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SUMJARY

A grourd based flight simulator, having motion {rcedoms in pitch and roll,
haes been used to study the difficultics of flying a ropresentative jet transport
aircraft through severe storm turbulence, Random atmospheric disturbances of
RIS velocity 15 ft/bcc, cormbined with longer term draughts in the vertical plane
of up to 200 ft/sec were studied during fiight on instruments.

Most pilots had surprisingly little difficulty in controlling the aircrafit
despite the severe conditions represented. Bomg who made power and trim changes
froely however, terded to set up long period oscallations in speed and flaght
path, similar to those which have been reported in flight., The results provide
a useful experimental demonstration of the validity of curront rough air flying

techniques.

One case of itemporary loss of control occcurred during the tests and this
was attributable to the distraction of the pilot from the main flyxzng task

during R/T conversation.

*Replaces R.A.E. Technical Report N0.65195 ~ A.R.C. 27554
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1 INTRODUCTION

During the past few years a number of incidents have occurred.in large jet
transport operation which appear to fall into a similar pattern's Broadly
speaking they have all involved some loss of control® over the aircrafts!
longitudinal motion, resulting in the aircraft entering a steep dive from which
recovery has either not been achieved, or has been achieved only after subjecting
the aircraft to excessive manoceuvering loads. The cause of these incidents has

not yet been precisely determined.

In one or two cases the aircraft carried flight reccrders from which
continuous trace readings of a few variables, such as height, airspeed, normal
acceleration and heading, have been obtained. As an example of this type of
incident, Fig.1 shows extracts from a trace recording made in a Boeing 720 air-
craft during a scheduled flight over Nebraske in July 1963%. In this instance
control was lost at between 35000 feet and LOOCO feet, during an encounter with
heavy turbulence, and recovery was only cffected at a height of about 12000 feet.

Although many of these incidents have taken place under conditions of
severe atmospheric turbulence, the first of the posasible causes to come to mind -
structural failure - has been eliminated, at least for those cases where control
was regained before the aircraft struck the grounds The search for the cause has
therefore been centered on other possible effects of severe turbulence, such as
structural vibration of the pilot's cockpit, which might upset the flight
instruments or the pilot's ability to read them; or the possibility of the pilot
becoming dis~crientated as e result of apparently conflicting indications from
his instruments, combined with unusual motion sensations. Possible causes arising
from the aircrafts' serodynamic or control system characteristics are alzo being
studied.

The present simulator investigation was made as a2 preliminary attempt to
establish what control actions a pilot might make when flying through severe
turbulence, and in order to gain a practical 'feel' for the problem. It was
also hoped to discover whether there were any cbviocus signs of dis-orientation,
due to unusual or conflicting instrument indications. The study was confined to
searching for possible explanations as to how the type of incident described
above might start. Once a disturbed condition had become established there might
be further problems arising in the recovery, but these were beyond the scope of
the present study.

* The term 'loss of control! is used in this context to describe any situation in
which the pilot loses command over the motion of the aircraft. No specific cause,
eege loss of control e¢ffectiveness is implied.



2 DESCRIPTION OF THE STIULATION

The tests were made on the Aerodynamics Department research simulator at
R.A.E. Bedford% This simulator was designed for studying handling problems on
small fighter or the rcsearch type of aircraft, and the cockpit layout and
general enviromnment were thercefore not very typical of a large transport aircraft.
For thesc testa however the fighter type control stick was replaced by a ‘
control column and wheel, so that the control forces and movements could be made

representative of those used in larger aircraft.

The flight instrument layout was simular to that used on many British
transport aircraft, currently flying, but the artificial horizon, although of a

type still much in use, was not representative of the latest practice.

The instrument panel 1s shown in Fig.2, and the instruments themselves are

described in more detail in Section 2.1 below.

This simulator is provided with several alternative wvisual devices for
representing the pilot's view outside the aircraft, but none of these were used
in the present study which was treated entirely as an exercise in instrument
flyinge

A limited amount of cockpit moticn was rrovided in pitéh and roll by a
hydraulically driven moving mechanism. This aspect of the simulation is

described in more detail in Section 2.2 belowe

The flight conditions represented on the simmlater were those appropriate
to a large jet transport aircraft, (A.U.W. 280 000 1b), cruising at 250 lmots
E.A.S. at an altitude of 30000 feet. This 'speed was chosen as being a typical
recommended 'rough air' speed for this class of aircraft. The corresponding
Mach mmber was M = 0.67. The equations of motion used were in the usual small
perturbation form and probably involved considerable simplification of the real
aerodynamic characteristics of such an aircrafte In particular, Mach number
effects such as drag rise, trim change and loss of elevator effectivencss were
not represented, nor wes there any itrim change due to engine thrust changes.
While the use of the small perturbation ooncept is therefore not wholly valid
for the conditions represented in this study, it was felt to be adequate in the
present context: further more such tests will show how far loss of "command" is
possible even with no loss of (aerodynamic) stability and oontrol.

The atmospheric conditions were represented by randem noise signals,
filtered to produce a power spectrun corrcsponding to that of atmospheric

turbulence, and superimposed on longer term variations in air-vélocity



corresponding to large scale vertical or horizontal draughts. Vertical draughts
of up to 200 feet/second and horizontal draughts of up to 100 feet/second were
studied in the tests. In the lateral plane only random atmospheric disturbances

were representeds

Appendices A and B deal more fully with the representation of the aircraft
and the atmospheric disturbances on the simulator.

