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EXECUTIVE SUMMARY

Background and Objectives

In the late 1970's and early 1980fs, airport congestion became a

significant problem; causing delays to passengers, increased aircraft

operating costs for airlines, and increased wcrlload for air traffic

la ]

control. Complicating the situation were the changes that were occur-

e

3 ring in the mix of sircraft using the nation's large hub airports. An
increasing proportion of wide-bodied jets brought increased problems of
wake turbulence; while an increasing number of commuter, air taxi, and

general aviation aircraft brought variations in approach speed and air- -.

'5 craft opefating characteristics to these airports.,

NHASA . and. FAA recognized these probieu& .and undertook . research,
engineer;ng._and development programs desizned to alleviate the conges-
tion, Par; of .this progrém included the research conducted by the °
University of California and deseribed in this report. The goal of this

research was to reduce the impact of aircraft runway occupancy on air-

Ex

port congestion todzy and in the future,

VNSNS A
“

There were four specific objectives identified for the study. The

[

first objective was to develop a more complete understanding the
! ’ various factus s that affect runway occupancy. The second objective was .
é to 1dentify.pr6mising innovations for aircraft, airports, air traffic

control, and pilots that would assist in reducing airport congestion.
The third _ppjective was to define the research, vengincering. and | ..

devclopment"éétivitics required to implement the innovations identified




s 2

ST it i o g A

p o

s S - " -~ e

I P D e

R

e e et s i At o o 1 ot iy o st e sinn e oy

above. The ‘fourth objective was to assess the impact of technology
developments in the area of short-haul alrecraft and air traffic control

measures,

Runway Occupancy and Airport Congestion

While the study was aimed directly at runway occupancy and ways df"
redueing runway occupancy time, it was recognized that the overall
objectives relatcd to reducing airfield congestion. Therefore, Ath?ﬂ.
influence.of runway occupancy on a2irport congestion was one of the first

items addressed in the study.

It bgqéme clear that there were three major ways that runway-océué-'
pancy could be affected, First, the ma2an funway occupancy time for air-
craft could be reduced. Secondly, the variation of runway cccupancy
times for - individual aireraft about the mean could aiso be reduced
i.e., reduced standard deviation, Thirdly, two airecraft might be‘per-‘
mitted to dsé a runway at the same time, thereby reduéing the effective

runway occupancy time,

Each of ;hese'three items would permit gains in runway capacity.
These gains in runway capacity would result in reductions in aireraft
delay, and consequent reductions in operating costs, fuel consumption,
and the need for demand management. Recent estimates of airfield
congestion indicate that up to $1 billion per year is being paid by the
airlines in.incrcased aircraft operating cost due to airfield conges-
tion. This study indicates that up to $75 million per year of this
increaseq aircraft operating cost might be saved today by reduced runway -

occupancy, with much larger savings possible in the future.
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Factors Influencing Runway Necupancy

Runkay occupancy starts when an aircraft crosses the runway thres-
hold and ends when the aircraft leaves the runway. The process of tran-
sition from flight to ground taxiing {s complex, and depends upon a

number of factors.

Approach speed influences runway occupancy time, and normally the
greater the approach speed tha greater the runway occupancy time, The
distance from the runway threshold at which the aircraft touches down

also {influences runway occupancy time because significant aircraft

deceleration -normally begins after the aircraft has touched down, The  .:

aireraft deceleration process then commences, after a pause for the

pilot to confirm a safe landing and to spool up the engines in reverse

-thrust, The‘ahbunt-of aircraft deceleration depends on bilo£ fechnidue. '

pavement condition, arnd aircraft reverse thrust and braking characteris-
tics. Another ﬁajor influence on runway occupancy time is the location
and design of the runway exit. Exit width, angle, and length can all
influence exit speed, which may be up to 60 knots for some aircraft on
appropriately designed exits. Exits must be located in a suitable posi—‘
tion for the individual aircraft in order to take fuil advantage of the
aircraft's deceleratinon characteristics. Typical runway occupancy times

for large jet transport aircraft are in the order of 45 to 65 seconds.

Potential Innovations

The research uncovered a number of potential innovations designed -

to reduce the influence of runway occupancy on airfield capacity. The
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innovations can be classified into four general areas:
® Alrcraft, Innovations

® Adrport Innovations

& Pilot Innovations

o ATC/FAR Innovations.

} : A large number of potential innovations were identified in each area,
4 and were subjected to a preliminary assessment, Based on this assess-

ment, promising innovations were grouped into packages with similar

» characteristics, Each of these packages i{s discussed briefly below.

Improved Short-Haul Aireraft Technolegy. Changes in aireraft tech-

nology and design could assist in making better use of existing air-

deceleration. -and acceleration, improved exit turn capability, reduced

et S v e

touchdown and liftoff speeds, aud improved go-around performance, These
characteristics would require improved brakes and landing gear ard some
active control integration. Up to 25 seconds reduction in runway occu- -

pancy time might be obtained with up to 10% gains in runway capacity,

Pilot and Airline Motivation. This package recognizes that incen-

O ha At o o ey s b

tives or motivation concerning runway occupancy may assist in optimizing
runway use;l:The two major alternatives consicsred are pricing runwéy':

time as an economic ircentive, znd modification* to ATC and flight rules

i

to require aircraft to meet certain performance criteria., Some sophis-
ticated time measurement and accounting techniques would be necessary in';:

order to be able to implement either type of 1nnova‘ion. Decrcases in

K the order of 10 seconds might be octained in runway occupancy tine with

ports, Characteristics of the package of innovations inciude enhanéé("
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increases in runway capacity of approximately 53%.

Pilot and Controller Iuforrmation. This peckage recognizes that"

provision of additional and more precise information tc pilots and con-
trollers can help them make improved decisions to take full advantage of
available facilities, Improved exit selestion and runway -deceleration

profiles could be obtained, partly from ennanced przcision on the

approach and'tﬁrough improved cockpit instrumeatatior and approach aids,:"'

An autnmated headway display system wou.d b~a necessary to provide the
pilot with data about precediny airers‘v, and automeated departure
release and/or go-around 2dvisories might be appropriate. Up to. 15
second reduéﬁibhs in runway occupancy time could be obtained from thié.'

improvement, wita up tc 10% gains in runway capacity.

Runwa& Exit and Entrance Design. This 'backage“ containe revised

exit locationfcriteria and geometry, continuous exits, adquate runout
clearances on.ﬁigh speed exits, and high speed runway entrances. The
combination of these items céuld obtain up to 30 seconds reduztions in
runway'ocdupancy'timg and ottain gains of up 10% ir runway capacity.
Tuproved dynamic exit lighting systems would be required, as would new

design criteria for continuous exits.

Dense'Airfield Operation. This package 1is designed to make full
use of the exiﬁting pavement at an airport and to add extra pavement to
the existing airfield where apnropriate. The exitsting taxiways might be
used as runways and as exit deceleration zones in order to assist air-
craft in lgaving the runways at higher speeds. Displaced thre;holds.
intersection iékeofﬁs, and use of converging and close parallel runways

for additional runway operations would also be {involvea. Additional
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pavenent nmight {nclude close parallel and short runways, additional
exits (including continuous exits), and deceleration zones. Improved
nsvigation, landing, and metering systems would be required and a
dynamic airfield sectorization and lighting system might also Le neaded.
Reductions in runway occupancy time in the order of 20 seconds could be

obtained, and large gains in capacity would also result.

Integrated Landing Management. This package recognizes the direct

relationship between aircraft distance separation on approach, approach
speed, time headway over the runway threshold, arnd runway occupancy
time. Sophisticated on-line analysis tools and display systems are used

to identify and indicate the optimal path for individual aircraft {n

order tr maximize runway capacity. Aircraft are separated based on time:_

headways and alrcraft are sequenced according t: their landing charac-

teristics, Increases in capacity of up to 40% could be ob.ained from

- this technique.

E}ndings

Runway occupancy can severely constrain runway capacity tédsy and
is likely to provide a rore severe constraint in the future as air-
tr&ffic contfol improvements are implemented to ichigve.gains in runway
capacity. A large number of ractors affect runway occupancy time and
further data analysis {s needed before some of the items discussed {n

this study chhAbe implemented.,

There are a large number of potential innovations and they can be
grouped into six packages of promising innovations, Each of these iuno-

vations recquires some research, engireering, and developsent prior to.

e ceew—— o [P
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implementation. Reductions of up to 30 seconds can be achieved in run- :5

wvay occupancy time and gains in caﬁaetty of up to 20 or 50%.
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1. INTRODUCTION

This study is concerned with measures to increcase airfield capacity
by changiﬁg the time spent on the runway by arriving and departing air-
craft. The hourly capacity of one or more runways may be limited by
cactors other than the time cach ajrcraft spends ocsupying the runway.
In this case, reducing runway occupancy time will not achieve an
increase in capacity., However, there i{s ample evidence that runway
occupancy time is the limiting factor in determihing funway capacity in
some'circumstﬁﬁcés. In addition, changes now being considered §{n both
the air traffic control system and in future aircraft technology (par-

ticularly for short-haul aircraft) may relieve some of the other con-

straints on runway capacity and may offer the opportunity to reduce

eiisting runway occupancy times,

The goal of this study is to identify measures that may be- employed

to change runway occupancy character;stics. and evaluate the potential

gains in runway capacity that they offer, and to make a preliminary‘

assessment of the benefits, costs, and other impacts associated with the

implementation of the measures. The results of this study show which

measures appear to offer most promise for providing a significant gain-

in runway capacity at reasonable cost, and identify the associated neec
for new technology. The studyﬂhas not attempted to produce detailed
estimates of the costs of {implementing particular measures, nor of
developing detailed assessments of other impacts. The analysis per-
formed in this study has allowed the requirements for these further cost

and impact studies to be clearly defined,
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In considering the effect of runway occupancy time on capacity,
therea has been a tendency in the past to concentrate only on the runvay
occupancy o/ landing aircraft, However, the runway system is used by
both departing and arriving aircraft, and time released by reducing
departing occupancy times can in principle be made available to landing
aircraft. This stuly has therefore considered measures to change both

departing and srriving occupancy characteristics.

THE NEED FOR INCREASED RUNWAY CAPACITY

As increasing air traffic at an airport begins to approach airfield

capacity, delays to aircraft using the airport rise rapidly. The nature

of this phenomenon is well understood, and is incorporated in existing

proccdureS'fof assessing airfield capacity and delay [U.S. Federal Avia- -

tion Administration: 1976]1. Traditionally, the provision of additional

capacity to handle the continuing growth of air traffic has been

achieved by building more airports or adding new runwéys to existing

airports. Hore’recenbly however, widespread public opposition to con- .

structing new airporty or even new runways has led to a need to increase

capacity of existing facilities.

Since the introduction of wide-body aireraft, the growth in air-

travel has been accommodated largely by the increased average size of

aireraft. At many major airpoﬁts, ajrcraft movements have declined

while air passenger traffic has increased. While runway capacity was -

formerly considered synonymous with airport capacity, the focus of

recent concern over capacity and congestion has shifted from the airside

toward the landside. However, there are good reasons to expect runway

capacity td}réemergc as a major problem if air traffic'contihués to grow -
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as forecast.

One reason is that the shift toward increased use of larger air-

craft by the trunk carriers cannot continue indefinitely. As the per-

centage of wide-body aircraft in the fleet increases, the potential for

replacing narrou—bodybequipment decreases, Indeed the next generation
of new aircraft (e.g. DC-9-80, B-757, and B-767) provides less seating

capacity per aircraft than the last méjor additions to the fiéet. Hhilq

the possibility exists for a stretched B-TU47 type aircraft carrying

1,000 passerigers, there are few markets that could support such a sers’

vice at present, and therefore its effect on average aircraft size is

likely to be small., When flight crew costs were the msjor component of

aircraft ditqqt operating costs, the economies of scale presented'bjt

larger aircraft were an important factor in ihe increased use of wide-
body equipment., As fuel costs tend to replace crew ¢osts as the major
components of alrect operating cost, the advantage of using larger air-
craft is reducéd. particularly since the newest generation of aircraft
will be signifiéantly more fuél efficient than even the wide-body equip-

ment .,

A second reason is the growing role of commuter airlines in provid-
ing feeder service to small communities, as a consequence of the Airline
Deregulation Act of 1978. This growth of the commuter market influences
airport opérations in three -jays, First, the commuter carriers tend to
use small aircréft. thereby reducing average aircraft size, and requir-
ing more airc}aft operations to serve a particular passenger demand,
The increase in service {requency thereby provided is cne of the attrac-

tions of commuter airline service and may generate additional traffic

+

e s )



—

A

“?\'k'

e

“s

-

Levoas e

‘e

e A Rt e O\ s i s S g

PRO SRRt

aa

[RY

uhenA compared with former airline service with regular equipment,
Second, these smaller aircraft have very different performance chorac-
teristics from large aircraft (being more vulnerable to wake vortex tur-
bulence and tending to fly slower) sand require much larger separations
on approach, with consequent loss of runway capacity. Third, the market
and route structure of commuter airlines is often very difrerent from
other carriers that formerly served the same markets, PBecause of the
size of the aircraft, many smaller communities can be served that were
not served_previously. Small aircraft size favors ‘point-to-point ser-.:
vice over mulﬁi-stop service, leading to a hub-and-spoke pattern based
on major airports., This increases the amount of connecting traffic mov-
ing through major airports. Because commuter airlines provide feeder
service to 'Ighser haul flights at major airports, any attempt ta..
increase effective runway capacity by diverting cormuter airline flights

to other airports is likely to be strongly resisted,

A-third';eason to expect a growing problem with runway capacity 131»
the cmergenﬁe of deeply discounted fares in major markets that are dense
enough to support very high volumes of traffic. Much of the recent
growth in air travel has been newly generated traffic in these low fare
markets. If these pricing practices continue, a large part of the
future growth in traffic will occur in those markets, and hence at those

airports, that are already carrying the densest traffic.

These thfee reasons all suggest that future growth in air traffic
. ,Will occur cainly at the major airports. These are already the clbsest
to saturation and many are experiencing periods of runway congestion.'

Any significant increase in traffic is likely to lead to a major runuaV"i.
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congestion problem with consequent delays., Given the difficulties of
providing additional airports in those metropolitan areas, and the gfow-
ing rather than declining importance of those hubs in the airline route
structure, it appears that a pressing need for increcased runway capacity

will cmerge at those airports,

THE MAGNITUDE AND COST OF AIRSIDE DELAY

Hotwiihstanding prevailing concerns over landside capacity and the

fairly stable level of aircraft movements over the past few years, air-

side delays arising from current levels of congestion are nct insignifi-
cant, and worthy of major efforts to reduce them. Alrport Improvement

Task Force .studies of the top ten U.S. alrports, sponsored by the

Federal AQiétion Administration (FAA), have found average delays over

the year of between one and eight minutes ver aircraft, while delays to

12

individual aircraft can be over an hour, It has has been estimated that. .

delays to aircraft in the U.S. due to airport congestion cost the air-

lines over $1 billion in 1980.

In interpreting these data; it should be noted that the cost esti-

mates refer only to those costs incurred by the airlines a3 a conse-

4uence of delay. The general approach is to multiply the total delay in
hours per year by the average hourly operating cost of the aircraft.

