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Summary
Results are presented of theoretical studies into the likely stabi]ity and gust response characteristics of
four distinct classes of STOL aircraft, namely those using low wing loading and high C; __ alone, partly
jet-borne configurations, aircraft using jet-flap-type wing-lift augmentation, and de51gns 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!-?, 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 C; 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 STOL Aircraft.
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. V; 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 V,, incidence (or an equiva-
lent flap angle) must of course be reduced to maintain trim; below Vy, lift must be increasingly augmented
by vertical thrust until a minimum operational speed V_ 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 ¥, into two components,

SL=L,+1; (1)

such that near the trimmed conditions the ‘aerodynamic’ lift L , varies as (V,+ AV)? in response to small
increments AVin speed and the ‘powered lift” L is in the same sense insensitive to speed variations. It will
also be possible to define a lift slope appropriate to cach datum speed ¥,. This general concept is illustrated
in Fig. 2.

Although the suffix E used to denote Lg, 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, < Vg0, we
shall require an estimate of the way in which the ratio L /2L, which we shall refer to as F 4, varies with
trimmed speed V, and also how the effective lift slope varies in this regime. Above V,,, 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 L /XL = 1 and the lift slope ay is that of the basic wing. In Fig. 1 the ratio of ‘aerodynamic’
lift to total lift is depicted as following a V2 law up to ¥, but this particular relationship is only valid for



aircraft using distinctly separate lift engines and not necessarily for such schemes 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 aircraft in which all lift is ‘aero-
dynamic (ZL= L ,) 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, would follow precisely the square law illustrated in Fig. 1, and
change of airspeed by AV from a given trimmed speed ¥, would result in a lift (or normal acceleration)

change
_J(Vot+AWN? 22%
= { (45 1} ) ?

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 V'to jet efflux velocity V;. 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'/V; 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 ¥? in aecrodynamic 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? when speed changes by a small increment from a given datum value V;, 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 I (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 V,, and blowing is
introduced to maintain lift, the proportion of ‘acrodynamic’ lift to total lift is seen to decrease in a fashion
not too dissimilar to the V# law observed for the partly jet-borne configuration but at the same time the
effective lift slope increases quite rapidly.

A similarly generalised result has been derived in Appendix Il 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 o, = 0, the
so-called aerodynamic lift contribution becomes negative for V < 0-4V,,, implying that in this 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/V which 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. 11 do not pass through 1 at V/¥,, = 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 off when it is no longer required. It should be noted that here (¢C,/da),, refers to the hypothetical
case in which the slipstream effect is assumed absent and not to the actual lift or lift slope obtaining at
Voo 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-Wind.

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. Sensitivity to Vertical Gusts.

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

A = (3)

<|E

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
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and therefore assuming longitudinal stability m,, 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 V. 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 V@CL/aoc
2 WS

&)
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which varies as ¢ 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, 8C,/da 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/w, has been divided by the response of the same aircraft at Vg, 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 Vy, 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 ditection of flight, u,, 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 = 2”TjFA. (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 V,, with the slipstream effect assumed absent.






faster than those corresponding to these C, 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 Vo, the ratio of ‘aerodynamic’ lift F, = (V/V,0)? and equation

(10) reads
An,, w,\2(p a \* [ 2}’
utw e L 1. 11
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Hence gust sensitivity increases linearly with IV up to ¥, 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
V; V\?
Fo=-3 Fa= ( )

VO 0

(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:

Anu+w__ Wg 2 pVOaO 2 |4 2
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This represents at V' < Vj, 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

=8
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

F_pbon
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_ . (14)
P_2 2 Ly

v, 2 WSk



when k, and k, 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 ¥, of wind speed, the latter, however, to
absolute wind speed V,. The total control demand would then be defined by an equation of the form