2.1 Flight instruments

The flight instrument layout used in these studies is shown in Fig.?2.

The artificial horizon was approximately 3 inches in diameter and consisted
of a fixed aircraft symbol at the centre and a moving horizon bare. The
sensitivity, for small altitude changes from the horizontal, was such that the
horizon bar moved roughly O.3 inches for each 10 degree change in alrcraft atti-
tude. The scaling was non-linear however and the sensitivity fell off increasingly
rapidly at attitudes larger than about 30 degrees, so that a totai range of
+65 degrees could be acconmodated. There was no pitch attitude scale marked on
the instrument, nor were there any facilities for setting a datum attitude.

The A«S.I. was a single pointer instrument covering the speed range
60-600 knots in roughly one and a half sweeps of the pointer. The scale was

linear and marked in divisions of 10 knots (ebout %" movement of the pointer tip).

The V.8.I. covered the range *L000 feet per minute rate of climb and had a
sensitivity such that the pointer tip moved through about 2" for each 1000 feet

per minute of vertical speed.

The altimeter was a three pointer instrument reading in hundreds, thousands
and tens of thousands of feet.

The behaviour of the aircraf't pressure instruments under the severely
convective atmoapheric conditions represented in these tests is a matter of
some conjecture. In this simulation it was assumed that the A.S.I. faxthfully
indicates equivalent airspeed, and that the altimeter and V.S.I. would correctly
indicate true height and its rate of change. Lags and position error in the

pressure inslruments were not represented.

The instrument panel also contained a turn and slip indicator, compass and
engine R.P.M. indicator.



2.2 Cockpit motion

A general view of the cockpit and 1ts motion system is shown in Fig.3. 1In
the longitudinal plane the motion consisted only of a pitching rotation ebout en
axis some six feet behind the pilot's seat. While the principal sensation
imparted to the pilot was the one of changing attituds, there was, in addition,

some normal motion due to the distance from tnc cockpit to the pivots

In most of the present tests this single freedom of motion in the longi-
tudinal plane was used simply to represent attitude changes of the aircraft. The
translational motion experienced in the simulator was therefore aeficient, partly
because the component arising fram the heaving motion of the aircraft c.g. was
not represented at zll, and partly because the translational motion of the pilot's
cockpit, arising from rotation of the asircraft about its c.g. in flight, was only
represented in a much diminished form on the simulator., (The effective distance
from the pivo% on the simulator Eeing only six feet, instead of perhaps sixty
feet on the aircraft.)

Despite these considéfablg limitations in the co;kpit motion, pilots received
this aspect of the simulation reasonably well and seemed to feel that the motion
rroduced did enhance the general sensation of flying in rough aire. However the
motion was generally felt to be less severe than would be expected from- the
conditions shown by the £light instruments.

In soame of the tests an attempt was made to represent the heaving motion of
the aircreft by driwving the motion system so that the translational, rather than
the rotational component of the simulators movement matched that of the aircraft.
This could only be done however by introducing attitude changes on the simulator
cockpit which did not correspond to attitude changes in the real aircrafts In
addition the translational motion resulting from the 300 range of attitude avail~
able on the simulator, i.e. 3 feet, was so small that the translational motion
had to be artificielly damped out almost as soon as 1% had been initiated in dfder
to avoid hitting the limits of the motion travele '

Pilot's who tried both forms of motion simulation found that flight in
turbulence was more diafficuli to control in the latter case than when the motion
samply represented pitch attitude changess Whilst this night be attributed to
a genuine control difficulty, arising from the effects of normel acceleration, it
seems much more likely that it was simply due to the presence of spuriocus motion
sensations, because of the false attitude changes and beocause of the distortion
of the acceleration inputs needed to keep the motion travel within bounds.



In the rolling plane the simulator cockpit was banked in proportion to
computed aircraft bank angle, the available range of movement being *15 degrecs.

3 CONDUCT OF THE TESTS

Ten qualificd pilots took part in the tests with the aircraft character-
istics represented as described in Appendix A. Of these, five had considerable
current experience of large Jet transports in airline operations. (These are
denoted by the code letters, D, E, J, K and L when discussing the results in
Section 4.) The remaining five were pilots engaged on experimental or test
flying, usually with a military background of medium or heavy aircraft
experience, (A, B, H, I}, although one had most of his experience on the lighter
type of twin engined aircraft (W)« ALl were well qualified in instrument flying.

Shortly after the experiment started it was discovered that the aircraft
characteristics described in Appendix A had not, in fact, been correctly
represented. The effect of this was to make the aircraft speed unstable, and
also to simulate a more aft centre—of-gravity position than was used for the
remainder of the tests. At the time of this discovery two other qualified
pilots hed made trials. The results of these are noted separately in Section &,
since they may be of same interest in indicating the effect of more adverse,

but still practicable aircraft characteristics.
The pilot's briefing before the test was as follows:—

"You are flying a large jet transport aircraft at 30000 feet with the
autopilot disengaged and at the recommended rough air speed (250 knots). It is
known that there is thunderstorm activity in the neighbourhcod. During the
flight you may be asked to make changes in height or course and these instructions
should be treated as though they had been made by an air traffic ocontrol centre.
Try to fly the simulatar as you would an aircraft under these conditions and
make any calls to A.T.C.C, that you would consider appropriate.”

