ is reached when all available power less any 
allowances for manoeuvring etc. is used. 

When power is used more indirectly to increase airfoil lift the separation between 'aerodynamic' lift 
and powered lift is less clear cut and we have to define more carefully what is meant by 'aerodynamic' lift 
and 'non-aerodynamic' lift. 

We are concerned here with stability and gust response and in this context we are interested in two 
aspects. Firstly, we will want to know how lift varies when speed changes at constant power and incidence 
and secondly how it changes with incidence at constant speed. We shall show that within the usual limita- 
tion of small perturbation theory it is always possible to divide the total lift for any trimmed datum 
condition V0 into two components, 

E L =  LA + L e (1) 

such that near the trimmed conditions the 'aerodynamic' lift L A varies as (Vo + AV) 2 in response to small 
increments AVin speed and the 'powered lift' L E is in the same sense insensitive to speed variations. It will 
also be possible to define a lift slope appropriate to each datum speed V0. This general concept is illustrated 
in Fig. 2. 

Although the suffix E used to denote LE, the 'non-aerodynamic'  component of lift, suggests an engine 
contribution, only in the case of a design using distinct lift engines can this be uniquely attributed to the 
engine. Generally, and especially when power is used to increase airfoil (jet flap and slipstream aircraft) 
L~ is not necessarily or exactly that portion of the total lift which is generated by the engine. 

In order to be able to perform stability and response analysis in the STOL speed range V 0 ~< Voo, we 
shall require an estimate of the way in which the ratio LA/32L , which we shall refer to a s  FA, varies with 
trimmed speed V o and also how the effective lift slope varies in this regime. Above 111oo, no power aug- 
mentation is required and all lift can be assumed to be 'aerodynamic'. Hence the ratio of aerodynamic to 
total lift is then LA/EL = 1 and the lift slope aoo is that of the basic wing. In Fig. 1 the ratio of 'aerodynamic'  
lift to total lift is depicted as following a V 2 law up to Voo, but this particular relationship is only valid for 



aircraft using distinctly separate lift engines and not necessarily for such scbemes as jet flap and slipstream 
designs for which appropriate data will be established in the analysis to follow. 

We shall now consider in detail these lifting properties for the various STOL types defined earlier. 

2.2. 'Conventional' configurations. 
If STOL performance is achieved by simply lowering wing loading and increasing the effectiveness of 

mechanical flaps, we have in the present context a 'conventional' STOL aircrfift in which all lift is 'aero- 
dynamic (EL = La) and the nondimensional lift slope is sensibly constant at all speeds. 

2.3. Designs using direct vertical thrust. 
Relations are still relatively simple with aircraft in which wing lift and powered lift are physically separ- 

ated, as in the lift engine layout. If one ignores possible effects of the engine flow on the aerodynamics of 
the airframe then the 'aerodynamic' lift L a would follow precisely the square law illustrated in Fig. 1, and 
change of airspeed by AVfrom a given trimmed speed V o would result in a lift (or normal acceleration) 
change 

( oV \---vT-o ) - l}  (2) 

In Ref. 4 Williams and Wood show that, in practice, a jet leaving the engine nozzles near to a lifting 
surface results in sometimes substantial lift losses. These losses are relatively insensitive to incidence but 
vary markedly with speed or more precisely with the ratio of aircraft speed Vto jet efflux velocity Vj. A 
few examples of the many results presented in Ref. 4 are shown in Fig. 3. We note that the magnitude and 
even the sign of the jet interference effect depends on details of the configuration and it is impossible to 
derive meaningful simple generalizations. The absolute magnitude of the loss in lift or in effective lift 
thrust is a performance matter and does not concern us here. For stability and response we are mainly 
interested in the rate of change of this effect with airspeed. It will help in the interpretation of Fig. 3 and 
also of Fig. 4 where corresponding pitching moment data are shown if we note that within the STOL 
range typical values of V/Vj are 0.1-0.2 for jets and between 0.2-0.5 for fans. 

We observe from Fig. 3 that, with centrally-mounted engines, lift loss increases with increasing airspeed 
and this effect will of course counteract the basic increase with V z in aerodynamic lift. This phenomenon 

will for example, reduce the response of such aircraft to horizontal gusts. This trend is reversed as indicated 
in Fig. 3 for the fans in wing pods. 

One will observe that installations leading to large losses in effective lift will be undesirable for perform- 
ance reasons and this is even more important for STOL aircraft, where the potential losses may be 
particularly large. 

In Fig. 4 corresponding pitching moment data are shown. We note that in all cases considered there will 
be an increase in nose-up pitching moment with increasing airspeed. This will tend to stabilise the phugoid 
(see Section 5.1) and amplify the normal acceleration response to fore and aft gusts. 

2.4. Power augmented wing lift. 
If power is used to alter the flow past the lifting surfaces of the aircraft, rather than directly to give 

vertical lift, the aerodynamic situation clearly becomes more involved and we can no longer distinguish 
readily between airfoil and powered lift. It is to be able to make a meaningful distinction that we had 
earlier introduced the concept of 'aerodynamic' lift, defining it as that portion of the total lift, which varies 
according to V z when speed changes by a small increment from a given datum value V0, assuming inci- 
dence and power setting remain constant. For the two principal types of engine-augmented airfoil lift 
system, i.e. classes (b) and (c) defined in section 2.1, the appropriate answers have been derived in Appendix 
I (jet flap) and Appendix II (slipstream effect). With these methods of lift augmentation the effective lift 
slope also varies as power is used and this phenomenon is also investigated. 



The treatment of the jet flap is based on a theoretical model derived by J. Williams et al., in Ref. 5, 
and reproduced in Fig. 5. This graph applies to the case where blowing extends over the full span. The 
results of the analysis of Appendix I are given in Fig. 8. As speed is reduced below Voo and blowing is 
introduced to maintain lift, the proportion of 'aerodynamic' lift to total lift is seen to decrease in a fashion 
not too dissimilar to the V ~ law observed for the partly jet-borne conflguration but at the same time the 
effective lift slope increases quite rapidly. 

A similarly generalised result has been derived in Appendix II for the slipstream aircraft illustrated in 
Fig. 9 with the answers plotted in Fig. 11. Again the general trends resemble those found for the jet flap 
type lift augmentor. The analysis suggests, however, that when the propeller axis incidence c~ e = 0, the 
so-called aerodynamic lift contribution becomes negative for V < 0.4Voo, implying that in ihis regime, 
increasing airspeed will result in reduced lift at constant engine power. This is due to the fact that there the 
slipstream effect dominates over the natural trend for lift to increase with airspeed. However, this result is 
physically unrealistic since it is caused by the assumption Toc 1/Vwhich at very low speed is no longer 
valid also, this occurs at speeds below those of practical interest for STOL and need not concern us further. 
The curves given in Fig. l 1 do not pass through 1 at V/Voo = 1, as distinct from the other cases considered. 
This reflects the fact that with this layout it is not possible for the lift augmentation mechanism to be 
switched offwhen it is no longer required. It should be noted that here (?CL/'~?C~)voo refers to the hypothetical 
case in which the slipstream effect is assumed absent and not to the actual lift or lift slope obtaining at 
V00. With both types of lift augmentors considered here there would of course also be changes in pitching 
moment, but they are too complex to yield to generalised treatment and are therefore ignored. 

3. Response  to Gusts and Cross-V~nd. 

Low speed aircraft are generally expected to be less tolerant to atmospheric disturbances and STOL 
aircraft are often viewed with apprehension in this context. Unfortunately, an attempt at an objective 
assessment of this problem is immediately faced with the lack of a universally recognised criterion, by 
which one might judge gust sensitivity of this or any other class of aircraft. What we shall do here is to 
present the results of various alternative methods of estimation. 

The most frequently quoted parameter is what we shall refer to as gust sensitivity, i.e. the instantaneous 
acceleration experienced by the aircraft meeting a step gust. Such parameters can be defined in relation to 
gust components in all three spatial directions. We shall then consider response to simultaneous longi- 
tudinal and vertical gusts. If aircraft dynamics are ignored, such simple measures of gust response, although 
clearly relevant, can only give a partial answer. We shall therefore also carry out some dynamic response 
calculations. It must be noted that this process also meets with difficulties and that the answers to such 
analysis will always be influenced by the chosen method and cannot claim unique validity. 

3.1. Sensit ivi ty to Vertical Gusts. 

The,response of an aircraft to a vertical gust wg is governed by the fact that it produces an increment in 
incidence 

A c~ - - - - .  w° (3) 
V 

It is of course well known that as airspeed reduces, vertical gusts require the aircraft to have an appropri- 
ately larger incidence margin to protect it against stalling or other incidence-dependent handling hazards. 

The initial angular pitching acceleration in response to a vertical gust is given by 

gt V p g 1 
- -  = m w  ( 4 )  
w o 2 W / S  k2y 

and therefore assuming longitudinal stability mw remains constant, response is proportional to airspeed, 
becoming less with lower speed. 



Both these relationships (equations (-3) and (4)) are essentially independent of the lifting mechanism 
employed and therefore apply to all classes of STOL aircraft. In Fig. 12 they are represented graphically, 
defining relative changes in relation to Vo0. It should be noted in this context too that dynamic control 
power varies with the square of airspeed, so that at the lower speed it may become insufficient to counter a 
given gust. However, this problem is eased in many STOL designs, when aerodynamic control is aug- 
mented by reaction control. 

Another frequently quoted gust response parameter is the normal acceleration 

An _ p vOCL/Oot (5) 
w o 2 W/S 

which varies as O does with V. Normal acceleration response is of course primarily the concern of the 
structural designer and in this respect one is mainly interested in high speed flight. Nevertheless, in the 
generally more turbulent air met during the approach and take-off, An is a measure of discomfort and is 
at least relevent to passenger acceptance. If equation (5) is applied to STOL aircraft, we must consider that 
in the low speed regime according to section 2, ~CL/&~ may itself be a function of V. Using the results 
derived there for the various types of possible STOL aircraft considered, equation (5) has been evaluated 
with the result shown in Fig. 13. To give the analysis more generality, the answer obtained for a given 
speed and aircraft in terms of An/wg has been divided by the response of the same aircraft at Voo, the lowest 
conventional flying speed*. In this way general trends in the STOL regime are depicted. There is one 
exception. The curve shown dotted and labelled 'reduced W/S'  indicates the change in response with 
approach speed, if this is lowered by progressively reducing wing loading. So whereas the data given for 
the other aircraft types show what happens to a given aircraft throughout the speed range including that 
beyond Voo the result indicated for aircraft achieving STOL by reducing W/S is only valid at the design 
point defining approach speed and its response at other speeds must be obtained by drawing a linear radial 
line through this point as indicated in Fig. 14. 

The important conclusion from Fig. 13 is that only for aircraft not using power-augmented airfoil lift 
can one expect the normal proportional reduction in gust sensitivity from reduced airspeed, as this is 
counteracted by increased lift slope and in the case of the jet flap aircraft, response actually increases at the 
lower speed. Of course, if in addition to using high lift systems, wing loading is reduced to achieve the 
desired speed reduction, this will have an unfavourable effect as is evident from the trend shown in Fig. 13 
for reduced W/S. An appropriate allowance has to be made according to equation (5) for the combined 
effects. 

3.2. Sensitivity to Horizontal Gusts. 
A horizontal gust or more precisely a gust in the direction of flight, ug, leaves aircraft incidence un- 

changed and unless the aircraft has exceptional aerodynamic properties there will be no significant 
pitching acceleration. The change in effective speed will, however, affect lift and hence normal acceleration. 
Considering that only that portion of lift defined earlier as 'aerodynamic' lift will respond, we get 

An = 2UoFa 
v " (6) 

This phenomenon becomes more severe at low speed, so that one may expect it to predominate over 
vertical gust response if a sufficiently low speed is used. This tendency is further strengthened in flight 
near the ground, where vertical turbulence is more strongly attenuated than horizontal turbulence. We 
shall return to this topic in Section 3.3. 

