C.P. No. 378 | o ns C.P. No. 378

(19,472) b 2 (19,472)
A.R.C. Technical Reportﬁm‘"‘- SR T A-R.C. Technical Report

rf‘
!
T
(\
L

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

- The Effect on Weather Minima of
Approach Speed, Cockpit cut-off Angle and
type of Approach Coupler for a given
landing success rate and level of safety

By

E. S. Caivert, B.Sc,, A R.CScl. and J. W. Sparke, B.Sc.

LONDON: HER MAIJESTY’S STATIONERY OFFICE
1958

PRICE 3s. 6d. NET



THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM



C.,P., No. 378

ADDENTUY

Frg. 1 shows the angular distance below the horizon of the
farthermost poant which the pilot would require to see in order
to obtain visual guidance from a given height. Thais information
enables the reader to obtain an impression of what the pilot is
locking at, but for purposes of calculation, whal is more often
wanted is the range required for guidance from a given height,
These ranges are given 1n Fig. 5.
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for a given landing success rate and level of safety
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SUMMARY

The performance of instrment epproach aids, as for anstance I.L.5, and
GJCehs, has hitherto been assessed in two ways., The farst way is to
determine the mean and maximm deviations from an 1deal nath, This is of
lattle use to the alrcraft operator, since his fundamental interests are
weather minima and safety, The second way is to detemmine the lowest
heaght dovmn to which the approach aid can be used and stall allow sufficient
tame for the prlot to transfer to visual ground references and make any
corrective manoeuvres which msy be necessary, This 1s more useful to the
operator, btut to apply it, assumptions have to be made as to the final
corrective manoeuvres which the pilot ais willing and able to make under
risual guadance in bad visibility., In the past the assumpticns mede have
been arbitrary, and have been related mainly to the manceuvring character-
istaics of the aircraft.

During 1955/56, full scale fiight tests have determaned the times
actually taken to correct azamuth displacements of various magnitudes, end
it now seems that these final manoeuvres are closely related to the human
characteristics of the pilot, During the same period, operational research
and simulated tests have determined the minumue visual stamlus which must
exzat 1f the pilot is o make these mampeuvres with an acceptable level of
safety, This note utilises these results to show the efiect on visual
range and cloud base of approach speed, accuracy of instrument 21d, cockplt
cut-off angle, width of runway, and length of spproach lighting pattern, for
a given landing success rate,

It is pointed out that with a ground pattern which includes crossbars
the vimual information becomes adequate in the hordizontal plane at a greater
hexght than it does in the vertical plane, There are theoretical reasons
for thinking that in marginal weather conditions, no improvements in the
ground pattern will sver raise-the quality of the guidance in the verfical
plane to that which exzsts in- the horizontel plene. The implicaticons of
this are wades spread, and have .a‘bearing on factors such as the fiying
controls of the a::.rcrai‘t the cockpit procedures used at lendang, the G,C.A.
patter, the provision of slghtlngi devices in the cockpif, and the use of
sumilators for traiwing in visual landings, These factors are discussed,
particularly in relalion to future alrecraft, and some suggestions for
amproving safety are made,
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1 Introduction

1.1 At present when an mrreraft lands in bad visability two systems of
guidance are uvsed, sn instument system for the initisl spproach, and a
visual system for the fanal stage of the approach and lending, The per—
formance of each system influences the performance of the combination, and
it 1s therefore difficult to dasentangle the various factors, and assess
their effects on the landing success rate at any given level of safety and
in any given visibilifty and Yype of alrcraft, Some recent work has,
however, made it possible to devise a simple method which could eventually
be made to give quantitative answers to scme at least of the questions
which the operator has been asking for many years., It is the object of
this note to descrabe the general method, and draw attention to some of
its implications.

1.2 To obtain exact quantitative answers in the case of a particular
cperation involvaing a given set of parameters, it 1s necessary that the
valzesa assigned to thesc should corvectly represent the particular case.
The values used i1n ithis repcrt are intended to represent cavil operations
at the present tame, but it may well be that they will need to be amended
in the light of future experience., It 1s believed, however, that they are
already sufficiently representative to enable a realastic pacture to be
obtained of the effect cf changes in paramefers such as approach speed,
cockpat cut-off angle, accuracy of approach coupler, width of runway,
length of approach lighting pattemn etc. The implications should therefore
be taken into account in desigming aircraft, ainstrument approach systems,
and airfields., They also suggest a review of the procedures used in the
cockpat and by the G.C.,A., contioller, Indeed the implications are so
widespread and important, both for safety and landing success, that 1t is
suggested that this note should be regarded an the first place as puttang
forward a basis for discussiaons out of which a more realistic way of looking
at the landing problem may emerge, If accepted, 2t can then be regarded as
providing a simple theoretical framewori into which the results of future
operational research can be fiitted,

