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SUMMARY

The effects of speed stability and turbulence level on the handling of a
small research aircraft were systematically studied by four pilots on a fixed
base simulator. Pilot opinion ratings were compared with those obtained in
flight trials of the real aircraft. Accuracy of speed and flight path holding

was also determined on the simulator.
Some discussion of such effects as inter-pilot variscbility, learning, the
choice of performance measurcs, and the use of uwilot opinion rating scales is

included.
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1 INTRODUCTION

The purpose of this paper is to describe an experimental study of aircreft
hardling characteristics, made on the Aerodynamics Department simulator at
Bedford, shortly after it had been re-commissioened following an extensive
rehuild. wltheugh the study was concentrated cn one portievlar aspect
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 show some of the difficultics which attend almost any attempt to study
aircraf't handl ing qualities systematically. This Report is therefore intended
as a general contribution towards the developing subject of handling qualities

research ond the use of simulation.

The whole subject of aircraft handling qualities has always been somewhat
elusive, largely no doubt because it depends sc much on the subjective judgement
of human beings, (even though they may be skilled test pilots who are trained to
make such judgements). The usual practice in attempting systematic handling
qualities studies is to isolate one particular handling foature (for instance
speed stability, or 'dutch roll' cheructeristics), and to note how the
'controllability' of the aircraft changes as that feature is varicd. It must be
admitted that such an approach is artificial, in that, for the results of these
tests to have any generality, it must be assumed that the overall handling of an
aireraft is in some way related to an amalgamation of such particular features.

However it is difficult to see vhot cther approach could reasoncbly be adopted.

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

speed1.

Recent trends in aircraft design towards higher wing sweep, lower aspect
ratic, and enhanced asrodynamic cleanliness, which have been adopted in the
interests of efficiency at high speed, have reacted upon the aircraft's dynamic
chsracteristics at landing approach specds so as to produce lower margins of
speed stability than formerly. L4 need has therefore arisen to study a pilot's
ability to fly an eircraft with small, or even negative valucs of speed stability
so that the possible requirement for automatic control of airspeed con be
assesseds And should such a requirement be established, a knowledge of the
pilet's own unaided obility is still of value in deciding the degree of

reliability which must be built into the automatic equipment.



Onc of the reasons for selecting this particular topic as a first siudy on
the new simulator was that flight investigations of speed stability, on a
specially eaquipped fvro 7074 circraft, were being made at the R.A,E.2 at about
the same time. A measure of direct comperison between flight and simulator, by
the same pilots, was therefore possible. In this flight experisent, artificial
changes in the aireroft's speed stability were produced by varying engine thrust
with airspeed by means of an automatic throttle control. Some of the pilets who
took part in this experiment felt that the aircraft behaviour with the speed
stability modified in this way was not quite the same as it would have becn with
the equivalent spced stebility determined solely by an aircraft's aerodyncmic
characteristics. For instance, they felt that the engine thrust changes needed
to produce the artificial instability werc too intrusive. [n attempt to check
this point was made on the simulator by doing two series of tests, the first
with the stability varied by engine thrust, as in the flisht experiment, and the

second with the stability varied by changing the aerodynamic characteristics.

In both tests two types of data were collected. Firstly, measurements
werc made of the overall accuracy with which the pilot flew a defined f1light
path, and maintained a desired approach speed, and of positional and zirspeed
accuracy at the end of each approach., Secondly, the pilots were asked to
assess subjectively the ease or otherwise of making an approach, using a
nunerical rating scale to summarize thelr opinions, as well as giving morc

extended verbal comment.

Because this was the first exercise on virtually a new simulator, several
equipment deficiencies came to light in the course of the trieals., The general
effect of these deficiencies was to meke the simulator rather more difficult to
fly than the real aireraft, It is therefore belicved that the detailed results
presented in this Beport mgy terd to overcmphasise the difficulties cof flying an
aircraft with reduced speed stability, if its other handling characteristics are
satisfactory. The data may be more directly applicable to =n aireraft which also
has some other undesirable handling qualities. Notwithstending these provisos it
is felt that the data concerning such mattcers as inter-pilot vericbility, the effccts
of learning, etc. which were gatherced during the tests are of more general

application, and provide useful information for pther handling qualitles worke.
s a

Preliminery results from this seories c¢f tests were previously reported in
Ref, 3.

2 REPRESENTATION OF THE ATRCRIFT ON THE SIMULATOR

4 description of the ferodynemics Department Simulator at R.A E. Bedford
is contained in Ref.11. It consists essentially of a cockpit, containing the usual
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pilots flight instrumcnts and flying controls, a simplified representation

of his view of the ocuvtside world, and aan clecctrenic analcguc computers

A complete representation of the aircruft's behavicur in response to
the pilot's contrel demands was obtained in the usual manncr by continuous
solution of the equations of motion on the computer. The equations werc
written in the conventicnal small perturbation form, cxccpt in the case of
the drag equaticn, where a more detailed, non-linear form was necessary to
give an adcquatc reprcsentaticn of the specd stability. The details of the

analoguc ccmputation arc given in Appendix A,

The numerical data for the aircraft's acrodynamic and incrtial
characteristics were mostly obtained from full scale mcasurcacnts on the
actual Avro 707A aircraft, or on the very similar Avro 70754’5.

Variations in the speed stability from that of the basic aircraft were
obtained in the first series of tests by representing an automatic throttle
control, which could be made to reduce the speed stability if operated in the
reverse of the usual sense. This was also the method used in the full scale
flight trials. A sccend series of simulator trials was made in which the
aercdynamic data used in the analogue ccmputation was changed from that of
the real Avro 707, so as to preduce altecrations in the speed stability
characteristics. The range of spced stability parameters tested is described

in more detail in secction 3.

The behavicur of the simulated aircraft was depicted to the pilot by
means of flight instruments, and by a simplec visual projecction of & horizon
and cloudscape. (Although this simulator is now fitted with a two axis
cockpit motion system, the equipment was not functicning at the time of the
tests, which were conscquently made with the ceckpit fixeds) The cockpit
layout and flight instrument display are shown in Figs.1 and 2. The flight
instrument dials werc accuratc replicas of real aircraf't instruments, but they
were not arranged in the pancl in quite the same way as thwse in the aircraft.
An additional feature was the 1.L.S. indicator which was not fitted in the

real Avro 707A aircraft.

A gencral view of the cockpit and horizen prejecter is shown in Fig. 3.
The projector was scrvo-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 to ropresent the ground, no actual ground features bsing

portrayed.



The cockpit was provided with conventional stick and rudder controlé,
similar to those in the aircraft. Gae of the main deficicncies of the
simulation, however, was the »oor ferce feel choracteristics of the simulated
controls, particularly of the elcvater. This was largely dus tc excesslve
friction in the contrcl circuit, which resulted in a lack of positive stick
self centering over the middle portion of the stick travel, even when the
strongest force break out unit available was fitted. Thesc characteristics
are illusirated in Pigeh., Nodifications to the contrcl circuit, made since

the tests reported here, have now eliminated this undesireble feature.

3 SPEED STABILITY CHARACTERISTIICS

The theorctical aspects of speed stability have boen studied in some
detaill by Néumark6; this analysis showed that for flight in which the aircraft
is 'constrained' to fly aleng a given rectilinesr path, for ins*tance by using
the clevator contrcl to follow a Linear glide slepe, tie motion following a

speed disturbance will take the simple expencntial form:-

L. dc.
?@“f)t ()
U = er L L

T = v - sec (2)
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where changes of engine thrust with airspeed have becnn ignored.