* The reader is reminded that in the case of the slipstream aircraft the results are referred to the hypo- 
thetical condition of the aircraft flying at Voo with the slipstream effect assumed absent. 



For the same aircraft classes considered before and using the same presentation as with vertical gust 
sensitivity (Fig. 13) equation (6) has been computed with the result shown in Fig. 15. We note that if lift is 
'unloaded'  on to the engines the increase in sensitivity otherwise resulting from speed reduction is halted 
or in fact reversed in most of the schemes considered. 

3.3. Sensitivity to Combined Vertical and Horizontal Gusts. 
In flight through a real atmosphere, vertical and horizontal gusts are concurrent and to obtain a realistic 

assessment of aircraft longitudinal response to turbulence, we must consider the combined effects of the 
two components so far treated separately. We had already noted that at high speeds the aircraft is pre- 
dominantly responding to vertical gusts and in many areas it is in fact sufficient to consider only this 
component. However, the effect of fore and aft gusts is becoming increasingly more powerful as speed is 
reduced and may in fact be expected to dominate or at least make a major contribution in the STOL 
regime. 

The two basic contributions are defined in equations (5) and (6) and by defining the ratio of the lift slope 
at a given speed (a) to that for V/> V0o(aoo) as 

a 
F~ = - -  (7) 

aoo 

we can write these in the form 

P aooF~ 
An~ = w~ ~ V WIS  

(8) 
2 

An, = u o ~ Fa 

We cannot simply add these two terms arithmetically since this would imply that the two components of 
turbulence are perfectly correlated. A more plausible result may be obtained by taking the root of the sum 
of the squares of the two contributions. This could be visualised as implying that each gust is a vector in 
space V 0 with randomly varying directions. This leads to an expression 



faster than those corresponding to these CL values, overall gust sensitivity increases as vertical gusts 
become more powerful but at lower speeds again the aircraft could become more disturbed as fore and 
aft gust have then more effect. At the conditions of minimum sensitivity both components of turbulence 
make equal contributions. It is interesting to note that current aircraft are in fact operating in the approach 
near this response optimum, a fortunate coincidence. It also follows that when considering longitudinal 
behaviour in turbulence during landing and take off fore and aft gusts must be given as much weight as 
vertical gusts. The trend in gust sensitivity with wing loading goes of course in the expected sense. 

If an aircraft uses partial jet lift below Voo, the ratio of 'aerodynamic' lift F A = ( V / V o o )  2 and equation 
(10) reads 

,,.... ), ( , ) ,  
(11) 

Hence gust sensitivity increases linearly with V up to Voo, above this speed equation (10) applies and so does 
Fig. 16. An example for such an aircraft is illustrated in Fig. 17 and it is obvious that in the STOL regime 
such an aircraft is significantly less sensitive to gusts than a conventional design. 

To obtain a rough estimate of the corresponding response of STOL aircraft with power augmented 
wing lift we write approximately 

F~ = ; Fa = 

(Fig. 31 which summarizes the lifting characteristics of the main STOL classes, illustrates how far these 
analytical relationships differ from the correct form of these functions). With this: 

This represents at V~< Voo the trend illustrated in Fig. 18, again indicating less sensitivity than conven- 
tional aircraft, and more than partial jet-borne designs operating at the same speed. 

3.4. Sensitivity to Lateral Gusts. 
Lateral gusts generate sideslip 

f l  V g 
V' (13) 

As the effect of vertical gusts on incidence, that of lateral gusts on sideslip becomes more powerful at lower 
speeds. Although it is unlikely that turbulence could be severe enough to cause the fin to stall, we must 
expect STOL aircraft frequently to be subject to fairly large sideslip angles and consequently to operate 
in an area where the associated aerodynamic yawing and rolling moments are significantly nonlinear. 
This must be allowed for in detailed stability analysis. 

A measure of sensitivity equivalent to normal acceleration increment with the longitudinal motion may 
be the angular acceleration in yaw and roll, which is given by the expressions 

_ p  b n v v  
v o 2 W/S k 2 

/i __p b lv V 
v o 2 W/S k2~ 

(14) 



when k z and kx are the inertia radii in the two freedoms. Being proportional to V, these parameters are 
reduced in the STOL speed range and are unlikely to cause any difficulty. As in the pitch freedom we 
observe, however, that control power diminishes with the square of airspeed so that increased demands 
will have to be met by the designer to maintain gust effects and control reactions in balance. 

3.5. Control in Cross-Wind. 
The more demanding lateral control requirement will most probably arise in cross-wind conditions 

during landing and take-off. 
Although cross-wind control is a much-discussed problem area and has been receiving attention for a 

long period, it would be pretentious to claim that we fully appreciate all the factors that play a part in 
limiting the capability of an aircraft in this respect. The usual procedure is to consider one or both of the 
two possible alternative techniques, namely the 'crabbed' approach followed by kicking-off drift or the 
steady sideslipping method, and calculate the maximum cross-wind in which the demands for control in 
these manoeuvres can be satisfied with the available control power. Some margin of control power 
(typically 1/3) is allowed for manoeuvres and gusts. This design procedure has the merit of leading to 
unique numerical results but it is less certain that by satisfying these simply defined demands one can be 
sure that all aspects of the problem are then covered. Nevertheless, since during the last deace or so, single 
runway airfields have created the need for routine operation in strong cross-winds, this method appears 
to have worked quite well and ensured an acceptable safety record. It is interesting to observe that the 
cross-wind angles typically acceptable to the modern aircraft are about 12 degrees, say 30 knots cross-wind 
for an aircraft approaching at 145 knots etc. We see from Fig. 19 how this angle, which can be seen either 
as a crab angle or as a sideslip angle depending on the chosen technique, varies with airspeed and cross- 
wind velocity. 

To cope with presently accepted cross-winds of the order of 30 knots a STOL aircraft approaching at 
80 knots would experience 22 degrees cross-wind angle. This is vastly outside present operational ex- 
perience and even if the designer can provide appropriate rudder and roll control power, it is impossible 
to be sure that the larger crab or sideslip angles involved do not create serious handling hazards by them- 
selves. One must not forget in this context that STOL aircraft are expected to approach much more 
steeply than present aircraft and that this will make the flare a more demanding manoeuvre to which 
cross-wind control difficulties make a cumulative contribution. If one ignores the additional flare prob- 
lem, then it would appear safe to expect STOL aircraft to be able to accept at least the present cross-wind 
angles and from Fig. 19 we observe that this would permit less than 20 knots cross-wind of 80 knots 
air speed. It would seem wise to accept such a figure as a provisional limitation unless and until practical 
flight experience shows it to be too conservative. Alternatively undercarriages designed to accept large 
drift angles can also provide a solution. 

In a rational approach to the analysis of cross-wind control one could visualise the required control 
power as being simply that demanded for control of steady cross-wind plus an allowance for control of 
gusts. The former is proportional to the cross-wind component V~ of wind speed, the latter, however, to 
absolute wind speed V w. The total control demand would then be defined by an equation of the form 

E control = K 1 V w q - K  2 V e (15) 

where the factors K 1 and K 2 reflect the aerodynamic characteristics of the vehicle. If we substitute on the 
left hand side maximum available control power and divide equation (15) by this factor, we get an equation 
of the form 

1 = F~ V w + F  2 V w sin ~w (16) 

where $w is the wind azimuth angle so that V~ = Vw sin ~O w (see Fig. 20). Equation (16) now defines a 
boundary Vw = .f($w) within which control is possible. It is readily seen that F 1 = 1/Vwm.xis the inverse 
of the maximum mean wind speed in which the associated gusts can just be controlled if there is no mean 
cross-wind component and F 2 = 1/Vam.xthe inverse of the maximum cross wind that can be controlled 

10 



in the absence of turbulence. The boundary defined by equation (16) has the form shown by the solid line 
in Fig. 21, it does not define a line of constant cross-wind. It would seem that the framing of approach 
limitation along such a boundary would be much more realistic than just limiting cross-wind as such. 

Since landing runway requirements are essentially related to ground speed rather than airspeed, it 
would be perfectly appropriate in principle to increase airspeed to maintain ground speed in the presence 
of a headwind component. From the geometry of the speed polygon in Fig. 20, the adjusted approach 
speed V, could be related to the 'scheduled' value V~ o by 

V.o = 1+ .~.oCOSOw+ ~.o " (17) 

If we assume that for a given aircraft the control requirements vary in inverse proportion to airspeed, 
equation (16) would then become 

" LV"° (F1 + F 2  sin ~w) l = v w - ~  (18) 

and as a consequence the controllability limit of Fig. 21 will widen in the manner indicated by the dashed 
line. A useful by-product of this approach technique would be that glideslope and vertical velocity retain 
their normal relationship irrespective of wind speed and direction. The lack of this was particularly 
criticised in Ref. 1. 

There is perhaps another control aspect worth noting when considering cross-wind control of slow 
aircraft. The rate of change of heading associated with a given bank angle increases with decreasing air- 
speed as shown in Fig. 22. To maintain a given precision in heading control the slower aircraft needs more 
precise bank angle control and this may prove difficult with the inevitably more sluggish response of the 
STOL aircraft and when basically more sideslip, and hence bank angle, is required to hold a given 
cross-wind. 

3.6. Dynamic Longitudinal Response to Gusts. 
Although gust sensitivity in the sense discussed in the earlier chapters of this section is clearly an 

important parameter relevant to the behaviour of aircraft in turbulence, a more complete assessment must 
consider aircraft dynamic response as well. Recently, J. G. Jones has formulated an approach to this 
problem in which the atmosphere is modelled as an assembly of self-similar discrete ramp gusts (see Refs. 
12-14). Jones' theory had been originally developed for predicting design gust loads and as a consequence 
particular emphasis was laid on faithful modelling of the less frequent large gusts. By contrast, the power 
spectral method implying a Gaussian amplitude distribution allows better representation of the general 
fluctuations, but tends to mismatch the rarer gust. For an assessment of safety aspects rather than the 
average of a given gust-induced problem, the self-similar discrete gust model appears to be more realistic 
and appropriate. 

As the details of this relatively unfamiliar procedure require thorough discussions it was considered 
appropriate to present this in a separate paper 15 and give here only the results. 

We have considered two response parameters to cover what are believed to be the most relevant features 
of interest. Normal acceleration response An has been calculated as a measure of discomfort relevant to 
both the pilot and the passengers, but as a more meaningful criterion for control work load, excursions in 
vertical velocity or of the equivalent excursions in glide path angle were calculated. 

A major assumption which has to be made before any response method can be applied is the choice of 
the aircraft response mode. If one takes simply the aircraft transfer function with controls fixed, the 
answer one usually obtains from power spectral analysis is heavily loaded by contributions from the low 
frequency end, especially if the phugoid is poorly damped. This contribution will then have to be elimin- 
ated by truncation in a very arbitrary manner. This process is particularly dubious if the phugoid and the 
short period are close in frequency as is inevitably the case (see Section 5.1) at STOL speeds. A much more 
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satisfactory process is to assume an aircraft mode in which this response is suppressed by a suitable and 
of course plausible piloting constraint. We have in fact chosen a rather radical form of such control 
constraint, namely the assumption that pitch attitude is held constant. In Section 4.2 we shall consider 
this mode in detail as being of particular interest in low speed flight and the reader is referred to the 
discussion there for further detail. 