2 The various forms of apprcach coupler

2,1 Tn the instrument system used for the anitial (non-visual) portion of
the approsch, infomation cbtained from a radio or radar beam is fed into
a "coupler" which operstes the aircraft controls, There are two classes of
coupler, "mamial', in vhich the humen pilot operates the controls, and
"automatic", in which an sutematic pilot operates them,

2.2 In the coupler knovm as "conventional menual 115", informataon obtaxned
from two radio beams 1s displayed on a meter with two crossed pointers, the
"vertical” one indicating engular digplacement risht and left from the
runway centre line, and the "horazontal" one indicating angular displecement
up and down from the glide path, The pilot combines the displacement
information obtained from this meter with the rate information given by
other flaght instruments i,e, heading and rate of descent respectively, and
mentally computes what control movements are required to change the rate
terms so that zero displacement is obtained in each plane, In other words,
the pilot zs continually matching rate and displacement indications in
order %o achieve zero displecement and zero rate of change of displacement
as the end condition, This matching process, which the pilot has to perform
in two planes at the same time, is a difficult and uncertain operation,
needing much skill and constant practice before the amplitude of the
oscillations of the flight track about the defined path can be kept within
acceptable limits, In the presence of dasturbing factors such as cross-
wind, turbulence or beam bends, this task is so dunfficult that it 1s a
question vwhether i1t 13 not beyond what a human being can safely be asked

to do as a regular operation as approach speeds increase.
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2,3 In the coupler knowm as "mamal IIS with flight director", this
matching process is done in an automatic computer, and the instrument
display incorporates four moving elements. Two of these elements give
the displacements, and the other two tell the palot what to do with the
flying controls an order to obtain and hold zero displacements in the two
Planes, This makes the matching process easy, and greatly reduces the
mental load on the pilot, He is able %o follow the defuned path more
closely, and the chance of a visual misjudgment at the moment of transi-
tion from instrument to visual' flight is reduced,

2.4 An automatic coupler reduces the work load on the pilot a stage further.
Signals from the computer are fed into an automatic pilot, and the human
pilot merely monitors the approach, using either a cross pointer meter or a
flight director,

2.5 In the coupler knovm 28 "marmal G.C.A.", radar scarming devices are
used to displey the aircraft situation in plan and in elevation toc a ground
controller who is in radio communication with the pilot, In azimuth, the
pilot is given rate infomation in the form of headings to fly but is gaven
little displecement information, In elevation, the G.C.A. controller gives
the pilot displacement information in the form of actual distance above and
below glide path, but gives little instruction with regard to rate of
descent, There is, however, a tame lag in obtaining and passing the
information, and this can be dangerous, particularly at high speeds, if
for any reason the pilot is unsble to maintain a stable track in elevation.
No extra equirment is required on the aireraft, but on the other hand, the
pilot has to rely on the skill and foresight of a ground controller, In
civil operations, there may alsc be a langusge difficulty which increases
the time lag,

3 The concepts of approach success and landing success

341 These different couploers have their sdvantoges and disadventages, end it
is important to assess their performmance correctly, so as to be able to
judge which one will give the best combination of safety, overall landing
success rate and general reliability. One way of assessing these couplers
is to make a large number of approaches with a representative group of
pilots in various weather conditions, and obtain s figure for the standard
deviation of displacement from the defined path at various positions on the
approach, This puts the couplers in an order of merit, but gives no answer
to the practical question of what weather a particular combination of
airceraft and ooupler will defeat in actual operations,

342 In 1950 the Sperry Gyroscope Comparny of America sx.lgge.astecf1 that the
performmance of a coupler at any height on the approach should be assessed
by giving the percentage of approaches in whach 1t brought the sircrait into
a situation such that a londing could then be made wath a standardised

final manoeuvre, This manoeuvre was based on vhat they thought to be an
acceptable maximum rate of roll ard maximum bank angle for a particular
aircraft. This percentage was called the “approach svecess" of the coupler—
aircraft combination at that height. This gives a better picture of the
relative performances of the various couplers, but it is more useful to

the coupler designer than to the ailrcraft operator. What the operator
wants to know 1s not the spprosch success at a given height, but the landing
succesa in given meteorological conditions for an alroraft with a given
cockpit ocut-off angle when this aircraft i1s landang at an airport with a
given pattern of visual aids ard a given width of runway. To cbtain this

it is necessary to set up a "stondord visusl pilot" for each cut-off angle
and pattemrn, 2,e, to set up a family of curves giving the amount of the
pattern which the average operational pilot would require to see at any
height in order to be sble to make his final manoeuvre, Such a family of
curves is shomn in Fig.1 for three different ground patterms, all with
crossbars, These curves have been arraived at by a study of the records
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of many thousands of instrument approaches at cavil airporis, by a con-
sideration of the weather mxnima whach have been found to giie acceptable
levels of safety an cival operations, by questioning large numbers of pilots
over a period of years, and by wabtching the behaviour of representative
practising pilots on a landing similator. By using curves of this kind,

and assuming a fanal manoeuvre which correctly represents what the average
practising prlot is wallang and akle to do, the operator can, as explained
below, obtain a realistic picture of how the varnous factors which control
the landing success rabte are ainter—related,

