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IX3TABILITY DU-RING !X% LAMING APPROMX 

D.11, Perry 

SU!!&$RY -- 

The effects of speed stability and turbulence level on the handling of a 
small research aircraft were systcmatic:tlly studied by four pilots on a fixed 
base simulator. Pilot opinion ratings vere compared with those obtained in 
flight trials of the real aircraft, dccurzcy of speed and flight path holding 
was also determined on tie simulator. 

Some discussion of such effects as inter-pilot variability, learning, the 
choice of perfo,rmawzz measures, and -El:! we of r>i.lot opinion rating scales is 
included, 

* Replaces R.!,E, Technical Report 66138 - AOPOCO 28363 
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1 INTRODUCTION 

. The purpose of this paper is to describe an experimental study of aircraft 
l 

handling characteristics, made on the Aerodynamics Department simulator at 
Bedford, shortly after it had been re-comaissianed fnllcwin$ an txtensis-e 

e. rebuild. AllthCLlgh the stltiy wzs conce~tmted cn oni- p~i-tic~~~ar‘ aspct 
of aircraft handling, namely the influence of speed instability during the 
landing approach, it is felt that the results are of wider interest, inasmuch 
as they shorr some of the difficulties which attend almost any attempt to study 
aircraft handling qualities systematically. This Report is therefore intended 

as a general contribution tomards the developing subject of handling qualities 
research and the use of simulation, 

The -zhole subject of a-ix-craft handling qualities has aP&ays been some:ahat 
elusive, lwgely no doubt because it depends so much on the subjective judgement 

of human beings, (even though they may be skilled test pilots yrho are trained to 
make such judgements). The usual practice in attempting systematic handling 

qualities studies is to isolate one particular handling fonture (for instance 
speed stability, or 'dutch roll' characteristics), ma to note how the 

e 'controllability' of the aircraft ch?angcs as that feature is vLaried. It must be 
admitted that such an approach is artificial, in that, for the results cf these 

. tests to have any generality, it must be assumed that the overall handling of an 
aircraft is in some may related to an amalgamation of such particular features. 
However it is difficult to see T:hnt other approach could reasonably be adopted. 

The feature studied. in this investigation, stability of speed holding 
during the landing approach, is an importFat aircraft characteristic, affecting 
*he overall work load experienced by the pilot when making a landing, possibly 
to the extent of being the primary factor in determining the landing approach 
speed'. 

Recent trends in aircraft design towards higher wing sweep, lo";acr aspect 
ratio, and enhanced aerodynamic cleanliness, which have been adopted in the 
interests of efficiency at high speed, have reacted upon tne air-croft's dynsmic 
characteristics at lsnding approach speeds so as to produce lower ;mrgins of 
speed stability tnan formerly. 1, nesd has therefore arisen to study a pilot's 
ability to fly an aircraft with small, or evon negative values of speed stability 
so that the possible requirement for automatic control of airspeed can be 
assessed. hd should such a requirement be established, a knoviledge of the 

pilot's own unaided ability is stil 1 of value in deciding the degree of 
reliability ;Jhich must be built into the automatic equipment. 



One of the reasons for selecting this particular topic as .a first study on 
the new simulator was that fli&t l:mcsti@ations of speed stabili@, on a 

specially equipped Avro 707ri air crd't, were bei*% made at the R.A,E. 2 at about 
the same time. A measure of direct comparison between flight an< simulator, by 
the same pilots, was thersf'ore possible. In this flight eY&GLqiLiCTit, artificial 
chawes in the aircraft's speed stability were produced by varying engine thrust 
nith airspeed by means of an automatic throttle control. Some of the pilots who 

took part in this experiment felt that the aircraft behaviour nith the speed 
stability modified in this way was not quite the same as it w~ulrl have been with 

the equivalent speed stability determined solely by an aircr&t's aerodynamic 
characteristics. For instance, they felt that the engine thrust changes needed 
to produce the artificial instability were too intrusive. An attempt to check 
this point was made on the simulator by doing tno series of tests, the first 
mith the stability varied by engine thrust, as in the fli&t expcrirmnt, nr~d the 
second with the stability varied by changing tne aerodynamic characteristics. 

In both tests two types of data ;vere collected. Firstly, measurements 

were made of the overall accuracy with vhich the pilot fles7 a defined fli&t 
path, and maintained a dcsired 'approach speed, and of position-al and airspeed 

accuracy at the end of each approach. Seconiily, the pilots were asked to 

assess subjectively the eas c or otnerwise of making m approach, using a 
numerical rating scale to summarize their opinions, as well as giving more 
extended verbal comment. 

Because this mas the first exercise on virtually a new simulator, several 
equipment deficiencies C.WX to light in the course af the trF3ls. The general 

effect of these deficiencies :vas to make the simulator rather m3re difficult to 
fly than the real aircraft. It is therof'orc bcl.ieved that the detailed results 
presented in this Report "~7 terd to overemphasise th a difficulties cf flying an 

aircraft with reduced speed stability, if its other ha&ling characteristics are 
satisfactory. !lke data my be more directly applicable +x zn aircraft which also 

has some other undasirable handling cpd.iti.es. Notnithstanding these provisos it 

is felt that the data concerning such matters as inter-pilot vuictibiXty, the effects 
of learning, etc. which wcrc gathorcd din-ini; tile tests are of more general 

application, arxl provide useful infor 1 cation for ot&r handling; qualities work. 

Preliminary results from this series cf tests were previously reported in 

Ref.3. 

2 REPRESENThTION OF TL-ZE AIRCRAFT OX TFJJ SIXUULTOR 

t 

A description of the I",erodynamics Department Simulator at R.L.E. Bedford 
is contained in Ref.ll. It consists essentially of a cockpit, containing the usual 
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pilots fffght instruments and flying ccntrols, a simplified representation 
of his view of the outside :;iorlC;, and an clcctrcnic a.naI!-oguo CcmpUter. 

. 
A complete representation of the aircrtit's bchavicur in response to 

the pilot's control demands was o3tained in the usual manner by continuous 
solution of the equations of motion on the computer. Tili equations were 

written in the conventicnal small perturbation form, cxccpt in the case of 
the drag equation, where a more &tailed, no:+kincar form was TXXXSSZ~ to 
givo an adcquatc rcprcsentaticn of the speed stability. The dotnils of the 

analogue ccmputatioz; Laro given in Aypcndix A. 

The numerical data for thi: aircraft's aerodynamic and inertial 
characteristics wcrc mostly obtained from fu;ll scale mcnsurcments on the 
actual Avro 707A aircraft, or on the very similar Avro 707B 435. 

Variations ix the speed stability from that cf the basic aircraft vtere 

obtained in the first series of tests by representing an automatic throttle 
control, which could bc made to reduce the speed stability if operated in the 

reverse of the usual sense. This was also the methcd used in thr. full scale 
flight trials. A scccnd series of simulator trials was made in which the 
aerodynamic data used in the analog?le ccmputation was changed from that of 

the real Avro 707, so as to produce alterations in the speed stability 
characteristics. TliO range Of speed stability parameters tested is described 
in more detail in section 3. 

. 

The behaviour of the simulated aircraft was depicted to the pilot by 
means of flight instruments, and by a simple visual projection of a horizcn 
and cloudscape. (Although this simulator is nc-j; fitted with a two axis 
cockpit motion SyStCIn, the equiprxnt was not functicnin~ at the time cf the 
tests, which wcrc cons~qucntly made wit:1 tha cockpit fixed.) The cock--it 
layout and flight instrument display are shown in P'igs.1 and 2. The flight 

instrument dials were accurate: replicas of real aircraft instruments, but they 
were not arranged in ?$<A panel in quite the same -gay as tilOSE: in the aircraft. 
An additional feature was the I.L.S. indicator iyhich was not fitted in the 
real Avro 707A aircraft. 

A general vit;w of the cockpit and horizon prcjcctcr is shown in Fig.3. 
The projtxtor was servo-driven in pitch, roll and yaw SC as tc provide an 
indication of aircraft attitude. The lower half of the projected picture was 
merely darkened tc rqrcsent the, ground, no actual grcund features bs-ing 
portrayed. 
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The cockpit was provided with conventional stick anA rudder controls, 

similar to those in the aircraft. Ole of the main dtificiencies of the 
simulation, however, was the ;3oor fcrcc f 'eel chzzacteristics of the simulated 

controls, p articularly of the el*:vatcr. This was lraq,oQ due tc excessive 

friction in the czntrcl circuit, which rcsultcd in a lack cf positive stick 
self centering over the middle portion of the stick tra;;cl, even when the 

strongest force break out unit available was fitted. These characteristics 

are illustrated in Pig.b Xodifications to the contrcl circuit, mdc since 

the tests reported here, have now eliminated this undesirable featlure. 