Previous investigoators have used differcnt, but related paramcters to

. . . - 1 .
characterisc the aircraft's spced stahility. Thus Lean has used the function:-

R _i@-_&\\ (3)
T TWANG, T Ao /

which is essentially a measurce cof the divergence or ccnvergence of speed
disturbances with distance travelled, ratihcr ihan with time. Comparison of the

perameters (2) and (3) shows that they are rclated by the expressioni—
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taples2 has used the time constant of the metion T, but quoted in the

more general form:-—

T = - g _(‘i_D__W _;ﬂ_. (5)
oV T o

so that the effects of an autcmatic throttle control can be taken into
account. (In practice it is rather more convenient to use the inverse of the
time constant, 1/T, since this has the value zero when the speed stability

is neutralil)

Bray7 has simply used the slope of the drag v spced curve for trinmed

conditions, represented by the derivative 9 l%FF /av; where TQLF is the

thrust required fer level flight. Comparing this with the other parameters

we have that:—

N
RF\/yy - o1 _ . (¢
a(’_f.ﬁ_)’,av ==z = =W (6)

The parameter chosen as being most convenient for the present tests was the

inverse of the spced stability time constant, 1/T sec_1.

The numerical values of this paramcter tested in the present experiment
renged from -0.014 to +0.205 sec"1 (mildly stable to scverely unstable,
according tec pilots comments) in the first set of trials, and from -0.035 to

+0.06 sec-'Jl in the second set.

4 EXPERIMENTAL DESIGN

The effects of any reduction in aircraft speed stability will be most
apparent to the pilet when he is attempting te hold the aircraft to a closely
defined flight path1, such as that fixed Ly most instrument landing aids. The
task represented in the simulater was thercfore that of flying an I.L.S.
approach, using a cross-pointer instrument te indicate horizontal and vertical
deviations frcm the flight path. However, the information presented on this
cross~pointer instrument differs from that normally presented in flight in
two wayse Firstly, the sensitivity of the instrument, in terms of the peinter
deflection fer a given aircraft deviation frem the appreach path, was held

constant throughcut the apprcach, whereas with a rcal I.L.S. the sensitivity



usually increases as the touch down point is approached. This feature of the
simulation was adopted merely tc ease the computaticnal problem on the analogue
computer. The actual value of sensitivity chosen was that which would normally
occur at an altitude of about 600 ft on a real I.L.S. approach. (i.e. F.S.D.
in elevation occurred for 100 £t deviation frem the glide slope; FoS5.D. in

azimuth occurred for 700 ft lateral offset.)

The second feature which differed was in the lateral information presented
on the cress-pointer instrument. In elevation the peintcr movement was simoly
the deviation from the desired glide slope, and thus correspended to the 'raw'
I.L.S. information sometimes used in flight. But in azimuth the infermation
was 'phase advanced! by the inclusicn of neading and angle cf bank signals.

The azimuth presentation was thus of the 'zerc-reader, fliight director' type,

the pointer deflection, O, follcwing the law:-

§ = [8/700 + 5¢° + 2’5950]61?.3.33.
This feature was adoptcd in an attempt to make the overall ease of the pilots!
task on the simulator comparable with that in the Avro 707A flight experimentz.
As discussed later (5.3), it was not pessible to provide z true instrument
approach system in the real aircraft, and a quite different method of delining
the flight path hed to be adopted.

The actual experimental design adopted in the first of tue simulater vests
is shown diagrammatically in Fig.5., It was arranged as a factorial experiment
between four different pilots, three levels of speed stability and three levels
of atmospheric turbulence. A further, more unstablc speed cendition was also
tested, so as to span completely the range covered by the flight experiment,
but the results from these tests were not included in the factorial analysis,
because of the frequency with which very large valucs were rccerded fellowing
loss of control. The different levels of speed stability were dencted by KO, K1
and K.2 (Kj) for the first experiment ard SO, S1 and 82 fecr the sceend. They
had the values:i-

K. ~0.01l
K1 +0.026
K. +0.118

K, +0.205
2

O

[§)

Sg =0.035
a

S, 0
S2 +0, 060



The atmospheric turbulence was represented on the simulator by random
signals from an clectronic noise generater, which were I'iltered to give a
power spectrum shape similar to that measured in real turbulence. The sanme
noise generator was used to represent the vertical, horizontal, and lateral
components of the turbulcnce, sc that thesc were in fact correlated, but this
imperfection in the simulation did not seem tc be apparcnt to the pilots.
When asked to assess the level of turbulence subjectively they generally
described the 3 f£t/sec rms gusts as being from 'mild' to 'moderate!, and

the 6 ft/sec rms 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 7074, and
they were therefore rather more gonversant than usual with the characteristics
of a speed unstable aircraft. The fourth, pilot C, tock only a minor part in
the flight experiment, but he was rather more experienced in making I.L.S.
instrument approaches than the others, whc had had relatively little practice

in that technique.

The data which were collected during the tests are also listed in Fige.5.
Six of the items were mcasures of actual pilot performance in the approach task,
while the seventh was a subjective judgement by the 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 were somewhat different.
They are given in Table 1 and were specially compiled for the Avro 707A flight
experimentz. As with other rating scales the present descriptions were not
found tc be entirely free from awsbiguity, and the widespread adoption of this
particular form is not advocated. The measurcs of pilot perfcormance used in
the simulator studies were as follows: the mecan modulus deviations of height,
lateral displacement and airspeed taken over the whole approach, (i.e. deviations
taken without rcgard to their sign), together with the instantaneous values of
these parameters measured at the end of the epproach phase, which was taken to
be at an altitude of 300 ft. In evaluating the time integral of the deviations,
needed for calculating the mean modulus errors described above, no account was
taken of very smell deviaticns from the desired flight path and airspeed. This
was done because it was felt that the pilot wculd happily ellow such small
errors to remain without making any attempt to correct thems The limits of this

acceptable 'corridor' were set, rather arbitrarily, at *20 ft in height,
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¥140 £t in lateral displacement, and #2.1 kt (L ft/sec) in airspeed. (For the
I.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 tatles for mean deviations

therefore refer te 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 were bricfed on thc methods of
measurement that were being used, and realised that they had to try to keep
the aircraft within the acceptable corrider Jjust describeds Several of them
mentioned that they thought that tnis was a slightly artificial exercise, in
that it required them tc correct any deviations as rapidly as possible. In
flight they said that they would not be too anxious tc eliminate errors as
quickly as this, provided the correct trends were present, and that they were
confident of reaching the desired condition in the later stages of the approach.
In the light of these comments it is fclt that care is needed in interpreting
the results from measurements of mean deviation recorded over the whole length

of instrument avproaches.

When running the experiment each simulated approach started at a height
of abcut 1800 ft, with the aircraft trimmecd for the approach flight path and
speed. Measurements were not started until the aircraft passed through 1500 f't;
they then continued down to the 'break off' height of 300 ft, giving an average
time for the measured portion of each run of about two minutes. Nine runs
were made in cach session, covering the 3 x 3 conbinations of different levels
of speed stability and turbulence intensity. The various cenditions were
presented in a random order, and the pilot was not tola what variations were

being made from run to run.