There was no discussion, prior to the trial, as to how the aircraf't might
behave, nor of what action the pilot should try to take. However, by the time
these tests were made, (in September/October 1964), airline pilots generally
were well aware of the problems of rough air flying and had been given advice on
the technique to use in such conditions. Broadly this was descrabed as "attitude
flying", but the interpretation of this technique in practice was cne of the
objects for study in the present investigation.

Before the experimental portion of each trial the pilot was given a
learning period in which to become accustomed to the environment of the simulator
and to the handling characteristics of the aircraft represented. The simulated



turbulence, but not the large draughts, were demonstrated during this time.
The actual trials were not started untail the pilot said that he was happy that
he knew how the simulated aircraft responded to the controls, this learning
pericd lasting between twenty mimites and an hour for different pilotse.

Each trial lasted between fifteen and twenty five mimutes. During this
time the simulated aircraft was subjeoted to continuocus random disturbances,
representing atmospheric turbulence having an RMS gust velocity of approximately
15 feet/second. In addition, five or six large draughts, with peak velocities
of up to 200 feet/second and lasting for durations of from ten to twenty seconds
were superimposed on the randam disturbances. Towards the end of each trial the
pilot was asked to reduce altitude from 30000 to 20000 feet, and then, about
five mimutes later, to turn onto a new heading. One of the larger draughts was
usually made to coincide with the begirmmang of each of these manceuvres.

Contimious trace recordings of the following nine variables were taken
throughout the trials. These, together with the pilots comments, formed the
data resulting fram the tests.

Horizontal component of draught velocity
Vertical component of draught velocity
Elevator

Throttle

Aireraft pitoh attitude

Normal acceleration at Cege

True rate of climb

Equivalent airspeed

L RESULTS AND DISCUSSICN

Le1 Data from recordings

As an illustration of the type of records obtained during these tests
Pigs. 4(a) to &4(e) show the complete time histories for the trials with four of
the airline pilots (i.e. D, J, K, L), and for the pilot, (W), who hed the least
experience of large aircraft. These records are included to provide an overall
ricture of the sequence of evenis during the trials, and to illustrate some of
the longer term fluctuations in the variables. It is appreciated that these
records may be difficult to interpret, because of the small scale on which they
have hed to be reproduced, and because of the intermingling of some of the



individual traces®*. Portions of some of the records are therefore reproduced

in a clearer form in later figures.

Signaficant differences in the precision with which various pilots could
control the simulated aircraft when flying through turbulence are apparent from
the five records reproduced. Pilots K and L (Figs. 4(a) and (b)) were notable
for the ease with which they liumited the excursions in airspeed, pitch attitude
and rate of climb to reclatively small values, considering the severe nature of
the applied disturbances. Negligible changes in throttle position and small,

gentle elevator usage are a feature of these records.

Pilot J was performing almost as well, although using larger throttle
movements and rather more activity on the elevator, until the start of the
descents At this point however a very large excursion in speed, attitude and
rate of descent occurred, amounting almost to an upset, apparently similar in
character to thosc which gave rise to this scries of tests. This incident is

described and discussed in greater detail in Section L.

Pilot D (Figei(d)) maintained adequate control throughout the exercise but
his excursions in speed, attitude and rate of climb tended to be larger than in
the other cases just discussed. More use was made of the throttle, and there was
a more distinct tendency towards long term oscillations of the flight path, which
are most apparent on the rate of c¢limb trace. The period of these oscillations
was usually sbout 45 seoonds, i.es Just under one half of the period of the
aircrafts phugoid mode (about 110 seconds).

* The following guide towards recognising the different traces in figures (a) to
(e) may be useful.

The randemly fluctuating trace at the top of the record shows the output of the
noise generator used for representing the vertical component of atmospheric
turbulence, (see Appendix Be1)s It 18 of little immediate importance in the
present discussion. The two traces below this, which arc steady for much of the
time, butl which may be identified by the occasional ramp-function disturbances,
show the horizontal and vertical components of draught velocity, the vertical
component being the lower of these two traces. Below this again is the trace
showing throttle position, which may be identifaed by its generally steady
behaviour, with occasional step like changes. Two traces in the centre of the
record show elevator angle and pitch attitude. These often follow each other
fairly closely, but the attitude trace may generally be identified by its smoother
appearance and, frequently, by the vresence of the aircraft short period oscilla-~
tion, having a period of about four seconds. The normal acceleration trace may be
identified by its typically spiky appearance. Towards the bottom of the record
the rate of ¢limb trace is distinctive for its smooth, long period, fluctuations,
and beneath this, usually the lowest trace, is that recording indicated airspeed.
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Pilot N (Fig. 4(e) found control of the simulator during this exercise more
difficult than did any of the other pilots who took part. A tendency towards
osoillation of the flight path was apparent, even in the absence of any draughts,
with the period of this oscillation agan being about L5 seconds.

The recards shown in Fige 4(a) to (e), together with those of the other
pilots, were analysed to find the maximum excursions in airspeed and pitch atti-
tude which occurred throughout each trial.