3.3 A gaven set of curves represent: a certain standard of pilot training
and experience, und a certaan level of safety, and it is open to any
operator to prepare a different set 1s he thinks that these will fit his
particular type of operation more closely., However this msy Le, 1t as
suggested that the curves in Pig.(1) are representative enough to be used
as a basis for comparing the relative perfomance of the different couplers
over a wide range of operating conditions,

3.4 A detazled descriptaon of how these curves were dernved 1s cutsade the
scope of this note, because, as stated above, the object is merely to
present a genersl picture of the landing problem based on assumptions about
the nature and limitations of visual guidance which are believed to be more
realistic than those previocusly used, A partial explanation is, however,
given in the notes on ¥ig.1, and an example of how to use the diagram is
given in Fig.,41A., In Fag,1A the full line curve, X¥Z, is the guidance curve
for a nominal cut-off angle of 10° and an approach lighting system 3000 £%
long with crossbars every 500 ft, Because the pattern is 3000 f% long, the
particular curves used in Fag.lA are those marked (¢} and {3) in Pig.1, If
the pattern had been 1500 ft long, the curves marked (2) and (b) would have
been used, and »f there had been no approach pattern at all, the curves

(1) and (a) would have been used,

3.5 The vart of the pattemn which the palot requires to see in order to
obtain visual guadance 1g called the "guidance segment", and this may be
expressed either as an engle or a length. PFig,1 gives only the angular
segments, but from these the lengths, and also the visual ranges, can be
calculated, as shown in the table on Fag.iA, Vhen the sarcraft is
manneuvring in the vertical plane, the size of the visual segment varies
for any given range, because of the changes an pitch attitude of the
aircraft, These changes are taken as being 15° above and below the pitch
attitude for a steady descent on glide path at the correct speed, and the
part of the visual segment which is regarded as being effective 1s thai
which always remains an view during these changes. The guidance curve for
any angle of cut-off has a discontarmaty at the height at which the outer-
most end of the ground pattern comes under the effective cut-off line of
the cockpit. For a nominal cut-off angle of 109, the effective cut-off is
84°, and the discontinuity occurs at & height on glide path of 300 feet,
At *this point the length of the guidance segment 1s minimum. Below this
point the length increases until the height is reached at which the flage-
out begins., I the downward view 1s good, i.e, the cut-off angle is 12

or more, then the increase in pitch attitude during the flare-out has little
effect, and the length at touchdown is only =z lattle less than the runway
visual range, If, however the angle of cut-off 1s less than 9°, the effect
of a change in patch attitude 1s large, and with cut-off angles less than
70, visual guadance for a few seconds before touchdown may cease to exast,
due to the nose-up attitude of the adrcraft, It is for this reason that
the curves for angles of 9° and below are shown dotted for heights below
50 ft.

I The final manoeuvres under visual puidance

4.1 The assessment of the various couplers depends greatly on the
manoeuvres which it is assumed the palot is prepared to make under visual
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guidance, If 2% 1s ascumed that {hese depend maanly on the lateral
manoeuvrabllity characteristics of the aircraft, and that substantial
alferations to the flight path will be made simultaneocusly in both the
hornzontal and verticel planes right down to runwey level, then the coupler
will be assessed as being successful down to a low height, which will be
lower the more manoceuvrable the aircraft, If, on the other hand, 1t is
assumed that these final menoeuvres depend meinly on the psychological
cgpabilities of the prlot in anterpreting the visual indications in bad
visibility, and that the manceuvres he 1s able and willing to make are
within the capabilities of the aircraft, then the height down %o vhich the
coupler 1s assessed as successful wall be higher, and will not depend much
on the lateral mamoceuvrability characteristics of the aimraf“b. The
assumptions made by the Sperry Company, and later by Mercer®, were based
largely on the capsbilities of the aircraft, and as a result, auwbomatic
couplers were assessed as giving an approach success of 100% at heights of
the order of 100 feet3, This result was known to be sbout 100 feet lower
than the heights which had been found to be acceptable in actual operations,
It was realised that there must be same error in the assumptions, tut there
was at that time no data on vwhich more realistic ones could be based,