While an estimate of the minutes of actual delay incurred by each flight

can be made, obtaining a cost for that delay is considerably more diffi-

cult. Apart from the usual problem in such studies of whether delay is A

additive, or in other words whether a delay to one aircraft of thirty

minutes is the same as a two minute delay to each of fifteen aircraft,

there 1s also the question of whether the marginal and average houriiﬁ



Yiarr A‘_»Ww,‘emw;&.*. - _\W’ww

Lt AR, N Wi 4 o} e sl s b e g i A

NPT AT

i. FARRAERAN

. va

¥

13

asircraft operating costs are the sam¢, In any event, the procedure

ignores the cost of any inconvenience to the passenger arising from air-

craft delays, other than that for which the airlines provide compensa-

tion. If these costs are added in, the resulting cost of airside delay ‘

is likely to greatly exceed $1 billion.

‘The largest delays occur in Instrument Flight Rules (IFR) weather.

Runway capacity is 1limited by safety concerns that translate into
separation standards that essentially eliminate collision risk. In IFR - -

weather, when aircraft cannot see each other and cannot be seen by the.

tower controllers, more stringent separation standards and air traffic

control (ATC) procedures are applied, reducing runway capacity and thus

increasing thée delays incurred by a given level of traffiec.

THE ROLE OF RUNWAY OCCUPANCY AND OTHER FACTORS IN RUNWAY CAPACITY

[y

Hourly runway capacity is defined as the maximum number of airecraft

operations that.can use a runway or a system of runways in an-hour under

'specified operating conditions., An operation is an arrival or a depar-

ture.

Runway capacity (C) is the inverse of the minimum time interval or

headway consistently achievable in saturated conditions (H), L.e:

where time intervals between aircraft (headways) are measured at ft*e
runway threshold. For arrivals, time intervals are measured from %the

time that the éircraft crosses the runway threshold, For departures,

.
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intervals are measured from the time that the aircraft starts its take-

off roll on the runway.

H depends on required separations between aircraft in the air and

on the. runway, and on aircraft spgeds. Because individual values of .

headway vary (due to fluctuations in operating conditions, etc.), H is a
weighted average value that reflects the occurrence of different indivi-

dual values of headway.

For examAple. a runway may be used by a stream of narrow-body
arrivals (e.g. B=727, DC-9). The minimum separation required between

these aircraft in the air may be 3 miles, and they may travel at a

ground speegf'of 120 knots. In this situation the minimum headuty‘:

required is 90 seconds. In practice, controllers tend to add a "buffer"”
to the minimum headway to produce an average headway which can be

regarded as the minimum headway consistently achievab1e>under saturation

conditions (H)., In this exanple, we will let the buffer be 30 seconds.

and therefore H is 120 seconds. (In reality, actual headways between

individual pairs of aircraft vary about the average and may be as low as

80 seconds or as high as 160 seconds.) In this situation the runway cap-

acity (C) is 30 aircraft per hour.

The above example is simpler than often occurs in the real world

because of (a) the influence of runway occupahecy, (b) arrivals and

departures using the same runway, (c¢) a mix of different types of air-

craft, and (d) other operating conditions,

14

The above example can be extended to include runway occupancy. inq .

aircraft may:have a normal runway occupancy time of 50 seconds, and

B |
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controllers may add a buffer of 20 seconds when making control judg-
ments, In this situation a minimum headway of 70 seconds would be

required between aircraft to account for runway cccupancy,

Note that in this example the 3 mile air separation requirement (90
second headway) constrains capacity while runway occupancy (70 second
headway) does not. In cases with mixed operations (arrivals and depar-
tures using the runway), r.away occupancy would constrain capacity
rather than air separation. Runway occupancy would also constrain cap-
acity for an arrivals-only runway if the air separation requirement were

reduced in the future,

A list of.ﬁhe factors that influence runway capacity is given in
Table 1.1, divided into six general categories. Each of Athese

categories i3 discussed below.

Airfield characteristics. The airfield layout includes the number, -

length, width, .orientation of, and the separation between, runways,
taxiways (including runway exits), and the apron and aircraft parking
areas. In general, an airfield with more and/or larger facilities has a

larger capacity than an airfield with fewer and/or =maller facilities,

Some exceptions and 1limits to this generalization exist, particu-

larly when airfield components interact with each other. Weather condi-

tions, pavement:maintenance. noise, and otker factors often csuse some
runvays to be ouﬁ'of use. The number and direction of runways n use,
and whether or not arrivals and/or departures are accommodated on each
runvay, will a{fect runway capacity. Landing aids, both instrument

(e.g. ILS) andf#ippal (e.g. runway lights), can permit aircraft to make

15
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Table 1.1

a Pttty —e .

Factors Influencing Runway Capacity

Airfield Characteristics

Aircraft Demand

Aircraft Operating Characteristics

ATC Equipment and Procedure~

Weather Enviconment

Constraints. .

Alrfield Layout
Runways in use
Landing and Navaids

Mix of Aircraft Types
Ratio of Arrivals to Departures

Approach Speed

Landing Profile
Deceleration on Runway
Exit Maneuvering

Wake Turbulence

Radar

Separations on Runway
Separations in the Air
Metering and Sequencing

Ceiling and Visibility
Hind

Precipitation
Temperature and Prassure

NHoise .
Airspace

Runway Leagth and Strength

16
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full use of a runway system, as can navalds (e.g. VORTAC).

Aircraft demarnd. The mix of different aircraft types using a run-

way system will influence capacity because of different atreraft operat-

ing characteristics and ATC procedures that apply. The ratio of

arrivals to departures 1s also important because these two types of

operation have different separation requirements.

Aircraft operating characteristics. Each type of aircraft and each

individual aireraft exhibit different aircraft performance from day to’

déy because of variations in aircraft operating characteristics and
pilot technique. Approach speeds may vary because of different aircraft
weight or.ﬁinq velocity, and the landing profile may vary depending on
pilot technique. Deceleration on the runway is inflvenzed by surfaée

conditions (braking action), reverse thrust and braking capabilities,

and pilot'iéchnique. The maneuver to exit from the'runﬁay debends dﬁ'

aircraft size and turn characteristics in addition to exit design and

pilot technique. Wake turoulence produced by an airéraft and the sus-

ceptibility of following aircraft to this wake also influence runway

capacity.

ATC equipment and procedures, The availability of radar permits

aircraft to be safely separated at distances less then would otherwise

be feasible, Separations betﬁeen aircraft on the runwey and in the air

are influenced by minimum separation requirements identified in FAK .

Handbooks. Systems used to organize a smooth flow of aircraft to a run-
way (metering and sequencing systems) will also affect the actual air-

craft separations achieved and hence runway capacity.

17
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Weather environment. Low cloud ceiling and/or visibility influence

capacity: directly, by limiting the ability of aircraft to land on run-
ways; and indirectly, by causing air traffic controllers to use larger
separations between aircraft. Headwind slows aircraft down and
crosswind mzkes landings more difficult, and both of these factors can
limit capacity. Prgcipitation can result in reduced tire-pavement fric-
tion, thereby limiting the deceleration that can be achieved by braking
or by use of reverse thrust (due to pilot concerns about aircraft sta-
bility in crosswinds). Temperature and pressure can influence runway
length requirements and approach and departure speed, thereby impacting

capacity indirectly.

bEerating constraints. A number of constraints can reduce capacity

to lower levels than could be achieved without these constraints. Lim-

18

its on aircraft noise can reduce or eliminate the ‘feasibility of certain

runway uses and/or ATC procedures. Airspace constraints (due t> adja-

cent airports, tbpography. restricted areas, etc.) can also eliminate
certain runway uses and/or ATC procedures, Runway length and strength
constraints can mean that certain aircraft cannot use particular run-

ways.

Many of the f-ctors listed in Table 1.1 influence capacity in part
by influencing funway occupancy time, When runway occupancy time con-
strains runway ;aﬁacity, the constraint reflscts both ;he mean occupancy
time and the variations around the mean (i.e. uncertainty about the

actual value of runway occupancy time for a specific aircraft).

REDPRPSS /
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Both the mean and the variation of runway occupancy time are pro-
foundly influenced by the exit selected by u pilot to lzave the runway.
In general, lower mean runway occupancy times occur when pilots select
exits closer to the runvay threshcld. Larger variationc in runway occu-
pancy time occur when conditions cause som: pilots to select one exit
while other pilots select different exits. EZxit selecction-is a compli-
catea process performed by the pilot based oa numerous variables,

including many éf those listed in Table 1.1.

Efforts to reduce runway occupancy time must therefore include the

provision of appropriate exits and assistance to pilots in selecting th2

exit that will_;afe]y minimize runway occupancy time for the specifidﬂ

conditions prevailing.

IMPLICATIONS OF FUTUKRE TRENDS IN THE AYC SYSTEM

The Natioﬁgl Aeronautics and Crace Administration, FAA.’and others
are conducting an extenslve research, engireering, ahd develonment
(R,E4D) program that is designed to improve the ATC system. The goals
of the R,EXD program are oriented (1) to provide safe and efficient ser-
vice for the higher leveis of aviation demand that are predicted for the
future, and (2) to make gains in productivity and reduce controller

workload.

One of the objectives of the program is to achieve reductions in
separations between aircraft anc consequent increases in runway capac-
ity. For example the program may resuit in reductions in:

o The minimum longitudinal separation betwsen z‘rcraft

on the final approach course; Srom three miles today

19



to either two and one half or twoc miles fn the future,

® The mianimum lateral separation betwueen aircraft cone
ducting simultaneous independent approaches to paral-
lel runways; from 4300 feet today to as low as 2500
feet in the future,

¢ The minimum separation between aircraft conducting
dependent final approaches to parallel or converging
runways may also be reduced.

Each of these reductions in separation would enable more aircraft per

hour to approach runways in IFR weather conditions. 1In this situation,
runway occupancy time would become an even more lmportant influence on

runway capacity than it is tnday.

o

Various elements or the R,EAD program offer the potential for n¢q

equipment and prccedures that may assist in managing runway occupancy

nere effectively in the future.

Ona eleﬁent ot.the progran aims to increase the capébility for
all-ueitherﬁ;perations; including reduced weather ninima for approach,,
landing, roll-out, and tatiing off the runway. The {mproved guidance
systens and positive indication of a clear runway that are réquired for

all-ueather’operacions are being investigated by FAA.

Another element of the program addressex the potential for
increcsed pilot involvement ~in ATC functions. Cockpit display of
traffic information would permit the pilot to make direct judgments con-

cerning the évailability of a runway for landing.

. A ) '
B S R i e S b i ip e A St -éw*u.bmuhﬁ-www

A third element of the program relates to increased accuracy of
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four-dinensional navigation, Microwave 1landing systems and :"tell.}e~
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based navigation systems offer the potential for improved position accu- -

racy, while integrated ATC flow management and improved aircraft tlighf -

uansgement systems offer the potential for improved timing of

approaches, Automated data links offer the potential fer rapid inter- '

change of data between an aircraft and the ground or other aircraft.

Zach of these items contributes to improved four-dimensional accuracy

which could be extended from the approach phase to the landing and

rull-out phase.

A fourth element of the program includes techniques to imyrové the -

monitoring and control of aircraft on the airport surface. Improved

ground surveillance radar and alphunumeric displays would offer the

potential for improved verification of runway occupancy and clearancg. o

In summary, future trends in the ATC system imply that (1) runway

occupancy will become more critical in the future than it is today, and

(2) that technblogy-uill be available to assist in reéfining runway occu- -

pancy, The challenge is to find wzys to adapt and use the developing

technology to'brovide benefits in the area of runway occupancy.

IMPLICATIONS OF NEW AIRCRAFT TECHNOLOGY

A considerable Eesearch and development program is currently being
conducted by NASA and others to develop the'necessary technology for
advanced short-haul aircraft., The need for new technology arises out of
the recognition that many existing corventional air carrier aircraft are
designed td operate most economically over longer stage lengths than
those usually associated with short-haul operations. At the same time,

the develcpment of an entirely new type of aircraft, configured
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expressly for a short-haul mission and utilizing the most advanced tech-
nology available, presents an opportunity to design an aircraft with
p;rformanoe characteristics on the runway and in the terminal airspace
that will enable it to utilize short runways; thereby permitting

expanded operations at busy airports,
The charscteristics of an advanced technology short-haul aircraft
ars likely to include
e relatively short take-off and landing distances
) 'ateep climb and descent profile potential

@ improved low-speed handling for maneuvering in the

terminal airspace
'3 reihtively low approach and climb speeds

e improved instrumentation and approach aids.

Tre development of new aircraft presents oﬁportdnities to include’

22

special featdres that would enable a higher runway capacity to be

achieved. It also points out the need to examine the interaction of

advanced short-haul and conventional aircraft when operating in mixed

streams, and the impact of advanced short-haul aircrafl operating

separately from the conventional airaraft stream within the existing
airspace and airfield. These interactions and impacts mnay impose

restrictions on the operation of conventional aircraft by limiting their

ability to fully utilize new measures designed to reduce runway occu-

pancy time. For example, a paralle! short runway with triple arrival

streams may limit aircraft separations on the approach paths to the_

other runways, or traffic crossing from a separate short-haul runway may
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reduce the capacity of a conventional ruaway. These limitaticns would

tend to offset the capacity increases that the new technology offers.

Consideration of the impacts of advanced short-haul sirsraft tech-
nology should include both the performance characteristics of the new
aircraft and the consequences of dedicated airspace and airport areas

for separate short-haul operations,

OBJECTIVES OF THIS STUDY

The overall goal of the research was to identify and assess poten-

tial improvements that may reduce the impact of runway occupancy on aire

port congestion, today and in the future.

Specifically, the following four objectives for the research were

{dentified:

-
.

_Develop a thorough understanding of the factors that

5frect runway occupancy, and the extent of their
.effect, '

2. Identify potential innovations that appear promising
in terms of their effectiveness in meeting the objec-

tive of reducing the impacts of runway occupancy on
éirport congestion.

3. Design a research program to assess in depth the
impacts of the promising potential innovations, and to
- determine the requirements for their implementation.

b, Assess the impact of technology developments in the
.aréas of advanced short-haul aircraft and air traffic

control measures on runway occupancy.

23

_ Factors " affecting the approach and landing process may bg'f'

.............
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classified into five general categories:
1. Aircraft
2. Alrport L e
3. Pilot
4. Air Traffic Control

5. Environment.

that influence the approach and landing process. For example, factors

in the aircraft category include aircraft type, landing configuration,

landing weight, and instrumentation. One objective of f.he research was. -

to gain a bétiéﬁ understanding of the relative importance of these fac-

tors in determining runway occupancy time.

" Potential fnnovations were identified, described, and assessed to

establish (1) the benefits that might be obtained, (2) the requirements
for implementation, and (3) the side effects resulting tEom implementa-
tion. Results of the assessment were used to assist in identifying the

more promising innovations.

The definition of a research program required to further analyze

potential innovations or to move the innovations towzrds practical
1mp1ementa£ion was an important component of the study. 1In particular,
such a research:program would include any data =xcquisition needed to
complenent available relevant data and permit a thorough evaluation of

promising innovations,

The poténtial contribution of edvanced technology short-haul

2

..

Within éach of these categories, there are many individual factor:f,3,
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aircraft on runway occupancy was also assessed, together with identifi-
cation of areas of further modification to this technology to support
runway occupancy reduction objectives. Investigation of potentisl inno-
vations included consideration of the reduirement for, and contribution

of, new technology in air traffic control equipment development.

Scope of the Research.