The results are shown in Table 1 below.
Table 1

ANALYSIS OF SIMULATOR RECORDS
MAXIMUM EXCURSIONS OF SPEED AND ATTITUDE DURING TURBJLENCE

. Equivalent airspeed Pitch attitude
Pilot| “aatum 250 knots Datum 0°
Slow Past Nose up| Nose down
A | 222 (—28) | 270 (+20) | 44° -45°
B | 217 (~33)] 278 (+28) ] +12° -16°
D | 214 (=36} | 268 (+18) | +13° | ~14°
E | 226 (-2u) | 268 (+18) | +4° -16°
H | 205 (~45) | 288 (+38) | +13° 140
I | 210 (~40) { 268 (+18) | 4+12° | -13°
gV | 211 (-39) | 330 (+80) | 413° | -33°
3% | 215 (=35) | 270 (420) | +10° | -13°
K | 238 (=12) | 270 (+20) | +10° ~10°
L | 22, (-26) | 278 (+28) | +10° | -14°
N | 220 (-30) | 280 (+30) | +15° ~23°
Notes 1. During 'upset' by pilot Je
2, Excluding values cccurring during tupsetf.

Apart from the incident in pilot J's trial, which resulted in a peak air-
speed of 330 knots and a maximun nose down attitude of 33°, the lergest speed
fluctuations recorded were from 205 knots to 288 knots, during pilot H's trisl,
and the largest attitude changes were from 1 50 nose up to 23° nose dovn during
pilot N's trial,
when the speed was kept between 238 knots and 270 knots and the attitude changes
to within £10°,

The smallest disturbances occurred during pilot K's trial
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As a more detailed study of pilots' control actions when encountering a
large updraught, time histories have been taken from seven of the records in the
immediate vicainity of such a draught and these are reproduced in Figs. é(a) to
(g)e The draughts studied are all of similar shape and the particular one chosen
was the first large draught that the pilot encountered during the trial. Before
discussing these time histories in detall the responge of the aircraft to a large
updraught in the absence of any action by the pilot, (i.e. controls fixed), may
be studied with the aid of Figa.5.

As the aircraft enters the updraught the direction of the airstrcam rele-
tive to 1t is inclined upwards and the aircraft is therefore subjected to an
increase in incidence. This causes an increase in 1if't, so that the flight path
also starts to incline upwards, but at the same time the static stability of the
airoraft causes a nose down attitudce change, in an attempt to restore the
incidence to its trimmed valuc. At first sight it might have been expected that
the combination of an upward inclination of the flight path, and an increase in
incidence, would lead to an initial fall off in speed. However another immediate
effect of the updraught is to incline a componecnt of the lift vector forwards,
along the flight path, with the net result that the speed rises initially. If
the updraught persists for long cnough, and no thrust changes are made, the air-
craft will eventually stabilise in the original attitude, (1.c. that before
entering the draught), but with a rate of climb equal to the draught velocity.
Alternatively, if thrust is reduced so as to maintain constant height, the air;
craft will stabilise in a nose down attitude cquivalent to the upward gradient
of the resultant velocity vector. In practice large updraughts of the type
considered in this study probably do not persist for long enough for the stabilised
condition to be cstablished, and the aircraft is subjected to a contimuously
varying disturbance as it passes through the draught. .

The megnitude of the updraught represented in the controls fixed response
neasurement shown in I'igeb was similar to that which was represented in the
piloted trials. A% a irue forward speed of about 600 feet/second the 200 feet/
second updraught would cause the relative velocity vector to be inclined upwards
at tan| 1 or 18% The record shows that in practice the aircraft pitched down
to about 130 before the upward inclination of the flight path began to reverse
the nose down tendency. During this time the airspeed increased to about 275 knots,
The maximum nose up attitude when éhe aircraft lef't the draught was 100. There—
after the motion died away through the lightly demped phugoid oscillation, which

had a period of about 110 seconds.
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For the piloted trials the draught was slightly more complex in shape, having
two smaller peaks before the main draught, (see Figs. 6(a) to (g)s The pilots!
attempts to prevent the nose dropping during the main draught, by the application
of up elevator, can be clearly seen in most of the records. FPilots A, J, K and L
were also very successful in anticipating the nose up attitude change as the eir-
craft flew out of the.draught, menaging to suppress this almost entirely by
appropriately timed downward elevator movementse As a result the aircraft left the
draught at roughly the datum flight condition and there was little subsequent
phugoid like motion.

Pilots D and E, (Figs. 6(e) and 6(f)), were less successful in controlling
this nose up attitude change on leaving the draught, so that the aircraft tended
to depart further from the datum condition, leaving some residuel disturbance to
be damped ocut. In the process of doing this there was a tendency to set up the
long period oscillations in the flight patly, of period about 40 seconds, which

were commented on above.

As mentioned earlier, Pilot N experienced much more difficulty in control-
ling the simulator than the rest of the pilots. His record for the large draught
encounter, (Fig. 6(g)), differs fram the others, partly because the aircraft was
less well stabilised before flying into the disturbance. Fige 4{e), the complete
time history of this trial shows that the portion of the record shown in Fig. 6(g)
actually starts in the middle of a long term oscillation of the flight path, whioch
the pilot was attempting to control by thrust changes. Initially the pilot's
control action was such as to reinf orce the nose dovn tendency produced by the
draught, and in consequence a maximum nose dovn attitude of 23° was reached. This,
combined with & deficiency in thrust at the beginning of the disturbance, led to
an overall loss in height during the updraught.