5 RESULTS AND DISCUSSION

5¢1 Pilot's cverall impressicns of the simulation

The validity of the simulation, as a guide to spccd stability problems
in real flight, obvicusly depends upon the rcalism of the simulatione. While
the purely computational aspects could be checked by watching time histories
of the computer outputs with trace recordings made in fliight, the realism,
from the pilot's point of view, may depend equelly on the gencral environment
of the simulator, and on the methods which are used to inform the pilot of the
aircraft's behaviour. Thesc arc largely subjective maticrs which are not

amenable to precisc analysis.
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Although only four pilots took part in the systematic speed stability
experiment, a total of fifteen gualified pilots assessed the simulator for
overall realism. All but two of these had flowm the actual Avro 707A aircraft.
The range of pilot opinion was very large, one or twe 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 inteo a

meaningful flying task.

For the majority of the pilots however the simulation, 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-—

1 The force feel charactcristics of the flying contrels, particularly the
elevator, which were poor. Exccssive friction prevented the attainment of

positive self centering in the middle of the stick travel. (See Fig.h)

2 The simulator appcared to be more sensitive laterally than the aircraft,
both to control application and tc the effects of gustse In the light of
subsejuent 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 operatien 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 coverall effect of 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 exveriment on speed stability

and turbulence

As explained earlier, twe scts of fcsts were made in this experiment,
one with the spced 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 aercdynamic characteristics. As
far as the actual dynamic behaviour of the aircraft was concerncd the principal

differences arising from thesc two methods were those introduced by the engine
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lag, and by the limited authority of the autothrottle. However the latter
feature was only apperent for the very unstable cenditions, which needed such a
high autothrottle gearing that the throttle was scmetimos driven onto its
limits. The effect of the engine lag was probably too small to be readily
distinguished by the pilot. But thcre were considerable differences between

the two methods in such features as engine ncise and rpm indicator variations.

Pilot opinions, expressed in teras of the nurerical rating scale described
in table 1, are listed in tables 2 and 3 for the twe series of tests. (The
ratings given by a fifth pilot, who &id not take part in the complete series
of tests are also listed in table 3.) In making their cvaluations pilots
were asked to assess the acceptability of cach configuration for general use
by service pilots, rather than for the somewhat artificial conditions of test

flying. (As noted in table 2, this briefing wes mis-understood on one occasion. )

In most cases the whole series of tests was repeated at least once, and
sometimes twice by each pilot. Tnis 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 therefaore
different), order in each trial, and tae pilot was not tcld wnich condition he
was testing, either before or after the run. The interval between the replicaticns

was usually a day or two.

The data for these repeated trials, given in tables 2 and 3, show that
individual pilots were, generally speaking, consistent to within one rating
point in either direction for a given test ccndition. Trere did not appear to
be any distinctive trend in pilct opinion with repeated tests, a feature which
is noteworthy, since it will be shown later that the mcasures of pilot
performance did, in some cases, exhibit an improvement which was consistent

with lcarninge.

The variation of pilot opinion rating with specd stapility and turbulence
level is shown seperately for each pilot in the four plots of Tig.6. The data
for both series of tests (i.e. svecd instability produccd by reversed autothrcttle,
and modified aerodynamic characteristics) are prescnted together, since, except

where spccifically mentioned below, therc was no inconsistency between thems

All thc plots in Fig.6 shiow the expected trend tovards mere adverse cpinion
ratings with decreasing speed stebility, but otherwise thcrc are notable differences
between the data from the various pilots. In the case of pilots A and B the

opinion ratings appear to be well correlated with the lcvel 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
piloc A were more affected by the turbulencc 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 experimental
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,
(1/1 values of -0,01L, +0.026 and +0.118 sec_1) and those with the speed
instability produced by modifying the aecrodynamic characteristics, (1/7 values
of -0.035, 0 and +0.06 sec-1). In order to study these differences in pilot
rating in more detail a further analysis has been madc, based on pilots own

assessments of the level of speed stability and turbulence.

It will be remenbered 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 cpinion rating of the overall
'acceptability'! of the condition and any other comment he cared to make. In
Fig.7 the pilot opinion ratings have been replotted against the pilots own

assessments of the test conditions.

Comparison of thesc plots for pilots A and B shows, once again, that
pilot B tended to rate a condition about one and a half points lower on the
scale than A, even though they both used the same gencral 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 cenditions were defincd. 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 expecteds In theory, at least, it would always
be possible to find some level of turbulence at which the eircraf't became

uncentrollable, and thereforec qualified for an 'unacccptable' rating.

Pilot B's methed of assessment, which, it will be remembered, preduced
superficially the most convincing data, (Fig.6) was, perhaps, less satisfactory,
since it evidently depended mainly on assigning the rating accciding vo his
assessment of the speed stability, and seemed te contain a much smaller element

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

Pilot C's ratings, when plotted against nis owa assessment ol the speed
instability and turbulence level, Fig.7, show rather belier correlaticn tnen
when plotted against the actual numerical values of 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 ratner than

pilot B.

Pilot D's ratings dc not correlate well when plotted against his own
assessments of speed stability and turbulence. Moreover his additional comments
do not explain the cconsistent differeances in his ratings between the tests with
reversed autothrottle and with aerodynamically produced speed instability.

These differences therefore remain something of a mystery.

From the foregeing a somewhat confused impression of the pilets' assessments
of speed stability variation emerges. However when account is also taken of the
extended verbal comment made during the trials a few general conclusions may be
suggested. At the severest levels of spced instability tested (i.e. an
exponential divergence of time constant 5 sec) control was alnost inviriably
lost at some stage of the approach, and it is considered that such a characteristic
would be quite unacceptable, even for the semi-emergency condition eftcr an
automatic throttle had failed. Divergence time constants between 10 and 20
seconds would be unacceptable as a2 standard aireraft condition, but might be
allowable for the rare eventuality of an automatic cquivment failure. Over
the remainder of the range tested, i.c. from movions which diverge with time
constants greater than 20 sec, to motions which converge with time constants
greater than about 30 sec, there were indications of a precgressive improvement
in handling as stability of speced hclding was increascd. It might be expected
therefore that cven shortcr time constants would be nccded before the speed

holding problem disappeared entirely.
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5e3 Comparison of pilot opinion data cbtained in the simulator with that

from flight trials

As mentioned in section L, three of the pilots who took part in the
simulator trials (4, B and D), had also played a major paft 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 theodeollte sight where a very precise flight path
was required, or radar ecquipment for a task more representative of real bad

weather approaches,

Another difficulty in comparing the flight and simulator trials lay in
determining the level of 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 obvicusly 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 othcr hand, always rates the real
aircraft less severely than the simulater, and he finds the detericration in
handling qualities with speed instability much less troublesome in the air
than on the ground. Once again, Pilot D's ratings shew 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 opinicn data

The overall impression given by this pilot opinicn data is one of some
confusion, particularly as regards the variability between different pilots.
Although genuine differences of opinion as te the handling qualities of an
aircraft are, of course, to be expected amongst different pilots, it is felt
that the lack of censistency cvident 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 tiie pilot to cover
situvations 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 of 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 interprctation of the rating
scale, prior tc the tests, in that it might then beccome 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 fclt that they in no
way diminish the need for rccording 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

paper1o on aircraft 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 becn described in section 4 and they are also listed in
Pig.5. The data collected in the prgsent tests are given in table 4, for the
trials with reversed automatic throttle centrel, and in table 5 for the trials
where speed instability was produced by variaticn of the aircraft's aerodynamic

characteristics.