T control = K, V,,+ K, V, (15)
where the factors K, and K, 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

where ¥, is the wind azimuth angle so that V, = Vj, sin {y, (see Fig. 20). Equation (16) now defines a
boundary V; = f () within which control is possible. It is readily seen that F; = 1/V),__ is 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, = 1/V,__ the inverse of the maximum cross wind that can be controlled
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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 ¥, could be related to the ‘scheduled’ value V,, by

|2 Vi Vir \*
= .8 . 1
Ve \/1+2,Vaocos ¢W+<Vao) (17

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

“Veo

1= VWT/—(F1+Fzsinan) (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 mevitably 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'> 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 areca 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 corrclate 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? (100 1b/ft) ¥ = 140 knots
(B) Conventional aircraft semi-STOL performance by reduced wing loading
WS = 244 kg/m? (50 Ib/ft) ¥ =100 knots
(C) Semi-STOL performance achieved by major increase in non-powered C;
W /S =488 kg/m? (100 lb/ft?>) V=100 knots
(D) Partly jet-borne STOL (59 per cent lift from jets)
W/S =390 kg/m? (80 lb/ft) V=80 knots V,o= 125 knots.
(E) Jet flaps STOL
WS = 390 kg/m? (80 Ib/ft) ¥ =80 knots V=125 knots
(F) Slipstream STOL
W/S =390 kg/m? (80 Ib/ft) V=80 knots Vye=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 Ay rather than
vertical velocity w = AyV, the STOL configurations are now all worse than the datum aircraft with the
exception of the jet flap.



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 C;, (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.

Ina 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 thrust, 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 stahility applies, i.e. glide
path controlled by elevator. We are restricting the analysis thercfore 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 I11. 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 V,_, and of the maximum lift drag ratio (L/D),,,, at Vp.ir they uniquely define

the time constant 75 = = of the speed stability mode as plotted in Fig. 26. Any design which utilises
b

unconventionally powerful high lift defices will operate well below minimum drag speed and may
experience a degrée of speed instability far greater than met in current practice. We note that at 50 per
cent of V3., 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
Toc 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

13



*/3Vb...) 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 Vyo. 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. 28¢ shows that speed stability is reduced in steep
approaches when ¢ 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 of 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

|12
P,=2n ?" (19)

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

_ %00 p2Vs F,

=B Wi JF,

(20)

and is seen to increase with the square of airspeed. This general trend is still evident in the correct solution
shown for the case where ayo = 6 and F, = F, = 1 in Fig. 30. It can be shown that the value of ay,
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, = F_ = 1 over the speed range and hence not to
STOL 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,
E = 1,but F, = (VJVyo)* below V. 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 F , 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 Vo and equal to that obtained for V;, 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.



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 ¢ 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 mg is the mass flow through the engines, x; the distance of the intakes from the CG, (x; being positive
for forward intakes) and ! a reference length we get

X/

—An, = +Am,, = mg2 p_Sf/ (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

(h/ew)?

K =
BC

is sufficiently large. Here A is the total angular momentum of the engines, w the frequency in rad/sec of the
relevant aircraft mode, B and C are aircraft inertias in pitch and yaw. Since w? o 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 C; 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 V, 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 m# 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/ V@), i.e. as a feedback gain. Root locus analysis is then used to calculate
the change in stability as (g/V#) varies from 0 — oo, i.e. as speed varies from oo — 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 o’ 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 < V), since above Vg, C, 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 — Qapplies 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, 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 = oo 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

16



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 N, 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, ie. if roll damping is poor and (— N ) 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 supplement 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 Vy,

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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LIST OF SYMBOLS—continued

(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 V2

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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LIST OF SYMBOLS—continued

Nondimensional rolling moment derivatives

Mass
Engine mass flow per second

Pitching moment

Pitching moment due to incidence

Pitching moment due to rate of change of incidence

Pitching moment due to pitch rate

Nondimensional pitching moment derivatives

Normal acceleration load factor

Yawing moment

Yawing moment due to sideslip

Yawing moment due to roll rate
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LIST OF SYMBOLS—continued

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

A Stability root
p Air density
Pst. Air density at sea level
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APPENDIX 1
Lifting Properties of the Jet Flap Wing

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:

aCL+a‘7CL

where o is the wing incidence and 6 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

M;V; (A2)
Pyzg

C. =

un

o

and 0C, /06 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 0C, /0. Ignoring designs with very small relative flap chords and the range of
small momentum coefficients we can approximate these curves by the linear expression:

aCL_ . Cf 2 .
79—-7{1-06(1—?) }+16C# (A3)

and therefore

C
% = 7+16C,. (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 AV at fixed incidence and throttle
or thrust as relevant to phugoid stability and response to horizontal gusts. If ¥, is a datum speed and C,,
the associated trimmed momentum coefficient, we note from equation (A.2) that

c,=¢C oY (A.5)

TRV, AV '
From

L= 5’2-S(Vo FAV) C, (A.6)

we get with equations (A.3) and (A.5) the total lift
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L= g S{TF0+0) (Vo + AV + 16C,q VE (0+a)} (A7)

where F; is a flap chord factor.