The general conclusion to be dravn fram these ‘rccords is that pilots who
limited the attitude excursions by small, gentle elevator movements, and who mede
few thrust and trim changes, werc more successful in controlling the aircrait than
those who made power and trim changes freely. The latter showed a distinct
tendency to set up fairly long period oscillations in spced and flight path, and
although these were not dangerously divergent on the simulator they were somewhat
reminiscent of the oscillations occurring during at least one of the real flight
incidents (Fige1). These findings may be seen as a useful experimsntal demonstra-
tion of the validity of the techniques now laid down for rough air flying.

T
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L4e? Data from pilot comment

The general opinion of the pilots was that the simulator represented the
handling qualities of a large jet transport aircraft guite well, despite the
limited realism of the cockpit layout.

One pilot who had experience of flying through storms felt that the
representation of storm turbulence was realistic, but perhaps not violent enough,
while most felt that the actual cockpit motion was less severe than would have
been expected from the behaviour of the flight instruments. Other coments
concerned the lack of any lateral component in the draughts, and the absence of
any real element of fright.

When the loss of control incidents first occurred in flight it was thought
that a contributory cause might be the pilots! concern with maintaining the
cruising flight level, which they had been given by the air traffic control
centre, even if this conflacted with best turbulence flying technique of
minimizing power changes. Iliost of the pilots who tock part in these tests were
questioned on this point and they affarmed that they would try to maintain their
flight level "as long as it seemed safc to do so". One of the recasons for
including in the briefing the instruction to "make any calls to A.T.C.C.that you
would consider appropriate" was to see how many palots informed the A.T.C.C. of
their inability to maintain height duraing the draughts. None did, but this was
possibly due to the lack of operationel realism in the simulation.

Le3 Loss of control incident

Towards the end of pilot J's trial an incident occurred which warrants
particular comment because of its resemblance to same of the loss of control
incidents which have occurred in flight. It may be identif'ied in the complete
time history of the trial, Fig. 4(c), by the excursion of the rate of climb
trace off the edge of the rccord, while a clearcr time history of the incident

is reproduccd as Fige7.

It occurred when the pilot had been asked to reduce height from 30000 feet
to 20000 fect, and, as was usual during these tests, this instruction was made
to coincide with a large downdraught. In this particular instance the pilot was
also in conversation on the R/T with the scientist running the experiment, making
some camments about the performance of the aircraft. The reéord shows that the
aircraft fairly slowly assumed an excessive nosc down attitude, with consequent
build‘up in rate of descent and ailrspeed. A peak nose down attitude of 330, and
a maximum airspeed of 330 knots were attained before recovery.
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In discussing the incident afterwards the pilot said that he was simply
distracted from controlling the aircraft, when making comments on it's perfor-
mance, and failed to notice the situation building up. A contributory feature
in delaying the recovery was the cramped conditions in the cockpit which made it
difficult for him to apply as much up elevator as he wished.

The tlmé history of the sequence of events shown in Fig.7 may be tentatively

analysed as follows:-

Power was reduced to initiate the descent (which had been called for) from
30000 feet to 20000 feets This was followed a few seconds later by a nose down
elevator movement, perhaps to counteract the fall off in airspeed which was
beginning to occcur as a result of the power reduction. At this stage thé air—
creft entered the downdraught which caused a sudden further loss in airspeed and
e nose up pitching tendency (see Scction 4.1)« The nose down elevator movement
was therefore maintained and power was increased. A few seconds later however
the aircraft flew out of the downdraught and its effects were therefore suddenly
removeds It would appear that at this stage the pilot was distracted by the
conversation, for little effective actlon was taken for about 10 seconds, during
which time the speed and rate of descent were rapidly increasing.‘ The first
recovery action seems to have been an increase in power, possibly to bring about
a reduction in rate of descent, but the excessive speed condition then seems to
have became apparent and thas decision was re%ersed, with the power being reduced
to idle and up elevator applied. The major part of the recovery was then
campleted at idle power, although full thrust was used at one later stege to
prevent a large amplitude flight path oscillation from occurringe

Although recovery in this instance was fairly straightforward it should be
remembered that additional effects, not represented on this simulation, could
occur in practice which might combine to meke the recovery more difficult. These
include nose down trim changes with Mach number and thrust reduction, and loss of

the elevator effectivencss.

el Investigation of other flight conditions

Apart from the basic investigation described in the previous sections, the
resulte of geveral subsidiary tests may be briefly recorded. These were; flight
through turbulence with the artificial horizon inoperative; deliberate attempts
by pilots to minimise spced or altitude deviations; and the results from the
two tests in which the aircraft stability was wrongly represented. (Section 3.)
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After they had completed the main part of the tests several pilots were
asked to try again, but with the pitch attitude indication on the artificial
horizon inoperative. In view of the emphasis which has been placed on main-
taining close control over the aircraft attitude when flying in turbulence thesec
tests showed surprisingly little daffercnce compared with those with the horizon
operating.