3 SPEEJ STAXLITY C,%.lC1ZXIS'izCS 

The theor~tica.3. aspects of s?ced stability have b;.m studied in some 
detail by Neumrk6; this malysis shm?d that for flight in which t3e aircraft 

is 'constrained' to fly alcng a given rectiiirlcar path, Per instance by using 

the clcvator ccntrd to follc;lr a linear glide slcpe, tin zlotion follow- a 

speed disturbance wilA ' take the simple cxpmzntial form:- 

u = Uoe 

The tiae constant of this action is therefore:- 

v z = - ,/c:, 
2g’ - I 

dCD set 
\ J -- 

cL dCL/ . 

‘3 8 

. 

(2) 

where changes of engin.~ thrust with airspeed have been ignored. 

Previous investigators have used differ;&, but xx:12 Tad paramtcrs to 

characterise the aircraf't's speed sta3ility. Thus Lean' has used the function:- 

(3) 
A  

which is essentially a mcasurc cf the divkzgence or ccnvmgcnce of speed 

disturbances with distance travelled, rathLr than with time. Comparison of the l 

parameters (2) md (3) shows that they art: related by tile exyrcssiai:- 
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. 

. 

Staples2 has used the time constant of the motion z, but quoted in the 
more general form:- 

(5) 

so that the effects of an autcmatic throttle control can bc taken into 
account. (In practice it is rather more convenient to use the inverse of the 
time constant, l/z, since this has the value zero when the speed stability 
is neutra'i) 

Bray7 has simply used the slope of the drag v speed curve for trimmed 
conditions, represented by the derivative IF&?? a - 

c > 
i 

w / 
aV, where TAW is the 

thrust required fcr level flight. Comparing this with the other parameters 
we have that :- 

. The parameter chosen as being most convenient for the present tests was the 
-1 inverse of the speed stability time constant, l/z set . 

The numerical values of this parameter tested in the present experiment 
ranged from -0.0-14 to 4.205 set-' (mildly stable to severely unstable, 
according to pilots comments) in the first set of trials, and from -0.035 to 
-l-o*06 see -1 in tne second set. 

4 EXPERIMEM'AL DESIGI‘J 

The effects of any reduction in aircraft speed stability will be most 
apparent to the pilot when he is attempting tc hold the aircraft to a closely 
defined flight path', such as that fixed by ,most instrument landing aids. The 
task represented in the simulatcr was thcrcfore that cf flying an I.L.S. 
approach, using a cross-pointer instrument to indicate horizontal and vertical 
deviations from the flight path. However, the information .prcsented on this 
cross-pointer instrument differs from that normally presented in flight in 
two ways. Firstly, the sensitivity of the instrument, in terms of the pointer 
deflection for a given aircraft deviation frcm the approach path, was held 

constant thrcughcut the approach, whereas with a real I.L.S. the sensitivity 
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usually increases as the touch down point is approached. This feature of the 

simulation was adopted merely to ease the computaticnal problem on the analogue 
computer. The actilal value of sensitivity chosen was that which would normally i 
occur at an altitude cf about 600 ft on a real I.L.S. augroach. (i.e. F.S.D. 
in elevation occurred for 100 ft deviation from the glide slope; F.S.D. in * 
azimuth occurred for 70 ft lateral offset.) 

The second feature which differed was in the lateral information presented 
on the cress-pointer instrument. In elevation the pointer movement was sim@y 
the deviation from the desired glide slope, and thus corresponded to the 'raw' 
I.L.S. information sometimes used in flight. But in azimuth the infcrmation 
was 'phase advanced' by the incltisicn of heading and angle cf bank signals. 
The azimuth presentation was thus of the 'zerc-reader, flight director' type, 

the pointer deflection, S, follcwing the law:- 

6 = [s/700 + 5Q0 + 2.5@"16 F.S. . c 

This feature was adopted in an attempt to make the overall ease of the pilots' 
task on the simulator comparable with that in the Avro 707A flight experiment2. * 
As discussed later (5.3), it was not possible to provide a true instrment 
approach system in the real aircraft, and a quite different method of defining . 

the flight path had to be ado$ed. 

The actual experimental design adopted in thti first of tie sinuiator zasts 
is shown diagrammatically in Pig.5. It was arranged as a factorial eqerixent 
between four different pilots, three levels of speed stability and t>;ree levels 
of atmospheric turbulencti. A further, lmore unstable speed ccndition was also 
tested, so as to span compl&cly the range covered by the flight experiment, 
but the results frox these tests were not included in tl:c factorial analysis, 
because of the frequency with vrhich very large values were roccrded following 
loss of control. The different levels of sneed stability were denoted by K , Kl 
and K2 (K ) 

3 for th2 first experi-dnt and S 0' sq and s2 fcr the seccnd. 
had the values:- 

KO -O.OlL 
x, a026 

K2 +0.118 

Kj a.205 

so -0.035 

s, 0 
s2 a060 
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The atmospheric turbulence was represented on the simulator by random 
signals from an electronic noise genoratcr, which were filtered to give a 

power spectrum sha2e similar to that measured in real. turbulence. The same 
noise generator was used to represent the vertical, horizontal, and lateral 
components of the turbulence, so that these were in fact correlated, but this 

imperfection in the simulation did not seem tc be apparent to the pilots. 
When asked to assess the level of turbulence subjectively they generally 
described tha 3 ft/sec rms gusts as being from 'mild' to 'moderate', an.6 

the 6 ft/sec ins gusts as being from 'moderate' to 'severe'. 

All the pilots who took part in these tests were qualified test pilots. 
Three had taken a major part in the flight experiment on the Avro 707A, and 
they were therefore rather more conversant than usual with the characteristics 
of a speed unstable aircraft. The fourt!l, pilot C, tack only a minor part in 
the flight experiment, but he was rather more experienced in making I.L.S. 
instrument approaches than the others, who had had relatively little practice 
in that technique. 

The data which were collected during the tests are also listed in Fig.5. 
Six of the items were mcasurcs of actual pilot performance in the approach task, 
while the seventh was a subjectiv- L judgement by thl- pilot as to the ease or 

difficulty of controlling the aircraft. For the latter assessment, use was 
made of a pilot opinion rating scale of the type originally proposed by 
Cooper8. Although the numerical rating points on the scale used in the present 
tests were intended to correspond to the same degree of difficulty as those 
on Cooper's scale, the actual verbal descriptions used mere somewhat different. 
They are given in Table I and v12:re specially compiled for the Avro 707A flight 

2 experiment . As with other rating scales the present descriptions were not 
found to be entirely free from a&iguity, and the widespread adoption of this 
particular form is not advocated. The measures of pilot pcrfcrmance used in 

the simulator studies were as follov(s: the mean modulus deviations of height, 
lateral displacement and airspeed taken over the whole a;?proach, (i.e. deviations 
taken without regard to the& sign), together with the instantaneous values of 
these parameters measured at the end of the approach phase, which was taken to 
be at an altitude of 300 ft. In evaluattig the ttinle integral of the deviations, 
needed for calculating the mean modulus errors descr5bed above, no account was 
taken of very small deviaticns from the desired flight path and airspeed, This 
was done because it was felt that the pilot wculd happily allow such small 
errors to remain without making any attempt to correct them. The limits of this 
acceptable 'corridor' were set, rather arbitrarily, at 220 ft in height, 
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+I.!& ft in lateral displacement, and $2.4 kt (4 ft/sec) -in airspeed. (For the 

1.L.S. deviations these limits corresponded to being within the centre circle 
of the I.L.S. meter, Fig.2.) The data given in the tables for mean deviations 
therefore refer to deviaticns in excess of this zone, but the instantaneous 
deviations at the end of each approach, (i.e. at the 300 ft point), are quoted 
as absolute values. 

The pilots taking part in the experiment sere briefed on the methods of 

measurement that were being used, and realised that they had to try to keep 
the aircraft within the acceptacle corridor just described. Several cf them 
mentioned that they thought that tnis was a slightly artificial exercise, in 
that it required them to correct any deviations as ragidly as possible. In 
flight they said that they would not b c too anxious tc elirrZnate errors as 

quickly as this, provided the correct trends were present, azd that they were 
confident of reaching the desired condition in the later stages of the approach. 
In the light of these comments it is felt that care is needed in interpreting 
the results from measurements of mean deviation recorded over the whole lengtn 
of instrument approaches. 