The research was exploratory in nature and its main objective was

to identify and assess potential innovations. The research scope encom-

passed the necessary analysis to address the two classes of questions
identified earlier: airport and air traffic control questions of partic-

ular interes; to the FAA, and aircraft technology questions of particu-

lar 1nteres£.£o'NASA. To accomplish research objectives within limited

resources, the scope has been specifically limited in certain areas.

One limitation was that no additional data acquisiticn be under-

taken during the research. Data needs, over and above those data which

already exist, nave been identified as part of a follow-on research pro-

gram aimed at further assessment of promising innovations, Another lim-

itation to the scope was a ~jcus on air carrier operations. General

aviation aircraft have runway operating characteristics that are typi-
cally significantly di.ferent from air carrier aircraft and often have
significantly lower runway occupancy times, While it i{s possible that
developments in advanced short-haul aireraft technology may create more
of a continuuh between air carrier and general aviation aircraft, the
empirical investigations in this research have focussed only on air car-

rier operations.

25
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In identifying potentisl innovations, no a priori limitetions were
placed on scope. The research sought to identify as complete a set as
possible of potentizl innovations that may require changes to the air-
craft, airport, pilot procedures, and air traffic control system. Even
potantial innovations that appeared on first glance to be unrealistic or
infeasible were only excluded after some assessment. Increased realism
was 1ntroducgd as some innovations were eliminated and the more promis-
ing ones identified and subjected to further assessment. In making
assessments of the potential innovations, the scope was sufficiently
wide to address, at least in a preliminary manner, all impacts including

technical, economic, operational, safety, environmental, energy, politi-

26

cal, and iqStitutional impacts. A broad scope at this early stage

ensured that the most promising innovations were ic...ified.

~ As part of the analyses involving the factors that detcrmine runway
occupancy time. models of the aircraft landing process were developed.

and extensive.use was made of the FAA runway capacity models,

Research Plan.

The plan for the conduct of the research focused on five major

activities that are tied directly to the objectives of the research.

1. Assessment of available data. This step consisted of preparing an

1nventory of data sources and then acquiring selected data on run-

way operations and occupancy time, The data acquired was reduced'

as necessary and analyzed with two purposes in mind. The first was

to assess the accuracy and suitability of the data for purposes of

this hé;garch. The second was to extract from the data inrormat;oﬁ::
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needed to infer the impacts of the various factqrs that affect run-

way occupancy time,

Identification of significant factors. Analysis of the data was

perforned to 1déntify the factors that appear to have ar :ffect on

runway occupancy time and to quantify their'effects.

Identification of potential innovations. This activity -consisted

of a complete and unrestricted identification of all potential
1nnovations'§hat could be used to reduce runway occupancy mainly by
acting on the factors that appear significant in influencing runway

occupancy times.

Assessment of innovations. A set of performance evaluation crié

teria were identified and related to the objective of reducing run-

way occupancy, These criteris included implementation costs,

financing, environmental, energy resource, safety, political, and

institutional aspects, and measures of an innovation's impact on-

capacity. delay, and operating costs. The criteria uer? applied to
the 1nn;vaticns in an evaluation process. The result of this pro-
cess was a coherent set of packages of innovations that are deemed
worthy of additiodal investiéation and potentially promising for

implementation.

Implementation requirements. The research concluded with a defini-

tion of the implementation requirements of the promising innova-

tions in ternms of the additional studies and evaluations needed.

These five activities are described in more detail in the following

four chapters, ‘Chapter 2 describes the current situation regarding the

27
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‘influence of runway nccupency time on capacity, documents the previous

studies that have bean performed addressing the runway occupancy
behavior of ait carrier aircraft, as well as the data sources identified
in the course of the research, and summarizes the effect of the factors
that were found to influence runway occupancy time. Chapter 3 describes

the identification and preliminary evaluation of potential innovations

to reduce runway occupancy time. The more promising innovations were

then grouped into six packages which are described and evaluated in

28

Chapter 4, ' Chapter 5 summarizes the findings of the study and identi- -

fies the further research required to move the innovation packages

toward implementation.
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2., THE CURRENT SITUATION CONCERNING RUNWAY OCCUPANCY

The search for ways to reduce the runway occupancy‘time of landing
alrcraft is not just a recent concern, but has been the subject of con-
sideratle attention in the past., Indeed, the more general concern over
the saturation of airside capacity at major airports following the
introduction of the jet transport aircraft and growth of air travel in
the early sixties led to studies of runway occupancy that resulted in
the current design criteria for exit taxiway geometry and location. The
introduction of the wide-body aircraft, and the subsequent shift in
congestion from the airside towards the landside, reduced some of the
pressures on runway capacity, while increased separation requirements
necessitated bj ‘wake turbulence from large aircraft shifted attention

away from runway occupancy time as a constraint on capacity. As a

29

consequence, the pace of research on runway occupancy problems slowed .

considerably, However, with the recently renewed interest in runway

capacity, a number'of studies have been performed that collected valu-

able data on the operation of the runway system,.

This chapter examines the current state of knowledge about both
~unway occupancy and the factors affecting 1it. Runway occupancy is
important because it affects runway capacity, and therefore this chapter

begins with an examination of the influence of runway occupancy time on

capacity. This examination is followed by a review of previous studies

of runway occupahcy. and data sources on the performance of aircraft on

the runway system. Finally, based on anaiysis of these data and previ-

ous work, the primary factors affecting runway occupancy time are iden-

tified and di;&us;ed.
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THE INFLUENCE OF RUNWAY OCCUPANCY TIME ON CAPACITY

o
o

s ',x.‘?\"‘n“

As indicated in the previous chapter, runway occupancy time can

have different tevels of impact on runway capacity, depending on the

A
0

specific situation. 1In some situations, required separations between
aircraft in the air are sufficiently large that they determine capacity

directly, and'runway occupéacy does not influence capacity. 1In othef

=2

affect capacity sigiificantly, and there is an inverse relationshi, -

between runway occupancy time and capacity.
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For example, in IFR weather conditions and with today's ATC ruLes,‘ -
the capacity'af'a runway which is used for arrivals only is not normallﬁ.
f, . influenced by runway occupancy. However, i{f the runway were used by

) arr;vgls and.departgres,‘then runway occupancyAis a major factor in cap-
acity.

L Typical leues of arrival runway occupancy time of large jet trans-
port aireraft (e.g. B727) a;e in the range 45 to 65 seconds. Typical
required separationslbetween these aircraft i{in the air are 3 to 4 miles,

» which translates to a headway of approximately 85 to 110 seconds. Typi-
cal values of departure runway occupancy time are in the range 35 to 50
seconds,

’ Figures 2.& and 2.2 illustrate the influence of runway occupancy
tione on IFR $our1y runway capacity for several different situations.

3 o Figure 2.1 presents data for a runway used only by arrivals (100%

::rivals).luhile Figure 2.2 presents data for a runway used equally by

arrivals and departures (50% arrivals). Two sets of curves are shown on

situations, reguired separations between aircraft in the air do. not .
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FIG. 2.1 1Influence of Runway Occupancy Time on IFR Capacity--
Landiugs Only.
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each figure, one set relating to today's ATC rules (with ¢ minimum
separation of 3 miles in IFR conditions) and the second set of curves
relating to one alternative potential future ATC rule (with a minimum
separation of 2 miles). The impact of “wo alternative aircraft mixes
are also presented: the first mix contains only B=727 type aircraft,
while the second mix is representative of mixes encountered at large hub

airports (with approximately 15% heavy jets and 10% small aircraft).

The graphs demonstrate that when arrival runway occupancy time is

large, it can directly influence capacity, and that when runway occu-

pancy {s small its influence on capacity is often masked bj other influ-~

ences (e.g. réguifed separation in the air, or departure runway occu-

pancy time).

Changes in runway occupancy time can cause differcnt impacts on

runway capacity, delays to aircraft, and alrcraft operating cost,

depending on the specific operating conditions. For the baseline situa-

tion discussed in this report (two independent parallel runways, typical
mix at large hub airports, etec.) a 20 percent reduction in runway occu-
pancy time would cause approximately 6 to 10 percent increase in runway
capacity. For an alirport operating with a demand close to capacity,
this might achieve a 20 percent reduction in delays co aircraft in the
peak hour, ﬁhen averazed over the year, these delay savings mighﬁ be of
the order of $75 hillion per year at the nation's busiest 22 airports.
These values are.order-of-magnitude estimates only and should be refined

as specific innovations are considered for implementation.

The amount . of benefits obtainable from a reduction in runway oclu-

pancy time depends on the prevailing operating conditions. For exanple,
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the benefits are greater with a stresm of B-727 type aircraft than with
the typical mix of traffic at large hub airports., The following tadbulas-
tion identifies several difterent factors and their general effect on

the significance of benefits to be obtained frcm reductions in runway

occupancy time:

Factor More Benefits Less Benefits
Alrcraft mix All BT27 type aircraft Typical mix,
large hud
Percent arrivals Equal amount arrivals, +11 arrivals
departures
ATC sy;tem Future~reduced separation Today's system

Demand . High Low

DEFINITION OF RUNWAY OCCUPANCY

The Eules governing runway occupancy aré éefined by FAA. These FAA

rules requiré'specific minimum separations between aircraft using a run-

way. Different rules apply for arrivals and departures and for dif-
ferent categories of aircraft. In addition, certain deviations may be

permitted,

Arrival Aircraft Runway Separations. An arriving aircraft must be

separated from a previous aircraft using the same runway by ensuring

34

that the airpraf; does not cross the landing threshold until the previ-

ous aircra?ﬂlhas either landed and taxied off the ruuway (if the previ-:'.

ous aircraft is an arrival) or departed and crossed the runway end ({f

the previous aircraft is a departure)., The precise language is given in

hppendix A, Paragraph 1120. (Appendix A i{s extracted froa FAA Order "AIFJ:
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r Traffic Control" 7110.65B, Change 4, 1/1/81.;

Certain additional rules are specified by FAA which modify this

definition to permit a second aircraft to use the runway before the

L4

first asircraft has clegred the runway. Exanples of these variations are
given in Appendix A, Paragraphs i120 and 1121 for land based aircraft,

and Paragraph 1522 for sea lane operations., Note that the rules are

? different for Categories I, II, and III aircraft. (Category I aircraft

are lightweight single engine personal type prépeller driven aircraft.

> craft weighing 12,500 1bs, or less. Category 111 ajrcraft are all other

aircraft.)

Departure Aircraft Runway Separations. ‘A departing alrcraft must

be separated from a previous aireraft using the same runway by ensuring
" that the aircraft does not begin take-off roll until the previous air-

craft has either landed and taxied off the ruhway (if the previous air-
craft is an arrival) or departed and crossed the runway.end (if the p;e- :
vious aircraft is a departuré). Tre precise language is given in Appen-

dix A, -Paragraph 1110,

A o R T gy

As in the arrival case, certain additional rules are specified by
FAA which modify the definition of departure runway separation require-
= s ment to permit a second aircraft to use the runway before the first air-

craft has departed and crossed the runway end, Examples of these varia-

tions are gi#en in Appendix A for land-based aireraft and sea lane’

operations.

Procedural Deviations. Further deviations may also be permitted'~

. - - o e — . "
LSRR, - NEREIRCRES " f . L

A ..
) >

Category II aircraft are lightweight twin engine propeller driven air- -’
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from these rules to cover exceptional or unusual requirements, Examples

5¢ these deviations are given in Appendix A, Paragraph 11,

For mil{tary operations, a flight of aircraft may contzin two cr
more aircraft in formation, These are considered to be a single air-
craft operation as far as air traffic control is concerned., Therefore,

all aircraft belonging to a flight may be cn the runway at the same

time,

HaJor.USAF Rir Commands define their own procedures for required

separations between aircraft on the runway that belong to different
flights, For example, some USAF Commands require only 4000 ft. between

tactical aircraft landing on the runway between sunrise and sunset.

Rationale for Required Separations on the Runway. T7equired separa-

tions between aireraft are designed to avoid collisions between the air-
craft while ihey'are oh a runway. The various réqﬁired separationi '

appear to have evolved over time in-response to concerns about safety,

capacity, and the different characteristics of aircraft,

Special and more rigprous requirements apply to group III ecivil

arrival aircraft when compared with all other types of aircraft (i.e.’

groups I and II aircraft, military aircraft, and departures). Only
group III civil arrival aircraft are required to completely leave the

runway before another aircraft crosses the runway threshold (or rolls on

takeoff). In'éther cases, more than one aircraft are permitted on the '
runway at the same time. The rationale for the special treatment of
group III civil arrival aircraft is not clear, but {t may be related to

the lack of maneuverability of these aircraft and/or the: potential -

36
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severity of any accident involving these aircraft, It is not clear that
the current definition of required runway separation for group III civil
arrival aircraft provides the optimum tradeoff between safety require-

ments and runway capacity.

No written documentation is currently available from FAA that

explains the rationale for the rules, and in fact other FAA rules appear
to imply that the runway separation requirements for group III civil

arrival aircraft may be overly conservative,

For example, Anpendix A, Paragraph 1121, gives required separations

for operations on intersecting runways. Aircraft arrival operations on

one runway can take place simultaneously with operations on an inter-

secting runway as long as instructions are issued to restrict one air-' -

craft from entering the intersecting runway to be used by another air-

craft. The distance required between the landing threshold and an

intersecting runway in order that an aircraft can stop short is given in

FAA Ocder "Fécility Operation and Administration® 7210.3E Change S,

10/¢/80. Appendix B, Paragraph 1227, extracted from this order, shows

tha. the distance depends on airport elevation and aircraft group.

Def:nition of aireraft groups is contained in Appendix 3 to FAA Order

71iC.658 whiéh is reproduced as Appendix C to this report. A summary of
sele :ted aircraft types and stop-short distances at an airport with less

that 1000 feet elevation is given in Table 2.1.

37

Table é.T_shows that most large jets (e.g. B727, B737, DC9) can

stop short of an intersecting runway 6,000 feet from the landing thresh-

old and that most h»:vy jets (e.g. A300, B707, B767, L101, DC8, DC10)

can stop short in 8,700 feet. (In addition, many of these heavy Jé;s"'
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Table 2.1

Selected Arrival Aircraft Stop-Short Distance

Requiresments

Distance

Alrcraft Alreraft
Group Type

2,000,
4,500

6,000

8,000

8,400

2 DHT

3 FA27
bc3
N265

4 B727
-B737
HST43
LR25
G2
L188
DC9

5 CONC
A300
B707
B745
B757
“L101
pca
- DC10

SA - BT4T

Source: FAA Occers 7110.65B and 7210, 38
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regularly land on runways that are 7,000 feet or less in length, e.g.
LaGuardia Airport.) Based on this data, it could be argued that aircraft
ﬁhat can stop short of other runways can also:

a) Use a specified exit f?om the runway, located at or
beyond the stop-short distance, or

b) Stop on the runway by the stop-short distance, thereby
avoiding another aircraft that stopped on the runway
beyond the stop-short distance.

Incorporation of this rationale into FAA rules could permit significant

1ncreasés in runway capacity by reducing runway separation requirements.

Figure 2.3 shows an arrival aircraft deceleration profile for a
B727-200 taking éﬁ'exit 6800 feet down Runway 26 at Atlanta. This air-
craft took 42 seconds to reach 6000 feet and 56 seconds to reach the
exit at 6800 fegt{. If the runway separation required were modified to
permit a similar aircraft to use the runway when the firﬁt aircraft

crossed the 6000 féet point, 14 seconds time separation (25% of today's

- runway occupancy time) might be saved in this case.