Pitch attitude constraint is perhaps the most immediate aim of longitudinal control and hence an 
entirely plausible concept provided the short period dynamics of the aircraft are well enough behaved to 
allow this ideal to be approached. Deficiencies in this area would demand correction, if necessary by 
artificial aids, and it is therefore not unreasonable to assume this mode as a basis for analysis. 

It can now be argued that an aircraft will be satisfactory if maintenance of pitch attitude-- which 
requires a certain amount of pilot effort results in a generally well controlled aircraft response. On the 
other hand if major excursions still occur, obliging the pilot to generate constraints in addition to that in 
pitch, he is likely to register this as an undesirable increase in workload. The relative magnitude of such 
excursions could then be seen as a measure of control difficulty and may be expected to correlate in some 
way with pilot rating. 

Results have been obtained for a number of hypothetical STOL designs defined below and compared 
with an aircraft typical of the present generation of jet transports (A) as a datum for comparison. 

(A) Current large transport aircraft 
W/S = 488 kg/m 2 (100 lb/ft) V = 140 knots 

(B) Conventional aircraft scmi-STOL performance by reduced wing loading 
W/S = 244 kg/m 2 (50 lb/ft) V = 100 knots 

(C) Semi-STOL performance achieved by major increase in non-powered C1 ....... 
W/S=488 kg/m 2 (100 lb/ft 2) V= 100 knots 

(D) Partly jet-borne STOL (59 per cent lift from jets) 
W/S= 390 kg/m 2 (80 lb/ft) V= 80 knots V0o= 125 knots. 

(E) Jet flaps STOL 
W/S= 390 kg/m 2(801b/ft) V = 8 0 k n o t s  V00=125knots 

(F) Slipstream STOL 
W/S= 390 kg/m 2 (80 lb/ft) V = 80 knots V0o= 125 knots 

All aircraft are assumed to have fairly high aspect ratio wings with a = 6.0. 

For a number of reasons which will be discussed in Ref. 15 only the response to horizontal gusts was 
considered. The numerical results presented apply to an atmosphere with turbulence of rms intensity 
5 ft/sec at 250 ft altitude where the scale length is approximately 1000 ft. It is suggested that more notice 
should be taken of the differences between the results for the various aircraft considered than of the actual 
numerical results as such. 

The results are presented as probabilities of exceeding given levels of the various response parameters 
considered and are presented in Figs. 23 24b. Since the discrete gust method used and its assumption of an 
exponential amplitude distribution becomes invalid for the smaller and more frequent gust fluctuations, 
the curves given in these figures are discontinued (indicated by transition to the dashed portion) at a level 
approximately equivalent to two standard deviations of the response parameter considered. 

Fig. 23 gives the results for acceleration response. The results generally agree with Fig. 13 and indicate 
that in dynamic response, apart from the two configurations using power augmented wing lift, all the 
others are significantly worse than the datum aircraft (A) and even (D) and (E) are only marginally better 
than (A). 

In Fig. 24a excursions in vertical velocity are considered and now we find that in this respect all STOL 
aircraft with the single exception of(C) are substantially better than the datum aircraft. Since we suggested 
this parameter as a criterion for handling difficulty, this is a reassuring result. As with An, the power- 
augmented wing lift designs show up best. 

However, if we consider the same response in terms of flight path angle disturbance A 7 rather than 
vertical velocity w = ATV, the STOL configurations are now all worse than the datum aircraft with the 
exception of the jet flap. 
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We observe therefore that the answer depends very much on the quantity one considers most relevant 
to the problem of flight path control. Until we have a clear understanding of the significance to the pilot 
of the various response parameters, no final judgement is possible. However, there is less difficulty in 
establishing an order of merit between the various STOL types, ignoring the datum case (A). We note 
that in every case the semi-STOL design using high wing loading but drastically increased CL (Case (C)) 
is worst, followed by (B). At the other end of the scale the jet flap figures best in every case. 

The presentation of the results of an investigation of a handling feature in statistical terms raises an 
interesting question that is not evident if one were merely presented with some measure of the average 
magnitude of the disturbance as for instance by the rms of say An, or w etc. The rms tells us what pro- 
portion of time the aircraft is displaced by a certain amount from the datum condition, but nothing about 
the frequency of such exceedances. This may be a meaningful result to judge the performance of a fully 
automated process but may have little relevance as a criterion for a handling problem. Here we are more 
interested in how often a certain exceedance occurs, or how big a disturbance we can expect with a given 
frequency, say every 10 minutes. We note especially from Fig. 23 that the answer to these last questions 
may depend on the level of upset considered. 

We must conclude with the admission that this analysis has raised perhaps as many questions as it has 
answered, but it has highlighted areas of ignorance that urgently need further research. 

4. Stability in Flight under Partial Pilot Constraint. 
Since Neumark ~° drew attention to the practical importance of stability in flight under partial con- 

straint, especially of flight path constraint, the idea of partially constrained flight has become accepted as 
a meaningful concept and has been successfully extended in Ref. 11. We are considering here two such 
conditions. First we examine the familiar case of speed stability under glide path constraint. Another 
equally plausible piloting constraint is that of pitch attitude, reflecting perhaps the most basic control 
instinct. It has not previously attracted much attention and the present analysis suggests that for the 
conventional aircraft it leads to the most innocuous highly stable flight condition. However, we will show 
that in the STOL speed regime, pitch attitude constraint may leave the aircraft with a much less acceptable 
oscillatory mode, which could constitute a significant handling deficiency. 

4.1. Speed Stability in Flight under Glide Path Constraint. 
In a STOL aircraft the pilot is generally presented with alternative means of controlling the longitudinal 

motion. In addition to the elevator he may be able to control thrus~t, both in magnitude and direction, and 
flap angle. These will be used generally by the pilot wishing to change airspeed. In the context of stability 
we are, however, mainly concerned about the maintenance of a trimmed state and in this case the elevator 
is still the most convenient and likely control and Neumark's concept of speed stability applies, i.e. glide 
path controlled by elevator. We are restricting the analysis therefore mainly to this case but shall con- 
sider the alternative of height control by use of vertical thrust for the partially jet-borne design. 

Details of the analysis are presented in Appendix III. For aircraft which are fully supported by wing lift 
as with the jet flap and slipstream designs, the drag-versus-speed characteristics can be generally reduced 
to the familiar form illustrated in Fig. 25. If they are normalised as a function of the ratio of airspeed V 
to minimum drag speed Vvmi, and of the maximum lift drag ratio (L/D)max at V D .. . .  they uniquely define 

1 
the time constant ~s -- ~ss of the speed stability mode as plotted in Fig. 26. Any design which utilises 

unconventionally powerful high lift defices will operate well below minimum drag speed and may 
experience a degree of speed instability far greater than met in current practice. We note that at 50 per 
cent of VD ....  not too extreme a condition for some STOL aircraft, speed divergence time constants will 
be of the order of 3 to 6 seconds. This calls for drastic throttle activity and a very responsive power plant. 

The results of Fig. 26 are computed under the assumption that only drag changes with airspeed, whereas 
thrust is constant. This will be adequate as an assumption for jet powered designs. With propeller driven 
aircraft, however, we must consider variations of thrust with speed. The most plausible assumption is 
Tac 1/V. This relationship stabilizes the speed mode of the aircraft as shown in Fig. 27. It is interesting to 
note that now speed is neutrally stable at about 77 per cent of minimum drag speed. (Precisely at 
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4 ~ . )  This result is of course especially relevant to the slipstream design. 
Finally Appendix III treats partly jet-borne configurations, and in this case airframe drag, momentum 

drag, and the fore and aft component of vertical thrust have been taken into account. As the results of 
Fig. 28a indicate, the destabilizing contributions dominate the situation and the aircraft will be extremely 
unstable in the STOL regime. 

Control of height by vertical thrust is an alternative technique in the partly jet-borne aircraft. The 
results for this control mode are shown in Fig. 28b and we note that now there will be speed stability except 
at speeds very close to Voo. But there the pilot is unlikely to use this form of control. The position of the 
thrust vector also has some influence on the result. Fig. 28c shows that speed stability is reduced in steep 
approaches when eE has to be positive and large. 

4.2. Stability in Flight under Attitude Constraint. 
Close control of pitch attitude is perhaps the most obvious piloting technique and is well achieved 

except in configurations prone to pilot induced oscillations. Pilots know from experience that by firm 
control 0f pitch the longitudinal motion of the aircraft as a whole is also well controlled. The most apparent 
result will be the effective suppression of the phugoid. 

We shall now examine whether these observations are generally valid and in particular if they also 
apply at STOL speeds. 

The analysis in Appendix IV shows that suppression of the pitch freedom leaves the aircraft with a 
second order response mode, which resembles the classical phugoid at very low speed but becomes 
rapidly heavily damped as speed increases towards the conventional range. 

In Appendix IV the 'undamped' period of this mode is given as 

V~ 
P, = 2n ~ (19) 

g 

It increases with airspeed but for STOL aircraft using power augmented lift it remains constant below 
Voo as illustrated in Fig. 29. As a very crude approximation the damping ratio ~ of this mode can be ex- 
pressed as 

_ ago p/2 Vo 2 F~ (20) 
f i  w/s 

and is seen to increase with the square of airspeed. This general trefid is still evident in the correct solution 
shown for the case where a0o = 6 and F A = F~ = 1 in Fig. 30. It can be shown that the value of ago 
assumed does not materially alter this picture, except that according to equation 20 ~ will be scaled by 
ago. Fig. 30 applies, however, only to aircraft in which F a = F~ = 1 over the speed range and hence not to 
STOE designs employing power augmented lift. For convenience the results previously derived for these 
two factors are summarised in Fig. 31 for the principal STOL systems. For the partly jet-borne aircraft, 
F~ = 1, but F a = ( V / V o o )  2 below Voo. This has the result of reducing the rate at which damping drops with 
reducing speed, but there is still a downward trend as shown in Fig. 32a. To get a broad picture for the 
jet flap and slipstream aircraft, we have approximated the functions shown for F~ and FA in Fig. 31 by the 
simple mathematical relationships indicated by dashed lines and this leads to the result given in Fig. 32b. 
Now damping ~ is virtually constant at all speeds below Voo and equal to that obtained for Voo from Fig. 
30. Therefore STOL aircraft using engine augmented wing lift can be expected to be no worse than present 
aircraft in this respect at approach speeds. 
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As an illustration of the significance of the damping of this mode to practical flight, the response of the 
aircraft under pitch attitude constraint to a ramp gust has been computed for various levels of ff with the 
results shown in Fig. 33. We note that the amplitude of the disturbance to the aircraft in response to a given 
gust increases rapidly as ( decreases. It will be noted that these are examples of the responses that have 
been considered in the discrete gust theory in Section 3.6. 

Finally we may observe that the damping of this mode is provided essentially by the (dimensional) lift 
slope and that therefore stability augmentation of the form in use today will not significantly alter it. 

5. Dynamic Stability. 
Finally we now consider stability in the conventional sense with controls assumed fixed. Dynamic 

stability depends on the interaction of a great number of aerodynamic derivatives and many of these may 
be profoundly affected in the STOL regime by the action of the lift mechanism employed. This will be 
particularly true where the flow through the power plant interferes with the aerodynamics of the airframe. 
Detailed considerations of such effects as in Ref. 4 go well beyond the scope of the present general study 
where we have to restrict ourselves to the most general trends. 

One particular effect, relevant to all STOL aircraft may, however, be mentioned. Air entering the engine 
intakes has to be given momentum normal to the flight direction in the presence of incidence or sideslip 
and if the intake is ahead of the aircraft centre of gravity the reaction on the aircraft will be a destabilising 
moment. 