When running the experiment each simulated approach started at a height 
of about 1800 ft, with t*.. ;Te aircraft trimnicd for the a-pproach flight path and 

speed. Measurements were not started until the aircraft passed through 4500 ft; 
they then continued down to the 'break off' height of 300 ft, giving an average 

time for the measured portion cf each run of about t-go minutes. il'ine runs 
were made in each session, cover-ing the 3 K 3 combinations of different levels 

of speed stability and turbulence inte:isity. The various ccnditions were 

presented in a random order, and the pilot was not told -&at variations were 

being made from run to run. 

5 I?EXXiiTS AXD DISCUSSIO1T 

5.1 Pilot's cverall impressions of the siiidlation 

The validity of the simulation, as a guide to speed stability problems 
in real flight, obvicusly depends upon the realism of th;: simulation. Xhilc 
the purely co-mputdtionai aspGcts could blz checked by matching time histories 
of the computer outputs with trace recordings made in flight, the realism, 

from the pilot!s point of view, may depend equally on the general environment 
of the simulator, and on the methods which are used to inform the pilot of the 
aircraft's behaviour. These arc 1argel.y subjective -matters which are not 
amenable to precise analysis. 



Although only four pilots took part in the systematic speed stability 
experiment, a total cf fifteen qualified pilots assessed the simulator for 
overall realism. A11 but two of these had flown the actual Avro 707A aircraft. 

The range of pilot opinion was very large, one or two pilots, in particular, 
finding it unusually difficult to adjust to the different environment of' the 
simulator. For them there was little realism, and one described how he found 

himself gazing at the flight instruments in a curiously detached manner, which 
made it quite impossible for him to integrate or relate their readings into a 
meaningful flying task. 

For the majority of the pilots however the simulaticn, with the 
exception of the features mentioned below, represented the characteristics 

of the Avro 707A aircraft reasonably well, and this was certainly the case 

for the four pilots who took part in the systematic study. The features 
which were felt to be unrepresentative were:- 

I The force feel characteristics of the flying controls, particularly the 
elevator, which viere poor. Excessive friction prevented the attainment of 

positive self centzring in the middle of the stick travel. (see Fig.&) 

2 The simulator appeared to be mor *e sensitive laterally than the aircraft, 

both to control application and to the effects of gusts. In the light of' 
subsequent experience with this simulator, it is thought that this subjective 

impression was largely due to the lack of cockpit motion. 

3 There appeared to be a hesitation in the operaticn of the artificial 
horizon, so that pitching response to the controls was not immediately apparent 
on that instrument. (This feature, which was due to servo lags, has since been 
eliminated.) 

The overall effect cf these simulator imperfecticns was to make the 
simulator rather more difficult to control than the real aircraft. 

5.2 Pilot opinion data from the factorial experiment on speed stability 
and turbulence 

As explained earlier, tp:a sets cf tests were madi: in this experiment, 

one with the speed stability varied by representing an automatic throttle control, 
as used in the flight experiment, and the other with the speed stability 
changes brought about by variation of the aerodynamic characteristics. AS 

far as the actual dynamLc behaviour of the aircraft was concerned the principal 
differences arising from these two methods were those introduced by the engine 
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lag, and by the limited authority of the autothrottle. Bcnrever the latter 
feature was only apparent for the v~y unstable cunditicns, which needed such a 
high autothrottle geari;lg that the throttle was sometimes driven onto its 
limits. The effect of the engine lag was pro3a3ly too small to be readily 
distingclished by the pilot. But there were considerable- differences Getween 
the two methods in such features as engine ncise and rpm indicator variations. 

l 

Pilot opinions, expressed in tei;iG of the n;xzrical rating scale described 

in table 3, are listed in tables 2 and 3 for the twc series cf tests. (The 

ratings given by a fifth pilot, who did not take part in the complete series 

of tests are also listed in table 3.) In r&king their evaluations pilots 
were asked to assess the accepta3ility of each co,nfiguratlon for generai use 

by service pilots, rather than for the somewhat artificial conditions of test 

flying. (A s noted in table 2, this briefing was mis-understood on one occasion.) 

In most cases the vfhole series of tests was repeated at least once, and 
sometimes twice by each pilot. Ti;is replication was intended to test the 
assessments for consistency, and to reveal any time variant effects, for instance 
due to learning. The various conditicns were tested in a random, (and therefore 

differ.ent)) order in each trial, and t;?e pilot was not told which condition he * 

was testing, either before or <after the run. The int-rval between the r~plicaticns 
was usually a day or two. . 

The data for these repeated trials, given in ta3les 2 and 3, show that 
individual pilots were, generally speaking, consistent to withix one rating 

point in either direction for a given test ccndition. There did not appear to 

be any distinctive trend in pilot opinion with repeated tests, a feature which 
is noteworthy, since it will be, shown 1ati;r that the mzaswes of pilot 
performance did, in some cases, exhibit an improvement which was consistent 
with learning. 

The variation of pilot opinion rating with spetd staoility and turbulence 
level is shown separately for each pilot in the four yicts of S.g.6. The data 
for both series of tests (i.e. spend inst ability prockccd by reversed autothrottle, 

and modified aerodynamic characteristics) are presented together, since, except 
where specifically mentioned 3eiov~, thera was no inconsistency between them. a 

All the piot, = in Fig.6 SLOW the eLxpected trtind tc-::ards more adverse opinion 

ratings with decreasing speed staoility, but otherwise there are notable differences * 

between the data from the various pilots. In the case of pilots A and B the 
opinion ratings appear to by well correlated with the lcvei of turbulence and 
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speed stability, so that we may deduce that these two parameters were the 
major factors affecting the pilots assessments. However the ratings given by 

pilot A were more affected by the turbulent e level than were those of pilot B 
and, for the still air case, B's ratings were some one and a half points 
further down the rating scale than A's, for a given level of speed stability. 

Pilot C's rating data were less well correlated with the two exp@zbnental 

variables, but this pilot made only one trial in each series of tests, 
compared with the three made by pilots A ‘and B, so that the smoothing effect 
of averaging was absent. His data tend to agree with that of pilot A rather 

than pilot B. 

Pilot D's rating data were rather poorly correlated with the two 
experimental variables. One reason may be given, the lack of repeated trials 

with this pilot, but a more important effect seems to be a consistent 
difference in the ratings between the tests made with reversed autothrottle, 
(?/'t values of -O.O'l&, 4-0.026 and +O. II8 set-') and those with the speed 
instability produced by modifying the aerodynamic characteristics, (I/T values 
of -0.035, 0 and +0,06 see-I). In order to study these differences in pilot 
rating in more detail a further analysis has been made, based on pilots own 
assessments of the level of speed stability and turbulence. 

It will be remembered that the pilot was not told which condition he would 
be testing during a run. At the end of the approach, however, he was asked 
to give his own assessment of the severity of the turbulence and speed 
instability, using such terms as 'mild', 'moderate' or 'severe'. This 

assessment was in addition to his pilot opinion rating of the overall 
'acceptability' of the condition and any other comment ho cared to make. In 

Fig.7 the pilot opinion ratings have been replotted against the pilots (swn 
assessments of the test conditions. 

Comparison of these plots for pilots A and B shows, once again, that 
pilot B tended to rate a condition abeut one and a half ;>oints lo?:cr on the 
scale than A, even though they both used the same general terms to describe it. 
Subsequent discussion with these pilots revealed some basic differences in their 
attitude to opinion rating, which, while not specifically explaining this 
discrepancy, did point out some factors which need to be covered by careful 
briefing in future tests of this scrt. 

Pilot A maintained that the assessment was meaningful only when aircraft 
characteristics and the cperating ccnditions were defined. Thus, since the 
difficulty of flying an aircraft almost invariably increases with the severity 
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of the turbulence, a ccrresponding trend towards mere adverse ratings with 

increased turbulence was to be expected. In theory, at least, it would always 

be possible to find some level of turbulence at which the aircraft becss 

uncontrollable, and thercfcre qualified fcr an 'uz~acceptable' ratin&. 

Pilot B's methcd of assessment, v;liich, it will be remembered, produced 
superficially the most convinc-kg data, (Fig.6) was, perhaps, less satisfactory, 

since it evidently depended mainly on assigning ti:e ratirig accczXng to his 
assessment of the speed stability, and seemed tc ccntain a much smaller element 

of judgement as to how difficult these changes really made the flying task, 

Pilot C's ratings, when plotted agaLe rc-i- his 03;; assessment 0: the speed 

instability and turbulence level, 236.7, show rsther better correlation than 

when plotted against the actual numerical values cf these parameters. In either 

case the ratings vary with both the level of speed stability and turbulence in 

a manner which indicates that his rating method is that of pilot A rather than 
pilot B. 