4,2 In 1955-56 {light tests were made at R.A.E, with two groups of pilots,
one a group of civil prlots flying the aircraft to which they were accusiomed,
and the other an experienced group of milatary test pilots”, The task was to
correct lateral displacements of given magnitudes, this being the menoeuvre
which in general controls the success rate of the combined approasch and
landing operatzon, The civil pilots were asked to make the manceuvre as they
would do it in actual operations, and the test pilots to make it as quickly
as they thought wes safe, Most of the aircraft were propeller driven trans-
ports. The results showed that the differences between the groups were
small, and somewhat surprisingly, that the time taken to correct a given
digplacement was nearly the same for all the types of sircraft tested,
although these had different approach speeds, maximum rates of roll, meximum
accelerations an roll etc, The explanation of this would seem to be that the
violence of the final menceuvre is limited by what the pilot is prepared to
do, rather than by the manceuvring capsbilities of the aircraft,

ko3 This 1s an elegant result, because it means, firstly, that standard
menoeuvres can be set up which are closely representative of all existing
types of transport aircraff, and secondly, that it becomes s simple matter
to show the effect of changing the approach speed. The time~distance
relationship used in this note is the average of those found in the above
tests for the civail group., This as as followsiw

Side—~stepping distance Time tsken tc correct
0 feet 0 seconds
L " 10 "
100 ¢ 12,5 1t
200 ¢ 15,0 "
330 " 17.5 "
500 ™ 20,0 n

Same track heading at end of manoeuvre as at beginning,
Wings level at beginning and end of manoeuvre,

5 Visuel guidance in elevation and its effects on the final manosuvre

5.1 In 1955 a bed weather landing simulator was completed at R,A.E. which
enabled a subject "pilot" fo make an insfrument approach, and then "go
visnal" at same height detemmined by the particular visual range and
particular angle of cockpit cut-off for which the similator was set up.
Many pilots with varying degrees of experience in instrument flying made
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approaches on this simulator using the I,L,S, cross pointer meter or
G.C,A, and their behaviour was carefully observed particularly during and
after the transition from ingtrument to visual flight, Wathout telling the
subject, various disturbing factors such as altameter errors, radio beam
distortions, crosswind changes with altatude, visaibility changes with
altitude, were introduced, either singly or in combaination, It was found
that the subject frequently deviated from the nominsl glidepath during asnd
after the transition, but there was a tendency to go below glidepath rather
then above., (This tendency has elso been noticed by &,C.A, controllers.)
It was also noticed that the magmtude of the deviation from glidepath was
correlated with the dufficulty of the azimuth manoceuvre which faced the
subject, In some cases the deviation was sufficient to cause an undershoot,
When thais happened the subject invariasbly stated that he had a sudden
impression of being too low some seconds before striking the ground, but
there was not sufficient tame to pull up, These tests made at quite clear
that the quality of the visual guidance was nearly perfect in azimth,
provided that crossbars wore used in the ground pattern, but was very
imperfect an elevation at all heights above about 100 fee®, This as in
accordance wilh the streamer theory of visual judgments in motion, but it
had not been realised thal the situation was as potentially dangerous as
these tests showed 1t to be. An account of the streamer theory will be
found 1n Reference (5).

5.2 Tor the above tests the pitch control on the simulator gave a nositzve
stabilaty an that the "aircraft" could be trimmed to have a desired rate of
descent, This remeined constant unless the pilot exerted and maintarned
presaaire on the elevator control, If the elevator contrcl was dasturbed
and then released, the "aiicraft" changed pitch, and in consequence, rate
ol descent, but returned to i1ts original pitch attitude and rate of descent
several scconds after the control was released, the actual time depending
upon the magnitude and duration of the control displacement, TFurther tests
were mafde an wnich this positive stabality was removed, and the patch
control made neutrally stable, In this second case the aircraft took up

a different pitch attzrztude and rate of descent after the elevator control
had been moved and then released, In the first case there was a connection
between stick force and both raze of change of niftch attitude (or "g"), and
to a lesser exbent, rate of desceni, In the second case there was a connec-
tion Letween stick force and rate of change of pilich attitude only. This
change in the piich confrol tended to increase the magnitude of the devia-
tions above and below glidepath, particularly when the pilct was flying
vasually, If distuxbing factors were aintroduced, undershoots were more
frequent then with the original control system.