C 2
F,.=1—0-6< —%)

Only the first term in the bracket varies with (V, + AV) and if we define this contribution as ‘aerodynamic
lift’ L, we obtain the ratio of L ,/ZL as

L, 1
L C 16 O+a
"7 Fl+a

(A8)

If we exclude improbable combinations of «, 8, and flap chord C #/C, this ratio depends practically only
on C,, (Fig. 6).

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

For this we assume that over the STOL speed range the aircraft is flown with constant flap angle 0,
and incidence oy If V4 is the lowest speed at which the aircraft can support itself fully in this configuration
without power assistance, i.e. C,, = 0 then from (A.7)

We L= g Vi, ST (F o+ o)

and for V < V,,
W=SL— g V2 S{I(F 8o +tto) + 1-6C (0o +ato)).
By equating these two expressions we get

which reduces to

if we assume that a, < 6,. For a flap chord of 10 per cent C, Fig. 7 gives F ;as 0-51 and

C, = 22 {(Y%O)Z_ 1} . (A.9)

We note that within the practical range of chord ratios, F; does not vary too much and so we take the
expression (A.9) as a general approximation. This allows us to calculate 6C,/éa(V) and L ,/SL(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 V,
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_ (0CL/0a)y

F=—1——+.
(6 CL/aa)Voo

(A.10)
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APPENDIX II
Lifting Properties of the Wing Immersed in a Propeller S lipstream

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® and to the account given by Thwaites’.
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= gCL{VZ(S—SS)+(V+us)2Ss}*, (B.1)

where Vis freestream velocity and C; 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.c. at an angle a, that part of the wing immersed in the slipstream is subject to an induced incidence :

uS
V+ug

% = —dp

(B.2)

so that:

AL= g (V4 ;) S,aopu, (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

A, L= Top (B.4)

for small values of up.

* Strictly according to Ref. 1, this increase in lift results from an increase in the effective geometric
incidence by a factor (1 +2u,/V) 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

IL= g[cL{VZ(s—ss)+(V+ Us) Sy} — (V+ ug)Ssavpus,] + Top. (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 Voo they are trimmed at the same incidence or C . This
assumption is not permissible with the slipstream aircraft as here the pilotis 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 C;, must be determined from equation (B.5),
putting XL = 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 .

Basic momentum considerations define a relationship between u,, Vand Tas

T(V,u)=pA(V +uu,. (B.6)

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

b =
<&

(B.7)

+
<R

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

1 u
T= - =, .
pApVig <1 +2 V) (B.8)
This equation can be solved for (u,/V):
u 2T
= el 9
v li\/1+pAPV2 (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 T, required for flight equilibrium at V.
We use the common assumption that thrust is inversely proportional to airspeed

Vo

T="T, (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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u 1o Vi ‘
_S [ 1 070 :
(V) 1+\/ + e (B.11)
where
2T,

Finally we need to know the equilibrium thrust T;, required for a given datum speed V.
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 oW 1
%=%—§;“‘W' (B.13)
5nAR °

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

Having thus stated the assumptions we can now proceed to calculate the change of lift with incidence
Ao and with respect to velocity increments AV, i.e. we can calculate the effective lift slope éC,/da and the
lift ratio L,/ZL. To derive the effective lift slope we first nondimensionalise equation (B.5), and with

ZL S, ug \ S Ug \ S U Ty
= = 1—= 1+=)=>—(1+—=>1]= — . B.14
C, szS CL{< S>+( +V0>S } ( +V0>Sacxp V0+p op ( )
5 Yo

- 12
3 2VOS

To differentiate with respect to o we write the basic lift coefficient C; in the usual linearised form
CL=Cpy_,tan (B.15)

where o is wing incidence and we further observe that

doip
— = 1 B.
a (B.16)
This leads to
oC,, S u\* S u\ us S To
g 1= (142 2 (142 )5 5 . B.17
g ° s+('+%> S <'+%>m)s s B.17)
208

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

(B.18)
s s\ Us S T
F=M= 1_§+ 1_|_& 5 1+.zi_ u___|_ 0
a S v,] s Vo) Vo S p
—Z‘VO Sa
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To obtain a numerical solution we must first calculate T;, from (B.13) or its more accurate equivalent and
then obtain (u,/V,) from (B.11) for the range of V, of interest.