Pilot D's ratings do not correlate well when plotted against his CrM 

assessments of speed staYcility and tiu;Pulence. Moreover his additional comments 

do not explain the ccnsistent differences in his ratings between the tests with 
reversed autothrottle and with aerodynamically produced speed instability. 
These differences therefore remain something cf a mystery. 

From the foregoing a somewhat confused impression cf the pilots' assessments 
of speed stability variation emerges. iiowever when acccunt is also taken of the 

extended verbal comment made during the trials a few general conclusions may be 
suggested. At the severest levels of speed instability tested (i.e. an 

exponential divergence of time constat 5 secj control XX aLcst invziably 

lost at some stage of tne a?prcach, and it is consiG, ' -czred that such a characteristic 

would be quite unacceptable, even for the semi-emergency condition after ELL 

automatic throttle had failed. iEvergi;nce time constaits betTeen 40 and 20 

seconds would be unacceptable as a standard aircraft condition, but might be 

allowable for the rare eventuality c:' pan atitomatic cquip~ent failure. Over 

the remainder of the range tested, i.e. from motions -&ich diverge with time 

constants greater tllan 20 set, tc motions wilich converge v;ith time constants 

great3 than about 30 set, there wz,?e indicaticns of a prcgressive improvement 

in handling as stability cf' speed holding was iilcreascd. It might be expected 

therefore that even shorter time constants would be needed before tht speed 
holding problem disappeared entireljr. 

. 



5.3 Comparison of pilot opinion data obtained in the simulator with that 
from flight trials 

As mentioned in section I, three of the pilots who took part in the 
simulator trials (A, B and D), had also played a major part in the flight trials. 
For them a direct comparison between their opinion ratings given in flight and 
on the simulator is therefore possible. This is shown in Fig.8. 

There were however some differences between the flight and simulator 
experiment which should first be mentioned. It will be recalled that in the 

simulator the task was to fly an instrument approach using an I.L.S. meter 
type presentation. It was not possible to fit such an instrument approach aid 
to the real aircraft, and in consequence a ground controlled "talk down" 
method was adopted, using a theodollte sight where a very precise flight path 

was required, or radar equipment for a task more representative of real bad 

weather approaches. 

Another difficulty in comparing the flight and simulator trials lay in 
determining the level cf atmospheric turbulence in the flight experiments. 
Pilots were asked to make their own subjective judgements of the turbulence 

intensity, and the known correlation of turbulence with mean windspeed could 
also be used as a guide, but these assessments were obviously less precise than 
cn the simulator, where the turbulence could be set at any desired level. The 
ratings shown in Fig.8 are from trials in which the pilot assessed the 
turbulence as being between mild and moderate. 

Comparison between the flight and simulator ratings for pilot A (Fig.8) 
shows very good agreement. Pilot B, on the other hand, always rates the real 
aircraft less sevcrely than the simulator, and he finds the deterioration in 
handling qualities with speed instability much less troublesome in the air 
than on the ground. Once again, Pilot D's ratings shcw a pattern which is 

different from the others, his assessment remaining virtually constant at 
"average, some unpleasant characteristics" over the range of speed instability 
tested. 

5.4 Discussion of pilot opinion data 

The overall impression given. by this pilot opinicn data is one of some 
confusion, particularly as regards the variability betvfecn different pilots. 
Although genuine differences of opinion as to the handling qualities of an 
aircraft are, of course, to be expected amongst different pilots, it is felt 
that the lack of ccnsistency evident in the present test results may also be 
due to other factors. 
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Chief amongst these is probably the lack of an agreed meaning for the 
rating scale itself. An instance already cited is whether the rating should 
be gauged only on the conditions of workload, turbulence, etc. actually 
experienced during the test, or whether it should be a more comprehensive 
assessment, containing a measure of extrapolation by the pilot to cover 
situations which he knows may be met with in practice. In the latter case 
only one rating may be expected, covering the worst circumstances likely to be 

experienced, while with the former usage a whole range cf ratings appropriate 
to the different conditions are to be sought. 

In the present tests reliance was placed, perhaps too heavily, on the 
wording of the rating scale itself. It was felt at the time that there was a 

danger in promoting too much discussion on the interpretation of the rating 
scale, prior to the tests, in that it might then become so rigidly defined as 

to eliminate any element of subjective judgement. With the benefit of hindsight 

it is felt that this fear was over-valued, and that, in so far as pilot opinion 
scales can be used tc obtain worthwhile data, their use must be based on 
previous discussion and agreement by the subject pilots as to their meaning. 
While accepting the use of opinion rating scales as being a concise method of 
classifying and recording pilots' assessments, it is felt that they in no 
way diminish the need for recording and studying the pilots' extended verbal 
comment on each configuration. 

Comparison of the results of the present study with other published work 
has not been included in this Report as it will form part of a more comprehensive 

IO 
paper on aircrafft handling qualities. 

5.5 Measures of pilot's performance in the simulator 

The parameters used as measures of pilot performance in the simulated 
approach task have been described in section 4 and they are also listed in 
Fig.5. The data collected in the present tests are given in table 4, for the 
trials with reversed automatic throttle ccntrol, and in table 5 for the trials 
where speed instability was prcduced by variation of the aircraft's aerodynamic 
characteristics. 

As a preliminary exerciss the parameter which was taken to be the best 

overall measure of speed hclding, (i.e. the mean modulus speed error from the 

desired approach speed), was studied by a straightforward analysis of variance 
for the three factors; level of speed stability, level of turbulence, and 
individual pilot. This analysis shoqed significant differences (to the O.d;/; 
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level) in the speed holding with different levels of speed stability and with 
different pilots, but the different levels of turbulence did not appear to 
affect the speed holding (to the @level). The same result was found for 
both methods of producing the variation in speed stability, (i.e. reversed 
autothrottle and 'aerodynamic*). 

In this first analysis the data from all the repeated trials by different 
pilots was included. Subsequently, when it was found that there was 

considerable evidence of an improvement in performance as the trials progressed, 
the analysis of variance was repeated, but using only the last trial made by 
each pilot. This re-analysis gave the same result; a significant difference 
in speed holding with level of speed stability, and between different pilots, 
but no effect due to different levels of turbulence. 

The data for mean speed deviation for two of the pilots, A and B, are 
shown in histogram form in Figs,9 and IO. The three groups across the page 

represent different levels of turbulence, while variations in speed stability 

are shown within each group. Results for the three trials made by each of 

these pilots are shown in order down the page, 

The most obvious feature of Fig.9 is the consistently lower speed errors 
achieved by pilot A in his third trial. The mean speed errors fall from 
values of around one or two knots in the first two trials, to values of a 
fraction of a knot in the last trial. On the other hsnd pilot B, (Fig.lO), 
shows a rather better performance on his second trial than on his first and 
last. For both pilots the trends shown by the statistical analysis of 
variance, (i.&.dependence of speed holding on speed stability, but not on 
turbulence'intensity), are apparent in the histogramglots. 

The possibility of-there being a learning effect, which led to 
progressively improved performance during the experknent, has been studied in 
more detail with the aid of plots such as Figs.11 and 12. These show the six 
measures of performance plotted simply in the serial.ordcr in which the test 
runs were made. Ccnsiderable scatter is therefore to be expected, since 
'easy' and 'difficult' conditions are randomly intermixed, but any learning 
effect should show up as a consistent trend towards reduced errors as the 
experiment progressed. One additional point to note is that trials 1, 2 and 
3 were for the speed stability varied by the reversed autothrottle, while 
trials 4, 5 and 6 were for the speed stability varied by changing the aircraft's 
aerodynamic characteristics. 
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Pilot A's performance data, shown in Fig,ll, does give a fairly clear 
indication of learning, particularly between the first, second, and subsequent 
trials, and this is apparent in all six measures of performance. On the other 
hand the data for pilot B, given in Pig. 12, seems to support the previous 
impression gained from the histogram plots, that there was little systematic 

change in this pilot's performance as the trial progressed. The exception to 
this is in the lateral accuracies where some improvement is evident. 

These results suggest that a general statement as to whether a given 
level of speed stability will result in an acceptable petiormance may not be 
entirely meaningful, without some consideration of the pilots training and 
recent practice. As an example, Fig. 13 shows the variation of speed and height 
errors at the end of the approach, with different levels of speed stability, 
in two sets of plots. Those on the left show data from each pilot's first trial, 
and indicate a deterioration in performance with each successive reduction in 
speed stability. The plots on the right show data from each pilot's last trial, 
and there is now no important difference between the stable and mildly unstable 
conditions (Fig.lj(a) and (b)). Only when the speed characteristics become 
moderately unstable does a significant detericration in performance occur. 