As a preliminary exercise the parameter which was taken to be the best
overall measurc of speed helding, (i.e. the mean modulus speed crror from the
desired approach specd), was studied by a straightforward analysis of variance
for the three factors; level of speed stability, level of turbulence, and

individual pilot. This analysis showed significant differences (to the O.1%
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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 5% level). The same result was found for
both methods of producing the variation in speed stability, (ive. 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 twe of the pilots, A and B, are
shown in histogram form in Figs.9 and 10. 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 hand pilot B, (Fig.10),
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.e.-dependence of speed holding on speed stability, but not on

turbulence’intensity), are apparent in the histogram plotss

The possibility of there being a learning effect, which led to
progressively improved performance during the experiment, has been studied in
more detail with the aid of plots such as Figs.411 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 L4, 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.11, 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 performence. 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 performance maey 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 pilots 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.13(a) and (b)). Only when the speed characteristics become

moderately unstable does a significant detericratior in performance occur.

Pilots comments 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 L. Prom the practical peint of view of approach success
it is, of course, the deviation: close to the break off point which are
important. It is of interest to determine 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 small errors, (less than
+2.) knots in the case of speed), so that the significance of a direct comparison
of the present data is a little uncertain. Nevertheless Fig.1l, in which the
mean speed error is plotted against the error at break off, suggests that the

correlation is rather weak.
6 CONCLUSIONS

Simulation of the Avro 767A aircraft, at about the same time as full scale
flight trials were taking place, allowed a direct comparison by pilots of the
simulated and actual handling characteristics. In general pilots found that
the simulation represented the aircraft reascnably faithfully, although there
were some features which made the simulator rather more difficult to control
then the real aircraft.



19

A systematic study of the effect of varying speed stability and

turbulence on the aircraft's handling showed the following features:—

1 Over the range of speed stability tested, (i.e. convergent motion with

a time constant of 30 seconds, through to divergent motion with a time constant
of 5 seccnds), pilot opinion became progressively more adverse as the stability
was reduced. At the worst condition, (T2 + 5 sec), control was frequently
lost altogether, and such characteristics would ccnsequently be unacceptable
for 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 mections with time constants of net less than

20 seconds, might be acceptable, (although undesirable), given conditions

which were otherwise favourable.

2 A statistical analysis of the accuracy of the approach, as measured by
the speed error from the desired apprcach speed, (meaned cver the whole rm),
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 3C0 foot
break cff height, and speed error meaned over the whole run, was unexpectedly

weake

3 For at least one pilot, significant learning effects cn performance

were noted cover the first twenty or sc approaches, (not counting any additional
approaches made befcre the systematic trials started). It is evident therefore
that a pilet'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
investigation of an aircraft handling parameter had becn attempted. It was
alsc the first study to be made on the simulator follcowing an extensive
rebuild. Apart from revealing a few cquipment deficiences, the following

mere general conclusions regarding this type of work have been reached.

(i) The use cf pilot opinion rating scales for aircraft handling
qualities assessments needs considerable care. Agreement between the
participating pilots as tc the meaning of the scale, and the exact basis on
which assessments are tc be made, shculd be reached pricr tc the trial. The

rating scale shculd be supplemented by pilct's verbal comment.
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(ii) Despite these precauticns inter-pilct variablility 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 perfcrmence 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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Appendix A

ANALOGUE COMPUTATION OF THE AIRCRAFT'S FEQUATIONS OF MOTION

A1 Translational motion

The equations governing the translational motion of the aircraft's 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 Z (or normal) axis was perpendicular to it, and in the
plane of symmetry of the aircraft, while the ¥ (or lateral) axis was mutually

perpendicular to the other two.

The translational motion was defined by three variables; the acceleration
along the flight path (V),.and the components of flight path angular velocity
“in the XZ and XY planes. The latter were denoted by (QW) and (RW) respectively.
The complete equations of motion for a rigid aircraft in these terms have been
previously derived by, for instance, Howe9. 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
approximations were also made, where appropriate, and particularly in resolving

the force camponents from 'body' or 'stability' axes onto the flight path axes,

- Variable quantities in the following equations are shown thus ( )e The
fixed coefficients in these equations were based on data for the mean flight

condition and these are listed in section A.
The translational equaticns of motion used were:=-

For acceleration along the flight path

2C ac ac
o(?) = (a) - qS[—fp- (av) + =2 (8a) +-—E;1]-)—(Anil
dac. ac
o) () e F @ |0 -meemn () ()

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

1]

2C dc ac
mV(Qw) = () [a + (A)] + (D) + qu'l:—‘-/:I-‘- (av) + -(-ﬁli(Aa) + —a-;]I-'-(An)‘——l

- mg[1 - cos(@w) cos(¢W)] (A2)
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For flight path angular velocity in the XY (lateral) plane

wW(Ry) = - (4)(8) + qSF&(B) + =7 (é)]

sFZ (%) + ——(Aa>+ -2 (A'n)](ﬁ)
+ mg cos (6w) sin (¢W) (43)

A.2 Rotational motion

The equations governing the rotational motion about the ajrcraft'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 symmetry,
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 and
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 RB, P, QB denote rotational velocity components about the body
axis system defined above, while RS and PS denote rotational velocity components
about the stability axis system. The approximate (small angle) relationships

between them, used in this simulation were:-

i

(2)

(®g) + (BRg)[a + (aa)] (A2)

1}

(Rg) = = (By)la + (8] + (Ry) (45)

The equations of motion used were:-

Por pitching rotation

Iy (3) = % (5 (46)

* This resolution merely takes account of the changing orientation of the
stability axis system in the body as the incidence is changed, As far as
rotational motion is concerned, both sets of axes are body-fixed.
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where
: ac, . ac dC = ac =
M
(20) = b (80 + 5t (an) Qé. 7@ Ey (0 D
: v jEd
For rolling and yawing motions
Ly (B) = o (&0,) - o0 (&0) [a + (8a)] + I, (Ry) (48)
I, (R)) = a0 (£6) + g% (&0,) [a + (8] + Iy, (By) (49)
where
ac ac ac ac ac .
£ £ 14 L D £ b
(&,) = Fr (B) + IE (E) + ' (2) + ;'—Pﬂ'gf (®g) +d'[§sbj oV (Rg) (410)
L2V_ V.

. d.C dC ac ac b ac b
(ACn) = (5) + == (é‘) dgn (g) +‘Eab—y~5‘-f (PS) + Rr{) v (Rs) @14)
al_s_| d'ﬁ..'
v 2V.

A3 Buler angle computations and other kinematic relationships

The orientation of the flight path axis system with respect to earth was
defined by the three Euler angles, QV, \JIW and ¢W' These are related to the
¥
angular velocities of the flight path axis system, QW’ Rv'\f and P by the well-

W
known equations:-

GW = QW cos ¢W - RW sin ¢W (A12)

u

¢

¥y = (RW cos ¢ + Qg sin ¢w) sec B (A1y)
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The equations for QW and RW’ in terms of the forces applied at the aircraft
? that the
angular velocity of the flight path system about the X (or forward) axis is

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

given by the expression.