5.3 Tt was concluded from these tests that a high level of safety in
mamial approsches can only be ensured if two requarements are met. The
farst is that the pilot must be skilful enough in anstrment flying to be
able to establish and hold a plane of descent close to or coincident with
the instrumental glide path, (In en I,L.S. approach this means holding the
horizontal needle of the cross—pointer meter steady on a small or zero
deflection.) The second requirement is that the aircraft control system
mist be such as to enable the pilot, when he "goes visual", to know by the
feel of the elevator control that he is contimung to follow the plane of
descent previously established, These two requirements arise from the fact
that, in the absence of the real horizon, there i1s an anterval between the
time when the pilot mekes visual contact with the ground pattern and begins
the side~stepping maroeuvre, and the time when he becomes able to see
accurately where the aircraft is going in the vertical plane, Since the
cratacal heaghts used ain cival operations are usually between 200 and 300
Teet, and the height at which vaisual guidance in the vertical plane becomes
adequate may be as low as 100 feet, this time anterval in margainal condi-
tions 1s unlikely to be less than 10 seconds, and may well be as long as

20 seconds, If the arrcraft control system 1s such that the paict cannot,
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by means of elevator feel, contime along the plane of descent established
on instruments, then durding this interval the {light path will, in a mumber
of cases, depart from the glide path to such an extent that the fangent will
intersect the ground short of the threshold, The pilot will have warning of
this at a height, which, as mentioned sbove, may, in marganal conditions, be
as low as 100 feet. Whether this height wmall be sufficient to prevent an
undershoot wiall depend largely on the rate of descent, the speed, and the
characteristics of the aircraft.

5eh If the palot is maldng a correction in azimuth the warning indications
are less definite, because additional motions, ono sidewsys and the other
rotational, first in one directzon and then in the other, are superimposed
on the streamer pattern, Expericnce seems to show that with the crossbar
pattern the warning time is an fact just sufficient for the present genera-
tion of propeller draven aircraft, because in 5 years or 80 no serious
undershoot accident due to a visual misjudgment has been reported on this
pattern, although on a few occasions, aircraft have been known to strike the
approach lights with their undercarr.ages, The margin of safety, therefore,
is very smell, and may not be sufficient for future aircraft. There are
three reasons for thisie

(a) approach speeds, are tending to rise, and this for a given glidepath
angle means increcased sinking speeds. For a given vertaical deceleration
the heaght recuired to stop the aircraft sinking i1s proportional to the
square of the aspeed,

(b) at speeds near the stall, the jet propelled aircraft has less
potential 1ift increase immedistely available, because of the absence
of slapstream effect over the wing.

(c¢) +the introduction of certain vlan foms, particularly the "pure
delta", results in an increase in the time taken to achieve a given
increase in 11ft by means of elevator control, even at nommal anstrument
approach speeds,

If the guadance in elevation 1s not improved, and present procedures rvemain
unchanged, then the undershoot rate will probably go up. What 1s needed %o
prevent this is to "quicken" the indications by improving both the displace-
ment and the rate anformataion, It would seem that there are only two weys of
doing this visually. The first 1s to produce a line which the pilot sees
when he looks through his windscreen and whach always remains coincadent with
the true horizeon. Thas would restore his datum for estamating pitch attitude
and his displacement from glidepath in bad visibility, and would enable him
to carry out the matching process an the vertical plane, The practical
diffaculties of such an installation are, however, very considerable since

1t would involve a projection device like a large optical gunsight and gyro-
scoprc stabilization, The second method is to use an improved form of angle
of approach indicator on the ground, and combine this vath stub bars, This
greatly improves the displacement anformation in moderate and good visibility,
and the installation is simple and cheap, The best solution would be, of
ccurse, to use hoth methods together,

5,5 Since the process of correcting errors zn the horizontal plane impalrs
the pilot's capacity to judge the situation and make adjustments in the
vertical plane, it would seem that in bad wvasibility the side-stepping
manoeuvre should be completed some seconds before the flare begins, It is
assumed in this note thal this manceuvre should be completed at a heaght
such that the aircraft as 6 seconds from the ground at the nomal sinking
speed for the approach, If the height of the pilot's head above the wheels
1s taken as 15 feet, and the glidepath is 1 in 20, this height is 78 feet
for an approach speed of 125 knots, end 103 feet for an approach speed of
175 knots, This sgrees closely with the views expressed at various meetings
of the Flight Study Group,of the Technical Committee of the International
bLir Transport Associat ion6.
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5.6 Two more assumptions are necessary to relate the final manceuvre to
the dimensions of the runway. It 1s assumed in this note that the pilot,
when he reaches the hexrght defined above, wall sccept the situation af the
errcraft 1s not less than 50 feet from the rurway edge, and is tracking
substantially parallel to the centre-line with wings level., It 1s also
assuned that the runway 1s of such length that the pilot 1s satzsfied to
touch down near the aiming point, end has no bias to try to touch down
erther nearer or further awsy from threshold,