Pilots cornnents on the use of mean deviation from the desired approach 
conditions, measured over the whole run, as a performance criteria have already 
been noted in section 4. From the practical point of view of approach success 
it is, of course, the deviation; close to the break off point which are 
important. It is cf interest to detexmble whether there is a close correlation 
between the mean error measured over the whole run and the instantaneous error 
at the break off height. In the present tests, it will be remembered, the 

integral error used for determining the mean excluded srr$ll errors, (less than 
22.4 knots in the case of speed), so that the significance of a direct comparison 
of the present data is a little uncertain, Nevertheless Fig.14, in which the 
mean speed error is plotted against the error at break off, suggests that the 
correlation is rather weak. 

. 

. 

6 CONCLUSIONS 
5 

Simulation of the Avro 7C7A aircraft, at about the same time as full scale 

flight trials were taking place, allowed a direct comparison by pilots (9 the 
simulated and actual ha&ling characteristics. In general pilots found that 
the simulation represented the aircraft reasonably faithfully, although there 
were some features which made the simulator rather more difficult to control 

than the real aircraft. 
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A systematic study of the effect of varying speed stability and 
turbulence on the aircraft's handling showed the following features:- 

I Over the range of speed stability tested, (i.e. ccnvergent motion with 
a time constant of JO seconds, through to divergent motion with a time constant 
cf 3 seccnds), pilot opinion became progressively more adverse 6%~ the stability 
was reduced. At the worst condition, (~2 + 5 set), control was frequently 
lost altogether, snd such characteristics would ccnsequently be unacceptable 
fcr any type of operaticn. The level of speed stability at which the 
handling became just unacceptable was by no means firmly established, due to 

the general difficulty of making subjective judgements of this sort which 
led to large variations of opinion between different pilots. There was some 
indication that divergent m&ions with time constants of net less than 
20 seccnds, might be acceptable, (although undesirable), given conditions 
which were otherwise favourable. 

2 A statistical analysis ef the accuracy of the approach, as measured by 
the speed error from the desired apprcack speed, (meaned over the whole run), 
showed significant differences for different levels of speed stability, and 
between individual pilots. Changes in turbulence intensity, however, 
produced no significant changes in the accuracy of speed holding. The 

correlation between speed error at the moment of passing through the 300 foot 
break cff height, and speed error meaned over the whole run, was unexpectedly 
weak. 

3 Fcr at least one pilot, significant learnfng effects cn performance 
were noted over the first twenty or so approaches, (not counting any additional 

approaches made befcre the systematic trials started). It is evident therefore 
that a pilct's performance in flight may depend cn the extent to which he is 
'in practice'. 

This was the first study cn this facility in which a systematic 
investigaticn of an aircraft handling parameter had been attempted. It was 
alsc the first study to be made cn the simulator following an extensive 
rebuild. Apart from revealing a few equipment deficiences, the following 
more general conclusions regarding this type of work have been reached. 

b-1 The use cf pilot cpinion rating scales for aircraft handling 
qualities assessments needs ccnsiderable care. Agreement between the 
participating pilots as tc the meaning cf the scale, and the exact basis cn 
which assessments are tc be made, shculd be reached prier tc the trial. The 
rating scale shculd be supplemented by pilct's verbal ccmnent. 
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(ii) Despitti these precauticns inter-pilct variability is to be expected 
and an adequate sample cf pilots should be used. 

(iii) Significant learning effects may be present and the state of 
practice at which perfccnrance measurements are required must be decided. 

(iv) Care is needed in choosing the measures of performance used. While 
'end results' may be of the greatest practical significance, means taken over 

an extended period can also be used, and perhaps provide a better indication 
of task difficulty. 
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hendix A 

ANALOGUE COWUTATION OF THE AIRCRAFT'S EQUATIO1S OF MOTION 

A.? Translational motion 

The equations governing the translational motion of the aircrafttls centre 
of gravity were related to an axis system based on the flight path. In this 
system the X (or forward) axis was aligned along the instantaneous flight 
path direction; the 2 (or normal) axis was perpendicular to it, and in the 
plane of symmetry of the aircraft, while the r(or lateral) axis was mutually 
perpendicular to the other two. 

The translational motion was defined by three variables; the acceleration 
along the flight path (p), 'and the components of flight path angular velocity 
in the XZ and XY planes. The latter were denoted by (ST) and (I$) respectively, 
The complete equations of motion for a rigid aircraft in these terms have been 
previously derived by, for instance, Howe'. In the present case all the 

variables in the equations were considered as perturbations from those 
obtaining in trimmed level flight at the datum approach speed. Small angle 

d approximations were also made, where appropriate, and particularly in resolving 

the force components from 'body' or 'stability' axes onto the flight path axes. 

II Variable quantities in the following equations are shown thus ( ). The 
fixed coefficients in these equations were based on data for the mean flight 
condition and these are listed in section A. 

The translational equations of motion used were:- 

For acceleration along the flight path 

mV<~) = 

m(Q) = (Or) - qS + !$(Aa) + 2 (A+ 

ONa + (Au)] + T(Aa) + qS4 '9 (AV) 
i- 

+ %(Aa) + 2 (Aqg 

- wdl - .0&,,, "OS(Q ] (A2) 

+ qs 
t 

dCY 
q-(P) +2 ] (G (PI - mg sin (@& (Al ) 

For flight path angular velocity in the XZ (normal) plane 
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For flight path angular velocity in the XY (lateral) plane 

mV(R$ = - W(P) + qs 
r 
$39) 

dcY 
+ yg- (a 

I 

+ qs dCD(A ) + da a + 2 (Avg (B> 

+ mg cos Ni#> sin ($) (A31 

A.2 Rotational motion 

The equations governing the rotational motion about the aircraft's centre 
of gravity were related to an axis system fixed in the aircraft. In this case 

the X (or rolling) axis was aligned along the aircraft body datum line, the Z 
(or yawing) axis was perpendicular to it and in the aircraft plane of symnetry, 
while the Y (or pitching) axis was mutually perpendicular to the other two. 
Since aerodynamic data is conventionally presented with respect to the body- 
fixed, stability axis system, (which is inclined to the body datum at the angle 
of incidence), it was necessary to resolve both aerodynamic moments snd 
rotational velocities from one axis system to the other*. Small angle approxima- 
tions were assumed in making these resolutions. In the following equations 

the symbols s, PP, QB denote rotational velocity components about the body 
axis system defined above, while R s and P S denote rotational velocity components 
about the stability axis system. The approximate (small angle) relationships 
between them, used in this simulation were:- 

(p,> = (P,) + erg> [a + (Aa) 1 

CR& = - (P,> [a + (Aa)] + (s> 

The equations cf motion used were:- 

For pitching rotation 

(At,) 

(M) 

Iyy c&J = GC= WM) (4 

* This resolution merely takes account of the changing orientation of the 
stability axis system in the bcdy as the incidence is changed. As far as 
rotational motion is concerned, both sets of axes are body-fixed. 
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where 

For rolling and yawing motions 

Ixx $J = qs (q) - qSb (En> [a + (Aa>] + b ($1 (A@ 

Izz ($) = qSb (En) + qsb (E,> [a J- (Aa>] + Ixz (pB) CAY) 

where 

(AC,) = 2 (P) +f& 63 +&) + dC “(P > + pb &(R& @II) 
i$!J s qg 

A.3 Euler anale computations and other kinematic relationships 

The orientation of the flight path axis system with respect to earth was 
defined by the three Euler angles, qif, qW and $7. These are related to the 
angular velocities of the flight path axis system, $v, Rff and PW by the well- 
known equations:- 

(Ad 

(A-13) 

(Al 4) 
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The equations for Q,{, and P9, in terms of the forces applied at the aircraft 

centre of gravity, are given in section A.1 above. It may be shown' that the 

angular velocity of the flight path system about the X (or forward) axis is 
given by the expression. 

PN cos p = PS+C++lP (Al5) 

M.ak=%ng the usual approximations for small angles, equations (Al4) and (Al5), 

may be reduced to the simpler forms used for this simulation:- 

and 

(P,) = (P,) + (rg) La + (Aa)] + (Q&P) (Al 7) 

The kinematic relationships for incidence and sideslip, in terms of the 
9 variables already discussed, are also derived by Howe . Strictly they are:- 

(i) = (I$& - $1 (A.1 8) 

& = Qs - &w cos P - PW sin P 

since 0 is always small, however, the following approximation was used in the 
simulation. 