If me is the mass flow through the engines, x, the distance of the intakes from the CG, (x, being positive 
for forward intakes) and I a reference length we get 

x,/l 
-Any = +Amw = me2pS V. (21) 

The change in static directional and longitudinal stability attributable to this effect is already noticeable 
with some conventional aircraft but it is apparent that the greater power requirements for the STOL 
aircraft, where the engines may have to work hard in the approach, together with the reduced speed, will 
tend to bring this phenomenon into prominence. It should be noted that an equivalent effect occurs with 
propeller driven designs and is associated with a term normally defined as propeller sideforce. 

With conventional aircraft, coupling between the lateral and longitudinal motion can normally be 
ignored except in the special case of fast rolling of fighter aircraft. 

Ref. 8 indicates, however, that the rotary mass of engines and propeller may induce gyroscopic coupling 
between these aircraft freedoms and destabilise one of the oscillatory short period modes if the coupling 
parameter 

K '  = (h/~°)2 
BC 

is sufficiently large. Here h is the total angular momentum of the engines, o~ the frequency in rad/sec of the 
relevant aircraft mode, B and C are aircraft inertias in pitch and yaw. Since ~o 2 oc Vthis factor will become 
more powerful at low speed, especially if an exceptional amount of engine power has to be installed. It can 
of course be made zero if engines are installed in handed pairs. This phenomenon ~needs careful considera- 
tion in a STOL design. 

In the following analysis, however, we shall ignore all these aspects, consider lateral and longitudinal 
stability separately and also make simple assumptions for the aerodynamic derivatives. Two areas cause 
particular concern. As speed decreases the frequency of the longitudinal short period oscillation and that 
of the phugoid, approach one another since the phugoid frequency is inversely proportional to speed and 
that of the short period mode is directly proportional to speed. This trend is illustrated in Fig. 34. When 
these two normally widely separated modes combine, the stability of one is likely to suffer. 

It is generally true that the damping of the dutch roll deteriorates as Cr. increases and we shall be inter- 
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ested to find out if this is also true if part of the lift is supplied by the engines in some way or other. 
As stated above, longitudinal and lateral stability will now be treated separately. 

5.1. Longitudinal Stability. 
Details of the assumptions made and of the unconventional procedure used for the analysis are given 

in Appendix V, Section V.1. Basically it is assumed that below Voo the aircraft is trimmed at constant inci- 
dence, the lift deficiency being made up by engine augmentation. We further make the rather sweeping 
assumption that the aerodynamic derivatives are constant, i.e. that they are defined by incidence and 
unaffected by the engine induced flow. This assumption permits one to reduce the speed dependence of 
the equations of motion into a single term, namely the gravity term rnO in the X force equation, after suitably 
normalising the equations. This term can be isolated from the basic differential equations and reintroduced 
as a feedback term. Now the system can be visualised as the servo loop illustrated in Fig. 35 where the 
gravity term appears as the factor (g/V2), i.e. as a feedback gain. Root locus analysis is then used to calculate 
the change in stability as (g/Vo z) varies from 0 ~ ~ ,  i.e. as speed varies from ~ ~ 0. A typical root locus 
plot is shown in Fig. 36. According to the particular form in which the equations are normalized, the 
damping constants ~' and the frequencies oJ' are distance constants rather than time constants as is more 
usually found in this type of analysis. The poles (X) define a degenerate form of the aircraft dynamic 
uncoupled modes, that for the short period is virtually correct, but the phugoid is replaced by a zero root 
and a slightly damped real root. (In Fig. 36 they are so close that they could not be pictorially separated.) 
The solution is only strictly valid for V < V00 since above Vo0, CL reduces and the derivatives may vary. 
We note that as speed reduces the damping of the short period mode improves whereas the phugoid 
becomes rapidly unstable. The major portion of the complete root locus plot allowing V ~ 0 applies to very 
small airspeeds and is therefore irrelevant to STOL. It must be noted that the normalisation procedure 
used has the consequence that the roots are defined as distance constants rather than as time constants. 
This does not affect nondimensional criteria such as damping ratios and observations about stability 
boundaries, but for better appreciation of the result they must be transported into the time domain. Fig. 39 
gives the result for two of the cases considered in familiar form as periods and times to damp. Apart from 
the fact that the phugoid becomes unstable in the STOL range we also note that as expected from Fig. 34, 
periods of the two longitudinal modes become very close to each other although they appear to cross only 
at a speed below those of interest for STOL operations. 

To illustrate the effect of variations in one important derivative, namely lift slope, Fig. 37 is presented 
comparing root loci for the datum case of Fig. 36 with corresponding results where its value is doubled 
and trebled. This is particularly relevant for power augmented wing lift devices where the lift slope in- 
creases as speed is decreased. The principal effect is a shift of the basic pole representing the uncoupled 
SPO, further into the stable quadrant, but the effect of speed itself is essentially unchanged. 

The only parameter which according to Appendix V, Section V.1 could drastically change the pole-zero 
configuration is M u and the effect of gross changes in this derivative is shown in the four root locus 
plots in Fig. 38. Although at first sight the picture appears to alter drastically, closer inspection reveals that 
the initial paths of the loci near the poles are not greatly different and we have already noted that we are 
only interested in this region. So the conclusion from Fig. 36 applies generally, namely, that when speed is 
reduced and the SPO frequency approaches that of the phugoid, damping tends to be transferred from the 
phugoid to the SPO, leading to instability of the former. From Fig. 39 we also note that once mode coupling 
occurs the derivative M, has a strong effect on the period of the SPO, contrary to normal expectation. 

5.2. Lateral Stability. 
Lateral stability has been treated in Appendix V, Section V.2 in an analogous manner, again the 

gravity term---now in the Y equation--being isolated and treated as a feedback gain in the manner 
formally indicated in Fig. 40. 

A typical root locus plot is shown in Fig. 41. The poles represent again a degenerate form of the lateral 
modes with the gravity effect removed, or more precisely a solution appropriate to V-- ~ where gravity 
effects vanish by comparison to aerodynamics. We note that as speed reduces, the dutch roll mode loses 
damping and becomes unstable in the STOL regime. The main beneficiary from the transfer of damping 
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is the roll subsidence. In this particular case the spiral mode becomes also progressively more unstable as 
speed is reduced. 

To test if the trends revealed by Fig. 41 are to be expected, generally, various combinations of the 
derivatives which control the zero have been tried with the results shown in Fig. 42. We find no significant 
departures from the general trends already discussed, the principal observation being in every case the 
destabilisation of the Dutch roll with reducing speed. An interesting condition is met in case (D), where a 
large negative value of Np is assumed. In an intermediate speed range the so called second oscillation 
replaces the roll and spiral subsidence, but as the presentation of this result in Fig. 43 indicates, this mode 
has very low frequency and should not be particularly noticeable to the pilot. By observing the rules of 
root locus geometry we can state that a second lateral oscillation can only exist if the zero lies to the left 
of the two real poles, i.e. if roll damping is poor and ( - Np) is large. 

5.3. General Observations. 
In Ref. 9 Thorpe had earlier considered dynamic stability of the particular case of a partly jet-borne 

STOL aircraft, making the same assumption as we have done here. His results are in complete agreement 
with those of the present analysis. The treatment of the subject by root locus technique permits us, however, 
to observe that these trends are generally valid and do not depend on particular values of aircraft charac- 
teristics. The reader familiar with root-locus manipulation will readily see that the trends depicted in Figs. 
38 and 42 for the longitudinal and the lateral motion respectively are inevitable and that they cannot be 
significantly altered by any conceivable combination of basic aerodynamic characteristics, i.e. for any 
conceivable root-zero configuration. Hence we can generally expect that in the STOL regime, the phugoid 
will become unstable and approach in frequency that of the short-period oscillation, which will gain in 
damping. The dutch roll will become unstable, the damping being mainly transferred to the roll subsidence 
mode, so that this mode will be more stable than one would normally expect at the low speeds involved. 

6. Conclusions. 
An attempt has been made to consider very broadly those areas in which the handling of STOL aircraft 

may differ from that of conventional aircraft. Since there are many distinct design approaches towards the 
realisation of STOL capability, we had first to identify those design features which lead to a natural classi- 
fication into aerodynamically distinguishable major types. These were first what we describe as 'con- 
ventional' solutions, i.e. those in which power is not used to supi~lement airfoil lift. Then we considered 
three forms in which engine power can be utilised to augment natural wing lift, namely either directly as 
vertical thrust, or indirectly by blowing over the flaps or by immersing the wing in a propeller slipstream. 

When considering longitudinal response to gusts, it was found that in the STOL regime fore and aft 
gusts are at least as important as vertical gusts and cannot, therefore, be ignored when assessing the 
behaviour of this class of aircraft in turbulence. Basic gust sensitivity was first examined, i.e. the instan- 
taneous normal acceleration response to a step gust. In this respect, STOL aircraft would seem to be 
generally less sensitive than current aircraft, except that reductions in wing loading will have an adverse 
effect. However, STOL aircraft require increased incidence margins to protect them against stalling in the 
approach. When one takes into account aircraft dynamics as well, it is then shown that STOL aircraft are 
unlikely to be better than current aircraft, with the possible exception of slipstream and jet flap configura- 
tions. If STOL is achieved by drastic reductions in wing loading, very poor characteristics will result. 

Response to lateral turbulence should not necessarily present great problems but rudder and roll 
control power must be adequately increased to combat the natural loss in effectiveness with decreased 
airspeeds. 

Cross-wind control was then examined in some detail. It was noted that our understanding of the pilot- 
ing aspects of cross-wind control is too imperfect at present to permit firm predictions. In view of this, it is 
suggested that it would be prudent not to expect greater cross-wind angles to be acceptable than are 
tolerated with present aircraft, unless and until flight experience can demonstrate this view to be too 
conservative. This would imply a reduction in cross-wind tolerance to less than 20 knots for typical STOL 
approach speeds. A general reappraisal of limiting wind conditions--rather than cross-wind alone--is 
recommended and in this context much could be gained by scheduling for constant ground speed rather 
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than airspeed when there is a significant headwind component. 
Speed stability in flight under glide-path constraint was then considered. The use of high aerodynamic 

lift is likely to lead to quite substantial degrees of speed instability but, in propeller-driven designs (slip- 
stream aircraft), the speed dependence of thrust will have a stabilising influence. Aircraft using direct 
vertical thrust are likely to be very speed-unstable, when the elvator is used but stable when thrust is 
used to control the glide path. 

It is suggested that another important flight case is that where the pilot maintains tight control of pitch 
attitude. In the speed regime covered by conventional aircraft, this constraint leads to a highly stable 
situation and this is suggested as the reason why this mode had not previously received any attention. It is 
shown that, with some STOL designs, attitude-constrained flight leaves the aircraft with a phugoid-type 
oscillation of relatively short period and that this might be less than satisfactory to the pilot. 

Finally, classical dynamic stability (with controls fixed) is investigated with particular attention to 
designs in which part of the lift is provided by the engines. It is shown by generalised root-locus analysis 
that the STOL aircraft must be expected to develop an unstable phugoid of a frequency close to that of the 
so-called short-period oscillation and that this phenomenon is not greatly affected by the type of lifting 
mechanism employed. 

In the lateral field, there is a strong tendency for the dutch roll to become unstable at STOL speeds but 
the roll subsidence mode will benefit from the damping transferred from the lateral oscillation. At the 
same time, the period of the dutch roll is likely to become rather long so that the lateral motion of the 
STOL aircraft is likely to be sluggish and indecisive. 