An argument against this modification to runway separation require-
ments might be based on safety grounds. The most critical situation
appears to occur when both the lead and trailing arrivals suffer

specific emergencies that cause the. following actions:

1. The lead aircraft decelerates quickly on the runway
and stops on the runway short of the 6000 foot point.

2. The second aircraft either (a) executes a missed
approach or (b) does not decelerate as rapidly as the
first aircraft, '
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In practice, even ;his unlikely situation would probably not result in a
collizion. For example, if the first aircraft decelerates very rapidly
(at say 8 feet per second per secohd. twice the ndrmal rate) from a
short touchdown point (750 feet, half the normal distance); it will stop
31 seconds after crossiﬁg the threshold at a distance of 3775 feet from

the threshold. If the twec aircraft are separated by 45 seconds (1.6

miles at 130 knbts). the fifst aircrafb will come to a stoé'ﬁhile the

second aircraft is more than half a mile from the runway threshold, at

an altitude of mbre than 200 feet above the runway. It 1s very likely . -

that the second airecraft will have been alerted concerning the first

aircraft's difficulties before the full 31 seconds has passed, However,

even if it léarqq of the problem after 31 seconds, there is still suffi--:

cient time available for the second aircraft to make a missed approach

or go-around without colliding with the first aircraft (which is sta-

_tionary at a point 3775 feet from the threshold).

It therefoée appears that there is some potential for changing ATC
rules concerning runway occupancy to achieve gains in runway capacity

without compromising safety significantly.

Need for Review of Runway Occupancy Rules. Given the potential for

reduced runway separation requirements for Groﬁp III civil aircraft and
the uncertainty about the rationale for today's standards, a further
examination of runway separation requirements is appropriate, Further
theoretical anal&sis. data collection, aircraft simulator runs, and live
field tests under controlled conditions could demonstrate whether

reduced runway separation requirements are safe and feasible,

41
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This further work should also examine the rationale for selecting
"time across threshold" and "tail of aircraft crosses runway edge‘ as
the basis for runway separation requirements., A series of alternative

defiiitlons for the start of runway occupancy is available, for example:
¢ Time across start of approach lights
© Time across threshold
e Time of touchdown.
It is not clear in advance of detailed analysis why the second of these
three definitions is the best definition, given safety and capacity con-
siderations. Time across start of approach lights would give some
increassd margin for error at the cost of reduced capacity. Time of

touchdown would yield caprcity gains at the cost of reduced margin for

error,
Similarly, a series of alternative definiticns for the end of run-
way occupancy‘iﬁ available, for example:
® Time tail of aircraft clears runway hold line
o Time tail of aircraft clears runway edge
@ Time nose of aircraft clears runway edge
¢ Time aircraft leaves runviy center-line for exit.

It is again not clear why the second of these four definitions is the

best definition given safety and capacity considerations.

The above discussion illustrates that reductions in srrival runway .

occupancy time and gains in capacity can be obtained by changing the ATC

rules, uithout_altering the way that aircraft perform during landing and

URL LIRS o ¥ e s .
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roll-out, The following paragraphs discuss the possibility of changing
the way that aircraft decelerate without changing the ATC rules. 1In
practice, a combination of ATC rule and aircraft performance changes may

be the most effective method of achieving capacity gains,
CHANGES IN AIRCRAFT PERFORMANCE ON THE RUNWAY

Runway occupancy time is determined by the performance of the air-
craft from the runway threshold to the exit. Several major events occur

during runway occupancy:
1. Afrcraft crosses runway threshold
2. Ma;n gear touches down
3. Reverse thrust starts
4, Braking starts
5. R;;erse thrust ends
) 6. Béakihg ends
f. Exit maneuver starts
8. Aircraft clears runway,
These events do not necessarily occur in the order shown. The sum

of the time between these events equals runway occupancy time. The time

between any two events is influenced by aircraft performance capabili-

ties, enviroh@éqtal conditions, airfield 1layout and condition, air

traffic control instructions, and pilot technique. The time between

events i3 addressed in the following paragraphs.

Aircraftfééosses runway threshold to main gear touches down. When -
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conducting & precision approach, the pi{ot normally intends to cross the
runway threshold 50 feet above the runway, at a descent rate that
corresponds with the glide slope, and at a speed that reflects aircraft
weight and wind conditions. At some stage during the descent, approach
speed 1s reduced and a flare is initiated to reduce the descent rate at

touchdown, Variations in aircraft performance, environmental condi-

tions, and pilot technique cause the distance and/or time to main gear

touchdown to vary from aircraft to aircraft. Typical values of time o

from threshold to main gear down may range from 6 to 10 seconds. (All

times in these paragraphs are approximate and refer to Boeing 727 type

aircraft. Note that the times are not necessarily additional becavse of .

the overlap pr'ﬁome events,)

Main gear touches down to reverse thrust starts, When the main

gear toucheS'dth.-the spoilers are deployed and 1lift is essentially
eliminated, Thefnose of the alrcraft drops until the nose gear touches
down. The pildt.mentally confirms that a safe landing can continue and
then engages thrust reversers aﬁd increases engine speed. Depending on
pilot techalque, reverse thrust may be initiated before the nsse gear
touches down. The amount of reverse thrust is selected by the pilot,
depending on airfield, environmental, and air tréffic conditions. Typi-
cal values of time from main gear down to start of reverse thrust may

range from 2 to 6 seconds,

Reverse thrust starts to braking starts. Reverse thrust i{s most

effective in deceleration at higher speeds, while braking is most effec-
tive at lower speeds. Most pilots use a combination of braking and

reverse thrust to maintain a relatively smooth deceleration process,

4
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Braking will tend to start earlier in situations with a dry and/or short
runway, with an exit located close to the threshold that minimizes
travel time to the gate, and in heavy traffic conditions. Pilot tech-

nique is paramount in this process. Typical values of iime from start

‘of reverse thrust to start of braking may range from 5 to 20 seconds.

Braking starts to reverse thrust ends. Reverse thrust becomes less

effective at lower speeds, and in addition there is the potential for
debris to bé‘sﬁcked into the engines., Several airlihes require pilots
to end reverse thrust at speeds bétueen 60 and 90 knots. Typical values
of time from start of braking to end of reverse thrust may range from 5

to 20 seconqﬁ,‘_

Reverse thrust ends to braking ends. Braking ends when the pilot

speed depends on exit aﬁgle. turn radius, and length of exit, and ranges
from 10 to 60 knots. Typical values of time from end of reverse thrust

to end of braking may range from 10 to 25 seconds.

Braking ends to exit maneuver starts., The exit maneuver commences

when the aircraft leaves the runway centerline to enter the exit;.

Pilots tend to adjust the deceleration process to essentially complete
deceleration by the start of the exit maneuver. Typical values of time
from end of braking to start of exit maneuver may range from =5 to +10

seconds,

Exit maneuver starts to aircraft elears runway. The runway {s

clear when the -tail and wing of the aircraft. are clear of the runway -

edge. The time taken to clear the runway depends on exit speed and

45

is assured that. the exit maneuver can take place ;arely.‘ Safe exit -
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layocut, A longer distance (approximately 700 feet) must be travelled by
aircraft to clear a runway by means of & high speed exit than the dis-
tance (approximately 350 feet) travelled to clear a runway by a right
angled start of exit. Typical values of time from start of exit

maneuver to'aircraft clearing runway may range from 7 to 20 seconds,

The above paragraphs demonstrate that there are many components and
factors that influence runway occupancy time, The impact of varying
some of these factors on runway occupancy time was tested by running a

computer model that simulates aircraft movement,

The baseline deceleiration profile is shown in Figure 2.4. 1In this

hypothetical baseline case, the aircraft crosses the runway threshold at

" 134 knots, decelerates at 0.75 ft/sec2 ip the air, and the main gear

touches down after 7 secoan at 1600 feet from the runway threshold.
The nose gear touches down after 10 seconds when the aircraft is travel-

ling at 130 knots. After 28 seconds, the aircraft is 5500 feet down tie

runway, travelling at 80 knots after decelerating a% 4.5 ft/sec2 opn the

runway. After U9 seconds, the aircraft is 7300 feet down the runway,

travelling at uovknots. Deceleration continues until the aircraft stops

after. 58 seconds, 7500 feet down the runway, For this aircraft,.

appropriate exit locations are given in Table 2.2.

Table 2.3 illustrates the jmpact of varying threshold speed, air-

borne deceleration and runway decceleration on exit distance and time to

46

exit, (Hote-fhat exit maneuvering time {s not included in-this table.,) *

A reductiohiiﬁvihreshold speed of 14 knots reduces exit distance by 1200

feet and exit.time by 5 seconds. An increase in airborné'deceleratioh
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Table 2.2

Influence of Exit Speed on Exit Distance and Time

Exit Speed  Exit Distance  Time to Exit¥

(knots) (fe) (sec)
30 5500 28
3 60 6300 36
& 40 7000 43
: 25 7300 49
10 7500 55
= 3
:-_:?‘ ® Excludes exit Baneuvering time
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. Table 2.3

Impact of Aircraft Speed and Deceleration on Runway Occuoancy

SPEED AT THRESHOLD

Thrashold Speed Distance to Exit Speed Time to Exit Speed
(knots) (fe) (sec)
134 6300 T 36

120 5100 N

DECELZRATION IN AIR

LSl 0t SO~ ot~ tirra = e T IR

'
Airborne Deceleration Distance to Exit Speed Time to Exit .Spesd
(ft/sec?) (feet) {seconds)
0.7 - .. 6300 ' 36
( 2 E 5700 33
§ 4830 28
DECELERATION ON RUNWAY
Runway Deceleration Distance to Exit Speed Time to Exit Speed
(re/sec?y. . (feet) (seconds)
- 4,5 €300 36
6 5300 29
8

4500 24

3

Note: Based on 60 knots exit speed

. .

" . . .

M g ey (B S Ly et g ot
. s




Rpef posc o

-

of 1.253ft/;ec2 reduces exit distance by 600 feet and exit time by 3
seconds. An increase in runway deceleration of 1.5 ft/sec2 reduces exit

distance by 1000 feet and exit time by 7 seconds,

Veriation of other factors can cause similar changes in exit dis-

tance in time. In practice, these values change from day to day, air-

craft to aircraft, and pilot to pilot.

INTERACTION BETWEEN RUNHAY OCCUPANCY AND APPROACH PARAMETERS

Reduction in runway occupancy time will result  in an increase in

runway capzacity only if this time is larger than the headway between
aircraft using the runway. This is always true regardless of whether
the runuay;is-used for mixed operations or for landings or take-offs
alone, Théréfo}e any asgsessment of innovations that are introduced for

the reduction of runway occupancy time has to be done with the total

runway system.in mind. In the final analysis, the capacity of the run--. -
way depends on the headway that can be achieved between aircraft opera-

tions. For example, in the case of landings only, the headway between -

aircraft crossing over the threshold will determine the cspacity flow

rate on the runway. If that headway is limited by the runway occupancy

time of landing aircraft, then the reduction of this occupancy time will’

result in an increase in capacity.

Time headway between Landing Aircraft

Aireraftiarriving on a common approach path have to be separated’
according to a set of rules. The rules generally refer to distance

between aircraft and are motivated by the concern for safety from colli-

50

sion. Current rules stipulate that under IFR conditions the minimum - .
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separation 13 3 nauticul miles when neither of the aircraft in question
is heavy. The prospects for reducing this separation to say 2.5 or 2
nautical miles has been the subject of considerable study and analysis.
It appears that air traffic control and air navigation technology
advances may make such reductions feasible. The concern with runway
occupancy time is that while it does not seem to be constraining at ﬁhe
present time, it could become a limitation if reductions {n separation

become feasible from the technological and operational viewpoints.,

The time headway between aircraft is related to the distance
separation, or spacing between them. Assuming for the mom:nt that all

aircraft fly at the same speed, V, on the final approach to a runway,

and if the spacing between aircraft is maintained at a value of D, then_

the time headway between aircraft (H) is given by

<o

and consequently the flow rate on the runway reaches a maximum, or cap-

acity, of

when there are aircraft waiting to land at all times, This equatioﬁ

indicates that while capacity is inversely proportional to the spacing:
maintained beiweén aircraft, it is also directly proportional ue

speed at which alreraft approach the runway. Increasing the speed will

51

increase capacity by reducing n-radway even with the same_spaging_betueen .
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3 | It is interesting to note that a given tine headway between air-
» craft can be maintained while reducing the spacing between aircraft, by
£ < reducing the speed, Thus, if it is desired to maintain time headway of .’

Sy

70 seconds between landing aircraft, then aircraft spaced at 3 nautical
niles can fly at a speed of 1su'knots: but ﬁhe same headway, or time
separation, can be maintained between aircrgtt that are 2,5 nautical .
niles épart riying at 129 knots. This raises the question of the extent

to which safety is maintained by distance separation rather than time -°

e e

separation (heédway) between aircraft. If headway is as effective in
. H maintaining safety as distance separation, then it would follow that the

distance separation between aircraft need not be fixed, 1if flying sgeed:

~y
>

could be varied. _ » B

(TS50 oporg

From the perspective of runway occupancy time, the distance separa-
tion between, ianding aircraft is of no concern; what matters is the = -
headway. The speed at which aircraft approach a runway impacts their
runway occupaﬁéy time. For example, higher approach speedé result in

longer runway occupancy times; Thus, runway capacity may be increased by

T e T PR L L e vy

raising thé approach speed in order to reduce the time headway between
aircraft, but there 13 a limit to this strategy, since the increase in
speed will also raise runway occupancy time to the point where it will
limit the headway between aircraft, and hence the capacity. “Ideally,
3 one would wish ;o bring aircraft onto a runway at a speed for which the
1 ) headway is ekaqtly equal to the time required for r'inway occupancy that
corresponds with that speed. Aty higher approach speed will . reduce run-

way capacity, while reductions in runway occupancy time below that value
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will not result in any increase in capacity.

Arrivals Only. To illustrate this situation, Figure 2.5 is drawn

to show the relationship between approach speed and headway for a runway

used only by arrival aircraft, Three curves are shown corresponding to .

approach spacing of 3, 2.5, and 2 nautical miles, On the same graph is

shown a function referred to as RS which represents a hypothetical rela-

tion between runway occupancy time and approach speed (derived from a

simulation of landing operations for which the dgceleration profiles and
the exit locations are held fixed). Figure 2.5 illustrates that for
each- approach sﬁacing, there is only one approach speed for which the
headway equals the runway occupancy time., Flying aircraft ?t a lower

speed will create headways that are longer than the runway occupancy

time and hence reduce the efficiency of the utilization of the runway; '

and flying aircraft at a faster speed will result in headways that zre

the safety brqcedures for runway operations.

For the RS curve used in Figure 2.5 these points of equality of

headway and runway occupancy time are as shown in Table 2.4,

The gains in capaéity that can be achieved from reducing aircraft -

spacing may not be as large as usually predicted, since reduced spacing
will be consistent with lower approach speeds according to Figure 2.5

and the results shown in Table 2.4, To reduce spacing without reducing
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_shorter than the required runway occupancy time, and hence will violate 1-.'

speed will reSult_in runway occupancy time becoming a constraint and a -

limit to capacity.