(@ = (Q,) - (Q& - (P,> 6% @20) 

Finally it was necessary to compute the Euler angles of aircraft attitude from 
the flight path Euler angles, together with the angles of incidence and sideslip. 
Although, in theory, these Euler attitude angles could have been computed directly 
from the angular motions given by (A6), (A8) and (Ay), this would have involved 
parallel integration on the computer, with its attendant problems of drift and 
accuracy. 

The following approximations have been derived from the exact equations 

given by Howe'. 
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A94 Effects of turbulence 

As mentioned in section 4 turbulence was represented by random sign& 
from an electronic noise generator. These signals were added to the 

perturbations in incidence, sideslip and speed, obtained from solution of 
the kinematic equations given above, to produce the effective incidence, 

sideslip and speed used for computing the aerodynamic forces and moments. 
In resolving forces and moments from wind axes to body axes however only the 
kinematic contribution to incidence and sideslip was required. 

A.5 Numerical data used for the simulation 

Datum flight speed 
A.U.W. 
Wing area 

Aerodynamic mea.n chord 

SP= 
Pitching moment of inertia 
Rolling moment of inertia 
Yawing moment of inertia 

Product of inertia 

Aerod.ynamic data 

Datum CL 

Datum CD 
Datum OL 
Datum ?J 
Datum thrust 

v 

S 
= c 

b 

=YY 
5x 
Izz 
Ixz 

120 kt (202.5r%/sec) 
9820 lb 
408 sqft 

A4.54 ft 
34.16 ft 
17415 slug - ft2 
6358 slug - ft2 
22079 slug - ft2 
275 slug - ft2 

0.48 
0.088 

12O 
-2.8' 

1795 lb 

2.64 per rad 

0.57 per rad 

0.372 per rad** 

0.073 per rad 

*Care is needed in using the approximation (AZj) where the angles of incidence 
are appreciable. A more satisfactory approximation is then 

**For the second series of experiments the empirical expression 
dcD - = 0.0336 (0.0875 + 0.0415 a$ was used. da Variations in speed stability 
were obtained by flying at different values of %' 
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-0.154 per rad 

-0.197 per rad 

4.452 per rad 

+0.@8 per rad 

-O.&l+8 per rad 

+0.103 per rad 

-0.106 per rad 

-0.0795 per rad 

4-O.OOj5 per rad 

-0.300 per rad 

+0.095 per rad 

+0.0557 per rad 

+0,015 per rad 

-0.0334 per rad 

-0.025 per rad 

-0.080 per rad 
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. 

Table 1 

Pilot opinion rating scale used in flight and 
simulator studies of speed stabi1it.y 

I Excellent One of the easiest of its type 

Satisfactory 2 G-ood Well above average, pleasant to fly 
on approach 

3 Satisfactory Above average, midly unpleasant dy 

4 Acceptable Average, some unpleasant 
characteristics 

Unsatisfactory 5 Poor Below average, unacceptable for 
normal operation 

6 Very poor Well below average, acceptable for 
emergency operation only 

7 Dangerous May have to overshoot 

Unacceptable 8 Very dangerous Probably have to overshoot (on more 
than 50% of occasions) 

Likely to break something no matter 9 Barely controllable how many overshcots 

10 Catastrophic Certain to break something 
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Table 2 

Consistency of pilot ratings during repeated trials 
\ speed stability varied by autothrottle 

Still air rms gust vel. 3 ft/sec 

KO Kl K2 KO Kl K2 

1st 2 2 4 3 4 5 
Pilot 

A 2nd 3 3.5 5 4 4 

3rd 13 3,4.5 4 4 

t 7.5 

,5 

rms gust vel. 6 ft/seu 

KO Kl K2 

4 4 5 

5 6 7 

5 5.5 6 

4 

1st 4’ 4.5 5 4-5 5 6 5 4-5 7 
Pilot B 2nd 4 5 6 4.5 5 6 5 6 6 

3rd .4,5 e7 4 405 i 7 5 k5 6.5 < 

Pilot 
1st 2" 2* 3* 3” 3* 4* 4* 5.5” 

C 2nd 5.9, 9 c j G 6.5# 6+ 6# 7.5# , , 1 ; 

*Acceptability for test pilot under experimntal conditions 

/Acceptability for general service use 
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. 

Pilot 
A 

Table 1 -- 

of Consistency pilot_ratings_ 

speed instabi1it.y due to aerod.ynamic effects 

I Still a ir I rms gust vel. 3 ft/sec 1 rms gust vel. 6 ft/sec 

so Sl s2 

1st 2 2.5 3 

2nd 4 3 5 

3rd 1 13 4 

so Sl s2 so Sl s2 

3.5 4 5 4 6 5.5 

4 3 6 5 6 565 

3 4 4.5 4.5 5.5 5 

1st 4 j 3.5 5.5 5 5 5 5 5 5 

Pilot B ] 2nd 3.5 4 5.5 4*5 4 5.5 5 5 5.5 

j 3rd 
314 I 

5 4 4 5 4 5 6 
A 

Pilot c 1st 2 131313 5 6+5 3 6 1 5.5 

Pilot 
D 1st 2 1 I.51 2 2.5 2.5 3 3.5 3.5 8 /4! & 

Pilot 
E : 

1st I 2 12 j 5(3/J 14 9 5 j 905 
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~ect,ed data for trials wlthaeed stablllw varied bu autothIQttU 

I- 

Date 

I 6.3.62 
0 
0 
ll 
m 
” 
0 
0 
” 
n 

!I 
(I 

20.3.62 
" 
Ii 
w 
w 
a 
* 
a 
(I 
a 
II 
w 

22.3.62 
" 
n 
" 
II 
a 
n 
W 

I) 
22.3.62 

l l 

W 

W 

II 

ll 

W 

a 

0 

22.3.62 
W 

W 

W 

A 

W 

a 

W 

W 

Run 
No. 

1 
2 

5 
5 
6 

;: 
9 

10 
11 
12 

1 
2 
3 
4 
5 
6 

ii 
9 

10 
11 
13 
1 
2 

i 
5 
6 
7 
8 
9 
1 

: 
4 

65 

II 
9 
1 
2 
3 
4 

2 

;: 
9 

Test condition 

Pllot 

A 
a 
” 
W 

W 

W 

W 

W 

W 

W 

W 

W 

B 
” 
W 

W 

W 

I 
W 

)I 
W 

w 
” 
W 

A 
W 

a 
W 

W 

W 

W 

W 

W 

C 
W 

I 
W 

W 

W 

0 
W 

W 

B 
w 
(1 
(I 
” 
W 

W 

W 

m 

oust 
level 
‘tl 8ec 
rm8 

3 
6 
3 
3 
c 
3 
0 
0 
6 
6 

iI 
6 
3 

; 
0 
6 
6 

; 

; 
6 

9 
3 
6 
0 

2 
6 

5: 
0 
6 
0 
6 

2 
0 

3 

5” 
0 
6 
6 
3 

; 
6 

Speed 
stablllty 

K3 
KO 
K2 
Ko 
Kl 
Kl 
K2 
K3 
y.3 
K2 
KO 
Kl 
K3 
Kl 
Ko 
K2 
Kl 
KO 
Kl 
K3 
KO 
K2 
K3 
K2 
K2 
KO 
Kl 
KO 
Kl 
K2 
Kl 
K2 
Ko 
K2 
K2 
K9 
Kl 
K2 
Kl 
Kl 
PO 
KO 
Ko 
Kl 
K2 
KO 
Kl 
KO 
Kl 
K2 
K2 

-- 
MeaSll3?El~ts i 

Msdulus Icean error 

eight 
rt 

OS 
1.2 

14.6 
e.4 
6.2 
1 .P 

13.7 
8.3 

2: 
4.0 
1.4 
OS 
2.2 
1.0 

‘2 
2:9 
2.2 
2.1 
1.3 
2.5 

467’1 
1310 
0.5 
OS8 

;:: 
32,8 

3.5 
7.5 
1.1 

11.1 
3.1 
3.2 
1.0 
7.9 
1.1 
2.0 

0 
1.1 
a5 
2.6 
5.5 
4.0 
5.2 
1.6 
0.6 
4.4 
5.8 

Lateral ipeed 
ft kts 

47.5 
2.9 

14.6 

22 
0 

12.0 
14.5 
13.5 
3.2 
4.6 
1.8 

120.0 
4400 

7.: 
0 

17.2 
13.4 
4.7 

11.2 
21.4 
35.0 
22.5 

0 
1 .P 
9.5 
7*0 
1.7 

15.3 
0 
0 

11.2 
7.2 

18.1 
3a8 

0 
61.5 
33.8 
27.8 
19.5 
45.5 

0 
0 
0 

18.8 
706 

15.0 
h.9 

0 
2.0 

OS 
0.2 
5.8 
0.8 
1.6 
p.8 

::t 
?.P 
2.7 
2.0 
1.0 
OS 
1.9 
0.3 
2.3 
1.6 
0.7 
1.3 
1.8 
0.3 

ii:: 