It must be emphasised that in this report only broad trends are examined and that design details can 
influence many of the aerodynamic characteristics that were assumed to be unaltered here. In particular 
effects such as engine-induced aerodynamic interference with the airframe, must be determined in the wind 
tunnel and could not be allowed for in the present generalised study. 
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LIST OF SYMBOLS 

Lift slope 

Lift slope at V00 

Inertia in roll 

Coefficients in the longitudinal stability polynomial 

Aspect ratio 

Propeller disc area 

Cross-sectional area of slipstream 

Wing span 

Coefficients in the lateral stability polynomial 

Inertia in pitch 

Chord 

Lift coefficient 

Equivalent lift coefficient 

Drag coefficient 

Flap chord 

Rolling moment coefficient 

Yawing moment coefficient 

Inertia in yaw 

Jet momentum coefficient 

Drag 

Minimum drag 

Product of inertia 

Lift slope ratio 

Aerodynamic lift ratio 
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(See equation (A.7)) 

Earth gravity 

Variable used in Appendix E, Section E. 1 

Variable used in Appendix E, Section E.2 

Vertical velocity 

Inertia coefficient in roll 

Inertia coefficient in pitch 

Inertia coefficient in yaw 

Inertia radius in roll, pitch and yaw 

Gain factor in root locus transfer function 

Lift or rolling moment 

Aerodynamic lift, portion of total lift varying with V 2 

Dimensional lift slope 

Rolling moment due to sideslip 

Rolling moment due to rate of roll 

Rolling moment due to rate of yaw 

Aircraft reference length (typically wing chord) 
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Nondimensional rolling moment derivatives 

Mass 

Engine mass flow per second 

Pitching moment 
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Normal acceleration load factor 
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Yawing moment due to yaw rate 

Nondimensional yawing moment derivatives 

Period of oscillation 

Rate of roll 

Rate of pitch 

Rate of yaw 

Wing area 

Wing area submersed in propeller slipstream 

Laplace operator 

Laplace operator 

Thrust 

Time 

Vertical thrust component 

Velocity increment 

Horizontal gust velocity 

Airspeed 

Approach speed 

Equivalent airspeed 

Datum airspeed 
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LIST OF SYMBOLS--continued 

Lowest airspeed for level flight without powered lift assistance 

Lateral gust velocity 

Weight 

Vertical velocity 

Distance from CG of engine intake 

Longitudinal force 

Sideforce 

Vertical force 

Angle of attack 

Angle of sideslip 

Glide path angle 

Time constant 

Real part of root 

Angular frequency 

Pitch attitude 

Jet flap angle 
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LIST OF SYMBOLS--continued 

2 

P 

PSL 

Stability root 

Air density 

Air density at sea level 
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APPENDIX I 

Lifting Properties of the Jet Flap 144n9 

Ref. 5 suggests that the lift on a jet flap wing of infinite aspect ratio can be expressed as the sum of the 
two contributions : 

OCL OCL 
CL = 0-0-0-+~ 0~ (A.1) 

where ct is the wing incidence and 0 the angle of the jet sheet in relation to the wing chord. This expression is 
strictly only valid in two-dimensional flow, but we shall apply it more generally to wings of finite span. 
This is justified for mainly two reasons. To apply the jet flap principle efficiently large aspect ratio wings 
are required in which case corrections for finite span will not be very large. Secondly the analysis here is 
aimed at expressions defining ratios of lifts and in these the errors introduced by ignoring three-dimen- 
sional flow will largely cancel. 

The two lift slopes in equation (A.1) are functions of the jet momentum coefficient 

C~, = Mj V~ (A.2) 

P_V2S 
2 

and OCr/O0 in addition depends on the ratio of the flap chord C/to the wing chord C. Fig. 5 gives results 
from Ref. 5 as applicable to a jet flap operating uniformly over the full span. The values given for C:/C = 1 
define the wing lift slope OCL/O~. Ignoring designs with very small relative flap chords and the range of 
small momentum coefficients we can approximate these curves by the linear expression : 

0CL=7{1--0"6(1--~-~)2} (A.3) 

and therefore 

OCz 
0--~- = 7+ 1"6C u. (A.4) 

Equation (A.4) or its more accurate equivalent given in Fig. 5 defines the lift slope relevant to aircraft 
stability and response to vertical gusts. 

We also need the change of lift with respect to increments in airspeed AVat fixed incidence and throttle 
or thrust as relevant to phugoid stability and response to horizontal gusts. If V o is a datum speed and C,o 
the associated trimmed momentum coefficient, we note from equation (A.2) that 

 {VoV 
c ,  = (A.5) 

From 

L= 2 S(Vo-b AV) 2 C L 

we get with equations (A.3) and (A.5) the total lift 

(A.6) 
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E L =  2 S{7(FjO+~z)(Vo + AV) 2 + 1.6C~, o V0 z (0+00} (A.7) 

where Fj is a flap chord factor. 

o6(1 ) 
Only the first term in the bracket varies with (V o + AV) and if we define this contribution as 'aerodynamic 
lift' L A we obtain the ratio of LA/Y.L as 

L A l 
E L =  1.6 0 + c~ (A.8) 

l+C,,o 7 Ffl+~z 

If we exclude improbable combinations of c~, 0, and flap chord Cy/C, this ratio depends practically only 
on C,o (Fig. 6). 

In order to obtain results in a form usable for stability work, we must find a relationship between C,o 
and V o. 

For this we assume that over the STOL speed range the aircraft is flown with constant flap angle 0o 
and incidence %. If Voo is the lowest speed at which the aircraft can support itself fully in this configuration 
without power assistance, i.e. C,o = 0 then from (A.7) 

P W =: L = -~ Vo2o $7 (FjOo + c%) 

and for V < Voo 

P V 2 S{7(FjOo +Co)+ l'6Cu(Oo +%)}. w= XL=  

By equating these two expressions we get 

C , -  1.6 0o+C% - 1  , 

which reduces to 

C~ 7 F. / Voo'  2 
i-v) 1"6 ' / 

-- . - l j  

if we assume that c% ,~ 0 o. For a flap chord of 10 per cent C, Fig. 7 gives F~ as 0.51 and 

C, = 2.2 {/ 'V°°)2 - l }  (A.9) 

We note that within the practical range of chord ratios, Fj does not vary too much and so we take the 
expression (A.9) as a general approximation. This allows us to calculate OCL/Sc~(V) and LA/]~L(V ) using 
Figs. 5 and 6 with the results shown in Fig. 8 where the lift slope is expressed as the ratio of the value at a 
given speed to that at Voo 
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F _ 
(OCL/O~)V 

(~CL/O~)Voo " 
(A.10) 
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APPENDIX II 

IAfting Properties of the Wing Immersed in a Propeller Slipstream 

A rigorous treatment of the slipstream effect is a complex subject not attempted here; we refer to the 
first attempted method of estimation by R. Smelt and H. Davies 6 and to the account given by Thwaites 7. 
A thorough analysis of the wing in slipstream has more recently been presented in Ref. 16. We shall 
restrict ourselves to an elementary approach based on momentum theory. Also, we ignore cases such as 
the tilt-wing aircraft where the propeller axis is greatly inclined to the flight direction. The general con- 
figuration and definitions are illustrated in Figs. 9 and 10. Of the total wing area S only S~ is immersed in 
the slipstream which is assumed to be fully contracted and homogeneous within its boundaries. We also 
ignore lift losses due to uneven spanwise distribution of circulation. 

Propellers located forward of the wing affect lift in three ways. First the velocity of the flow over the 
wing is increased by the slipstream (Fig. 9). Secondly, the slipstream, if inclined with respect to the flight 
direction will change the effective incidence of the wing. Thirdly, the component of the thrust normal to 
the direction of flight also makes a significant contribution. 

The increase in flow velocity due to the slipstream velocity increment u, modifies the basic wing lift to 

L= p Cz{Vz(S-S~)+(V+us)2Ss}*, (B.1) 

where Vis freestream velocity and CL the lift coefficient of the airfoil in freestream. 
If we assume that the slipstream velocity increment is imparted exactly in the direction of the propeller 

axis, i.e. at an angle ae that part of the wing immersed in the slipstream is subject to an induced incidence: 

U 8 

~i = -%V+u-- ~ (B.2) 

so that '  

P (V+ uA S~a%u~ ALL=- ~ (B.3) 

where a is the lift slope of the wing in freestream conditions**. 
The third contribution derives from the direct component of the thrust (otherwise termed propeller 

side force) normal to the flight direction. The assumption made earlier with respect to the direction of the 
slipstream implies that thrust acts along the propeller axis and the associated lifting component is then 

A2L= T0cl, (B.4) 

for small values of %. 

* Strictly according to Ref. l, this increase in lift results from an increase in the effective geometric 
incidence by a factor (1 + 2uffV) with, however, the same result. 

** This increment will be less if the wing is close to the propeller, where the final slipstream velocity has 
not yet been reached; and the final result would also be affected by the number of propellers and their 
positions along the span. To obtain an accurate answer would, therefore, require a more detailed investi- 
gation and experimental verification. For the present purpose, the simple relation (B.3) is thought to be 
adequate. 
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Adding (B.1), (B.3) and (B.4) we get the total effective lift as 

P [CL{ VZ(S - S~) + (V+ u s ) 2 S ~ ]  - ( V +  us)Ssaaeus] + T~ e. ZL= -~ (B.5) 

When analysing the lifting behaviour of the other types of STOL aircraft it was possible and plausible to 
make the assumption that at all speeds below V0o they are trimmed at the same incidence or CL. This 
assumption is not permissible with the slipstream aircraft as here the pilot is not free to select engine power 
just to control lift. Rather, thrust must be chosen to balance drag and the incidence then adjusted so that 
the resultant lift equals weight. In other words the required CL must be determined from equation (B.5), 
putting EL = W. 

Our main interest is to find derivatives of lift with respect to changes in airspeed and incidence from a 
given trimmed equilibrium condition at Vo. 

Basic momentum considerations define a relationship between us, Vand Tas 

T(V, us) = pA oo(V + u~)Us. (B.6) 

IfAp is the propeller disc area and A~ the cross-sectional area of the fully contracted slipstream, continuity 
demands that 

1 U s 
l + - - -  

Aoo 2 V 
- -  = ~ ( B . 7 )  Ae 1 +us 

V 

since classical propeller theory states that the value of the velocity increment at the disc is half that at 
infinity downstream. Equations (B.6) and (B.7) combined give 

T= pAeVu~(I +~ ~ ) .  (B.8) 

This equation can be solved for (uJV): 

us ~/ 2T 
-#= --1+ I + pAvV 2 (B.9) 

where only the solution with the positive square root has physical significance. 
We also require a relationship between thrust and airspeed for fixed throttle, in other words an ex- 

pression defining the change in thrust T from the datum value To required for flight equilibrium at V o. 
We use the common assumption that thrust is inversely proportional to airspeed 

zVo 
T= o--~ (B.10) 

but remember that this simple law only applies approximately in the principal operational regime for the 
propeller and becomes invalid at very low speeds where thrust tends to be constant. With (B.10) we can 
express equation (B.9) as 
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= - 1 +  1-~ ~,-~ (B.11) 

where 

2T° (B.12) 
"Co pAp 

Finally we need to know the equilibrium thrust To required for a given datum speed Vo. 
Restricting the analysis to level flight we can equate thrust to drag and as a crude approximation we 

may assume that in the high lift range in STOL flight the induced drag contribution predominates, hence 

W W 1 
Do = To ~- S PrcAR V2" (B.13) 

For more accurate calculations we can of course readily obtain the correct drag from WTmeasurements 
or more detailed drag estimates. 