5.7 With these assumptions, and the time-distance relaticnship given in
Paragraph 4.3 above, it 1s possible ‘o draw curves for various speeds
giving the loci of the latesl points in an approach at whach the final
manoeuvre under visual guidance must begin if the sircraft is to land
within the assumed lamits., The curves shown in the full lines in Fig,(2)
are for a —unway 200 feet wide, and for approach speeds from 100 to 200
knots. In the Sperry report referred to above, these were called
"mandatory manocuvring lines",

6 The effect of approach apeed on the height down to which a coupler
can be used

6.1 Let us suppose that a large number of approaches have been made by
operational pilots +with a certain coupler at a cerbtain speed, and that the
plan positions »f the aircraft in cach approach have been continuously
recorded together wath the bank angles, If we examine these records at a
given distance from threshold we find varwous combanations of displacement
error, track heading error, and bank angle, With each combanation a
certain time will be requived for the palot to be able to achieve the end
conditions assumed in the final manceuvre if he manceuvres in the same
maenner as in the tests referred to in para.h.2. Let us imagine that each
combination is replaced by ancther in which the track heading error and
bank angle are zero, but in which the displacement is such that the pilot
takes the same tame to achieve the assumed end condations, 1.e. all the
actual combinations are imagined to be replaced by equivalent dasplacements
all with zero heading errors and zero bank angles, If this 1s done for
various distances from threshold, it 1s then possible to draw lines whach
represent the equivalent displacements which wall be exceeded only on a
given percentage of occasions. The dctted iine marked 125 kts on IMir.2
apnroximates to the equivalent displacements which will be exceeded on only
5% of cccasicns for aireraft using I.L.S, with flight daixector et typacal
present day approach sneeds. The lires for speeds other ihan 125 knots have
been obtained by assuming that the displacements bear a linear relationship
to approach speed, This may not be exactly true, but the discrepancy is
unlikely to be large enough to make much difference to the overall pioture
obtained by making thais assumption,

6.2 The intersection of the mandatory menoeuvrang line for s given speed
with the equivalent displacement line for that speed gives the closest
point to touch-down to which the coupler can be used an on aircraft with
that approach speed with a success rate of 95%, assuming that the pillot
makes the final manoeuvres in accordance with the assumpfions given in
Sections (4) and (5) above. The intersections (marked with small circles)
of the various pairs of lines then form a curve connecting approach speed
with the distance from aiming point at which the visually controlled
manoeuvre mist start for a success rate of 95%. This curve is shown in
the full line in Fig,3., Similar curves are shown dotted for runways 150 £
and 300 £t wade. In these curves the distances have been converted into
heaghts on a glidepath of 1 in 20, It will be noticed that the curve for
the 300 ft runway bends dovmrvards at a speed of about 95 knots, This means
that below this speed a coupler of this accuracy can be used in azimuth
right down to the runway wathout the failure rate rising above 5%,



6.3 If in a particular type of operation, a failure rate of 5k 1s acceptable,
then the curves in Fig,3 may be regarded as approxamating to curves connecting
cloud base height with approach speed for aireraft using mamal I.L.S. vith
flight darector, provided visibility is good bensath the cloud base, A more
accurate connection is obtained if the heights given on the diagram are
increased by an amount equivalent to the height lost between breaking out of
cloud and starting the corrective mamoeuvre, This additional height vwill
correspond to a time period of about 2 or 3 seconds, and will vary from about
20 feet to 4O feet over the speed@ range covered in the disgram, If the
visibility is not good, then the downward view of the aircraft has Yo be
taken into account by meking use of the curves shown in Fig.1. By using
these in cowgunction with Fig,3, the family of curves shown in Fig.h is
obtained for a crossbar pattern of approach lightaing 3000 feet long, and a
runway 200 £t wide. The operator can now see the effect of increased speed
and poorer downward views on the slant range required to keep the failure
rate below 5% when any aircraft using a flight director lands on a runway
vwith this pattern of visual aids,

Sunilar sets of curves can be prepared for runways of any width, without
approach lighting, or with a crossbar pattern 1500 £t long,

7 Effect of increased accuracy in the approach coupler

7«1 If the equivalent displacements at the various distances from threshold
were half those given above, then the curves connecting approach speed wath
the height at which the final manoeuvre under visual guidsnce must begin
viould be as shown in Fag.,5, These curves, in conjunction with those given
in Fig.3, show that for a given approach speed, the height at which the
visual manoeuvre must start is reduced by a comparatively small amcunt by
using the more accurale coupler, but that this amount increases as the
approach speed increases, It will also be seen that the speed andé heaight
at which the curve representing a given runvay width bends over (indicating
that on 35 of occasions no visually controlled azimuth manceuvre is
necessary) are both raised, The curves shown in Fig,5 may be regarded as
typical of an asutomatic approsch coupler,