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

o Vo S S, T V, 7o W T, V
= CLVZ{ 1+ ;20 E}“? V2(1+ ‘;/3°~\/1+%>aap+p—° —;a,,. (B.19)
Ls
2

We can calculate from this equation the value of C; appropriate to a given equilibrium flight condition by

putting V= Vyand L= W,
w Ss( To \/ To) Toap
+={1+—=— [1+-= |asp—
) S VOZ V02 P

Esip 70 £vgs
i.C. CLO = (B.20)
147 5
V¢ S
On the other hand differentiating equation (B.19) gives
d [ L % S s 1< 1+211 7 T,
= =V C 0 Ps) t} -9 T70 __fo % ) )
AV, S) 0 { Lo (2 7 S) 2a0€pS 3 72 \/ - b g 7 (B.21)
F o r
2 I+y2 2

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

— . (B.22)

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

W=1000001b. WS=75Ib/t a=6
AR=80 A/S=128 Vo= 120knots.

This gives the following thrust and slipstream data :
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¥ (knots) T, (Ib) uy/V, S/S T Cro

50 40000 094 0-870 19660 2-86

75 26700 0-40 0-935 13100 221
100 20000 0-16 0-962 9780 1-64
125 16000 0-08 0970 7860 1-205
150 13000 0-05 0-950 6380 0-894

The lift slope amplification factor F obtained from equation (B.18) and L ,/XLas calculated from equations
(B.21) and (B.22) are plotted against V,/V,, in Fig. 11. Since dL/dV clearly depends on ap the calculations
were made for two values of op = 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.

1IL.1. All Lift Carried on the Wing.

We assume that Cp,, is unaffected by the wing lifting mechanism and also that dC,/0C? is identical to
that for the wing without powered lift. If both C,, and dCp/0C? are constant over the range of C; and
speed of interest here, we can express drag in the usual form

p="vs (CD0+6CD C,%)

2 aCc? (C.1)
and with
7y IV/V2$
2
this leads to
D= c,,og st+§§§ we (C.2)

P2
Esy
58

Tt can be readily shown that this expression can be written in the form

_ 1 |4 z V.Dnin 2
p- i) (%) | ©

where D,,;, is the minimum value which drag assumes at the minimum drag speed V},_ (Fig. 25).
The stability root Ag defining speed stability in rectilinear flight constrained by elevator control is
given as:

D(V)—T(V)}. (C4)

1 d
= avt

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

1 DMV _ g Dun { (Vo) V
Tm W W, v ) Vo (C.5)

min
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or with WD,... = (L/D)

max

L 3
/- g 1 VDn'lin _ V
*s = (L/D)me VDmi,,{< % ) Vo } ' (€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 V;, for level flight as

o V2 (W 2
T, =4iD . 0 Diin X
0 2 mm{(V in) +( Vo ) } (C 7)

and therefore for throttle fixed by this condition

Ve 1V, Vo V2 (Voo \2
T= T()—I7 - E ?Dmin {(VDmm + Vo . (C.8)

Differentiation with respect to speed gives
V.o \2
- Cc9
+( Vo ) } ©

oT ( v, )2
FT7 Rl Dmin 15
ov- 2 { Vo

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

g 1 VD,T, 3 VO
}. — in — . .
ST (L/Dhnax 2V {< Vo > : Vbinin (10

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.

H1.2. Partly Jet-Borne Flight.
If part of the aircraft weight is supported by direct vertical thrust T;, 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

1 d d
o = DV) =T Aa—D,(V)} (C.11)
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when D(V) is the airframe drag, T, Ax the change in the fore and aft component of the vertical thrust with
change in incidence and D,,(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

c, ==t (C.12)

P2

=V

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

aCp W—T)* 1

+ac2 72 (C.13)
L

D= c,)o2 V23S + p
Es
2

In trimmed flight at V;:

p
W—Tyo = 5 VOZSCLO

and we are assuming that below Vy, the aircraft is trimmed at constant incidence, ie. that

w
Cro = .