::1 
0 

0.7 
0.3 

::: 

t:; 
1.2 
1.2 
0.6 
0.1 
0.3 
0,s 
0.1 
0.2 

a, 
0.1 
0.2 
0.6 
1.6 
0.6 
1.9 
0.3 
0.7 
1.2 
0.9 

I 

Final errcr I 

[eight 
ft 

OS 
-9 
-23 
+ll 
-6 
-3n 
+30 
-20 
-9 
-10 
-6 
-23 

Lateral 
ft 

OS 
- 31 
+175 
+ 21 
+269 
+118 
+154 
+140 
+ 14 
-42 
+35 
-1511 

Abandoned 
+ti 
+P 
-22 
+20 
-30 
-13 
+39 
-18 
-4 
+114 
+2 
+85 
+lO 
+l 
+2 
+lP 
+P 
+30 
-25 
+33 
+40 
+6 
-2 
+18 
-a 
-2 
-29 
-12 
-2 
-11 
-27 
+8 
-24 
-46 
-9 
+4 
+30 
+18 

-189 
+ 45 
-154 
+ 7 
+ 14 
+ 49 

: 6; 
+ 28 
+140 
-210 
*sl, 
+196 
+42 
-101 
+175 
+ 3 
+115 
- 91 
+19a 
+189 
+112 
+133 
+147 
+140 
+133 
+259 
+161 
+164 
+77 
+ 87 
+12P 
+ 98 
- 7 
+94 
+210 
+lSO 
+140 

I 4 4 

I 
. 
t21.9 
c 3.2 
t 3.2 
- 0.4 
- 4.8 
- 4.5 
- 4.6 
- 0.1 
- 1.6 
- 6.8 
t 4.1 
- 33 

t 3.8 
0 

- 0.6 
- 1.7 
- 0.4 
- 4.4 
+ 8.9 
+ 0.4 
- 1.7 
+ 4.4 
+ 5.4 
+11.3 
t 3.0 
k 4.7 
c 1.8 
- 5.9 
- 2.4 
t 8.0 
-ll.S 
- 4.7 
t e.6 
t 0.3 

0 
- 0.8 
+ 2.4 
+ 1.8 
+ 2a4 
+ 2.4 
t 0.3 
+ 3.0 
+ 1.2 
+ 7.1 

0 
t 5.0 
- 2.4 
+ 4.1 
+ 7.6 
+ 6.8 

5 
3 
2 

z 
4.5 
8 
5 

2 
9 

i 

t.5 

i.5 

1.5 

3 

3 
4 
4 
5 
3.5 
7.5 
6 
7 

; 

s 
23 
5.Y 

$ 

; 
4 
5 
6 
5 
6 
4.5 
5 
6 
6 

$For rperatlon by test pilots rather than for general serYlce use 



23.3962 1 A 6 K2 3.6 0 0.8 +l7 - 56 + 308 6 
n 2 n KO 1.1 0 0 -5 -56 - 
n n ; KO 0 0 0 +I9 - 53 - 1.>6 l 
" i " K2 2.0 0 0.2 - 8 - 26 + 1.4 
(I 5 Kl 0 0 0 -6 +-j' - 2-S 45 
" ; ," 6 Kl 0.6 0 0.4 - 4 - 23 - 3.5 5. 
" II Kl 0 0 oe2 - 7 + 4 - Oa2 3 
II ; II : KO 0 0 0.1 +6 + 38 - 1.5 5 
n 9 " 0 K2 1.2 0 0.4 - 9 - 49 - 4,2 

23.3.62 1 B 0 KO 0 0 0 -9 + 31 - 2.4 :- 
I, 2 n , Kl 00 7 0 1.0 -11 + 31 +11*7 44 
n 11 f; Kl 0.9 0 1.1 -6 + 28 + 0.4 4. 
II i n 6 KO 13 2.4 0 -23 + 21 - I.2 5 
II II 0 Kl 0.4 11.7 0,6 - 9 -112 - I*2 5 
n 2 n K2 30.6 6.2 7.8 +32 - 21 +14.2 
tl ” ; K2 6.8 3 4.0 +26 + 35 +12.6 7' 
n 8’ ” 3 KO 0 0 0.3 -11 + 4 + 1.6 4 
n 9 a 6 K2 3.5 0 1.6 -26 + 31 Q 6. 

26*3*62 1 D 3 Kl 295 133 0.2 -19 - 25 + 1.3 3 
n n 0 Kl oe4 6.4 0 -10 -131 + 0.3 
" : " 3 K2 1.0 106 0.6 +27 +224 + 5.7 5 
n 4 n 0 K2 12.8 62.1 0.7 +uc +356 + 1.1 4.. 
11 5 " KO 0 0 +2 + 17 - 0-6 3.. 
n 6 n ii K2 8:2 593 2.7 -44 OS - 6.2 9 
II 

;: " 
6 Kl 2.9 119.2 0.5 -30 -130 - 1.32 5. 

n n KO 184 11.7 0 +2 +203 + 1.0 4 
n 9 ” ii KO 1*4 28.2 0.3 +I0 - 3.4 5,1 

27.3.62 I KO 
F ,; 

0 0 0 - 1.8 
n KO 0.2 0 0.1 -ii - 1: - 0.4 : 
n : n 6 Kl 7.6 Q O*l -10 - 38 - 0.7 6 
” 4 1’ 3 K2 101 a 0.2 + g - 38 + 3.5 6. 
0 n 0 K2 1.1 0 %I 

6' " 
+22 - 35 + 0.6 50 

n 6 K2 0.6 0 1.2 -16 + 77 0 
P II n 6 KO 1.6 0 0.2 -23 

87 " 
+ 14 - 1.1 

n Kl 0.5 0 0 -6 - 28 
n 

+ 104 
9 n ; Kl 0 0 0.1 +4 - 42 + 1.8 1 

27.3.62 I D 0 Kl 0 0 0.1 -1 +7Q - 0,6 3 
n 2 II 3 K2 1.1 0.8 +16 - 35 - 0.2 
II 3 * 3 KO 42144 26.2 , 0 +18 +161 + 3.4 t 
n 4 n 6 K2 5.9 6700 1.0 
n 

+30 +49Q 
n 

+ 5.8 
3 Kl 106 0 0.1 +I - 35 - 0.1 2 

n 2 H' 

' I 

K2 8.0 +11 +I89 + 0.5 5 
n 7 ” i Kl 1e6 +16 +364 - 3*1 7 
n 8 " 

I 0" ( ; 4.0" / 0" 1 0" :':: 
+ 98 + 3.1 50: 

II 19, " , + 31 ! -1.0 ! 2 , ! 
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Fj Table 

meted data for trials wfth soeed stabllltu varied by drag charactertstlc~ 

I- 
Date 

P.3.62 
(I 
I 
I) 
0 
I) 
,I 
” 
II 

2.4.62 
n 
II 
n 
n 
b 
n 
n 

4.l.62 
CA;4 

n 
(I 
n 
” 
” 

4.t.62 
n 
n 
" 
" 
" 
n 
(I 

4.t.62 
n 
" 
" 
n 
n 
n 
II 

4.L.62 

P;ln*l 

(I 
n 
11 
tl 
n 
" 

Test condition Measurements 

Run 
No. 