= i A
Py cos B Py + Qy sin B (a15)
Maling the usual. approximations for small angles, equations (A1}) and (A15),
may be reduced to the simpler forms used for this simulation:—

(hy) = (By) cos (g) + (q) sin (gy) (416)

and

(By) = (By) + (Ry) [a + (20)] + (Qp) (B) (417)

The kinematic relationships for incidence and sideslip, in terms of the

variables already discussed, are also derived by Howe9. Strictly they are:-

(B = &) - ®) (a18)

& = Qg - Qw cos B - P, sin B (A19)

since B is always small, however, the following approximation was used in the
similation.

() = (g - () - (B)6) (420)

Finally it was necessary to compute the Buler angles of aircraft attitude from
the flight path Buler angles, together with the angles of incidence and sideslipe
Although, in theory, these Euler attitude angles could have been computed directly
from the angular motions given by (A46), (A8) and (A9), this would have involved
parallel integration on the computer, with its attendant problems of drift and
accuracye

The following approximations have been derived from the exact equations

given by Howe” .

(6)) = (8,) + (a) (a21)
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(¢5) = (¢) (A22)
(i) = (%) - (B) (a23)*

ALY  Effects of turbulence

As mentioned in section J turbulence was represented by random signals
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 120 kt (202.5ft/sec)
AU W, 9820 1b
Wing area S 408 sq ft
Aerodynamic mean chord g 1 bl £t
Span b 34,16 £t ,
Pitching moment of inertia Iyy 17415 slug - f;
Rolling moment of inertia Iy 6358 slug - ft ,
Yawing moment of inertia IZZ 22079 slug - gt
Product of inertia IXZ 275 slug - ft
Aerodynemic data
Datum,CL O 48
Datum QD 0.088
Datum « 12°
Datum m --2.8O
Datum thrust 1795 1b
ag /da 2,6l per rad
dCL/dﬂ 0.57 per rad

dCD/da
dCD/d'r)

04372 per rad**
0.073 per rad

*Care is needed in using the approximation (A23) where the angles of incidence

are appreciable. A more satisfactory approximation is then

dQD

da

ol - B+dya

**For the second series of experiments the empirical expression

= 0.0336 (0.0875 + 0.0415 ag) was used.

were obtained by flying at different values of e

Variations in speed stability
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dac,,/da

dGM/dn

£
ac,/a %‘Z

&G |

ac, /a|==|

2z,
dCY/dB

dcY/dg
ac e/dﬁ

ac &/dg

ac &/dé

ac / dES-g
ac e/d[:i—s-—il

acn/ae
acn/dg
dcn/dz;

dGn/d A
R.b}

. S

uCn/d[ééj

-0415). per rad
-0.197 per rad

~1.452 per rad

+0. 428 per rad

-0 448 per rad
+0.103 per rad
~04106 per rad
-0,0795 per rad
+0.0055 per rad

-0+ 300 per rad

40,095 per rad

+0.0557 per rad
+0.015 per rad

~0.033} per rad

~0.,025 per rad

~-0.,080 per rad

Appendix A
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Table 1

Pilot opinion rating scale used in flight and

simulator studies of speed stability

1 Excellent One of the easiest of its type

Well above average, pleasant to fly

Satisfactory 2 Good
on approach

3 Batisfactory Above average, midly unpleasent only

Average, some unpleasant

A t
L. Acceptable characteristics

Below average, unacceptable for

Unsatisfactery | 5 Poor ‘
normal opsration

Well below average, acceptable for

6 Ve
Ty poor emergency operation only

7 Dangerous May have to ovecrshoot

Probably have to overshoot (on more

8 Very dan 7
ry gerous than 50% of occasions)

Unacceptable

Likely to break something no matter

Barely controll
9 y controllable how many overshcots

10 Catastrophic Certain to break something
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Table 2

Consistency of pilect ratings during repeated trials

speed stability varied b&'autothrottle

Still air |rms gust vel. 3 ft/sec | rms gust vel. 6 ft/sec
Stabe.
. ko | kK1 | k2 | K0 KA K2 KO | K1 K2
Trial
1t |2 |2 |4 3 " 5 i b 5
Pilot
VO ena |3 | asl5 | 4 | ou 7.5 5 | 6 7
d {3 |3 s | o4 R 5 5.5 | 6
15t |4 | k5| 5 w5 5 ¢ 5 w5 | 7
Pilot
B end L |5 |6 beb| 5 6 5 6 6
3d {u |5 7 " b5 |7 5 b5 | 6.5
c 2nd  (2f | 54| Bt M uh 6.5/ 6 | 6t 7.5¢
Pilot | °F |33 3 %145§ i 3 ; L | 55 5.5 | 9
P ma l2 13 |5 | 4| 5 | 4 5.5 | 7 7.5

*Acceptability for test pilot under experimental conditions

FAcceptability for general service use
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Table 3