Note that these examples are all based on averar: values. 1In real
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Table 2.4

Runway Capacity with Varying Approach Speeds
: Landings Only

Separation Approach Runway Occupancy Time Hourly
Speed or Headway Capacity
(n=n) (knots) (sec) (a/¢ per hour)
3 157 O 68.7 } 52
2.5 143 62.9 57
2 128 - 562 64
Table 2.5

Effect of Changing Approach Separation on Runvay Capacity
R Mixed Operations

E: B it

Separation Speed Headway Between Hourly Capacity
Landings Mixed Operations
(nm) <. .y (knots) (sec) " (a/e¢ per hour)
3 : 110 98 . 13
3.5 - 122 103 ) " 69
4 ' 132 108 66
4.5 143 . 113 63
5 153 118 61
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Note that these examples are all based oa average values. In real

life situations certain buffers may be added into the runway occupancy

times and the headways in order to zbsorb the adverse randoa effects.

Figure 2.5 and the results shown in Table 2.4 also suggest that a
spacing of 3 nautical miles between landing aircraft is not optimal from
any point of view. Thevheadways generated by this separation are nor-
maliy too large with the speeds commonly used on final approach. They
are too largg-in the sense that they exceed rﬁnwayvpccupancy times.
Norma;ly one dbﬁérves aporoach speeds in the vicinity of 120-130 knots,
for which the headways with a 3 nautical mile spacing are 33-90 seconds.
Runway occupancy times rarely reach these values, and the result is that
the runway is.ndt'ubilized efficiently. The equality of runway occu-
pancy time and time headway occurs in this case at an aporoach speed of

157 knots; a speed which might be considered too high.

In cases of tailwind landing, such high ground speeds over the
threshold may noﬁ be unrealistie., If the technica; feasibility of high
speeds over the threshold could be demdnstrated, there may be a case for
increasing capacity (landings only) by using the runway in the tailwind

direction.

Mixed Operations.

A runway can be used either for landings, take-offs or a mixture of
both. The decision usually depends on the mix of the traffic, and on

the environmental conditions prevailing at the airport at the time,

From the capacity point of view, it 1is fairly well known that it is
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sufficient traffic of both types. The capacity of a runway operated
with different mixes of landings and take-offs will depend on the per-
centage of the time operations are alternated, and the percentage of the
time the runway is used for landings only and for take-offs only.
Without loss of generality, we can concern ourselves here with the case

of alternating landings and take-offs.

In this ccse. the headway between two arriving aircraft should be
matched with the sum of the landing runway occupancy time of the rirsp
aircraft, and the take-~off runway occupancy time of the aircraft that is
interleaved between them. Assuming for the moment that the take-off
runway occupancy time is fixcd «t 50 se..onds, the graphs showm in Figure
2.5 can be-cxtended to show the amatching points of speed and headway for-

the mixed operztions case. This ean e done by shifting each of these

curves to the 1left by an amount equal to 50 seconds (or any amount .

assumed ror the bake-off runway occupancy time) As we see in Figure
2.6, some -cpacings become infeasible for mixed operations as théx
require very low approach speeds, or very low arrival runway occupancy
time. For example, the curve for 2 nautical mile spacing is no longer
within the range chosen for the figure and the curve for 2.5 nautinal

amiles is also essentially eliminated. On the other hahd, one can begin

to look at spacings between 3 and 5 nautical miles for mized operations.

| As with the case of landings only, the approach speed apnrooriate
for matching .headways with runway occupancy time increases as the
Separation between landing aircraft increases. Note that the headway
between landing aireraft should equal the sum of the runway occupancy

times of one "landing and one take-off. With a fixed departure runwayi-
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occupancy time (50 seconds in this example) increasing the approach
speed will increase the runway occupancy time. The same trade-off
occurs in this case, namely between a higher apprcach speed for

increased capacity, and a limited approach speed for limited runway

“occupancy time. The capacity increase that can result from reduced

spacing is not as large as on2 might expect. For ezample, even if it
were technically and opérationally feasible, reducing spaciné by 50%
from 5 nautical miles to 2.5 nautical milez does not double capacity but
will only 1n§réése the capacity by 40% from 61 to 85 operations per

hour. The results for different spacing are illustrated in Table 2.5.

These results are also shown together with those for landings only
in Figure 2.7. 'Note that with the same'spacing between landing air-

craft, wixing operations does not yield a doubling of capacity. Optim-

. izing the utilization of the runway by exactly matching headways and

runway occupancy times, suggests a significantly higher aporoach speed
for landings only than for mixed operations. Consequently, the capacity
obtained with landings only is significantly more than half that of
mixed operations. The overlap between these two cases depends on the
range of possible approaéb speeds, and is actually quite limited. As
suggested by Figure 2.7, the strategies of mixed operations and landings
only overlap witﬁ the same spacing at approach speeds that are either
potentially too high (for the lanAings only case) or potentially too low
(for the mixed bﬁerahions case)., The extent to which one can move
toward optimizing the cperations of a runway, and toward reducing the
effect.of landing runway occupancy time, depends heavily on the range of
possible approach speeds, and on the ability to vary those speeds as

conditions change.
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Implications and some possible innovations

The previsus discussion deals with %“he reduction of runway occu-
pancy times indirectly. - The most imporbanb implication is thuc it may
not be sufficient, nor useful, to look at landing runway occupancy times
in isoiation. The operation of a runway should be considered together
with that of the final approach path, and in pr;nciple also with the
operation of the §ax1way system and the rest of tte airfield. The diﬁ-
cussion here is limited to the interaction between the final approach

and tbhe runway.

The poteﬁtiay gains from reductions in runway occupancy time will
result in a gain in runway capacity provided that they are made in con-
junction with corresponding adjustments to approach speed or spacing;

The previous discusaion suggests that there may be considerabie flexi-

bility in approaqh speed and spacing to achlieve desired headways between.

aircraft. Serious consideration should be given to the ccacept of time

separation between aircraft as a means of assuring safety.

If procedural changes are to be implemented to match headway and
runway occupancy times, then a number of innovations suggest themselves.
Some of thoese innovations are needed to implement the necessary pro-

cedural chanées. Others will deal Qlth influencing the relationship

‘between runway occupancy time itsel'f and approach speed. The second

class of irnnovations is very important. because some of the potential
gains from reduced spacing between aircraft may be lost because, with
smsaller spac;ng,:xower speeds are anecessary to match headways with run-~
way occupancy_tiﬁes. If it 1s possible to achieve reduced runway cccu-

panzy tinmes theh it may be possible to reduce spacling without reducing

PR B = L Lo e N . . .
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speed, theredy reducing the tize headway between aircraft and increasing

capacity.

FREVIOUS STUDIES ON RUNWAY OCCUPANCY

The subject of runway occupancy, particularly of landing aircraft,
has received considerable attention in the literature over the past
twerty five years. Much of the research in runway occupancy has been
directed to the related questions of runway exit design and ootimal exit

location.

In a series of studies in the late fifties and culminating in 1960,

researchers at the Institute of Transportation and Traffic Engineering

of the University of California under Robert Horonjeff evaluated highe °

speed exit taxiway desizns and geveloped a mathematical model for locate-

ing runway exits.

Experiments were conducted in a Jjoint oroject with the Flight
Engineering Division of United Air Lines at San Francisco International
Airport in which DC-06B airzraft were taxied at speed through angled

exits of various configurations and the wheel tracks and speeds recorded

[(Horonjeff et al: 1957). It was concluded from these tests that 30 .

degree angled .exils were preferable to continuoucly curved exits, and

criteria were established for the radii of the curves lesding in to the

exit. It was also found that a tapered exit i{s desirable. Such exits’

were found tblpe capable of handling aircraft at speeds up to 60 mph, i

properly designed.

Later tests were conducted at McClellan Air Force Base and Wright

Alr'Davelop6§n£ Center for the Airways Modernization Bdard} hSLng Uu.3.

-y
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Alr Force and O.s. Navy aircraft, including Jjet fighters and bombers;'.
and eircraft representative of a wide range of civil transports. The
tests included runs to determine minimum peraissible turning radii dur-
ing runway exit, cvaluation of exit taxiway conflgurations, methods of
providing visual guidance to pilots using an exit by day and night, and
aircraft stooping distance (Horonjeff et al: 1958]. These tests were
more cozprehensive than the earlier tests at San Francisco, and orovided

considerable informabion'on airaraft deceleration rates and permissible

radil of curvatﬁre for different aircraft types. The earlier findings . .

on the deszign of high speed exits were confirmed, with a tapered
entrance and 30 degree angle being preferred, although angles between 30

and 45 degrees were found to be =atisfactory. Sultable configurations

were developéd-for 60 mph exit speeds. Satisfactory daytime guldance " -

was obtained with a 1 ft. yvellow reflectorized centerline stripe. The

use qr centerline lights at night was found to be destrab;e. although no

difficulties were encountered using only edge lichts. A prototype

centerline light fitting was developed fof the tests. ABased on the
landinz tests, exit locations were recommended foi varying number of
exits. Runway occupancy times for deceleration to 40 =ph for the vari-
ous aircraft used in’ the tesls were found to range bstween 23 and 55
seconds, with about a 20% reduction in cccupancy time for deceleration

to 69 mph.

Based on the eapirical findings of the foregoing tests, a mathemat-
ical model u§s~developed to identify the optimum runway exit locations
from the standpoint of minimizing runway occupancy, for any given number
of exits and permissible exit speeds [Horonjeff et al: 1356). The model

was used to determine optimum exit. locations for one, two and. three
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exits with three different aircraft oixes comprised of varying propor-
tions of iargé turbo-jet transports, large and mediuam prop-driven tran-
sports, and small general aviation aircraft, of the types used in the
earlier tasts. The mixes wsre chosen to be representative of those at
different sizes of airport. It was found that the locations were very
sensitive to the aircraft mix and exit speed, and ranged from just over
2,500 ft. from threshold to just under 7,000 ft. for three 60 mph exits.
The study also examined briefly the concept of a blgher-bpéed runway
entrance taxiway or "turn-on", but identified a number of operational
difficulties éﬁd did not pursue the idea.” A later study refined the
model to incorporate the effect of pilots adjusting the aircraft
deceleration during roll-out to suit the actual exit location and
analyzed a wtdef range of aircraft mixes (Horonjeff et al: 1960). Air-
craft performanée data were based on a wider range of air transport air-
craft, and incorporated data from observations at MNew York Interna-
-tional, Washington Nabional. and Stuttgart Airports. The optizum loca- -
tion for three 60 mph exits was found to lie between 2680 #nd 5160 ft.
from the threshéld. The location of each exit in the revised model was
not found to be very sensitive to aiécratb nix. It was concluded that
aireraft types can be grouped in three classes for determining landing
performance and exit 1location: large turbo-jet (four-engined) tran-’ V
sports, two-engine turbo-jet and four engine propeller-driven tran=-
sports, and two-enzine propeller-driven transports and larger twin-
engine general aviabion aircraft. The exit locations were found to be
virtually independent of the aircraft mix, so long as the airport was

serving three classes of aircraft.
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Shortly after the McClellan AFB tests, a series of observations of
runway occupancy time and exit use was conducted by the U.S. Civil
Aeronautics Adainistration (CAA) at Hashington Hational and Indianapolis
Municipal Airports [U.S. CaA: August 1958). Runway 4-22 at Indianapo-
1is had three curved exits with centerline radius of 955 ft. Little
difference was found in the runway occupancy times of aircraft with
gross landing Qeights over 20,000 1bs, although aireraft under 20,000
1bs gross landing weight had generally shorter occupancy times and used
exits closer to the runway threshold. It was concluded that the curved
exits at Indianapolis were located too far from the thresnhold. In all

96 landings were observed at Washington National and 224 landings at

Indianapolis. _ “

Two {important reports were published in 1960, covering studies per-

formed at Airbdorne Instruments Laboratory and Cornell Aeronautical

Laboratory, that-established the basis for bhe'anhlysis of runwiy capa-

city for the next decade: "Airport Runway and Taxiway Design™ ([AIL:

19501 and "An_Anélytical Investigation of Alrport Capacity" (Bluastein:
19601].

Interest in runway occupancy time in the literature appears to have
waned after 1949, perhaps as a result of the reduced growth {n aircraft
2ovements and increased aporoach separations resulting from the intro-

duction first of larger jet aircraft and later the new widebody equiop-

ment.

Renewed interest began developing in the anid-seventies. Joline
(1974] developed a mathematical wodel for determining the optimum loca-

tions or runwai}eiits, taking into account the cost of constructing the
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exits as well as the cost of aireraft delays, Howard, Heedles, Tammen

and Bergendoff performed an empirical study at a number of airports,

measuring the runway performance of landing aircraft with infrared light.

beams, as discussed in more detall in the following section of this

report. The results of this study for Runway 26L at Denver Stapletqn

InCernabional Airport were analyzed by Hosang [1975). He found that .

essentially no aircraft used the first high-speed turnoff, partly as a

result of the high landing speeds due to the elevation of the airport."

Approximately one third of all landings used the second high-speed turn-
off, although the figure was lower for larger aircraft and nearly 50%

for smaller aircraft. Approximately 50% of all landings used the first

righb-angled -exit after the high-speed exits. Tc was believed that many.

more aircraft could have used the second high-speed but chose the

right-anzled exit because of its oroximity to the terminal.

S

During 1972 and 1973 data on airfield operations, 1nc1uding runway
occupancy, at a number of airports were collected by Douglas A.reraft
Coampany for the FAA. These data were subsequently analyzed by the MITRE
Corporation (Koenig: 1978). The analysis conclude that runway occupancy
times are influenced By many factors includihg: minimum time and least
number of turns to reach the gate, company procedures, incoming traffic
density, flight crew performance and preference, and passenger comfort
consideratiﬁns. The most important factor appeared to be the proximity
of the exit to the desired gate. Differences between "motivated” and

"unmotivated"™ carriers were found to be as much as 8 seconds.

A study of_the high-speed exits at Dorval and Mirabel Airporhs in

Montreal during 1976 and 1977 [Akinyemi & Braaksma: 1979] showed t4hat
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&' ~craft were using them at Speeds 20 to 40 mph less than the design
speed of 60 mph. The reasons that were identified included pilot per-
ception of safety, incompatibility of aircraft to geouetry of exit, and

a different mode of aircraft roll-out than s currently assumed for

" design.

The Douglas Aircraft Company (Schoen et al: 1979] studied the fac- -

tors affecting runway occupancy times in great detail, including touch-
down dispersion, the effect of such aircraft characteristics as maneu-
verability and turning capability, crew functions and pilot performance,

and passenger comfort. High-speed exit requirements were identified and

a number of candidate exit designs developed, together with detail of a

research program to enable the designs to be further pursued.

Some eampirical observations of runway occupancy times were made in

two -studies at.S'ar-l Francis‘co International Mrporf. (Jac'ks-on & Moy: 1979]

and San Jose Municipal Airport ([Morse: 1980]. An FAA study of high-

speed exit taxiways [U.S. FAA: 1981] reviewed existing data on high-

speed exit use, and deva2loped design criteria and requirements for

‘high-speed exits, Data collected in 1971 and 1972 at Malton Airport,

Toronto were analyzed by Steuart and Gray (1981] to dinvestigate the
effects of weather on runway operation. They found that runway occu-
pancy times increase in poor weather, with pilots using lower exit
speeds and adjgs.bing aireraft deceleration less to attain particular

exits. The relationship between an aircraft's touchdown location and

aiming point was found to be zore variable in poor weather. It was also

found that the true alrspeed on approach tends to be lower in poor -

weather than in. good and that controllers attempt to adjust to poor
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weather conditions by increasing the margin of safety for each aircraft

movenent.