1 
2 

iY 
5 
6 

87 
9 
1 
2 

z 
5 
6 

ii 
9 
1 
2 

t 
5 
6 

87 
9 
1 
2 

t 

2 

87 
9 
1 
2 
3 
4 

2 

i 
9 
1 
2 

4' 

ii 

s' 
9 

‘ilot 

B 
” 
n 
n 
(I 
I 
” 
n 
I 
E 
A 
n 
,I 
n 
L 
ti 
n 
” 
A 
” 
n 
n 
u 
I 
” 
” 
” 
B 
n 
n 
I 
” 
II 
n 
n 
” 
D 
n 
ll 
n 
n 
(I 
n 
n 
” 

A 
n 
(I 
n 
A 
n 
n 
” 
n 

oust 
1 eve1 

rtlsec 
rms 

6 
0 
6 
0 

6" 
3 
3 
3 
3 
0 

:: 
0 
6 
3 
6 
3 
6 
3 

3" 
6 
6 
0 
0 
3 

; 
3 

: 
6 
3 
0 
6 
6 
3 
0 

: 
3 
6 
0 
3 

: 
3 
0 

: 
6 
3 
3 

c 

Speed 
mbi1ity 

s2 
S! 
Sl 
52 
so 
so 
s2 
Sl 
so 
SO 
so 
s2 
Sl 
Sl 
so 
s2 
s2 
Sl 
Sl 
Sl 
s2 
so 
s2 
so 
SO 
Sl 
52 
Sl 
so 
52 
52 
Sl 
s2 
Sl 
so 
so 
SO 
Sl 
s2 
so 
Sl 
so 
s2 
Sl 
s2 
s2 
Sl 
Sl 
so 
Sl 
s2 
so 
s2 
so 

Modulus mean error 

Height 
rt 

2.8 
0 

1.7 
0.2 
1 l 9 
1.7 
1.6 
0.5 

0 
1.2 
0.8 
9.2 
3.2 
2.7 

14.4 
2.3 

18.8 
15.5 
4.1 
2.1 
1.8 
0.7 
6.1 

0 
0 
0 

2.2 
c 

2.4 
0.8 
1.1 
0.3 
0.8 

0 
0 

1.4 
2.5 
1.2 
1.4 
1.8 
2.3 
2*1 
1.8 

0 

4.50 
1*1 
0.6 
1.2 

0 
0.3 
0.3 
2.3 

0 

ateral peed Jeight 
rt kts rt 

1.6 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.9 
18.5 

22:; 
56.1 
9.5 
1.6 

14.0 
0 
0 
0 
0 
0 
0 
0 
Q 
0 
0 
0 
0 
0 

16.0 
0 
0 
0 
0 
0 
0 

2.0 
0 

34.2 
0 
0 
0 
0 

1.6 
0 
0 
0 
0 
0 
0 
0 
0 

2.9 
0 

0.7 
1.2 
0.1 
0.5 
2.2 
0.4 
0.1 
0.3 
0.2 
2.1 
0.7 
0.4 
0.7 
2.0 
OS 
5.1 

” 

Final error 

-15 
-1 
-9 
-15 
+ 1 
+10 
-36 
-19 
-9 
-10 
+10 
+2 
+4 
+4 
+26 
+8 
OS 
+28 
-5 
+4 
-1 
+15 
-3 
+ 1 
+2 

0 
+2 
+l 
-30 
+28 
-4 
-27 
-31 
-6 

0 
-25 
+2 
+4 
+17 
+13 
+18 
+12 
-13 
+9 
-2 
+2 

1; 
-4 
+12 
+16 
-7 
+l 
-8 

-- 
Lateral Speed 

rt kts 
-- 

-42 + 1.5 
+24 + 1.1 
+ 31 + 8.9 
+ 10 + 5.9 
+ 49 + 1.9 
+ 10 + 0.7 
- 31 + 9.8 
+ 42 + 4.7 
- 24 0 
+ 7 + 1.2 
-182 + 0.1 

0 + 3.6 

‘1: 
- 0.8 
- 0.2 

-560 - 4.9 
f 17 + 5.3 
+ 21 +21.9 
- 35 + 5.0 
- 21 + 7.7 
+42 - 0.6 
- 17 + 2.1 
+ 45 - 0.3 
- 38 + 1.6 
- 28 + 0.2 
-81, + 1.0 
- 91 - 1.8 
- 56 + 2.7 
- 28 - 0.6 
- 32 - 1.0 
+42 + 8.7 
- 10 + 4.0 
+ 17 + 1.2 

0 - 2.6 
- 35 + 1.8 
+ 17 + 1.2 
+ 14 - 1.5 
+ 35 + 3.6 
- 38 + Ok 
-182 + 2.6 
- 52 + 1A 
+322 + 0.3 
-203 + 0.7 
-112 + 5-7 

1; 
+ O-3 
- 3.4 

- 38 + 0.9 
- 35 0 
- 7 + 1.4 
- 14 - 0.9 
- 95 + 1.1 

0 + 5.9 
+ 32 ’ -1.2 
- 35 I ! + 1.4 
+49 !-CL3 

‘!lot 
rating 

6 
3.5 
5 
5.5 
4 
5 
5 
5 
5 
3 
2 
5 
5 
2 
9 
4 
9.5 
3 
6 
4 
3 
3.5 
5.5 
4 
2 
2.5 
5 
4 
4.5 
5.5 
5.5 
5 
5.5 
4 
3.5 
5 
3.5 
2.5 
2 
2 
3.5 
2m5 
4 
1.5 
3 
5 
6 
3 
4 
3 
5.5 

2 
4 
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Table 5 (Contdh 
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F 

g 
%P IYY* Izz 

5z 
Ko, Kd, K2, K 3 

Ps, Qss Rs 

pB’ %’ 33 

S 

s(-y S,’ s-2 

S 

T 

TR.L.F. 
V 

m 

Ev* Ey’ “z 

wing span 
lift, drag and sideforce coefficients 

pitching, rolling and yawing moment coefficients 

speed stability parameter, see equation(3) 
acceleration due to gravity 
moments of inertia about the rolling, pitching and 

yawing axes 
product of inertia 

levels of speed stability in first experiment 

angular velocities of aircraft in roll, pitch and yaw 
w.r.t. stability axes 

angular velocities of aircra3 in roll, pitch and yaw 
w.r.t. body axes 

flight path angular velocities defined in Appendix A 

dynamic pressure 

wing area 
levels of speed stability in seccnd experiment 

lateral offset from I.L.S. beam 
engine thrust 
thrust required for level flight 

speed 
aircraft weight 
aircraft incidence 
angle of sideslip 
rudder a,ngle 
elevator angle 
wind and body axis Euler angles in pitch 

aileron angle 
density 

time constant of speed convergence or divergence 
wind and body axis Euler angles in roll 

wind and body axis Euler angles in yaw 

measured errors during I.L.S. approaches 
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35 
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LIGHT 3+ 34 5+ 
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NIL 
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FIG.7 PILOT OPINION RATINGS COMPARED WITH 
PILOTS OWN ASSESSMENTS OF SPEED 

INSTABILITY AND TURBULENCE 
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FIG.10 COMPARISON OF SPEED ERRORS AND 
PILOT OPINION RATINGS DURING REPEATED 

TRIALS WITH PILOT B 
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SPEED ERROR 

0 

50 
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0 
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TRIAL No TRIAL No TRIAL No 

FIG. ll PROGRESSIVE PLOT OF PERFORMANCE MEASUREMENTS 
DURING THE TRIAL TO REVEAL ANY LEARNING EFFECT. PILOT A 

”  
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TRIAL NO. TRIAL NO. TRIAL HO. 

FlG.12 PROGRESSIVE PLOT OF PERFORMANCE MEASUREMENTS 
DURING THE TRIAL TO REVEAL ANY LEARNING EFFECT. PILOT 6 
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TRIALS TRIALS 
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IO KT 
B- 
. . 
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-50’ 
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- 5ot 
0 

IOU1 0 IO KT 

SLOW l FAST 

-50’ 

I LOW 

VI= -0*014 set”’ 

IOKT l IOKT 

SLOW w FAST l 

-so1 

LOW 

FIG.13 (b) SPEED MILDLY UNSTABLE % = t 0.026sec-I 
b 

I HIGH 

- 5d 
a 

IO KT 0 l 
D a IOKT 1 

SLOW ’ 
l 

. # 
FAST 

l 

t 

50’ 

1 LOW 

IO KT i 

SLOW . 

HIGH 

-50’ 

:8 
0 0’ 

IO KT 

I@ FAST I 

- 50’ 

FlG.l3(c) SPEED MODERATELY UNSTABLE ‘/t = t O*ll8 set-’ 

FIG.13 COMPARISON OF DATA FROM PILOTS’ FIRST 
AND LAST TRIALS FOR ERRORS AT BREAKOFF HEIGHT 
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WHOLE APPROACH 

- KNOTS 2 
I 
IO @ 

5 I 
I 

IO 5 0 5 IO 

SLOW FAST 

SPEED ERROR AT BREAK OFF HEIGHT - KNOTS 

ONLY SPEED ERRORS OUTSIDE 
THESE LIMITS CONTRI0UTED TO 

o 

MEAN EXCESSIVE SPEED ERROR 
(SEE SECTION 4) 

I 

FIG.14 SPEED ERRORS AT THE BREAK OFF HEIGHT COMPARED WITH MEAN 
SPEED ERRORS THROUGHOUT THE APPROACH 
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