7.2 It 1s also of interest to compare the performance of the two couplers
discussed above with that of a third coupler having equivalent displacements
twice as large as those given for the typical flight director, (This thirxd
coupler may be regarded as representing conventional mermal I,L,3, when the
pilot is in good instrument flying practice.) Fig.6 shows the connection
between approach speed and slant range for a 95% landing success rate for an
aircraft with a cockpit cut-off angle of 12°, using the three different
couplers an conjunction with a 200! wide rmunway and a 3000' long crossbar
approach lighting system. It will be seen that up to an approach speed of
about 130 knots, there is a dzfference of only about 150 feet in siant range
between antomatic approacl and I,L,S, with flight darector, and between I.L.S.
with flight director ard I,L,S, with cross~pointer meter, In view of the
uncertainties of weather forecasting these differences are oo small to be
operationally significant. It seems, therefore, that if the pilots are
haghly trained, and keep in good instrument flying practice, then increases
in coupler accuracy within quaite wide lunits will not reduce the operataonal
weather minima, or increase regularity at the approsch speeds commonly used
in transport aircraft at the present time, when operating on runways with
approach laghtang systems 3000 ft, long. The arguments for usang flight
directors and sutomatic couplers in these conditions must therefore rest on
quite other grounds, il.e, those of safety.

7.3 It can be seen from Fig,6 that for speeds above sbout 130 knots, speed
hes an aincreasing effect upon the operating limits attainable vith couplers
of different accuracy. To illustrate the effect of the length of the
approach lighting system on the situation FMig,7 has been dravm, This repeats
the curves shown in Fig.6, but assumes an epproach lighting system only
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1500 long., It can be seen that in this case, even at present day
approach speeds of 125 knots, there are apprecrable differences in the
performnances of the couplers, Similar setsz of curves can be drawn for
runways of different widths, for different lengths of approach lighting,
and for aircraft with different cockpit cut-off angles.

8 Discussion of results and sugeestions for improving safety

8,1 During an instrument approach a large mumber of things need to be
monitored in a regular sequence, These include, heading, bark angle,
I,L.3. displacements, rate of desceni, speed and altitude, In a mamual
approach one of these things wall require adjustment from time to time,

as for instance, heading, and for a short time the pilot's conscious
attention will be given to this, For this short time the monitoring
Process is ainterrupted, and if, during this time a second thing requires
adjustment, as for instance, rate of descent, the adjustment actually
made will probably be inexact, until the prlot can give his conscious
attention to it, If the pilot has too much difficulty in making the
original adjustment, due perhaps to turbulence or changes in cross-wind,
then a number of such inexact adjustments may be made, and a votentially
dangerous situation may build up, Thas seems to be what pilots mean when
they say that they have become "mesmerised” by a particular instrument or
group of instruments., Although the greater accuracy of the flight darector
and automatic couplers is advantageous at high speeds and with short
approach lighting pattermns, the main argument for their use rests on the
fact that they enable the two matching processes described in paragravh 2,2
above to be properly carried out without overloading the pilot, This may
be of particular importance when the pirlot has not had the opportunity to
Practice instrument landings an poor visibility under operational conditaons
for some time, The importance of having an aircraft control system such
that the feel of the elevator control enables the palot to ensure that the
atrcraft proceeds substantially along the previously established plane of
descent with Inttle or no visual guidance, lies simply an the fact that
1t enables him to keep the situation stable in the vertical plane while he
deals with the situation in the horizontal. Scme fufure aireraft may have
instrument approach speeds near or below minimam drag speed, and in these
cagses, it would seem thal, in view of the poor quality of the visual
guidance in the vertical plane, "feel” in this sense is a matter which
requires careful investigation.

8,2 With the flight director the added complication, as compared with con-
ventional manual I,L.S,, is small, and a large increase in safety is there-
fore obtained at a small cost in weirht, With the automatic coupler the
added complication is larpe, unless an automatic pilot is already

installed for other reasons, and it s not certain that the overall gafety
level is any greater than wath the flight director. Indeed there are two
regsons for thinking that it might even be a little less. The first is
that when the automatic coupler is disconnected, the pilot does not neces-
sarily know what pressure to apply to the elevator contrel to maintain the
established rate of descent, and since visual guidance in elevation is poor,
there is a possibility that he will increase it, This danger could prob-
ably be obviated by keeping in the pitch control down to a low height, say,
100 feet, If the azimuth displacemert 1s seen to be large, and the parta-
culer design of auntamatic pilot permits it, then it may be advantageous to
disconnect the azimuth control before disconnecting the patch control,
becanse in the azamuih plane the lman pilot can make larger corrections
in a given time, The second reason is that 2f the automatic coupler
becomes unserviceable, and the pilot has perforce to make a mamual approach
in bad visibality, he may, for lack of practaice, be less able to deal with
the situation,
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8,53 In a mamal I,L,3, approach, the procedure in many airlines is for the
co-prlot to make the instrument approsch, and for the pilot to lock ocut
for the laghts, and take over for the final approach and landing when he
congiders that the visual guidance is adequate, Since the height at which
visuel guidance becomes better than the instrumental guadance 1s lower for
the vertical plane than for the horizontal, 1t 1s suggested that affer the
prlot takes over, the co-prlot should contimue $o monmartor the position of
the aircraft with reference to the instrumental gladepath down to, say, 100
feet., lie might even take preventive action on his own initiative if the
gircraft deviates too far from the glidepath, This procedure woald seem to
be particularly desirsble in azrcraft in whnch tle cut-off line has a
pronounced slope.