0
5 VoS

From these relationships we can calculate the change in drag with airspeed V when T;, = T, is set for a
given trimmed datum airspeed V, and elevator is used to maintain height as

aCp 2W2< v, )2 1

P or2
D=C SV .
2032V Y EC2 o8 \Too) V2

(C.14)

This expression is identical to (C.2) except that the second term has a factor (V,/V,,)2. Hence in analogy

with (C.3) we can write
v \2 V;
—1ip . _ Dimin . .15
o= o) () (%)} e

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

g 1 v, )2 v, %
A 2‘ = - —— — ——min 0 . -1
1os (L/D)max VDmin { <V00 VO VDmin ' (C 6)

To obtain the second term for equation (C.11) we take T, to be constant Ty, and selected to be appro-
priate for the equilibrium speed V,. Hence

= Ag) = Y2 L Yo il
g (Troha) = /2 ok = 3 b (C.17)
2
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and the associated contribution to Ag is

1o
=2 —_—
AZAS g BS a -[/035
2
A% Tro w/s
0} (1= and L5 = Co V.
with (VO()) <1 % an ’ o Vio
2
then Aa—zﬁ 1—~V°~2 (C.18)
2 As = gaVO Voo . .

To obtain the momentum drag contribution we use the relationships
Tyo = mE I/J and Dm = l'nE V,
where m; is the engine mass flow, and V; the jet efflux velocity. Hence

D, V

VTO_ ]/]

—(D )= —.
and dV( ) 7

J

This gives the third contribution to Ag as

2
Ay dg = ~% { 1-(%"0) } (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 Vo N (Vo V2 W Vo \ Cro 1
A = — = 0} (PBom ) 7Oy 1—<—> 2k C.20
s (L/D)mm VDmin { <V00> ( VO > VDnnin} I VOO aVO V; ( )

This expression is of course only valid for ¥, < V;, 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 (V,/V,0)* 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 efftux 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 = Vp = 120 knots and
V; = 1500 ft/sec for the case representing the high velocity jets and V; = 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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14 2
D(V) = Dyo (ﬁ;)

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

aD/dV Doy (Vo 1
Alg — =2 Vs ) Ve (C21)

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

D, = mgV (C.22)
and from
Ty T
mE—T/J— then D"'—VjV
Since for rectilinear flight
e V)2
F=1-{—), C.23
v=1-(7) 2y
then D,= 1 ( V)z w. V. Vinas (C.24)
" Voo I/}max V.} . .

We now require a relationship between ¥; 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

i _me _ | T (C.25)
I/jmax mE max Tmax ’ '

This relationship allows us to express the moméntum drag as

D (VY T
m_ g 1— _I_/__ 14 Tmax
m v Voo w

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

(Y

d Dm g TVmax VOO
Mg= -2 (Zm) o _ _
dV I/jmax W \/ ( VO 2

1—( ——

)

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

(C.26)

AX = ""AEE ATV N
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where ¢ 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, ¢ = const. so that

AX - = SE ATV .
Substituting for T, in equation (C.23) we get
AX

e o)

and differentiation with respect to speed gives

d (X g Vo
M= (2)=2 T (20 .
s dV(m) 2y 8E(V00>’ (€.27)

a destabilising contribution if &g 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

vy \?
Vo 2 1 =2 (V_>
g = (—")—g { +sE} _9 e (C.28)

Voo) Voo | (L/D)oo Vimax J 1 (Vo )2
VOO

Again this is only valid for ¥V < V,, 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;,. 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 acrodynamic 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 1V
Stability in Flight Under Pitch Attitude Constraint

When pitch is constrained, only variations in speed and vertical motion need be considered. Since
f=const, = —7=w/V where w is the incremental vertical velocity. In flight path axes we get then:

I w ODu oD w
= gVO ou do Vg

. oL éL w
and —mw ='—uu+—— —

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 éL/du and 0D/du.

Expressing the aecrodynamic derivatives in the form

oL 1 _dL 1 1 oD 1 6_D
o

I e e— @ = — — 9 fnd .
oum 3o Vo m’ u and « (D.2)

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

2
S:_%(@u'{_ga)i\/(@u;—gu) _ga@u'—gu(%—ga) (D3)

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

@ 2
saZuitde JPuFL N 4 g o 9 (D.4)
2 2 v,

In any equilibrium flight condition

W=M+R=§WSQMJ% (D.5)
W—T,
CLO = L4 B (D.6)
Py S )
2 4]

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



If speed varies at constant C; = C,,

W-T,
L=Lsyr2"%

: +T,. (D.7)

Pyes

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

oL_,W-T,
ou Vo
or in the form defined in (D.2)
OL/0u g
L, = =2=—-F,. D238
u m Vo A ( )
The dimensional lift slope is
oL p _,
%=1 VESF,a, (D.9)

where a,, is the unaugmented lift slope at V =V, and F, the lift amplification factor equation (A.10).
From equation (D.2)

o ——r;l—Vfo- = dggo 'y Z(T/S) . (DIO)

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

W, = \/3,, %Jr £,9,.