Consistency of pilot ratings during repeated trials

speed instability due to aerodynamic effects

Still air | rms gust vele 3 £t/sec | rms gust vel. 6 ft/sec

% o [s1|s2| so | s s2 so | s 82
Trial
1st 2 2.51 3 3.5 L 5 L 6 5¢5
Plot|  zna |4 |3 |5 Lo| o3 6 5 é 5e5
3rd 1 1 3 L 3 L L.5 he5 5.5 5
st |y 13.5 5.5 5 5 5 5 5 5
Pilot
1B° | 2nd 3.5! L | 5.5 L5 L 5.5 5 5 545
|
| 3rd 3 ! L 5 L L 5 L 5 6
RN ERE I 5 6.5 3|6 | 5.5
Pillj“ 1st 2 i1.5 2 2.5 | 2.5 3 3.5 | 3¢5 %
Pi%j"t‘r 1st {2 l2 ‘5 3 i 3 ' L 9 5 ! 9e5
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Table g
ollect for trials with speed stab vari e tothrott
Test condition MMeasurements
Gust Medulus mean error Final errcr P10t
Date Run | pyyop | level Speed
Noe tt/sec | Stability Height | Lateral | Speed | Height | Lateral | Speed| rating
1t £ kts ft ft kts
rms
16.3.62| 1 A 3 K3 0s L7.5 0s 05 0s +2149 8
v 2 # 6 Ko 1.2 2.9 0,2} =9 - 31 + 3.2 L
» 3 " 3 K2 1446 14.6 5.8 | =23 +175 + 362 5
u 14 " 3 KO ‘oll 1.& 008 +11 + 21 - OQh 3
" 5 ° C K1 6.2 2‘-‘.8 106 -6 +269 he llQB 2
" 6 " 3 K1 1.9 0 N8 | =-30 +118 - 145 k
» 7 . © K2 13.7 12,0 1.3 | +30 +154 - L6 b
" 8 L o] K} 8.3 “405 3.’4 =20 +1l&° - 001 lhs
" 9 n 6 1'—3 8.7 1305 ’-9 '50 + 1’4 - 1-6 8
L 10 ® 6 K2 5.8 3.2 207 "10 - h2 - 6-8 5
" 1 " 0 KO L,0 L6 2.0 -6 + 35 + ket 2
" 12 " 6 K1 1.4 1.8 1.0 | =23 -15k - 3.3 4
20.3.621 1 B 6 K3 08 120.6 08 Abandened 9
" 2 o 3 K1 2.2 L4.0 1.9 | +46 ~189 + 3.8 5
" 3 » 0 Ko 1.0 0 03| +9 + 45 0 A
. 14 " 3 K2 17.[& 7;6 2.} -22 '15h - 0.6 6
L 5 L] 0 Kt 1.6 4] 1.6 +20 + 7 ~ 17 hos
" 6 " 6 KO 2.9 17.2 0.7} =30 FERTA - OJ4 5
. 7 » 6 Kt 2.2 13.4 1.0 | =13 + 19 - L. §o5
" 8 ] 0 K3 2.1 L7 1.8 | +39 + 7 + 8,9 7
" 9 " 3 KO 1.3 11.2 0.3 | =18 + 63 + Oubs he5
" 10 u (o} K2 2.5 21.4 09 | -4 + 28 - 1.7 5
. 1" » 3 K3 L7.5 3£.0 6.1 | +ith +140 + bely 9
" 1? " 6 K2 6.4 22.5 1.5 +2 -210 + 5¢4 7
22.3.621 1 A 0 K2 13.0 0 3els +85 + 84 +11e3 5
" 2 " 3 KO 0.5 149 01 +10 +196 + 3,0 4
" 3 * 3 K1 0.8 9.5 0.7 +1 + L2 + ho? h
" 4 " 6 Ko 0.5 7.0 0.3} +2 =101 + 1.8 5
n 5 " 0 K1 3.9 1e7 1.0 | +19 +175 =~ 5.9 345
" 6 b } K2 }208 1503 3.’4 + 9 + 3 - 20’4 705
" 7 " 6 K1 345 ) 1.9 | +30 +115 + 8,0 6
" 8 L 6 X2 705 ( lhs =25 - 9 11,5 7
. 9 " 0 KO 1.1 1142 162 | +33 +196 - Le7 3
22,3.621 1 c 3 K2 1161 7.2 1.2 | 440 +189 + 0.6 3=
8 2 n o K2 3e1 18.1 0.6 + 6 +112 + 043 >
L] 3 n 6 KO 3.2 3.8 Out | -2 +133 o L
L 4 " 0 K1 1.0 o} 063 +18 +147 - 0.8 P
" 5 " 6 K2 79 6145 0e5 29 +140 + 2.4 Se5%
. 6 s 3 K1 1ot 33.8 Ot | =2 +133 + 148 k2
" 7 " 6 K1 2.0 27.8 0.2 | =29 +259 + 24 I
n 8 " 0 (0] 0 1945 8| -2 +161 + 2ol >
# 9 . ) KO 11 LISOS 0-1 -2 +1&4 + 003 3:'
22.3.62 | 1 B 0 ) 0.5 0 0,2 | =11 + 77 + 3.0 L
n 2 # 3 K1 2.6 0 0.5 | =27 + 87 + 142 5
" 3 " 0 K2 5.5 0 16 1 +8 +129 + 7ol 6
r L " 6 X0 Le0 18.8 0.6 | =24 + 98 o] 5
" 5 " 6 K1 5.2 76 1.9 | =L6 - 7 + 5.0 6
" 6 . 3 KO 146 15.0 03] =9 + 9L -2, ka5
. 7 " 0 K1 0.6 he9 07| +4 +210 + bt 5
u 8 " 3 K2 L o} 1.2 | +30 +140 + 7.6 6
" 9 . L) ! 6 K2 5.8 2.0 0.9 +18 +140 + 6.8 [

“For eperation by test pillets rather than for general service use

a



Table b (contd}

Test condition Measurements
Gust Modulus mean error Final errer
Dat Run Pilot level Speed Pilot
ate Né. ft/sec | stability | Helght | Lateral | Speed | Helght | Lateral | Speed rar,ing
ms ft fr kts ft ft kts
2343062 | 1 A 6 K2 3.6 0 0.8 | +17 - 56 + 3.8 6
L] 2 " 0 KO 1.1 0 0f =5 - 56 - 3
U 3 n 3 (o} 0 0 0| +19 - 53 - 1.6 L
L u 3 K2 2.0 0 0.2 -8 - 26 + 1b 5
5 " 3 K1 0 0 o] -6 + 7 -~ 245 L
6 L [ K1 0.6 0 Ouly -1l -23 - 345 55
t 7 ] 0 K1 o) 0 0,2 =7 + 4 - 0.2 3
" 8 " 6 Ko 0 o} 0.1 + 6 + 38 ~ 1.5 5
" 9 " 0 X2 1.2 o} 04! =39 - 43 - 4,2 L5
2303.62 1 B 4] KO [¢] 0 0 - 9 + 31 - 2.1} l}
) 2 ] 6 K1 Oa? 0 1,0 | =11 + 31 +11e7 LS
u 3 " 3 K1 0.9 0 11 -6 + 28 + 044 L5
U L f 6 Ko 1.3 2.4 0 23 + 21 - 1.2 5
fi 5 " 0 K1 Oy 1147 0.6 -9 -112 - 162 5
il 6 n c K2 30,6 6.2 7.8 | 432 -21 +14.2 7
n 7 " 3 K2 6.8 a L.O | +26 + 35 +12.6 7
J 8 L] 3 KO 0 0 0.3 -11 + L + 1.6 L
L 9 " 6 K2 3.5 o} 1.6 | =26 + 31 0 6.5
26,3.62 1 D 3 K1 2.5 | 133 0.2 | =19 -25 + 1.3 3
n 2 n 0 K1 Oaly 6.4 0 -10 -131 + 0.3 3
" 3 f 3 K2 1.0 | 106 0.6 | +27 +224 + 507 L
] L n 0 K2 12.6 62.1 0.7 | +24 +356 + 1.1 L.5
" 5 " 0 KO 0,2 o} 0| +2 + 17 ~ 0.6 3.5
n 6 " 6 K2 224 ] 593 2.7 | =l 08 - 6.2 9
" 7 ] 6 K1 2.9 119.2 0.5 | =30 -130 - 1e2 5.5
" 8 " 3 KO 1 1.7 0] +2 +203 + 1.0 4
" 9 " 6 KO 1.4 28.2 0.3 | +10 - ~ 3.4 545
27.3.62 1 c ) (6] 0 0 0 0 0 - 1.8 2
" 2 u 3 KO 0.2 4 0ot -8 - 14 ~ Ouy 3
" 3 n 6 K1 7.6 5 0.1 ~10 - 38 - 0.7 6
" 4 # 3 K2 1ol o) 0.2 +9 - 38 + 365 645
" 5 " 0 K2 1.1 ] 0ol +22 - 35 + 046 565
" 6 Ll 6 K2 0.6 0 1.2 ] =16 + 17 0 75
" 7 " 6 KO 1.6 0 0.2 | =23 + 14 - 1el 6
" 8 n 0 K1 0.5 o) 0| =6 - 28 + 1ol 5
n 9 n 3 K1 0 o} 0.1 + - 42 + 1.8 L
27‘3!62 1 D 4] Kl o] 0 0.1 -1 + 70 - Ow6 3
" 2 " 3 K2 24 1.1 0.8 | +16 - 35 = 0,2 4
" 3 ® 3 Ko Lok 26.2 0| +18 +161 + 3ok L
# 4 n 6 K2 5.9 67.0 140 +30 +490 + 5.8 75
" 5 " 3 K1 1.6 0 0.1 +1 - 35 ~ Cu1 5
" & " 0 K2 8,0 2.9 062 +11 +189 + 0.5 5
" 7 " 6 K1 1.6 43.5 0.2 +16 +36l - 3.1 7
" 8 n 6 KO 4.8 0 o] +33 + 98 + 31 545
L] 9 # 0 Ko o | o 0 +5 + 3 - 1.0 2
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[o) cted

ta for trials with speed st

Table 5

11ty varied by dr:

characteristic

Test condition Measurements
GCust Modulus mean error Final error
pate | U0 lppyor | lever | Speed Pilot
No. ft/sec | stabllity |Helght [Lateral |Speed | Helghl] Lateral | Speed | rating
rms ft ft Kts ft ft Kts