DATA ON AIRCRAFT PERFORMANCE-v'N THE RUNWAY SYSTEM

One objective of the research is the development of an improved
understanding of the significant factors affecting runway occupancy.
Development of this understanding depends on the availability of a data
base that illuStraLes aircraft performance during approach, landing, and

roll-out under a variety of different conditions.

The factors affecting the aporoach and landing process may be clas-

sified into rlvg general categories:

1. "Aircrafb characteristics

2. Airport characteristics

3.4 Pilot technigue

4, Ai} traffic control

5. Environmental conditions.
Withir. each of .these categories, there are individual factors that
influsnce the approach and landing process. For example, factors in the

aircraft category include aircraft type, landing configuration, landing

weight, and instrumentation.

Data requifemenbs were defined as follows:

1. The data should include sufficient detail to allow a detailed des-

cription of . o behavior of aircraft during the approach and
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E& 3. The data‘sﬁpuld contain or permit the derivation of the follouing N o

landing process, such as the construction of a time-space diagram

<2

for each aircraft, for example.

2. The data should include elements of the approach and landing path

from outer marker to exit.

parameters of interest:

b) ¢ Aoproach speed
e :Dgégleration rate on approach ’ ;: :'

3 e Speed over threshold
o"Height over threshold
e Soeed at touchdown
° Disiance from threshold at touchdown
e Deceleration rate on the runway
) . . Speeq at exit

e Runway occupancy time.

y, The data should contain information on the variety of 'factcrs

affecttng the landing process (namely, aireraft, airport, pilot,
! ' conbroller;Aand environment). Therefore the data should contain,
to the extent feasible, different aircraft types, airports with
different equipment and airfield layouts, opilots from different
alrlinés, '&£fferenb alr traffic control procedures, and various

weather and visibility conditions (especially VFR and IFR).
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5. The data should be readily obtainable and able to be reduced to

machine-readable format with limited effort.

The 'various studies identified in the previous section contain
various amounts of data covering the performance of aircraft on the run-
way and final approach. Much of the data however is very limited in
scope, either in terms of what was observed or in terms of the number of
observations. While helpful in obtaining a general understanding of.the
landing process, the limited data does not permit a detalled analysis of

the 1qf1uence of differenh factors affecting the landing process.

Three data sources were identified in the course of the study as
containing ratheb mére comprehensive data, and were examined in some

detail:
® FAA airport capacity study data

° Transportation Systems Center data

NASA head-up display simulator data.

The FAA data consists of observations at 15 airports, collected in
1672 and 1973 by a project team lea by the Douglas Atrcraft Company as
part of an FAA airport capacity study. The Transportation Systems
Center (T3C) data were collected by the TSC in late 1979 and early 1980
at five airports under a contract from the FAA. The NASA data resulted
from a series of approaches and landings conducted on a Boeing 727 simu-
lator at NASA Amés Research Center to investigate the effects of a

head-up display (HUD) on pilot and aircraft performance.

In the case of the TSC data, it was necessary to perform a. cerbain

amount of data reduction, since the data were obtained in the form of
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films and audio tapes. The FAA data were obtained in cémﬁuter-readable

e

form, while the NASA data were provided in tabular form and transcribed

to punched cards.

. '

These data were assembled by the MITRE Corporation of McLean, Vir-

ginia from the data originally collected in a joint effort by the Doug-
las Aircraft Company, Peat, Marwick, Mitchell and Company (PMM), and
American Airlines in 1972 and 1973 for an FAA airport capacity study.

The data include information on the following:
) Airqraft yelocitigs on final approach
. Aireraft seoaration .
o Aircraft runway occupancy time
’ ' ] -Airérafb ta#iing velocities
® Airdraft push-back times from gates
o Deceleration characteristics of aircraft on the runway
e Sxit taxiway velocities of aircraft

¢ Aircraft gate utilization.

Thgse_data were initially analyzed by the firms that collected it
(PMM and Douglas Aircraft Company) and were subsequently analyzed by the

MITRE Corporation {Koenig: 1978]. Their main conclusions can pe summar-

ized as follows:




o—

1. Data does not permit any categorical conclusions to
be drawn but it provides some 1insight into the
effect of aircraft type and exit location and type
on runway occupancy time.

2. Runway occupancy time standard deviation for all
aircraft using a runway i{s higher than anticipated
and is higher than for those using a single exit.

3. Gate location is the most predominant motivating
factor.

4, jhere is a potential for runway occupancy time
reduction.

Diffgrent.dgpa types were collected by different groups each in a
differenp format. For the purpose of this sﬁudv, only data for the
landing aircraft on approach and on the runway were analyzed. Thé
abproéch' daﬂé "{neludé the times when an airc.aft crossed ths outer
marker, crossed 5 point 3 NM from threshold, and crossed the ;hreshold

in addition to aircraft type and flight number.

N

These data are contained in two data sets which were édllected by
two grouos, one group observing the aircraft movement on approach from a
radar screen and the other observing its movement on the runway from the

control tower.

These two data types allow the construction of time-space diagrams
for aircraft on‘ﬁoth approach and runway. In'<rder to construct one
time-space diagram for ; single aircraft that covers both approach and
landing, it is necessary to find the same flight in both data sets. Of
the 21 airpdrtsfthab were st ‘veyed in the two phases of the capacity

study, only 11 of them have bot* the final approach and runway data set.
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Of these 11 airports, only 6 airports have matches between formats 1 and
5. 1In many cases only data for part of the day was found. In many of

the matched observations, problems of the following kinds were encoun-

tered:

e Missing data pbints. to the extent that the observa-

tion is unusable.

e Discrepancy between the two data sets in aircraft
tybé; runway number, and/or flight identification.

e Different time over threshold in the two data sets for
the same flight. The difference varies from a few
seconds to several minutes, and may be as much as an

hour .in scme cases.

e Preliminary speed calculations showed that in many
cases the last point recorded is unlikely to be the
point at which aircraft exited, or there was a mistake .
in the time or the distance, since the exit speed

exceeded 65 mph.

@ The lists of the distances of the reference points on
the runway from the threshold did not agree with the

runway layout for all the reference points.

Considering the above factors, the number of usable observations
was reduced to 43, as indicated on Table 2.6. A sample of the usable
observations for runway 28L at San Francisco Airport were used to plot

time-space diagfams. as illustrated by Figures 2.8 - 2.10.

R
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Table 2.6

Aircraft Profile Data from FAA Airport Capacity Study

Airport Runway Usable Observations Original Matches
SFO 28L 16 57
28R 1 s 29
DEN 35 T 34
26R 15 99
8L 0 39
LGA 22 0 85
unknown 0 S
BNA 20R 0 13
5 1 2
23 3 8
IAD . 1R 0 21
1L 0 4
TOTAL 43 396

74

P



75
TIME-SPACE DIRCRAM

ZE,
)
.

TS
e AR

*
s R

-2000 +

5{};

RSN
A

Tlis S

o
~
M)

~

\'L.ax'

s

L

~10000 1

;
Y
et

-
Y
.
Nl

s

B

oy £

P Y
LR

.
k]

W

" DISTANCE (FT)

Aoy "
e

=18000 1 -

.

‘.‘; ‘—.; &l‘ b

{2

3 ~26000 + Threshold
!w,: D=9

£ T=0
A

o
a4 i
X
R LECEND
a - L . ) . N -3 DISTRNCE
1 -175 -1 % - kS 7s

RE . TIME (SEC)

AL '
F .
ot . FIG..2.8 Typical Aircraft Profile--FAA Capacity Study

, Data, San Francisco Runway 28L--B-747.




76 -
TIME~-SPRCE DIRCRAM ' -
.
6000 +
«-2000 <+
j
{
3
pond
L -10000 ¢
w
Q
=
[od
- -
& -
o
b
j ]
-18000
i
26000 4 Thresheld
J _ _ D=0
. T=0
e —
{ )
:4aoxmnmx -
=000 . ‘ + + ' . + —
r -175 -125 s -2 pa 7S :

TIME (SEC)

FIG. 2.9 Typical Aircrafc Profile--FAA Capacity
Study Data, San Francisco Runway 28L--B-707..



]

t.
’\
N
N
»
"
.
-
-

e

DISTANCE (FT)

TIME-SPARCE CIACRAM

«2000 +

~10000 +

-18000 + -

1

-26000 + Threshold
D=oO
T=20
LEEND
=%~ DISTANCE
=000 - + + +
-175° : =125 -7 =25 25
' TIME (SEC)
FIG. 2.10 Typical Afrcraft Profile--FAA Capacity
Study. Data, San Francisco Runway 28L-- B-727.
L . SRR R U :

D% N OO "V e R

P



v - These data can also be utilized in other ways than plotting the
time-space diagram for the matched flights. The two data cets can be
used independently to study aircraft characteristics on final approach

or on the runway, such as average approach speed and average decelera-

tioa rate, for similar aircraft type, airline or runway.
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Transportation Systems Center data

These data were collected in 1979 and 1980 by Input—dutput Computer

Services, Inc, (IOCS) of Waltham, Massachusetts for the Air/Marine Sys-
tems division of the US [rpartment of Transportation's Transportation

Systems Center, Cambridge, Massachusetts under a contract with the FAA.

The data were collected at the following five airports:
' ﬁew York John F. Kennedy International (JFK)
o San Francisco International (SFO) -
Q Chicago O'Hare International (ORD)
3 Hi;liam B. Hartsfield Atlanta International (ATL)

e Boston Logan Airport (BOS).

Threg types of field data were collected at each of the five air-

ports.,

1. A movie camera was used ﬁo take 16 mm time-lapse photographs of the
Airfield Surface Detection Equipment (ASDE) radar presentation as
it appeare§ on the ASDE display unit., A digital clock (displaying

.hours, minutes and seconds) was included in the field of view of-'
the time-lapse camera. The ASDE radar screen was filmed at a rate
_of one frame.every three to four seconds. Each frame was exposed
for one second, which corresponds to the time of a complete sweep

by the radar.,
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2. Tape recordings of the local control communications were made using"'

a voice-actuated longplay tape recorder. The tape recordings were
made by connecting the tape recorder to a high quality aviation
radio. A talking clock was connicted to the tape recorder so that
the exact time was included periodically throughout the taping of

the local control communications. At the start of each data gath-

ering effeort, the talking clock was synchronized with the digital

clock used to film the ASDE display. This action facilitated‘;he

reduction éf the local control tapes in conjunction with the ASDE -

films, -

3. Tape recordings of the Automatic Terminal Information Service com=

municatioris. were made using an ordinary cassette tape recorder.

The ATIS messages were recorded at least every hour, and if the
ATIS messiage changed more frequently, such as during adverse
'wéathe; éon&iéidns. fhey were recorded ag each change. The infor-
mation congained in the ATIS tapes hésAbeen transcribgd by IOCS and

the results tabulated.

In addition to the field data, an Airline Information Retrievsl
System (AIRS) printoutAwas obtained for eachvday on which data were col-
lected, whenever possible. AIRS printouts for several days on which
data were collected were not obtained. The AIRS printouts contain a
list of scheduled arrivals and departures at the surveyed airports,

scheduled arrival and departure times, and aircraft types.

Data for each of the five airports were accompanied by a memorandum
published by IOCS describing the contents of the data package and its

quality, and the fesults of the local controller survey., For Boston,
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the report was of a broader Scope and discussed the effect of different

. weather conditions on runway occupancy.

Each data package consisted of the following:
T Films of the ASDE radar presentation
2. Tape recordings of the local control communicabigna
3. Logzs of the ATIS messages

4. . Printouts from the Airline Information Retrieval
System covering the days on which data was collected

5. A summary of an interview conducted with a person
familiar with the local control position

6. A.scale map of the airport facility.

In order to examine the amount and accuracy of information obtain-

" able from hhese data, a small sample of data for Ablanta Airport was

selected for d;tagreduction. A sample of 20 aircraf; using each of the
two arrival runways in Atlanta, 26 and 27L, was reduced from the ASDE
film by projecting the film on a large screen and using a specially
prepared scale to measure the ﬁishance as the aircraft moves from one
frame to the next. The flight numbers corresponding to the observed
sample then were identified by listening to tap: recordings of the local
control communications. Matching the digital clock on the ASDE film and
the talking clock in the recordings facilitated fllght identification.
The aircraft typeAHaS found either from the AIRS printouts or from the

0fficial Airline Guide (0AG).

The runway occupancy time was calculated from the elapséd time

between the moment the aireraft crossed the tnreshold to the time when
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its tail cleared the runway on exit.

During data reduction, difficulbies. were encountered in keeping
track of the aircraft blip, in the size and shape of the blip varying,
in reading the digital clock due to superposition of consecutive images,
and in 1§enbirying the threshold time. The scale used allowed distance

measurements to the nearest 10 feet.

The level of accuracy of the data reduction was found to be accept-
able. The error in distance measurements was estimated at + 25 feet,

and the error in time measurement was estimated at + 0.7 second.

The reduced data permitted the construction of time-space diagrams,

as illustrated by Figures 2.11 = 2.13, which in turn by means of bolyno-

mial fitting allowed speed and deceleration rate estimation at various

. points of interest. The data also allowed other other parameters to be

obtained including runway occupancy time, flight number, aircraft type,

and exit used.

NASA head-up disolay simulator data

The NASA data were generated as part of a joint NASA/FAA project aﬁ

Ames Research Center and consist of a set of 108 approach simulation
runs by 9 airline pilots over 12 wind and ceiling/visibility conditions.
The ruans comprise a control set of conventional "head-down" approaches

performed aé_bért of a test of "head-up™ cockpit displays.

All approach runs were conducted on a motion-based simulator to an

8000-foot runway with Category II lighting. Current 727-200 licensed |

captains from.9. different airlines were used. Each ptlot conducted 12
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sioulated approaches under various combinations of wind, ceiling and
visibility conditions 1isted in Table 2f7- Windspeed refers to spéed
at threshold, with higher speeds occurring at higher altitudes; tur-
bulence varies and indludes gusts and wind shear in three directions.
Precision approaches were conducted Qith localizer and glide,.slopei
nonprecision approaches were conducted with localizer only. In addi-
tion, other randd@ variations were included, such as windshear, scud

(fog bank near threshold), or runway incursion. Three different "con-

trollers™ were used.

Data collected. for each run included digital and analog readouts on"

aircraft perférmance, videotapes of pilot activity, and debriefings.

Due to the large amount of data generated by the quuLabioh runs,

NASA/FAA agreed to abstract the following data from the output of the

simulation runs and provide it on forms developed as part of this

research project:
e NASA run ngmber
) Condiﬁion number
e Subject number
® .Air.?raffic Controller (AIC) number

° Locaﬁlon (outer marker, middle marker, inner warker,
threshold, left gear downm, right gear down, nose gear

down)
o -Alpﬁtude (fr)

e Time (sec)
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Table 2.7

Weather Conditions for Simulated Approaches in NASA Study

WIND CONDITIONS

W N -

Type Speed Direction Turbulence
' (knots) (deg) (RMS ft/sec)
Headwind 10 20 1
1/4 Tailwind .. 15 135 2 -
Crosswind 20 80 3
CEILING AND VISIBILITY CONDITIONS
Approach . Ceiling Visibility
(ft) (mi)
1 Precision 250 0.5
2 Precision 430 1
3 Non-precision 500 1.5
4 Non-precision 800 2
CONDITICN NUMBER LABELING
Ceiling/Visibility Wind :
Head Tail Cross
300 ft / 2 mi 7 8 9
500 ft / 1.5 mi 10 , 1mn 12
400 ft / 1 mi 1 2 3

250 ft / 0.5 mi y ' 5 6
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e Distance from threshold (ft)
e Distance from centerline (ft)
e Airspeed (knots)

e Descent rate (ft/sec)

e Thrust (3 of maximum operational).