Having thus stated the assumptions we can now proceed to calculate the change of lift with incidence 
Ae and with respect to velocity increments AV, i.e. we can calculate the effective lift slope t~CL/?~ and the 
lift ratio LA/EL. To derive the effective lift slope we first nondimensionalise equation (B.5), and with 
V =  V o get 

{( , , s ,  t , CL _ P- V2sZL _ CL 1--~- + 1+~oo) ~- --~ +Vo)~a~e ~o+p_ Vo as 
2 2 

(B.14) 

To differentiate with respect to ~ we write the basic lift coefficient CL in the usual linearised form 

C L = CL~=o)+ao~ (B.15) 

where e is wing incidence and we further observe that 

d~P=l" 
d~ 

(B.16) 

This leads to 

OCL S~ 1 us 2 1 + ~ ) ~  + - -  

8 a - a  1 - ~ - +  + Vo P Vo2 S 
2 

(B.17) 

The ratio of this lift slope to the basic lift slope a then gives the lift slope amplification factor 

F - m 
( u~'~2S~ f l  u~  u~ S~ To 

OCL/8°:-- 1-- + \ l + V o o )  S - - k  +~oo) Voo S +  
a P V, 2 Sa ~ o  

(B J8) 
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To obtain a numerical solution we must first calculate To from (B.13) or its more accurate equivalent and 
then obtain (udVo) from (B.11) for the range of Vo of interest. 

To obtain the rate of change of lift with AV it is necessary to substitute the analytical expression for 
(udVo), i.e. equation (B.11) into (B.5) since (ulVo).is itselfa function of V. This leads to fairly tedious algebra 
and we give only the final answer which reads 

{ CLV 2 14 - V 2 1+ l + ~ ) a ~ v +  ~e. 
P-s 

/ l__. S 2 2 

(B.19) 

We can calculate from this equation the value of CL appropriate to a given equilibrium flight condition by 
putting V = V o and L = W, 

W + - ~ ( 1  "c° ~q/ t o )  Tocce 

p SV, 2 + ~ o  ~ -  1 +~-o2 a ~ p - - -  • P v g s  o -~ 
i.e. CLo = (B.20) 

"Co Ss 
l ~ v d  s 

On the other hand differentiating equation (B.19) gives 

{ CLO(2_~O2 S~'~ S~ 
\ 1"6 - i f ) -  2ac~ v 

_l "c o Vo 2 To ~e (B.21) 
i -  2 vg p vg 

s 

In this differentiation we have taken S, to be constant with speed as this only introduces negligible errors. 
The corresponding result for an aircraft flying entirely on aerodynamic lift is 

L W/S 1 
- 2 - -  - -  

~v p p Vo -~s -~ 
(B.22) 

Dividing (B.21) by (B.22) gives the ratio LA/W.L. To illustrate the characteristics of a typical slipstream 
STOL aircraft, numerical calculations were made assuming the following aircraft 

W =  100,000 lb. W/S = 75 lb/ft a = 6 

AR = 8.0 AJS = 1.28 V0o = 120 knots. 

This gives the following thrust and slipstream data : 
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I 

V(knots) T o (lb) us/V o SJS "r CLo 

50 
75 

100 
125 
150 

40000 
26700 
20000 
16000 
13000 

0"94 
0"40 
0"16 
0"08 
0"05 

0"870 
0"935 
0"962 
0'970 
0"990 

19660 
13100 
9780 
7860 
6380 

2"86 
2"21 
1"64 
1 '20 
0'89 

The lift slope amplification factor F obtained from equation (B. 18) and LA/ZLas calculated from equations 
(B.21) and (B.22) are plotted against Vo/Voo in Fig. 11. Since dL/dVclearly depends on cq, the calculations 
were made for two values of~e = 0 ° and + 10 °. 
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APPENDIX III 

Speed Stability in Flight with Height Constraint 

The induced drag acting on an aircraft is determined by the amount of lift carried by the wing and in 
this context it is irrelevant whether this lift is natural airfoil lift or lift amplified by engine power. On the 
other hand if part of the aircraft weight is supported by direct vertical thrust only the wing lift will contri- 
bute to induced drag. For the study of speed stability under glide path constraint where drag is a dominant 
factor, these two classes of STOL aircraft will be treated separately. 

III.1. All Lift Carried on the 144ng. 
We assume that Coo is unaffected by the wing lifting mechanism and also that OCo/OC 2 is identical to 

that for the wing without powered lift. If both Coo and OCo/OC ~ are constant over the range of CL and 
speed of interest here, we can express drag in the usual form 

p V z / ~Co C~) D = -~ S ~ C o o + f f ~  L 
(C.1) 

and with 

W 
C L - -  - -  

P_P_ V2S 
2 

this leads to 

OCo W 2 
D = Coo V2S-Jc OC 2 P__ S V  2 

2 

(C.2) 

:It can be readily shown that this expression can be written in the form 

½D,.i. ~ 2+ Va.i. 2 o {( o5 (c.3) 

where Dmi n is the minimum value which drag assumes at the minimum drag speed Vo~i. (Fig. 25). 
The stability root 2 s defining speed stability in rectilinear flight constrained by elevator control is 

given as: 

1 d 
2s = - - -  {D(V)- T(V)}. (C.4) 

m dV 

For jet powered aircraft we can assume T(V) = const, and in this case equation (C.4) is fully determined 
by considering only variations in drag with speed, i.e. equation (C.3). 

Differentiating this expression leads to 

~ -  = w VOm,° -- Vom----~. (¢.5) 
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or with W/Dmln = (L/D)max 

• ~S (LiD)max ~ VD~," 
(C.6) 

This expression has been evaluated and plotted in Fig. 26. 

It is of course conceivable that, in STOL aircraft, throttle might be used instead of elevator for height 
control and the implied increase in thrust as speed reduces would be stabilizing. 

If one considers propeller driven designs such as the slipstream vehicle, thrust can no longer be assumed 
to be invariant with speed and we must introduce in equation (C.4) an appropriate relationship for T(V). 
The most plausible general assumption is that thrust varies in inverse proportion to speed. From equation 
(C.3) we obtain the equilibrium thrust at Vo for level flight as 

1 Vo ~ } 
(\v~,o/ \ Vo / 

(c.7) 

and therefore for throttle fixed by this condition 

T =  To VO 1 Vo o Vo . f "mf~ 
V - 2  V ~i. ~ + ! k ~  ) " (C.8) 

Differentiation with respect to speed gives 

OT 1 f (  No )2_~.(WDmin~2~ 
(~V-- :Drain \Vl~i-~/ \ Vo /l J" (C.9) 

Substitutions of (C.9) and (C.6) into (C.5) leads to an expression for the speed stability of the propeller 
aircraft 

(L/D)m,x 2V~i, (~,V~-o J -- V~,---~ ' 

The expression is plotted in Fig. 27 and by comparison with Fig. 26 we note that this type of aircraft will 
be speed stable down to 77 per cent of minimum drag speed and that it generally has more favourable 
characteristics. If power is used instead of elevator to control height, speed stability is further improved as 
it would be with jet powered designs. 

III.2. Partly Jet-Borne Flight. 
If part of the aircraft weight is supported by direct vertical thrust Tv there are three contributions to the 

fore and aft force X we must consider to establish speed stability. Instead of equation (C.4) we write 

)~s = (X) = - D ( V ) -  TvAa-Dm(V)} 
m m 

(C.11) 
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when D(V) is the airframe drag, TvAa the change in the fore and aft component of the vertical thrust with 
change in incidence and Dm(V ) the intake momentum drag. The latter is made up of two components, one 
associated with propulsive thrust and one with vertical thrust. We ignore the first, as being relatively 
insignificant in the STOL regime. 

To establish airframe drag D(V) we observe that 

W-T~ 
CL = - -  (C.12) 

P_P_ V2S 
2 

so that instead of equation (C.2) we get 

OC, ( W -  Tv) 2 1 
D = Coo p VzS-t OC 2 P-P-s V2' 

2 

(C.13) 

In trimmed flight at Vo: 

W -  Tvo P 2 = -~ V6 SCLo 

and we are assuming that below Voo the aircraft is trimmed at constant incidence, i.e. that 

W 
CLO = - - .  

P 2 VooS 

From these relationships we can calculate the change in drag with airspeed Vwhen Tv = Tvo is set for a 
given trimmed datum airspeed V o and elevator is used to maintain height as 

OCo 2W z ( V o ?  D -_ Coo sv2  2_ 
~c~ ps \Voo) v ~" z (cA4) 

This expression is identical to (C.2) except that the second term has a factor (Vo/Voo) z. Hence in analogy 
with (C.3) we can write 

D(V) = ½Dmi n / , '~oo / /  . (c.15) 

Differentiation with respect to Vgives a contribution to the speed stability root (C.11) 

( L / D )max Vow,. \-V~o o J \---~o fl Vom~. " (C.16) 

To obtain the second term for equation (C.11) we take Tv to be constant Tvo and selected to be appro- 
priate for the equilibrium speed Vo. Hence 

d Tvo OCt. Tvo W -  Tvo 1 
- ~  (Tv°AcO- a 0 V - - - 2  (C.17) 

a -Ps v°~ 
2 
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and the associated contribution to 2s is 

A2 )'S = 2g 

T v o  

W Tvo 1 
P-S a Vo 3' 
2 

• 0 with = 1 - and 
P 
2 

= C,~o Vo2o, 

t then A 2 2 s = 2g ~ 1 -\V~oo] ' (C.18) 

To obtain the momentum drag contribution we use the relationships 

Tvo=mEVj and D r . = m ~ V ,  

where me is the engine mass flow, and V~ the jet efflux velocity. Hence 

D,, V ~-V Tvo 
Vr%- 1~ and (D, , ) -  

This gives the third contribution to 2s as 

(C.19) 

Adding (C.16), (C.18) and (C.19) we get finally the speed stability root for the partly jet-borne aricraft as 

1 1 
(C.20) 

This expression is of course only valid for Vo ~< V0o and if glide path is controlled by the elevator, throttle 
remaining constant. 

Equation (C.20) is essentially made up of four contributions, the first two are due to airframe drag, this 
being composed of a destabilising induced drag term, which is reduced by the factor (Vo/Voo) 2 and a 
stabilising parasitic drag term. The lift engines also make two contributions. That due to varying fore and 
aft component is destabilising and the last term 1/V~ is the stabilising effect of the intake momentum drag. 
We note that the latter is entirely dependent on the jet efflux velocity and hence on the type of lift pro- 
pulsion used. If high velocity jets supply the lift thrust, this contribution will be small and one can expect 
the destabilising terms to dominate, but with lift fans having low exit velocity V~, there will be substantial 

momentum drag and speed stability will be more favourable. This is evident from the numerical examples 
presented in Fig. 28a. For these we have assumed for convenience that Voo = VDmin = 120 knots and 
Vj = 1500 ft/sec for the case representing the high velocity jets and Vj = 500 ft/sec for the example more 
appropriate to a lift fan. 

If the pilot maintains ~ constant, using vertical thrust to control height, incidence will remain constant 
so that airframe drag varies simply as 
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D(V)=Doo(~oo) 2 

and differentiation with respect to Vgives a stabilising contribution to the speed stability root : 

m tloo 

In addition we must consider the contribution of the momentum drag: 

D m = mEV 

and from 

Since for rectilinear flight 

Tv T~ 
m E = ~  then D,,=-~iV. 