30,3462 1 1 B 6 82 2.8 1.6 2.9 -15 - 42 +1.5 ] 6

L 2 n 0 31 0 0 o} -1 + 24 + 11 345

" 3 " 6 51 1.7 0 0.7 -9 + 3 + 8.9 5

" k n 0 82 042 o] 142 -15 + 10 + 5.9 55

" 5 n 0 80 1.9 0 0.1 + 1 + L9 + 1.9 L

» 6 L 6 S0 1e7 o] 0e5 +10 + 10 + 0s7 5

'- 7 " 3 82 1.6 0 242 =36 -3 + 9.8 5

" 8 . 3 st 0-5 0 Ooh "19 + ’42 + I-h? 5

n 9 " 3 S0 0 0 0.1 -9 - 24 o} 5
2014.62 1 E 3 SO 1.2 ] 093 -10 + 7 + 12 3

U 2 " o} 50 0.8 1.9 0,2 +10 ~182 + Oel 2

] 3 n 0 82 9.2 | 18.5 2.1 +2 0 + 3.6 | 5

L] LL " 6 51 3.2 1.9 Oc? + ’4 + 3 - 0.8 5

" 5 " 0 S1 27 245 0.4 + L - L2 = 0a2 2

. 6 " 6 S0 1helk | 6641 0.7 +26 -560 -Lo | 9

n 7 " 3 82 23 945 2.0 + 8 + 17 + 53 L

" 8 " 6 s2 1848 1.6 0s 0s + 21 +2149 9.5

" 9 " 3 S1 1545 140 541 +28 - 35 + 540 3
Lelie62 1 A 6 st Le1 0 - -5 - 21 + 7«7 | 6
[A.Ml] 2 " 3 S1 2e1 o - + Lb + L&2 - 0'6 h

u 3 n 0 82 1.8 o} - -1 - 17 + 2e1 3

" L " 3 S0 0.7 0 - +15 + U5 - 0.3 3¢5

" 5 " 6 82 6.1 0 - -3 - 38 + 1.6 | 55

v 6 n 6 o) o] o] - + 1 - 28 + 042 L

" 7 " 0 50 0 0 - +2 ~ 8L +1.0 | 2

u 8 n 0 S1 0 0 - o] - 9N - 1.8 2.5

" 9 » 3 852 2.2 o] - + 2 - 56 + 247 5
Lel1a62 1 B o] 81 c 0 - + 1 - 28 - 046 L

" 2 " 3 50 2.4 0 - ~30 - 32 - 140 L5

" 3 " 3 82 0.8 0 - +28 + b2 + 8a7 | 545

" 4 " 0 82 1ol 0 - -4 - 10 + LaO Se5

% 5 % 6 51 0a3 1640 - -27 + 17 + 142 5

" 6 " 6 S2 0.8 o] had "'31 0 - 2-6 5.5

" 7 " 3 s1 o} 0 - -6 - 35 + 1.8 | 4

L 8 " 0 80 o] 0 - 0 + 17 + 1e2 365

L 9 " 6 S0 1ol 0 - 25 + 14 = 15 5
Ltol-hsg 1 D 6 SO 2.5 0 - + 2 + 35 + 306 305

n 2 n 3 81 142 o} - + b - 38 + Ooly 2.5

v 3 e 0 g2 1el 2.0 - +17 -182 + 246 2

u L n 0 S0 1.8 0 - +13 - 52 +leh | 2

n 5 " 6 st 2¢3 302 - +18 +322 + 0.3 365

# 6 n 3 80 241 0 - +12 =203 + 07 | 245

" 7 ] 6 82 1.8 0 - ~13 -112 + 57} L

" 8 n 0 81 0 0 - +9 -7 + 0e3 15

* 9 n 3 s2 0 0 - -2 -7 -3 | 3
Lelieb2 1 A 0 s2 La5 1.6 - + 2 - 38 + 069 5
[P.M.] 2 " 6 St 1e1 0 - -5 - 35 0 6

" 3 " 3 s1 Oub 0 - - - 7 +1eh | 3

n b n o} 80 1e2 0 - -1 - 14 - 049 Iy

" 5 " 0 St 0 0 - +12 - 95 + 1ol 3

" € " 6 s2 0u3 0 - +16 0 + 549 5e5

" 7 n 6 ) 043 0 - -7 + 32 - 12 5

" 8 n 3 s2 243 0 - + 1 - 35 + 1y 1 B

" 9 " 3 50 0 0 - -8 +49 | =031 4
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Test condition Measurements
Gust M>ydulus mean err<r Final error
Date Run P1lot level Speed Pilot
a NOw ft/sec | stability | Height |{Lateral | Speed | Helghtj Lateral |Speed rating
ms ft o kts ft ft kts
Selie62 1 A 6 81 0.8 c 03 ~-21 -28 a7 55
" 2 ) ) 81 ¢ 0 0 -3 -3 +145 3
" 3 n 6 §0 09 0 042 -3 +38 +2el4 Le5
" L L] 0 80 0 0 0 -5 +3 +2e2 1
" 5 " ] 82 0.8 1e7 1ol -1 =98 +3e7 L
" 6 " 3 g2 ¢ 0 0e8 -8 =14 +2e2 Lie5
n 7 " 3 80 0 0 0 -5 -10 +160 3
" 8 " 3 51 0 0 0e2 0 12 +1e7 L
" 9 u 6 g2 0.2 0 0.6 +12 -4 +0.7 5
Bnlieb2 1 B 0 51 ) 0 0 -8 +2h +1e5 L
J 2 n 6 52 045 0 3e5 ~30 -91 +het 6
" 3 " 3 s2 0e5 0 1e5 +3 -16 +hely 5
" 4 " 0 S0 0 0 0 + 6 -59 +043 3
" 5 " 6 S0 063 0 0 + 8 + 7 -1l L
" 6 " 3 50 0| 6.7 02 | =10 49 [+148 | L
" 7 # 0 82 0 0 1.1 +13 + 7 +340 5
" 8 " 6 s1 19 0 1s7 -18 +10 +2.0 5
" 9 " 3 81 0 0 Ou3 + b + 7 +0.6 N
Yelieb2 1 C 6 S1 0 0 0e2 + 6 +21 1046 6
" 2 " 3 50 0 0 o | +7 -7 |-06 |3
n 3 " 0 82 0 0 o -4 -7 0 3
" L u 6 s2 o} 0 Oeli -2l =52 0 55
" 5 " 0 S0 o] 0 0 + 7 ~38 +0uly 2
" 6 ] 0 S1 0 0 0 -2 45 ~049 3
u 7 " 3 g2 0 0 Ouly -10 -9l +043 645
" 8 L 3 S1 0 0 Ol +2 -21 +2.0 5
" 9 . 6 80 0 0 0 14+3 £3  {+0.2 | 3