This was done for each of the 108 runs.

Uoon receipt of the data, it was converted into computer-readable
form. Time was converted so as to be references from threshold. A
second set of data was created by defining nine M"intervals" from the
seven locatlons: the six intervals between the locations (outer marker
to middle marker, middle marker to inner wmarker, etc.) plus a ore-
threshold interval (outer marker-threshold), a .post-threshold -interval
(threshold-nose gear down), and an entire run interval (outer marker-
nose gear down). 'For each run,-bhe longitudinal distance between points
defined by the intervals, the time to traverse the interval, and the
change in albihu¢e over each interval was calculated. From these, the

n{n.arval average" groundspeed and descent rate were czlculated.

The followinz analysis of both the nlocation™ and "interval" data

sets was performed using standard statistical analysis software:

1. ‘iﬁqividual subject means: For each of the subjects,

the mean over all conditions of each variable at

each location/interval.

2. . Individual condition means: For each of the condi-
“‘tions, the mean cver all subjects cf each variable

. for each locztion or interval.

w Y T
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fr s 3. "Grand" means: The mean over all sublects and all

;:A conditions of each variable at each location or

ﬁ_ interval. o o

L ; The analysis performed in this study represents only a little of
:. what can be done with the NASA data, and is based on each aircraft's
y ] - ' ‘ -

? altitude, time, position, velocity, descent rate, and thrust at seven

,?/ ) locations.: The'qata were used in the following wéy:

;;;5 . 1. An analysis of both the interval and location data

ki gave means and standard deviations of the variablea

'§{ (altitude, time, etc.) for the entire population and

= . ' . for sub-populations (specific conditions or suba

‘ < "Jects).

— 2. Using some of these results, time-space, velocity-

space, and deceleration-space diagrams were drawn.

1

3. Tables of the variation in aircraft parameters ovek

the 9 pilots landing under each condition and  for

. each pilot landing under the 12 conditions were

prepared. Thesé number show the fluctuation that
can occur for individual landings.

4, Histograms of the variables presented in the tables
in (3) were prepared. For each variable, the runs
were divided into two or wmore subpopulations accord-
ing to a type of condition (e.g. precision vs. non-
precision approaches, headwinds, tailwinds, or

‘crosswinds).
Other data sources

Among the data collection activities performed as part of tne vari-
ous studies described in the previocus section, one particular source of

. data deserves further comment, both for the qualitv ouf the data and for
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the teonnique used to collect it.

The study in question was performed by Howard, Needles, Taumen and

Sergendcff (HNTB) for the US Army Engineering Waterways Experiment Sta-

tion, and investigated air=carrier aircraft operations during April and

A May, 1974, on runways at Hartsfield Atlanta (ATL), Chicago O'Hare (ORD),

and Denver Stapleton (DEN) International Airports.

The object;vcs of the study ware to analyze the manner and oxtent
of high—speed Cxiq use, and to present in tabular an& graphical form

’

infcornation describing:
1. Aircraft touchdown locations and exit utilization.

2.  Afrcraft speeds at various points along the runway
and at the point of runway turnoff.

3. .Rupuay occupancy time for aircraft usinc each exit.

The information is presented by airecraft type and model for the

operational conditions encountered and, to the extent that the data were

sufficient to make segresgation meaningful, according to whether day or

night, pavement condition (wet or dry), and relative mag:iitudes of

headwinds.

Data were cbtained from measurements using arrays of infrared light
beams placed at particular locat16n3 along each runway. The arrays con-
aisted of c¢ne dr.three light beams, referred to as "I" znd “N"-type
arrays, respectively, from the geometric layout of ths beams in each

array type. The light transmitter and receiver units were oriented so

that the iight beams were projected across the runways at approximately

aircraft Hheel-lével height and, except for the diagonal beaﬁ in "N"-

co- L
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type arrays, at 90 degrees to the runvay centerline. Passage of an air-

eraft through an array caused interruptions of the beanms.

The "N"-type arrays determined aircraft lateral position and apeed
at the zrray locations along the runways. The *"If=-type arrays, in con-
Junction with the parallel legs of "N"-type arrays, determined the
intervals along thg runway within which aircraft touchdowns and turnoff(s

occurred, froam the first and last beams interrupted.

For each recordsd landing, the aircraft speed at cach "N"~type
array crossed, the aircraft identity, and the identity of the first and
last interrupted beams were stored in the data base. Also stored for
each recorded ;anding was information describing the weather and runway
conditions, iﬁciuding ceiling heignt, visibility, precipitation tyoe (if

any), barometric pressure, teamperature, wind apeed and direction, pave-

ment condition  (wet or dry), and runway lighting (day oo nighb; runuay"A

lights on or off).

Aireraft speeds were accurate to within one foo* per second, or

better. The points of touchdown were deemed to be at the aidpoints of

the runway intervals (defined by the tranaverse light beams) in which

the touchdowns occurred, and wure therefore accurate to within one-half

the length of the runway intervals.

A detziled descripbion oi" ¢he data-collection system and 1ts opera-
tion is provided in FAA Report No. RD=TU=35, "Field Survey and Analysis

of Alrct ™ Distribution on Arport Pavements" [HNTB: 1975].

9



~

y %

R A A, Y L e R I T s

T s

FACTORS INFLUENCING RUNWAY OCCUPANCY TIMES

There are a large number of factors that influence the runway ocCu-

pancy time of 2 landing aircraft. One can identify these factors from a

consideration of the landing process of a particular aircraft on a given.

runway. The time required for an aircraft to reach an exit at a speed

" appropriate for :hat exit (for the prevailing environmental conditions)

depends on the location and design of the exit the approach speed of the

92

aircraft, and the deceleration rate applied by the pilot upon landing.

These factors depend in turn on the type and configuration of the air-

craft, on the prevailing environmentil conditions (visibility, wind ah&' '

runway surface condition), and on the combination of reverse thrust and

braking which a particular pilot applies the deceleration necessary to

reach exi;_spged. The relation between aircraft performance and‘thé‘

prevailing environmental conditions z2lso depends cn the nature of the

navigation and landing aids available at the airport in question, and is

likely to vary depending on pilot behavior, and f;miliarity with the

airport. Thd occupancy time of the landing aircraft will of course :

depend on the choice of exit. From the exits that are'feasible for a

given operation, a pilot is likely to select the one that puts the air-

craft on a taxiway closest to the terminal wheie the aircraft is des~ '

tined., This can affect runway occupancy significantly.

In order to organize the process of identifying which of these fac-
tors will havé the predominant effect on runway occupancy time, they are

grouped into five categories related to the following:

1. Alrport design and equioment characteristics
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2. P&rformance characteristics of the aircraft

3. Air}ine procedures and pilot behavior

4, Prevailing ambient weather and visibility conditions
S. Navigation and landing aids and procedures,

The data availablé were reviewed {n an attempt to single out the

most significant factors in each of these categories.

.It 13 not possidble to identify a single most 3ignificant factor of

all those influencing runway occupancy time, nor is it necessary to do

So. The many factors at play interact in a rather complex way, and it

is partly due to this interaction that statistically significant infer-
ences regarding the quantifiable effects on runway occupancy time cannot

easily be obtained.

Alrport Design and Equipment Characteristics. Hith respect to the -

first category of factors, it is clear that the location of exits has a

significant impact on runway occupancy time. This impact is more sig-

nificant than the specific design characteristics of each exit in

influencing which exit {s used,

Some of the data analyzed {llustrate this effect rather clearly,
Of a sample of landings on Runway 27L at Atlanta International Airport,
the aircraft usiﬁg the first exit showed a mean runwa? occupancy time of

44 seconds with a standard deviation of 4 seconds; those using the

second exit had corresponding valiss of 56 seconds and 5 seconds respec-

tively,
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The design of an exit also affects runway occupancy time by
influencing the time for the exit maneuver, In turning onto an exit, an
aircraft has to undertak: a maneuver that takes anywhere between 5 to 25
seconds. It has been observed, and was noted in the data analyzed, that
heavy widebody aircraft will take the longest times for this maneuver,
particularly when turning onto right- angled exits. Some airlines have
policies that require pilots to slow down to low speeds (e.g. io knots)
before executing such turns. The combination of exit location and
design can therefore be a significant determinant of runway occupancy

time,

Performance Characteristics of the Aircraft. From the second

category of factors, the size of the.aircraft is perhaps the most 3ig-
nificant., Smaller aircraft have typlcally shorter occupancy times,
They appear to land closer to the threshold, and.to decelerate faster to
exit speeds., Other than the distinction betueen widebody and narrow
body aireraft, tﬁe data examiﬁed do not show any further differences
between specific aircraft types. In-depth analysis of these and other

data might disclose further differences.

Airline and Pilot Behavior and Practices, The third category of

factors has influences that can only be inferred indirectly from the
data. Similar aircraft from different airlines have been observed to
select differehﬁ;exits presunably due to the proximity of the taxiways
to their respeéti?e terminals and this has affected occupancy times,

Furthermore, variations in the landing performance of different pilots

suggest that the many parameters of the landing process that are at the

discretion of:‘the pilot result in different occupancy times under
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similar conditions, Airline and pilot motivation are therefore seen as

importent factors,

Prevailing Ambient Weather anc Visibility Conditions. Weather con-

ditions are important factors influencing occupancy time., The condi-

tions of the runway surface (e.g. dry, wet) influence the amount of

deceleration that aircraft ére capable of achieving or the pilots are .

willing to apply, ‘Furthermore, in wet runway.conditions, exi% speeds

are lowered and ‘exit maneuvers take a longer time. Other parameters of

the landing process, such as height over the threshold and the lpcation
of touchdown point do vary with weather conditions, but the amount is

not easily discern’ble from the available data.

Navigation and Landing Aids and Procedures. The presence of land-

ing apdlnavigaptgn aiga appears to influence occupancy. time indirectly.
.Precision approaches appear to result in smaller variations in some
parameters of the landing process such as height over the threshold and
touchdown point. They also appear Fo result in lower mean occupancy
times as a consequence of the lower heights and earlier touchdown
points. Good lighting'and marking are bound to have an effect.on the
landing process although such effect could not be quantified from the

available data.
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3. POTENTIAL INNOVATIONS TO REDUCE RUNWAY OCCUPANCY

As the interaction of the various factors influencing runway occu-
pancy time has become better understood, strategies for reducing runway
occupancy times have been developed. These stratezies utilize one or
more specific measures or innovations (the term innovation includes both
measuées not previously considered as well as significant {mprovements
or changes to existing technology or procedures). The approach adopted
in this study hﬁs.béen to identify as‘wide a range cf potential innova-
tions as possible, then to subject these innovations to an evaluation
process that leads ;o the selection of a relatively small number of
promising measuées- for more detailed analyeis. This chapter describes

the identification process and the range of potential innovations iden-

tified, the development of the evaluation criteria, and the results of a

breiiminary evalﬁation-of the innovations to identify tﬁose' deserving
closer examinatién; This approach considers the use of the runway from
the perspective of a single innovation in. each case. However 1in any
complex system, one particular change is likely to affect the conse-
quences of any other. Thus it is necessary to recognize tuat many of
the 1individual innovations identified will interact with other innova-

tions.
IDENTIFICATION OF POTENTIAL INNOVATIONS

By its very nature, the process of developing a list of ’.novative
measures to influence runway occupancy time cannot be reduced to a sim-
ple set of rules. Some ideas have already appeared in the literature in

one form or another. Others follow from a consideration of the factors

involved.
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The arrival and departure processes involve a number of different
components, from the alrcraft itself and its interaction with the air-
port facilities, to the actions of the pilot and the air traffic control
system rules and procedures. These components provide a structure for

considering individual innovations, which generally fall into one of the

four categories:
o Airc;aft
® Airport
e Pllot

¢ Alr traffic control/Federal aviation regulations
(ATC/FAR).

As with any classification System, not all topics fit neatly into one of
the -‘above "categories and some innovations may appear to fit more than
one. The actual classification is therefore somewhat arbitrary. In
addition, certain 1nhovations presume the existence of other measures or

sugzest other complementary innovations.

In all, fifty eight individual innovations were identified. These
are listed on Tables 3.1 - 3.3.

Adrcraft innovationg

Potential innovations in aircraft technology consist of measures to
ioprove the aircraft performance on the runway, or improvements in land-
ing aids and instrumentation in order to improve the pilot's control

over the aircraft path and reduce variation in performance,

Measures to increase the deceleration capability on the runway
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Table 3.1

Aireraft Innovations

Increase deceleration capability
2. reverse thrust
b. improved braking
¢. increased drag
d. arresting devices
Increase exit turn capability
a. iaproved steering and gear
b. improved tires
Decrease threshold speed
a. increased lifrt coefficient
b. lower stall speed margin
C. powered lift
d. variable geometry
Improve landing aids
a. head-up display
b. autoland
c. NAVSTAR/INS
d. ioproved pilot view
e. runway guidance
Improve instrumentation
a. . ground speed
b. CDTI
¢. ambient condition_u-Mplay
Improve go-around performz..ce
Reduce aircraft weight
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Table 3.2

Airport Innovations

12,

13.

14,

Locate exits to minimize occupnancy
Location or runways, taxiways and terminals
Location of circulation taxivays
Optimize width of airfield elements

a. runways

b. exits and fillets

c. taxiway turns i
Match exit radii to aircraft performance
Improve exit marking aad lighting
Improve landing aids

a. VASI/approach lights

b. ILS/MLS

€. pavement marking
Improve runway surface friction
Improve runway entrance location and design

- Additional runways

2. close parallel/short parallel

b. V-runways

¢. variable width/dsuble width
Inatall arrester devices
Alperaft guidance wire in pavement
Improve runway safety areas
Deceleration gradients

a. runways

b. exits
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Table 3.3

Pilot and ATC/FAR Innovations

2.
3.
4,
5.
6.

7..

9‘

PILOT INNOVATIORS

Standardize landing and roll-out procedures
Pilot motivation
Remove airline restrictions
Improve pilot information
a. exit location
b. environmental conditions

ATC/FAR INNOVATIONS

Permit multiple occupancy

a. left-right/short-long

b. arrivals-departures
Enforce exit selection
Lower threshold height
Designate taxiway to local control
Sequence aircraft by occupancy characteristics
Improve controller information

a. alrcraft speed and acceleration

b. airceraft characteristics

¢. pilot intentions
Automate departure and go-around decisions
Establish approach tolerance limits
Modify final approach path
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include increasing the raverse thrust available, improving the braking

capability, increasing the aerodynamic drag after touchdown, and the use .

of mechanical arresting devices. While increasing the deceleration on
the runway will clearly reduce the time needed to reach exit speed, a
further reduction can be achieved by using reve:'se thrust or. aercdynanmic

drag to‘increase the deceleration while airborne between the threshold

‘and touchdown,' leading to an earlier touchdoun at a lower -peed

Increasing the pouer available for reverse thrust could also lead to

recuced departure runway occupancy if this increased thrust is also

available for acceleration.

funway occﬁpancy can also be reduced if éircraft can exit at a
higher speed. Improvements in steering, landing gear and tires would
enable pilots to, exit at a higher speed or -to take sharper radius

curves.