2Ly (D.11)

L
From D = —— we can write &, =
L/D

L/D

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

g L, 9 F,pV}
w, = [L L 1p, 20 =9 [3F, tag,_teP Yo (D.12)
\/ Vo o “LID Vo T 4T T°°2W/s) (L/D)

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

_9g P Vz
=9 [ o D.13
VN T 50w @) ®-13)

Assuming ao, = 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 falls 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, = (V5/V0)* in equation (D.12). Below V,,, the period remains virtually
constant at the value appropriate to V;,, 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
“all 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:

: 2
)
= 2 (D.14)
g
L
Z Vo D
which can be expressed in the form:
& £,L/D
1 1 u 1°%a
oo B D2, s
z 1.9 L/D (D.15)
Vo &,
where with equations (D.8) and (D.10)
&z, 1 F, C,
Tu _— _9l4 e D.1
&£, L/D F, ago L/D (D.16)

and

9 L/D _C, L/D
W 2, ago F,

If we define C, as the equivalent lift coefficient

w/S

LT ohvE (D.17)
For the specific case where a4y = 6 and F, = F, = 1 equation (D.15) has been evaluated with the result
shown in Fig. 30. It may be noted that although changes in a,, 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 F, 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

V. 2
that for the jet lift design F, = 1 but F, = (70-) .
00
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After substitution of this expression into (D.16) and (D.15) we get below ¥, a change to the trend in
damping as illustrated for some examples with a5, = 6 and L/D = 5 in Fig. 32a. Above V;, the solution
shown in Fig. 30 applies but below V;,, 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, = Vyo!V, F 4 again equal to (V,/V0)* 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,oa+M,q+M;o+M,i = Bf,

Z, 0+ Z, 0 = mV, (a—0), (E.1)

X, 0+ X, l—mg0=mVyd,

andg=90.

Lu
where ii = —.

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 V,, the aircraft is trimmed at constant «. 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 C,, 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 8 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’, L . It is readily seen that if C; is constant, then L, oc V? as is strictly true

with the partly jet-borne configuration, and as a consequence Z, = —9L, / 0 (%\) oc V,. We note from
0
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 C;___asa means
of reducing approach speed. We propose therefore to use the assumption: C; = const. asa 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 0C, /0w 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 V,,. 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/V 2—appears as
the feedback gain so that the root loci obtained trace out the change in longitudinal stability with reducing
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airspeed. For this purpose we divide, in equations (E.1), the pitching moment equation by B x V2 and
the force equations by m x V2. This gives:

(M} +M s+ (M, s —s0+Md =0, (E2)

(Z,—sYu+50+Z,i=0 (E.3)

and X o+ (X, —s)i = % 9. (E.4)
0

The operator appears in the form
s'=— (E.5)

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

M, =% Vlf/,.?ng ’ M. =g ngui,,l’ (E.6)
Zi= o0t Zi=b s
X;=—vf/—%cp, X;:%;;fo/“s.

Within the assumptions made above, these derivatives are constant for all speeds V;, < V,,. This does not
of course apply above V,, where obviously C; would reduce as speed increases. We note that in the form
equations (E.2) to (E.4) are written, the gravity term {fg/Vi} = 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
0(s")/G and close the loop with (g/V#) 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# = K as the gain factor and use the root locus method to obtain the solution. The transfer
function is

) (s'—2)
Z(s) = , E.
G 2 S8 —p) (' + 20w’ s +w'?) (E7)
where the zero
Z!
M,—M, —Zf
zZ = ———-M—,—“. (E.8)
M, -t
o Z;
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The poles p,, { and w are the roots of the cubic

s3+52a,+sa,+a, =0,

with

a, = -M,—-M;-Z,~-X,,

ay = —M+ X, (M +M;+Z)+M; Z,— X, Z, (E9)
and ayp =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 p, 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 ', 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 8.
26"

and from this we can obtain the result of loop closure by root locus analysis.