In some cases the pilots werc also asked to concentrate on maintaining
speed or height constent, Lo the exclusion of controlling the other variables.
These tests were rather inconclusive however because of the difficulties which

the pilots found in complying with such an 'unnatural' method of control.

Finally, the first two pilots were tested with the aircraft characteristics
wrongly represented, (sce Section 3), so that the alrcraft was specd unstable,
Even in this condation successful turbulence penetrations were made, but much
greater variation in engine thrust was nceded and speced excursions of 40 knots

were recorded.

5 DISCUSSION

In discussing the results of the present simulator tests if may be useful
to consider the possible causes of 'loss of control by the pilot! in three broad

classes. They are those arising from inattention or distraction, those due to

excessive demands on piloting skill and those due to confusion or disorientation.

The main cause of the one camplete loss of control incident which occurred
during the present trials (Section 4.3) was clearly of the first type, although
1ts severity was probably increased by the demanding nature of the task.
Inattention or distraction might be expected to cccur either through boredom,
(an unlikely explanation in the present context) or through such sbsorption in
one aspect of the task that others are neglected. It may be felt that a distrac-
tion from the main flying task of the type reported here would be less likely to
ocour under the rather more compelling conditions of real flight. On the other
hand at least one incident has been recorded in actual cavil operations where a
flight path divergence, following an unnoticed autopilot dasengagement, was
first brought to the attention of the pilot by operation of the high lach number
warning.

It is also a feature of the present day jet transport that, because of its
aerodynamic cleanness, increases in speed and llach number as a result of flight.

path changes may occur much more rapidly than was the case with propeller driven

aircrafte Thus even fairly short periods of inattention may be of unusual
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importance. This situation could be greatly worsened in the sbsence of such

devices ag Mach trimmers.

Generally speaking loss of control due to causes of this first type are
more likely to occur as straightforward divergences in gpoed, attitude and
height. In contrast, loss of control arising from excessive demands on piloting

gkill show a greater tendency to be oscillatory in character.

For meny years aircraft handling qualities studies have aimed at establish-
ing those ‘characteristics of aircraft dynamic response which are necessary for
satisfactory controllability. However such studies must be related to the
operating conditions and task which the aircraft has to perform, and consequently
there are no universal criteria against which the handling qualities may be
judged.

In several of the present triasls there was a noticeable tendency for the
pilot to induce comparatively long period oscillations, (p = 45 seconds), in
speed and flight path when attempting to control the effects of the disturbances.
Fige.? shows that such oscillations also occurred during at least one of the real
flight incidents, although with_ the important difference that the oscillations
then tended to be divergent, whilst those on the simulator were always satisfacorily
damped.

In Fige.8 the longitudinal dynemic characteristics of the aircraft represented
in the present tests have been compared with the results of systematic handling
qualities studies3 made in flight on a variable stability aircraft. The size of
aircoraft used for these tests was considerably smaller than that of a jet transport,
and the role was also somewhat different, but the comparison is nevertheless felt
to be worthwhile. Fige8 shows that the jet transport characteristics lay in a
region considered to be acceptable but unsatisfactory in the systematic tests,
while rearwerd movement of the c.g. to reduce the restoring margin from 20/ to
10% would cause the characteristics to lie in the unacceptable region. (The

effect of height variation is also shown in Fig.8.)

0f equal importance are the comments made by the pilots who flew the variable
stability‘aircraft. Nearly all com@lalned of the difficulty of trimming the air-
craft and of the proneness to induce oscillations whon these characteristics were
represented. This was attributed to the rather sluggish initial response, com-
bined with the tendency for the motion to continue, or build up unexpectedly.
These same comments could be readily applied to the simulated aircraft.
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As already mentioned there was a considerable difference between the ease
with which dafferent pilots controlled the disturbances. Those who followed the
recammended techniques of lamiting attitude changes most closely tended to

maintain the best control.

There was no evidence in the present tests of confusion or disorientation

arising from apparently conflicting instrument readings or from unusual motion
sensations. It must be remembered however that the severity of the motions
‘which could be applied on the simulator were much less than those which would
occur in flighte Also, by the nature of the briefing, pilots were aware that the
cause of any unusual instrument indacations was likely to be atmospheric distur-
bances. In a brief preliminery trial before this experiment, pilots taking part
in-another simulator exercise were subjected to large updraughts without being
told what was happening. Only one pilot promptly recognised the instrument
readings as indicating a large 'thermal', while the others were all more or

less confuseds At least one formed the impression that some sort of instrument

failure was being represented.

This pilot also felt that, in any unusual situation, the pilot might
instinctively try to fly on the pressure instruments, but he shared the view
that this could be a most dangerous practice when flying in turbulence.

6 CONCLUSIONS

These tests showed that worthwhile ihvestigations of the difficulties of
flying in severe atmospheric disturbances could be made on a ground based
simulatory In particular the simulator provided valusble practical experience,
and a 'feel' for the problem, which would otherwise be difficult to obtain. The
limitations of the reprcsentation, particularly as regards motion simulation, and

the absence of any real sense of danger must be recognised howevers

The tests showed that some pilots had swrprisingly little dafficulty in
controlling the aircraft despite the severe conditions revresented, Those who
limited attitude excursions by gentie use of the controls and made few thrust
and trim changes had less diff'iculty in their flying than those who used throttle
and trim chenges freely, the latter tending to set up long period oscillations in
f£light path and speed which resembled, to same extent, those which are known to
have occurred in at least one of the real flight incadents. These findings seem
to provide a useful experimental demonstration of the validity of the techniques

now laid down for rough air flying.
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Only one incident which could be classed as a complete loss of control
occurred during the simulation, and this could be attributed to the temporary
distraction of the pilot fran the main task of flying the aircraft. It serves
to underline the rapidity with which an out of control situation may develop
from short lapses in concentration.