3L

v 5y &g

SYMBOLS

Meaning
wing span

1lift, drag and sideforce coefficients
pitching, relling 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 aircraft 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 seccond experiment

lateral offset from I.L.S. beam
engine thrust

thrust required for levcl flight

speed

aircraft weight
aircraft incidence
angle of sideslip
rudder angle
clevator angle

wind and bedy axis Buler angles in pitch

aileron angle
density
time constant of speed convergence or divergence

wind and body axis Buler angles in roll

wind and body axis Buler angles in yaw

measured errors during I.L.S. approaches
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Fig.l Layout of simulator cockpit and instrument panel



Fig.2 Layout of simulator instrument panel
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FACTORS IN THE EXPERIMENT

FIG.5

QUANTITIES MEASURED

PILOTS HANDLING

ASSESSMENT ON 'COOPER'
NUMERICAL RATING SCALE

TIME INTEGRAL OF THE MODULUS
OF AIRSPEED ERROR FROM
DESIRED APPROACH AIRSPEED

TIME INTEGRAL OF THE MODULUS
OF HEIGHT ERROR FROM THE
I.L.5 APPROACH PATH

TIME INTEGRAL OF THE MODULUS
OF LATERAL DISPLACEMENT
FROM THE | L.S APPROACH PATH

SPEED ERROR FROM DESIRED
APPROACH SPEED AT THE
INSTANT OF BREAKOUT [300ft]

HEIGHT ERROR FROM THE IL.5
APPROACH PATH AT THE
INSTANT OF BREAKOUT [300#]

LATERAL DISPLACEMENT
FROM THE (| L 5. APPROACH

PATH AT THE INSTANT OF
BRE AKOUT [300#t]

DESIGN OF THE EXPERIMENT
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PILOTS DESCRIPTION OF
SPEED INSTABILITY
MILD J
NIL OR  [MoperaTE[SEVERE
SLIGHT
. aéa 2 (34 |5 4;1-?
3233 5
GV M
Z W FLYI UALITIES
QY | MiLD 344 |44 56458|4-7% NG QUA
gu LIGHT |32 34 53 RATINGS
w3 [SLIGHT|3 GIVEN BY PILOT A
@ 3 4 4‘L5 44 5
& |MopEraTE
z 2 4 42
E 565[666 457558
3 |SEVERE 52 |52
o

PILOTS DESCRIPTION OF
SPEED INSTABILITY

MILD
NIL OR  |MODERATHSEVERE
SLIGHT
5424|5245|7 65597
NIL |4 354|574 (5255
3}3 |4 FLYING QUALITIES
MILD |4 434524 42]7 552|9109 RATINGS
LIGHT |4 4 5
SLC.;'G,HT 45452 96 |gveEN BY PILOT B

656 |4565|6566 |9
MODERATE| 425 |55 |62
455 4

555 |6 76
SEVERE}S5 5

PILOTS DESCRIPTION OF
TURBULENCE

FIG.7 PILOT OPINION RATINGS COMPARED WITH

PILOTS OWN ASSESSMENTS OF SPEED
INSTABILITY AND TURBULENCE



PILOTS DESCRIPTION OF
SPEED INSTABILITY
MILD
NIL | OR |MODERATE|SEVERE
SLIGHT
222|33 52 5
w NIL
% N I Y
2O [MLD (333 |45 6z 62 | FLYING QUALITIES
o & |LIGHT RATINGS
0 3 [SLIGHT GIVEN BY PILOT C
N @ 33 6 6 5%
0 % MODERATE
0 —
5 6 7z
= SEVERE
o
PILOTS DESCRIPTION OF
SPEED INSTABILITY
MILD
NIL | OR |MODERATE|SEVERE
SLIGHT
322 |3 2 5
& | wL |8
Z
O 1 |IMILD 344 4% 3 FLYING QUALITIES
H 9 [LIGHT 2k 2% RATINGS
b (SLIGHT IVEN BY PILOT D
35 4 [mas|sEat]a |0
W D IMODERATE 32
-
& sk |7 52 |9 7%
9 |sEvERE
T

FIG7(CONT) PILOT OPINION RATINGS COMPARED WITH
PILOTS OWN ASSESSMENTS OF SPEED
INSTABILITY AND TURBULENCE



PILOT A PILOT B PILOT D

PILOT RATING

| | |
FLIGHT RATINGS
2 e RaTNGS | 2 S
FLIGHT RATINGS & P.AR. CONTROL A P AR CONTROL
FORMILD/MODERATEL 3 4 ard oy ) 4 \ L 3 +l_
R TURBULENCE ¢\r
~ o \
St L 4 { & a+ Al 4w\ [ - 4 A A A AAR A
//+ ~ Q//b YN A A A
AN N
S 5 Y\/N\// .wlw, S
\\/r / //V/.O//
SIMULATOR” [} + L 6 NN A | ¢ -
RATING 375GUSTY NHRS
-o..noz FiG.6) N Ao~
N 7 NNAR 7
N %
\ N
- 8 // - 8
\
N
9 9
IO iI0
0 O-1 Q-2 0-3 @) O 02 03 o Ol O-2 03
- \ - -
/o sec™ /7 sec! /1 sec”

FIG. 8 VARIATION OF PILOT OPINION RATING WITH SPEED STABILITY
AS ASSESSED IN FLIGHT

PILOT RATING
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7 7
7 %
TRIAL % 97
% %
. %
% % L 54%% 7/4%
4« () 4 //// S A
A AN e AR
STABILITY — KO K| K2 K3 KO KI K2 K3 KO KI K2 K3
GUSTS STILL AIR 3F/sec RMS 6f/sec RMS
SECOND
TRIAL %// . / Z/
1 777
T B A
STABILITY — KO KI K2 KO Ki Ke KO KI K2
GUSTS —== STILL AIR 3M6ec RMS 6f/sec RMS
7
7 |
THIRD %
.
%
. r
% %
% % 7
7z 4 Jé/ Ao
4 T AR 55527
STABILITY —= KO KI K2 KO KI K2 KO KI K2
GUSTS —= STILL AIR 3ft/5ec RMS 6F/sec RM S.

- MEAN SPEED ERROR-KNOTS

~ KNOTS

TR e £ o & I o

 MEAN SPEED ERROR—KNOTS

FIG.|IO COMPARISON OF SPEED ERRORS AND

PILOT OPINION RATINGS DURING REPEATED
TRIALS WITH PILOT B
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PROGRESSIVE PLOT OF PERFORMANCE MEASUREMENTS
DURING THE TRIAL TO REVEAL ANY LEARNING EFFECT. PILOT A



LATERAL OFFSET

SPEED ERROR HEIGHT ERROR
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(o]
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APPROACH
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FIG.12 PROGRESSIVE PLOT OF PERFORMANCE MEASUREMENTS
DURING THE TRIAL TO REVEAL ANY LEARNING EFFECT. PILOT B



DATA FROM PILOTS FIRST

DATA FROM PILOTS LAST

TRIALS TRIALS
HIGH HIGH
50’ F’SOI
®
IOKT ° IOKT IOKT e IO KT
sLow L FAST sLow o * FAST
50’ -50
Low LOW
FIG.13(a) SPEED STABLE Y =-0-014 sec™
HIGH HIGH
LSOI. - 50
o
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FIG.13(c) SPEED MODERATELY UNSTABLE 'y = t+ O-lI8 sec”

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