For the aircraft with the characteristics defined in Table 1, 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 0’s. The poles correspond to the aircraft stability roots for
g/V# = 0,ie.to V= oo and the root loci show how these roots change as the gain g/V# — 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 f/g—z ¢ 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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1 E ! /E ’ E 4 ’ ’ L £3 ’ 7
by = — {N;,+L’6E+Y,,(N,I,Z+L,E>+Y,,(N,+L1,)+Nr L,~N, L,}
) [

AC

and b, = 72 {—N,;E,,+E,;Nl’,+Y,;’(N,’,E,—N,’E‘,)}.
1—=_
AC
This cubic has one real root pg and a complex root defining an oscillation with damping ratio {, and
frequency wy, 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 ¢) is missing. It is convenient to combine the factor in equation (E.11) with the feedback gain g/V¢ to
give an effective gain:

E
K== — (E.15)
AC
The open loop transfer function is therefore
s—Z;

G(sh=K (E.16)

§'(s'—pr) (" +20p wp 5+ wp?)

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
(Vo = 00) roll damping (in terms of a distance constant) improves, whereas the spiral mode destabilises.
The dutch roll becomes unstable at ¥, = 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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Data Used in Longitudinal Stability Analysis of Appendix V, Section V.1

TABLE 1

Basic 2xmg | 3 xmg +m, —m,
M’ —40 —40 —40 —40 —40
M, -20 —40 -60 -20 -20
M; -10 —-10 -10 —-10 ~10
M, 0 0 0 +50 -50
z, -33 -33 -33 —33 -33
z, -25 —-25 —-25 —25 —2-5
X, —-05 —05 —-05 -05 -05
X, -20 -20 -20 -20 -20

TABLE 2

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

Basic

A B C D
N, 20 20 20 20
N; -10 -10 -10 -10
N, —-01 -01 +05 -05
Ly —60 —60 - 60 —60
L, —20 -20 -2-0 -2-0
L, 0 +40 +40 0
Yy —05 -05 —-05 —05
E 0 0 0 0
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FIG. 2. Variation of lift with speed and incidence for a given power setting.
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AL =Lift increment due to jet operation

T{ =Installed thrust
V; = Jet velocity

12 - [:]

Fans in wing pods

2668
eeQ

08 Harrier type
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Lift
‘ engines
06 in fuselage

os L

F1G. 3. Some examples of jet interference on lift from aircraft with various forms of lift engine installations
(from Ref. 1).

OM = Pitching moment increment due to jets
de =2 VYS;/m if Sj=total nozzle area

OM
Tj de

FI1G. 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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F1G. 6. Friction of V-dependant lift (L,) of total lift for a jet flap aircraft (practically independant of
6 and «).
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F1G6. 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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Fi16.9. Simple model of a slipstream aircraft.

F1G. 10. Flow in the slipstream.
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FI1G. 11.  Typical variation with speed of the lift characteristics of a slipstream aircraft (App I1).
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F16. 12.  Change with speed of the response in incidence and pitch acceleration to vertical gusts.
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F1G. 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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F1G. 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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Fi1G. 17. Example of the change with speed of the general gust sensitivity of a partially jet borne STOL

aircraft.
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F1G. 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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F1G. 19. Crosswind angle as a function of crosswind velocity and aircraft speed.

F1G. 20. Velocity polygon of airspeed V,, wind speed ¥V, and groundspeed V.
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FiG. 22. Relationship between bank angle, airspeed and turn rate in the STOL range.
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Fi1G. 23. Probability of exceeding normal acceleration increment |An| in the approach in moderate
turbulence (5 ft/sec rms) for a range of STOL aircraft.
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F1G. 26. Speed stability root A or time constant ¢ for aircraft fully supported by wing lift relevant to
conventional design and jet flap.
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FIG. 28a. Speed stability characteristics of partly jet borne STOL under elevator control.
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Fi1G. 31. Summary of the lifting characteristics for the main classes of STOL aircraft.
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F1G, 35. Block diagram representation of the longitudinal stability analysis adopted in Appendix V.1.

standart aircraft

F1G. 36. Root locus plot showing change in dynamic longitudinal stability with airspeed for STOL
aircraft (not valid for V> ¥,,).
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FiG. 37. Effect of increasing I, on root locus of example shown in Fig. 35.
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FiG. 39. Stability parameters of the longitudinal modes of a typical STOL aircraft.
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Fic. 40. Block diagram for lateral stability analysis of App. V.2.
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F1G6.41. Root locus plot showing change with airspeed of lateral stability roots for typical STOL aircraft.
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