No cases of disorientation or severe confusion which might be attributed
to apparently conflicting instrument indications were noted. Some pilots
commented however that they could easily imagine the situation becoming confusing,
particularly if any attempt were made to chase the deviations shown up on the
pressure instruments.

The present study was confined to 'searching for the way in which loss of
control incidents might stert. Further study may be needed of problems occurring
subsequently, during attempts to recover control, and it is considered that the
ground based flight simulator should provide a useful experimental tool for this
wWOorks e
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Appendix A
RETRESENTATION OF TIE AIRCRAFT 03 THE SLIULATOR

The flight conditions to be represented on the simulator, (see Section 2)
were those appropriate to a large jet transport airvcraft in cruising flight at

a typical 'rough air speed's

A«1 Eguations of moticn

The equations of motion were written in the well-known linearised form,
obtained by considering relatively smali perturbations in the variables about a
datum flight condition. The equations were referred to an axis system fixed in
the aircraft, and the orientation of the axes was chosen so that they lay along
and normal to, the relative wind when the airofaft was 1n the datum condition.

Because of the presence of disturbances in the velocity of the air mass
itself, due to turbulence and the longer term draughts, 1t was necessary to
differentiate between the kinemetic velocity components of the aircraft,

(i.e. those with respect 4o some inertinl datum, such as the ground), and the
components of- the aircraft's motion relative to the air immediately surrounding
ite In the equations below the kinematic velocity components are denoted by
unsuffizxed symbols, c.ge U, W, ﬁ, etc, while the ocomponents relative to the air
are suffixed, 0.g. UR, WR, ete,

Coupling between the iongitudinal and lateral ccmponents of the motion was
ignored.

Longitudinal

The following eguations were uscd to represent the aircraft dynamics:-

mﬁ=URxU+erxW+t;~:_t-mgsine forwards
W= Uy By o+ W 2, +mq Vo4 ong (cos & - 1) normal
B§ = UR I.'v + n'R hﬁr + M'va + qu + linem pitching* '

* In the equation for pitching moments the third term on the R.H.S. should
strictly be WR H%- However tnis term could not be readily represented in the

computer and it is felt that the form given was adequate in the present contexte
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where U, W
xu’ XW’ X

Zu’ Zw

m

t

v
-9
n
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perturbations in the components of velocity along the
farward and normal axes respectively

faorce derivatives along the forward axis

force derivatives along the normal axis

aircraft mass

acceleration due to gravity

throttle movement from datum setting

pitching moment of inertia

pitching moment derivatives

rate of pitch

aircraft datum speed

pitch attitude

elevator angle

Flight instrument indications

The. agsumptions made-

instruments are-mentioned in Section 2.14

ebout the indications of the aircraft pressure

Briefly it was assumed that the

instruments correctly depicted the actual motion of the aircraft, without lags

or other imperfections.

Airspeed irdication

Vertical airspeed indication

Altimeter indication

where. hD datum height

Lateral. equations

Yo (V + UR)

(V+U) 8in & = W cos ©

hD+f[(V+U) sine-Wcose]-dt

The lateral equations were written in the conventional small perturbation

form:~
.. -~ CL
it - yvﬁ + rt = Y = O sideslipping
g & A £
}3'1':2~5-2 I'YB--_—E pt - Lri = pz-.-iz; rolli
A A A
o n%r .1:1_}2 N n. R N:g
M-, - pte— 1t = u = yawing
2 :LC iq 1 > lC
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Because the primary interest in this study was in the longitudinal

behaviour of the aircraft, several small terms have been omitted from the

complete equations in the interests of simplicaty. The
lateral equations is that given in R and Il 18014.

A+.2 Numerical data

notation for these

The aerodynamic and other data used in the simalation were ‘drawn from

a rumber of unpublished sources. They were taken to be

broadly rcpresentative

of the large jet transport class of aircraft at the rough air cruising speed.

Datum conditions and general aircraft data:—

Weight 280 000 1b
Wing area 2800 ft2
Equivalent airspeed 250 kt
Altitude 30000 £t
Mach number 0e67
Relative density C. 374

True airspeed
Lift coefficient Ouh7
Pitching inertia

Longitudinal derivatives (see Section Ae.1)

The derivatives are given in the dimensiocnal form

Values of the corresponding non—-dimensional derivatives

X

-—1;1‘-5 = ~0.0059 £t/ scc” per ft/sec (xu
XW )

— = +0.0102 ft/sec” per ft/sec (xw
Zu 2

— = -0.093k ft/sec” per Pt/sec (zu
— = 0445 £4/sec” per ft/sec (2‘.W
Mw o 2

5 = 0192 / sec per ft/scc (mw
H 2

E-q = =0.595%se0 per °/sec (mq

409 kt (690 ft/sec)

5 500 000 slug/ft°

used in the simulations

are given in brackets.