8.4 It is suggested that in a G,C.A. apprvach the pilot should give the
controller his critical height at the beginning of {the talk-down. When the
sircraft reaches the range corresponding to this height on the nominal glide-
path, the controller should announce the fact, and thereafter give glidepath
information only. To cortinue to give range and azimuth information beyond
thas poant on the approach 1s simply to add "noise" to the conbrol system,
becaiise 1f the pilot has made contact with the visaal system (and he camnot
legally contimue the descent if he has not) he already has better range and
azimith information than the controller can give him. Beyond this critical
point on the approach, glidepath information should be given in a steady
rhythm at intervals of sbou* one second, so that the pilot can extract a
rate, The one thing which mist always be avoided is to give the pilot
glidepath information which leads him to i1ncrease his rate of descent just

as he goes visual, and then stop the flow of informataon before he has
re-~established a safe and staeble rate of descent, There is good reason for
thinking that a stoppage of thas kind, or unduly long intervals in the glide-
path checks when near the ground, may have contributed to many undershoot
accidents, With present procedures, if the pilot, due to some disturbing
factor, fails to assimilate a height check, he may be as much as 14 seconds
without any height information. This is far too long for high speed alrcraft
vhen below bresgk-off height, particularly if the aircraft is at a speed such
that the pilot has to use the throttle to control the rate of descent. The
proposed procedurs has the sdded advantage that the actual break—off point is
not affected by errors in the altimeter, (It is understood that, due to
hysteresis in the capsule, these may be as large as 200 feet.) It also
eliminates the possibility of the controller making an error through changing
back and forwards from one scope to the other,

8.5 Tt 1s suggested that pilots should have periodical courses of training
on a landing sarulator. The function of such a trainer is not for practicing
instrument approaches, but to demonstrate the pitfalls an the transition
process and in the subsequent pernod of visual flight, particularly when
disturbing factors are introduwed, It is hard to see how a pilot can keep
in practice for bad weatner landings when it is considered that some long
haul airline pilots make on the average only one per year,

8.6 If approach speeds increase, and/or dovmward viaws decrease, then the
weather minima for the less accurate couplers will rise., This means that an
improved angle of approach andicator would be increasingly effective, In a
proposed new indicator the indications are obtained by the use of stub bars,
a method whach has the important advantage of increasing the underghoot
warning time as well, In the installation now being flight tested! two
paths are indicated, a "desired" path at about 3° to the horizontal,
originating frem a point near the aiming point, and a "lowest safe" path
originating from a point near the threshold, This indicator has a further
important advantage in that 2%t can be used raght down to the concrete,

8.7 It 1s understood that an both civil and military operations a pilot
mgy have an instrument rating check on one type of aircraft, and msy then be
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regarded as covered for some other type wirth substantially different
characteristics, If the views put forward in this note are accepted, then
the pilots rating should apply only %o aircraft with characteristacs
closely resembling those of the arrcraft used for the rating test,

9 Concluding remarks

9.1 If the arguments set out above are correct, then certain penalties
have %o be paid for increased approach speeds and poor dowmward views. To
some extent these penalties can be offset by better couvlers and better
vigual aids, It 13 hoped that this ;woie will stimilate dascussion of these
problens, and thot the various curves will be of some irmediate assistance
in enabling operators to decide what compromise will best meet their
particular operational requarements, It should be realised, howover, that
these curves are in the nature of a worked example, and do not exactly
represent any particular type of operation, It should also be remembered
thet the ranges are those which the pilot must have when he observes the
ground pattern from the cockpit, “'hen flying in rain there may be a con~
sicerable dvfference in the maxsmum daistance from which the ground pattern
can be seen from the cockpit compared with the distance 1t can be seen by a
static observer,
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FIG. I(a) GUIDANCE CURVE FOR CUT-OFF
ANGLE 10’ & APPROACH LIGHTING PATTERN

3000 FT. LONG.
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OF END OF PATTERN.
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