(C.21) 

(C.22) 

- :  Tv 1 - (C.23) 
W 

V)2 V Vs~:~ (C.24) then Dm= 1- ~ WVjm.~ Vj 

We now require a relationship between Vj and thrust or speed. For a range of current jet and fan engines 
this relationship was studied and it was found that with very good approximation we can write 

VJm~x mE m~ 

This relationship allows us to express the momentum drag as 

(C.25) 

Din- ~ /1 ( ]/" ~2 "V /Tmax 
m v-]-~-~..x/-t,~7oo) ~ / w  

using equation (C.23) to relate thrust to speed. Differentiation with respect to speed gives a contribution 
to the speed stability root 

dV 
\Voo) . 

_( oV V~ma~/ W 71 
\Voo) 

(C.26) 

A third contribution derives from the fact that unless the vertical thrust acts precisely in a direction normal 
to the flight direction, a change in thrust will produce a change in fore and aft force 

AX = -AeE ATv, 
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where e, E is the angle by which the angle of the thrust vector differs from the normal to the flight path. 
Since we are considering here a condition in which incidence is held constant, ee = const, so that 

A X  = - e E  ATv . 

Substituting for Tv in equation (C.23) we get 

- -  - g ~ F  1 - 

m 

and differentiation with respect to speed gives 

A2s = d-V m Voo e \ V o o J '  (C.27) 

a destabilising contribution if e, E is positive, i.e. if the lift engines or nozzles are tilted in the decelerating 
sense and vice versa. 
Adding equations (C.21), (C.26) and (C.27) gives finally 

\ V°°J (C.28) 

(L/Otoo  mox,Jl_(Vo) 2\voo/ 
Again this is only valid for V ~< Voo and for the case where the pilot maintains height by vertical thrust 
control. It is interesting to observe that the momentum drag contribution, i.e. the last term in equation 
(C.28) leads theoretically to infinite speed instability at V o = Voo. This condition is, however, of no prac- 
tical significance because it implies the use of very low values of vertical thrust which are below the idling 
power of the engines. Furthermore a pilot is unlikely--even if it were possible--to control flight path by 
thrust application at a speed where there is adequate aerodynamic lift available for this purpose. Numerical 
examples for the characteristics defined by equation (C.28) are given in Fig. 28c. 
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APPENDIX IV 

Stability in Flight Under Pitch Atti tude Constraint 

When pitch is constrained, only variations in speed and Vertical motion need be considered. Since 
O=const, ~ = - p = w / V  where w is the incremental vertical velocity. In flight path axes we get then' 

w OD OD w 
mli = mg v o - ~ u  U ~o~ V o 

(D.1) 
OL OL w 

and - m~ = ~uu u 4 0a Vo' 

In STOL flight only part of the lift is 'aerodynamic', i.e. varying with the square of speed and this must 
be appropriately considered in evaluating OL/Ou and ~D/Ou. 

Expressing the aerodynamic derivatives in the form 

~L 1 OL 1 1 OD 1 OD 1 1 
~ , _  , ~ o _  ~ , -  and ~ -  (D.2) 

Ou m O~ Vo m '  Ou m O~ Vo m 

equation (D.1) have as a solution the stability quadratic* 

s = -½ (~. + £'?,) + 4(N2+ £'W')2- £P, -~.- ~¢. (~oo - :@, ) • (D.3) 

We note that the damping of this mode is provided by ~ .  and 5°~ and that the induced drag contribution 
~ only affects the frequency. To simplify numerical analysis we ignore here this last term, being of only 
minor significance. Hence 

Nu+~q~ + / ( N , + ~ ,  )a g (D.4) ~ ---5--- -x/t, 2 .) -~e~.-~, Voo" 

In any equilibrium flight condition 

P 
W =  LA + T V = .x V2 S CLo + Tv , 

z 
(D.5) 

W-T~ 
CL 0 -- 

P_vo~S 
2 

(D.6) 

* It may be noted that the corresponding solutions for the phugoid mode with fixed controls and 
assuming a = 0 is 

s --- +_ x i t W  

41 



If speed varies at constant C L = CLo, 

P v z W - T v  
L= S P--VgS - - +  T v. (D.7) 

Differentiation with respect to V, assuming Tv to be invariant with speed, gives 

OL W-Tv  
- 2 - - ,  

Ou Vo 

or in the form defined in (D.2) 

~ u  _ t3L/Ou = 2 g_ FA " (D.8) 
m v0 

The dimensional lift slope is 

OL _ p Vo z S F~, a~ (D.9) 
0~ 2 

where aoo is the unaugmented lift slope at V ~> Voo and F, the lift amplification factor equation (A.10). 
From equation (D.2) 

OL/Oa P g F° (D.10) 
5f  ~, = rn---~o = aoo F~ 2(W/S)" 

From equation (D.4) we see that when subcritically damped, the pitch constrained aircraft motion is an 
oscillation with the undamped frequency 

W n ~ V o  " 

L ~ ,  (D.11) From D = L ~  we can write ~ , - L / D  

and therefore with (D.8) and (D.10) 

].~ g r~ ~ u  g / F,  pVo 2 
o9" = ~/2g"Vo+~V'~-L~ = Voo 2F a + a ° ° 2 ( W / S )  (L/D) 

(D.12) 

For conventional aircraft where Fa = F, = 1 this reduces to 

g J 2  + aoo P V°2 
o), = Vo 2(W/S)  (L/D) 

(D.13) 

Assuming aoo = 6 and sea level flight values for p this expression has been evaluated with the result shown 
in Fig. 29a. We note that even at the lowest STOL speeds of practical interest the period never fails below 
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15 secs. This is even more true for partially jet borne designs as seen from Fig. 29b. This result has been 
obtained by substituting F a = (Vo/Voo) 2 in equation (D.12). Below Voo, the period remains virtually 
constant at the value appropriate to Vo0, the lowest conventional flying speed. Calculations have also 
been made for jet flap and slipstream type designs, but the results did hardly differ from those obtained 
for the partially jet borne aircraft, so that the trend depicted in Fig. 29b can be taken as representative of 

al l  power-augmented designs. 
It has been thus established that the frequency of the mode under study is low enough for effective pilots 

control at this frequency to be plausible and we can be reasonably assured that the mathematical assump- 
tion of close pitch altitude control is justified and meaningful. 

Our main interest, however, lies in the damping of this mode. From (D.4) we get the damping ratio ( as: 

1 __u 
~ = -2 L / O  + 

g + £ a  ~ ,  
°CPU~oo "L/D 

(D.14) 

which can be expressed in the form: 

1 t ~ u  1 ~ L /D 
~2=~ + ~ + ~  ~ . '  

1 + g L /D (D. 15) 

Vo5¢, 

where with equations (D.8) and (D.10) 

oCP u _ _ 1  = 2 F a CL~ 
~ L/D F~ aoo L/D 

(D.16) 

and 

g L/D CLoL/D 
Fo ~ aoo Fa 

If we define CL, as the equivalent lift coefficient 

w/s 
CL~ -- p /2  Vo 2 " (D.17) 

For the specific case where aoo = 6 and F A = F, = 1 equation (D.15) has been evaluated with the result 
shown in Fig. 30. It may be noted that although changes in aoo will not alter the basic trends shown in 
Fig. 30, the numerical results are of course altered. We observe that the damping of the attitude-constrained 
mode attains very high values at high speeds and this is why this form of flight control is so successful in 
conventional aircraft. However, when speeds fall into the STOL range, the normally supercritically 
damped mode becomes oscillatory and damping gets less the lower the speed. It should be noted that in 
traversing the speed range, L/D will normally change, so that an appropriate interpolation must be used. 

Fig. 30 applies directly to the type of aircraft we had defined as conventional STOL where FA and 
F,  are equal to unity over the whole speed range. 

Let us now consider broadly how engine lift augmentation will affect this picture. From Fig. 31 we see 

that for the jet lift design F~ = 1 but F a \V~0o] " 
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After substitution of this expression into (D.16) and (D.15) we get below Voo a change to the trend in 
damping as illustrated for some examples with aoo = 6 and L/D = 5 in Fig. 32a. Above Voo the solution 
shown in Fig. 30 applies but below Voo, damping is now less strongly attenuated, although there is still 
a steady loss of damping as speed is reduced. 

Finally for the jet flap and the slipstream aircraft we can from Fig. 31 very roughly approximate: 
F~ = Voo/V, F A again equal t o  (Vo/Voo) 2 and if these relationships are used in (D.16), the loss in damping 
ratio with reducing speed is now halted and as Fig. 32b shows there is even a tendency for damping to 
improve in the STOL regime. 
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APPENDIX V 

Controls-Fixed Dynamic Stability 

We make the usual assumption that the longitudinal and lateral freedoms of the STOL aircraft can be 
considered separately. However, it must be realised that cross-coupling between these modes may become 
significant with the unusual aerodynamic characteristics of some possible STOL configurations. An 
effect that requires particular attention is that generated by the rotary momentum of the engines which 
according to Ref. 8 can become dominating at very low speed, unless the engines are installed in handed 
pairs. 

V. 1. Longitudinal Stability. 
The standard form of the equations of motion apply, and we get, in body axis notation : 

M~ o~ + Mq q+ M~,d: + M. ~ = BO, 

z ~ .  + z . a  = mVo (~-O), (E.I) 

X~o~ + X . f t -mg  O = mVo ~, 

and q = O. 

U 
where ~ = - -  )1o" 

Although formally these equations have familiar appearance we must carefully re-examine the sig- 
nificance of the terms in these equations. As in all the other aspects treated in this report we assume for 
stability analysis that at all speeds below V0o the aircraft is trimmed at constant e. This suggests the broad 
assumption that the nondimensional aerodynamic derivatives are also constant in this regime. This 
assumption was also made by Thorpe in Ref. 9 where he treats aircraft partly supported by deflected jet 
thrust, with results virtually identical to those derived below. The gravity term in the X-equation is 
normally expressed in terms of CL, but this is only valid if the aircraft weight is entirely supported by 
aerodynamic lift and not therefore normally with STOL. Hence we retain the form mg 0 which is of course 
always correct. The Z,  term in the normal force equation expresses principally the rate of change in lift 
with speed at constant incidence. This term is therefore directly associated with what previously we had 
defined as 'aerodynamic lift', LA. It is readily seen that if CL is constant, then La ~: V 2 as is strictly true 

1 / \  

partly jet-borne configuration, and as a consequence Z, - ~ L a / O ( ~  ) with the = oc V 0. We note from 
/ \ V J  

Fig. 31 that a very generous interpretation suggests that a similar relationship applies for the other STOL 
types as well but not of course to the 'conventional' design using merely wing loading and CL,,axas a means 
of reducing approach speed. We propose therefore to use the assumption : CL = const, as a fair approxima- 
tion for all 'unconventional' STOL. 

Another term needing some attention is Z,  which is associated with the lift slope. For the conventional 
aircraft and partially jet-borne designs OCL/&t is constant at all speeds, but as indicated by Fig. 31 when 
power augmented wing lift is used F, i.e. the effective lift slope, increases below Voo. In the analysis to 
follow we have ignored this effect as its inclusion would have made it impossible to use the attractively 
simple root locus approach. Since the main function of Z,  is to damp the short period oscillation, we may 
expect that the analysis underestimates the damping of this mode for power augmented wing lift design 
in the STOL speed range unless an appropriate value for the lift slope is assumed. This error, however, will 
not be significant as this mode becomes highly damped as speed reduces even when this effect is ignored. 