= ~0.03)

= +0.055)

~0e447)

i

= ~2e 31)

= ~0.162)

L}

~0.1448)
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it

R w] =

Appendix A

= ~0,0188 o/secz per f‘t/secz (!ﬂ,:vr = ~0.171)

-1.71 o/secz per ° (m = ~0.122)

(also iy = 015, u, = 536 endt = 5.04 sec)

Lateral derivatives (see Scction A.1)

-

4945 i, = 0410 i, =- 0.20.
~C.37
-0.138
+0.086
~0.40
~0.075
+0415

~04 14t

19.
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Appendix B

[EPRESENTATION CF THE ATHOSPHERIC DISTURBANCES
(see Section 2)

The simulated atmospheric disturbances used in this study consisted of
two distinct camponents; a camparatively high frequency, randomly varying
part, representing moderate to severe turbulence, and a ccmponent which veried
more slowly, but which attained maximum velocities of up to 200 feet/second.

These latter variations were tcormed 'draughtel.

Be1 Simulation of randomly verying atmospheric turbulence

Voltage analogues of the fore-and-aft, normal and lateral components of
atmospheric turbulence were produced by three independent noise generators,
which were based on a design by Douce and Shackeltons. The main feature of this
design is the use of a clipping circuit, acting on the audio frequency noise
produced by a conventional thyratron, to generate noise with a substantially
uniform power spectrum at low frequcncios,A(up to, say, 15 cps)e This uwniform
power spectrum was then sheped by a filter to match, approximately, the power

spectrum of atmospheric turbulence.

For the present tests no actual measurements of spectrum shape for the
severely convective conditions of turbulence being represented were available.
The analytical eXpression usually used in the past, however, for the spectrum

shape under more moderate conditions is:~

HO) L 1« 30%1f 51
o I CE T )

where &(Q) is the power spectrum, (feet/seconﬁ)2 per radians/feet
o RHMS of turbulence feet/second
L turbulence !scale', feet

0 space frequency, radians per feet

In the spectrum given sbove the turbulence distribution is considered as a
function of space. For an aircraft traversing this spatial turbulence distribu~-
tion the spectrum may be converted into a time dastribution by the simple
relationship

W =,V (BZ)

frequency, radians/second
true speed, feet/second

where w

<
)
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80 that the spectrum in terms of time frequency is

[ -
1 5w2 L2
+ V2
2w) _ L
2 T wW |, w® 1\? - (B1a)
g + V2

For the purposes of representing turbulence during. piloted simulation it
is usually sufficient if the general shape of the spectrum is reproduced. The
expression (B1a) sbove shows that at very low frequencies the power spectrum

tends to a constant value:-
%—gl d _;{_I‘}_ as w =+ 0

while for high frequencies:-

e(e) , NV
2

o 'J"\Iﬂz

Thus, the high frequency asymptote of the power spectrum given by (B1a)
is the same as that which would be obtained by passing uniform white noise
through a simple first order filter having a 'break frequency!.given by:-

v _ L
ﬂ‘wz ' (BB)
B

iees
uy = ¥3 % radians/second

Although the value for the turbulence scale which has generally been
used in the past6 is L = 1000 fect, there is some unpublished evidence which
points towards considerably larger valucse For the present tests a scale of
L = 2750 feet was represented since this allowed existing filters for the
noise generator to be used.

The power spectrum given by the andlytical expression, (B1a) is compared
in Fige.9 with the spectrum which would, theoretically, be obtained by passing
uniform white noise through a simple first order filter. Also shown in the
same figure is the measured power spectrum of the filtered noise which was

used to represent turbulence during this simulation. In practice it was
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found necessary to include additional components in the filter in order to
maintain the d.c. level at zero and to achieve the desired fall off in power
at the higher frequencies. This was presumably due to departures in the shape
of the pre-~filtered spectrum frem its ideal form.

B.2 Simulation of fdraughts!

The time history of the draughts was assumed to be a series of linear
ramp functions of velocity against timec, whose gradients could be varied between
*50 feet/secondz, (iees a 'draught' shear of sbout 0,085 second—1), and whose
peak velocity components were 200 feet/seconds Any desired draught time history

could be approximated to, within these limits, by a succession of such ramp

functicnse.

Having generated the draught time history, its orientation, i.e. whether a
vertical, herizontal, or inclined draught, could be selected by taking propor-
tions of 1t to represent the horizontal and vertical components. Fiﬁally these

horizontal and vertical components were resolved along the aircraft!s body axes:~

UR = U+UG+?\cose—v81n6

WR = W+?{G+?&Sm6+vcose

where A and 4 are the horizontal and vertical components of the draught, and,
as in Appendix A.1, U, W are the kinematic velocity camponents
along the aircraft body axes, while the suffiocs R and G denote
velocities of the aircraft reclative to the air mass, and the

velocity camponents due to the random turbulence.
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changes freely, however, tended to set up long period oscillations in
gspeed and f1ight path, similar to thoss which have been reported in flight,
The results movide a useful experimental demonstration of the validity of
current rough eir flying techniques,

One ocase of temporary loss of control occurred durlng the tests and this
was attributable to the distraction of the pilot from the main flying
task during R/T conversation.
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