We propose to use root locus analysis in such a manner that speed--or more precisely 1/V2--appears as 
the feedback gain so that the root loci obtained trace out the change in longitudinal stability with reducing 
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i 

airspeed. For this purpose we divide, in equations (E.1), the pitching moment equation by B x V 2 and 
the force equations by m x V 2. This gives : 

s - s  ) O + M .  ft = O, (M~, + M~ s')a + (M~ ' t 2  t (E.2) 

(Z'~,-s ')a+s' O+ Z" ~ = 0 (E.3) 

9 and X'~ • + (X~ - s)~/= .~v 0. (E.4) 
vo- 

The operator appears in the form 

s 
s' = - -  (E.5) 

Vo 

and the corresponding roots define distance constants rather than time constants. The aerodynamic 
derivatives are defined as: 

M'~ - p gmw , p gm,'~. , 
2 W / S i f l '  Ma - 2 W / S t  R 

, p 9mq 
M q  --  2 W / S  iB ' 

M~, = p- 9m" 
2 W / S i f t '  (E.6) 

CL p gZ~ ¢ 1 _ _  - -  

Z.  = pg W / S '  Z ,  = 2 W / S '  

p X~ 
op cD, x' ,  = Eo w / s  x ' .  - w / s  

Within the assumptions made above, these derivatives are constant for all speeds V o ~< Voo. This does not 
of course apply above Voo where obviously CL would reduce as speed increases. We note that in the form 
equations (E.2) to (E.4) are written, the gravity term {Og/V2) = G appears as the only speed dependent 
contribution and is brought to the right hand side of equation (E.4). If we now find the transfer function 
O(s')/G and close the loop with (g/V z)  as the feedback as indicated by the block diagram of Fig. 35, we 
have transformed the solution of equation (E.1) into the standard form required for servo control analysis 
with g /V  2 = K as the gain factor and use the root locus method to obtain the solution. The transfer 
function is 

0 ( s ' - z )  (E.7)  
-6 (s) = s ' (s ' -  Pt) (s' + 2(co' s' + ~o'2) ' 

where the zero 

Z ¢  

M'~ - M~ ~ ,  

z _ ~ u  ( E . 8 )  
M'~ 

M ' - - -  
Z~ 
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The poles p 1, ( and co are the roots of the cubic 

s 'a+s '2az+s '  a l+ao  = O, 

with 

t t v ! a 2 = - M q - M a - Z , - X , ,  

t ¢ t t al = - M'~ + X[, (M'q + M~ + Z'~) + Mq Z ,  - X ,  Z ,  (E.9) 

and 
! 

a o = X" ( M ' , -  M~ Z~) + X~ (M£ Z ' , -  M, ) .  

This cubic defines a degenerate form of the longitudinal motion with the gravity term missing from the 
X-equation. The real root Pl has no simple physical meaning, but bears some relationship to the speed 
stability mode. The second order mode with damping ratio ( and the undamped frequency o~', is prac- 
tically identical to that of the normal short period solution. 

The open loop transfer function of the system defined in Fig. 35 is .then 

g O(s, ) 
vg 

and from this we can obtain the result of loop closure by root locus analysis. 
For the aircraft with the characteristics defined in Table I, such a solution has been obtained. A detailed 

root locus plot for the case where M', = 0 is presented in Fig. 36. Following convention the poles are 
denoted by the symbol X and the zeroes by O's. The poles correspond to the aircraft stability roots for 
g/Vo 2 = 0, i.e. to V = oe and the root loci show how these roots change as the gain g/V 2 -~ co. For the range 
of speeds of interest here these are indicated in the graph. We note that short period damping improves 
with reducing speed, but this effect only becomes significant at speeds below the practical STOL range. It 
should be noted that in the analysis, the increase in lift slope experienced by most STOL aircraft below 
Voo has been ignored. If this effect is also considered, short period damping would be seen to increase more 
rapidly in the STOL regime. The phugoid, however, becomes unstable in the STOL range and this trend 
continues as speed is further reduced. The effect of increasing L~ as relevant to aircraft with power- 
augmented wing lift is presented separately in Fig. 37, showing only the centre portion of the graph. 

In Fig. 38 are shown further root locus graphs illustrating the influence of M£ which is the only deriva- 
tive capable of having a major effect on the general pole-zero configuration. At first sight the root loci 
appear to change dramatically as a result. However, inspection of Fig. 36 reveals that we are only con- 
cerned with the parts of the loci close to the poles and that the remaining portion applies to speeds far 
below those of practical interest here. Near the poles all the results given in Fig. 38 show similar trends 
and these can be taken as generally applicable in all cases. The stability roots defined in these graphs are 
given as distance constants rather than in the more familiar form of time constants. The results for two of 
the cases considered are presented in Fig. 39 in terms of period and damping time constants to be more 
immediately intelligible to the reader. 

V.2. Lateral Stability. 
Analysis of lateral stability can be performed in an analogous manner. The gravity term isolated and 

# 
treated as a feedback term now appears as ~ q~ in the sideforce equation. The appropriate block 

diagram is shown in Fig. 40. The equations of motion corresponding to equations (E.2) to (E.4) are :-- 
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r' N'~fl+ N'ps + ~ s  '2 c~+(N'~-s ' )  = O, 

/ E,) 
L'~f l+(L'  s ' - s ' 2 )d?+  ~ E r + ] s  p ' = 0  (E,10) 

L,~=H and ( Ya' - s') f l -  r' - V° 2 

where 

N'~ - p g n~ , _ p @ n r , p g np 
2 W / S 1  i c '  Nr 2 W / S  i c '  Np- 2 W / S  i c ' 

L~ P 9 lo , _ P 9 l~ , P .0 lp 
2 W / S  iA ' L~ 2 W / S  i A ' Ll' -- 2 W / S  i a ' 

y~ _ P 9 s' s and r' r 
2 t47/S yv '  =Voo =Voo" 

If incidence is assumed constant for V ~< Vo0 all the derivatives can be treated as constant, the effect of 
speed again being entirely contained in the gain factor 9/V~. 

The transfer function has the form 

~t - -  Z L  



b l  ~ m 1 {N'p , E  [" ,E ,E'~ ,(N;+Ep)+N, Ev_NvEr} + Ep~+ Y~ ~Nv ~+ E~-~)+ Y~ 

AC 

and bo - - -  
1 
e2 {-N;C,+Z:p N;+ (N; Lr-N; 

AC 

This cubic has one real root PR and a complex root defining an oscillation with damping ratio (o and 
frequency o9~ as a solution. The real root is a close approximation to the roll subsidence root, but the 
complex root gives a rather distorted approximation to the dutch roll, since the destabilising effect of 
(mg ~b) is missing. It is convenient to combine the factor in equation (E.11) with the feedback gain 9/V 2 to 
give an effective gain : 

g 
g '  ~ - -  

L,+ 

E 2 
1 - - -  

AC 

(E.15) 

The open loop transfer function is therefore 

G (s') = K s - ZL 
S' (S'--PR) ( s'2 + 2(D o)~ s '+  cob 2) (E.16) 

and the corresponding closed loop stability roots will again be obtained by root locus analysis. 
For the numerical examples defined in Table 2 such solutions have been obtained, one particular plot 

given in detail in Fig. 41. We note that as speed is reduced, i.e. as the root loci move away from the poles 
(V o = oo) roll damping (in terms of a distance constant) improves, whereas the spiral mode destabilises. 
The dutch roll becomes unstable at V o = 110 knots and becomes progressively more unstable with further 
speed reduction. 

In Fig. 42 all the root locus plots obtained are shown and we note in every case the same trend as far as 
the dutch roll and the roll subsidence is concerned. The spiral root can, however, go either way, depending 
on the combination of derivatives. The last example is particularly interesting as it illustrates a case in 
which the so called second lateral oscillation occurs, resulting from a merger of the spiral and the roll 
mode. But we note that as speed is further reduced, i.e. K increased, the oscillation again splits up into two 
subsidences. From the rules of root locus geometry we can deduce a simple criterion for the condition 
required for the second oscillation to be possible, namely that the zero must lie to the left of the two real 
poles, i.e. in practice to the left of the roll subsidence root defined by equation (E.13). 

The results of two of the cases presented in Fig. 42 have been replotted in the more familiar form giving 
periods and time constants in Fig. 43. 

The most important trend revealed by this analysis is, however, the deterioration in dutch roll damping 
with decreasing speed, which is inevitable with any conceivable pole-zero configuration and must therefore 
be considered to be a major problem area with any STOL aircraft. 
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TABLE 1 

Data Used in Longitudinal Stability Analysis of Appendix V, Section V.1 

M t 

Mq 

M'~ 

M~, 

x; 

Basic 2 x mg 3 x mg +mu - m .  

- 4 0  

- 2 . 0  

- 1 . 0  

0 

-3 -3  

- 2 . 5  

- 0 . 5  

- 2 . 0  

- 4 0  

- 4 . 0  

- 1 - 0  

0 

- 3 . 3  

- 2 - 5  

- 0 . 5  

-2"0  

- 40 

-6"0  

- 1'0 

0 

- 3 ' 3  

-2"5  

- 0 - 5  

- 2 ' 0  

- 4 0  

-2"0  

- 1"0 

+5"0 

-3 -3  

-2"5  

-0"5  

- 2 - 0  

- 4 0  

- 2 ' 0  

- 1"0 

-5"0  

-3"3  

- 2 - 5  

- 0 ' 5  

- 2 ' 0  

TABLE 2 

Data Used in Lateral Stability Analysis of Appendix V, Section V.2 

N; 

r Np 

Ea 

Ep 

E~ 

YA 

E 

B a s i c  

A 

20 

- 1.0 

- 0 ' 1  

- 6 0  

-2"0  

0 

-0"5  

0 

B 

20 

- 1 - 0  

-0"1 

- 6 0  

- 2.0 

+4-0 

-0"5  

0 

C 

20 

- 1 . 0  

+0.5 

- 6 0  

- 2 . 0  

+4.0 

- 0 . 5  

0 

D 

20 

- 1.0 

- 0 . 5  

- 60 

- 2 . 0  

0 

- 0 . 5  

0 
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FIG. 1. Breakdown of lift for stabilized flight of STOL aircraft. 
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FIG. 2. Variation of lift with speed and incidence for a given power setting. 
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FIG. 3. Some examples ofjet interference on lift from aircraft with various forms of lift engine installations 
(from Ref. 1). 
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FIG. 4. Some examples of jet interference on pitching moments. 
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FIG. 5. From Ref. 4 theoretical estimates of jet flap lift efficiency for two dimensional flow. 
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FIG. 6. Friction of V-dependant lift (L.) of total lift for a jet flap aircraft (practically independant of 
0 and c~). 
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FIG. 7. Flap chord lift efficiency factor for jet flap. 
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FIG. 8. Typical variation with speed of the lift characteristics of a jet flap aircraft (App I). 
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FIG. 9. Simple model of a slipstream aircraft. 
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FIG. 10. Flow in the slipstream. 
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F.IG. 11. Typical variation with speed of the lift characteristics of a slipstream aircraft (App II). 
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FIG. 12. Change with speed of the response in incidence and pitch acceleration to vertical gusts. 
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FIG. 13. Normal acceleration response to vertical gusts of various types of STOL aircraft. 
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FIG. 14. Variation with speed in vertical gust response of STOL aircraft in which low speed capability 
is achieved by reducing W/S. 
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FIG. 15. Effect on normal acceleration sensitivity to horizontal gusts of various STOL techniques. 
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FIG. 16. Change in aircraft longitudinal general gust sensitivity with airspeed and wing loading. 
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FIG. 17. Example of the change with speed of the general gust sensitivity of a partially jet borne STOL 
aircraft. 
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FIG. 18. Example illustrating the change with speed of the general longitudinal gust sensitivity of a jet 
flap or slipstream STOL aircraft. 
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FIG. 19. Crosswind angle as a function of crosswind velocity and aircraft speed. 
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FIG. 21. Typical approach control boundary in terms of windspeed and direction. 
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FIG. 40. Block diagram for lateral stability analysis of App. V.2. 
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