A decreasc in threshold speed will generally result in reduced run-
way occupancy due to the lower amount of deceleraticn required. This
can be achieved by increasing the 1ift coefficient in approach confi-
guration, reduciné the margin betuween stall speed and approach speed, or

utilizing such measures as powered 1ift or variable geomatry.

Improvements in landing aids that would help maintain the precision
of the approaéh.and provide additional guidance %o that currently avail-
able include cockpit head-up display, automated lendings, new naviga-
tionil equipment based on satellite navigation or inertial navigation
systens (INS),';éprovement of pilot view from the ccekpit, and aircrufs

guidance on the runway.
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Additional inatrumertation includes a ground speed indicator, cock-
pit display of traffic, and zn ambient condition display. These ins“ru-
ments would assist pilots in selecting the most efficient approach speed

and permit closer airborne spacing.

Improved go-around performance would effectively reduce runway
occupancy by permitting a trailing aircraft to continue jits approach
longe~ when the'lé;d aircraft is slow to clear the runway. A reduction
in aircraft veight would improve acceleration and doceleration and

reduce touchdown speeds.
. . . -

Airport innovations coasist of measures to improve the design of
airfiald elementé{-Achanges in airfield confimuration, measurgs'to pro-.
vide pilots with iuproved visual reference and aireraft guidance, and

measures to enhance aircraft deceleration.

Design changes for airfield elements include the lovation of exit
taxisays to minimize runway occupancy in the light of the expected fleet
mix and performan:e characteristics; changing the uidﬁh of runways,
exits, fillets and taxiway turns to encourage higher speeds and earlier
exits; matching exit radius to expected aircraft perforaance; improving
runway encrance ‘1bcation and design to permit more rapid initial
acceleratior on takeoft; improving the design of runway .afety are2s to
encourage pilots to make more use of ootential aircraft performarice cn
the runway; anc¢ the use of deceleration gradients on runways ang exit

taxiways.
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Changes in airfield configuration that would tend to reduce runway

occupancy include the location of runways, taxiways and terminals so -

that the optimum exits from the standpoint of runway occupancy give the
stiortest taxi time to the gates. Circulation taxiways should be located
80 that they do not lnréinge on exit runout distances. At some airports

it may prove possible to provide additicnal runways within the available

site nonstraints by using clocely sbaced cr short, special-purpose

parallel runways, or Veconfiguration runways with single or dual

approach streams. More innovative approaches include variable width

runways to permit aircraft to pass on the runway if necessary or very

wide runways permitting alternating left-side, right-side operations.

Improved'fﬁnding aids such as Visual Approach _Slope Indicators
(VASI), approach 1lighting, instruzent and mlérouavé-ianding systems
(ILS/ﬂLS). anq payement markings can provide improved pilot guidance in
brder to reduce v;riation in aircraft peyrormance and ensure nore cone-
sisteat use of exits. Electronic guidance oﬁ the runway during pooﬁ
visibility, or to identify exits, can be provided by means of a guidance

wire system in the pavement.

Deceleration perforzmance can be enhanced by improvements in runway
surface friction or the Z.stallation of mechahical arresting devices.
While the latter may not be feasible for routine operaticns, they Day
present . viable safety measure to peramit tighter op:~ating tolerances

or other innovations.
‘2430t _innovations

Pilot innovations consist of measures to reduce varjation in pilot

Y
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technijue ind increase incentives for pilots to achieve lower runway

occuprncies.,

standardization of landing and roll-out procedures will reduce
vari~tion between different airline practices ant individual pilot tech-
nique, Where individual airline operating restrictions limit pilots!'
ut{lization of all available exits, thess should be examined for con-
sisfency with other carriers and their removal or modification proposed

where possible. ..

Airlines can be encouraged to motivate their pilots to exit as
quickly as possible by stressing the economic consequences of the
trade-off betuéen‘capacity induced delay and factors such as passenger
conafort and ttre.uear. Pilot motivation will also be enhanced by dis-

semination of information on the safety and cost implications of partic-

. ular .practices, -

Pilot technique may also be impéoved through the provision of
improved information on runway ezit location and prevailing environmen-

tal conditions,

ATC/FAR irrovations

Changes to existing alr traffic control procedures and regulations
can improve runway occupancy by éliminating restrictions that result in
periods when thg' runway 1s not being wused, or by nmocdifying the

,0
aireraft's approach path and exit use,

The existing restrict.on on multiple occupancy of a runway could be

relaxed by restricting dual occupancy to élternate slde$ where

104
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sufficient clearance exists to pernit aircraft to pass, or by longitudi-
nal separation with sufficient distance on the runway that tﬁe trail
aircraft can come to a full stop or exit before reaching the lead air-
craft, Arrivals and departures may also be able to safely use a ruriway

simulta'neously under certain circunstances.

More efficient use of the runway may be achieved by designating the
exit to be used, sequencing alrcraft by their occupancy characteristics,
and improving the f{nformation available to the controller on aircraft
Speed and acceleration, aircraft characteristics such as weight, and
pilot intentions. Full use could be made of potential slots for depar-
tures, and unnecessary wave-offs could be eiiminated, by automating
departure and"?gd-aromd decisions with a system that combines speed and

spacing monitoring with a conflict prediction capability,

By including parts of the taxiway system under local (tower) con-

trol, aircraft -would no longer have to be able to stop or change fre-

quencies before entering the taxiway system, peraitting higher exit

Speeds and reducing pilot workload,

Reduction of glide path height over threshold and changes {n the
slopé of the 'fina.l approach path will reduce time from threshold to
touchdown, while reducing the length of the final appioach path will
reduce the headway between aircraft of dissimilar speeds, Establishing
approach toler.al"\:e limits could help reduce long runway occupancy times
by 1improving a:\pplroach precision and by early identification of the

development of an extreme occupancy time.
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DEVELOPMENT OF EVALUATION CRITERIA

Each of the potential innovations under consideration generatas
some bsnefit in terms of reduced runway cccupancy or reduced threshold
headway. However this benefit is not a fixed Quantity, but depends on
the extent of implementation of the innovation. One cannot therefore
simply ;ompare the benefits to bp obtained from each innovatfoh; Some
account must also be taken of the costs and other consequences of any
particular levei Qf implementation. While this suggests a classical

cost=benefit analysis, this was not considered an appropriate approach

for this study for two reasons. Firstly it was recognized that each

inndvation involved many different costs and other impacts, and it was

not felt to be fedslble within the resources of the project to attempt
to assess these to the level required to deternine dollar values.
Secondly the nature of many of the impacts i{s such-that there was con-

siderable doubt that dollar values could .be determined that would

receive general acéeotance.
The alternative apiroach that was adopted was to identify three
types of evaluation eriteria:
e Benefits

® Required changes in the system

o J3Side effects.

Nineteen individuai' criteria were initially identified within these

three classes as indicated on Table 3.4,
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Table 3.4

Initial Evaluation Criteria

. 19.

1. Reduction in mean and variance
2. Predictability of ROT
3. Capital cost
4. Need for new technology
Se Need for new facilities and equipment
6. Heed for new procedures
7. Inplementation time frame
8. Institutional acceptability
9. Suitability for retrofit
10. Safety impact
1. Noise impact
12 Pilot workload
13. Controller workload
14, Go-around probability
15. Aircraft separation
16. Alreraft fleet mix compatibility
17. Land requirements
18. Passenger comfort
Alrport impacts

107



Benefits

Benefits consist of both an actual reduction in the mean ruiway
occupancy time or the variation in runway oécupancy. or an increase in
the predictability of ths runway occupancy. Reducing the occurrence of
long runway occupancy times will decrease the size of the buffer necded
between success;ve aircraft. Reducing average runway occupancy times
will permit closer spacing between landing ai:rcraft or more departures
during mixed operations. Even with widely varying runway occupancies of
successive aircraft, capacity gains can be achieved if these can be
anticip;ted in advance and the spacing of successive aircraft on the
approach adjus;ed; to utilize the runway availability created bv the

shorter occupancies.

Requiremerts

Requirements-'fqr implementing a particular innovation were con-
sidered to 1nc1udelboth.the capital costs involved in obtaining or modi-
fying the necessary facilities or equipment, and tne costs associated
with the need to develop a new technology or utilize existing technology
to develop new facilities and equipment, and to establish new pro-
cedures, In addition it was recognized that different innovations
required different time frames for implementation and would present dif-
ferent degrees. of difficulty in achiev.ng institutional acceptability.
It is also desirable that aircraft innovations ara suitable for retro-

fitting to the existing aircraft fleet.
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Side effects
Potential side effects that ware identified as resulting from an
innovatfon include safety and noise impacts and changes in pilot and
controller workload or passenger comfort, Increases in go-around proba-
bility reduce capacity and impose additional aircraft operating costs.
Changes {n alrcraft separatiorn on approach, leading to a réduction in

airspace capacity, could negate any gains in reducing runway occupancy,

Some 1nnovatioh3'?ou1d affect compatibility between different types of .. °

aircraft in the fleet mix. Innovations requiring additional land were
seen as creating difficulties at many airports beyond the question of
the acquisltiqn cost. There are also particular impacts that might be
created by some'innovations at particular airports, due to the airpor£

configuration or other factors.

Structure of the evaluition

The foregoihg categories provided the initial framework for

evaluating the .16dividual innovations. However the requirements as
identified omit explicit refereﬁce to operating costs while the costs
involved in-developing new facilities and equipment can be accounted for
in the other costs.’ Implementation requirements can be translated into
the costs associated with development and appquaI of new procedures,
and the cost of training and familiarization programs.

The benefits in terms of runway occupancy parameters can be used to
infer the conseﬁuehces for changes in capacity under glven airport and
fleet mix conditions. The effects of changes in go-around probability
and aircraft separation can be allowed for in the effect on capacity and

operating cost,

Rt |
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¢ Thus a modified evaluation stratzgy was developed for more detailed

' consideragion of specific innovations. This strategy addresses:

© Benefits

4
o Costs
e Impacts
b e Other considerations,

The benefits are assessed in terms of an arbitrary baselins situa-
tion consisting of an airport with a single runway with 300 angled exits
at 5000 feet and 7000 feet from the threshold and an aircraft mix con-

sisting of eqbal-numbers of arrivals and departures with 10% heavy and -

Puniley

10% small aircraft. From estimated changes in the ruuway occupancy
characteristics, the changes in runway capacity are projected using the
FAA-runway capaéity model (FAA:1974). Estimates of oﬁher quantifiable

benefits, suqh as reduced operating costs, are also made.

Costs are assessed in terms of order of magnitude for bth capital
costs and operating costs of the aircraft, the airvort and the ATC system. New
technology requirementsvare expressed in terms of the scale of funding -
likely to be required to develop the technology. 1In addition, implemen-

tation costs are also considered.

Special account is made of safety and noise impacts, likely

changes in pilot and controller workload, and passenger comfort.

[ DA A SRR A 0 M S B T

A number of issues do not easily lend themselves to quantitative
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analysis and are generally given a more qQualitative treatment. These

include:
© Likely lead time for implementation

6 Ease of application to existing aircraft fleet and
airports

e Compatibility with non-improved aircraft or airports

e The relative pace of development of benefits with
incremental implementation

o Incidence of benefits and costs across aireraft fleet
and airports

[ Timing of pay-off and relative magnitude of research
and development for new technology

o Avallability of existing funding procedures

© Consequences of equipment failure and system degrada-
tion along a safe path,

Only those issues that are believed relevant to a particular innovation

are given consideration in that evaluation.

PRELIMINARY EVALUATION

The fifty cight individual innovations described in Chapter 3 above
and listed on Tables 3.1 - 3.3 were subject to a preliminary evaluation
according to the hin;teen criteria given on Table 3.4, For each one of
the criteria, each innovation was assessed as having a favorable, neu-
tral, or unfavorable impact in terms of that criterion. For those inno-
vation$ for whiéh,it was felt the criteria had no meaning, suchvas the

suitability for retrofit of innovations other than aircraft innovations,




no assessment was made.

In the case of the benefits criteria, a favorable innovation was
one that could be expected to provide a reduction in the mean or stan-
da}d deviation of the runway occupancy time or an increase in the pred-
fctability of the runway occupancy. Where a reduction in either the
mean or the standard deviation might be accompanied by an increase 16

the other, the assessment was based on the larger effect anticipated.

In the case of requirements for changes in the system, a favorable
assessment indicates relatively modest requirements, short implementa-
tion time frame, good institutional acceptability or good suitability

for retrofit. Conversely, an unfavorable assessment indicates consider-

NSRS

} : able requirements, long implementation time frame, poor institutional

i : acceptability*or'poar suitability for retrofit. . A favorable assessment
for side effects indicates that the impact of the innovation is likely
to be favorable under that criterion. A neutral assessment indicates

that the innovation either has an impact that is neither beneficial nor

nitude.

&

!

|

} | " detrimental, or that the impact is likely o be of relatively small mag-
i . :

1 The assessment was performed using professional judgement based on
§ the technical knowledge of the research team members. The results of
5 this assessment afe shown in Tables 3.5 - 3.7. The symbols in these
; tables permit tﬁe i{dentification of those innovations that appear to
i offer promising benefits without excessively heavy system requirements
§

or large adverae side effects.
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Table 3.5

Preliminary Evaluation - Aircraft Innovations
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Results of ctne evaluation

Aircraft innovations generally were thought to produce favorable

changes in mear and variance of the runway occu.ancv time, although the
benefits of arresting devices were uncertain due to the mass of the air-
craft involved, the diﬁengégement problem, and the need ﬁo feset the
device after gqqh use, Similarly, the benefits of ‘lower stall speed
margirs and 'henue slower approach speeds were unceétain due to the
trade;off between reduced decelefation times and increased time to

touchdown. Three of the improved 1landing aids (head-up display,

116

NAVSTAR/INS, and improved pilot view) were not expected by themselves to -

improve runway occupancy parameters significuntly, Improved landing
aids and improved instrumentation were the only aircraft innovations

thought likely to produce favorable changes in the prediétabiiiiy of the

runway occupancy, with the benefits of - ground speed instrumentation and o

cockpit display of traffic being somewhat uncertain,
Almost all of the aircraft innovations were thought to require sub-

3tuntial capital investments, with the exception of changes in tho stall

speed margin and reduced aircraft weight, assuming tha“% the latter {s

achjeved by improved design and component e)imination, rather than ihe
introduction of more esoteric materials or sophisticated fabrication
techniques. Variable geometry wings, head-up displays, and improved
cockpit instruméntation were all thought to require substantial invest-

ments in developing tne required technology, while arresting devices,

improved landing aids (except for improvements in pilot view from the.

cockpit). improved cockpit instrumentation, and improved go-around per-
formance would all require major expenditures for new facilities and

equipment,
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1 4 Sevaral aircraft innovations would require extended time frames for
& implementation due to the need to develop the necessary techmology, to

23 ensure compatibility between the ground-based and aircraft-based com-

t poaent, or to establish and verify safe operating procedures, Arresting

devices, {ncreased 1ift coefficients, powered 1ift, variable geometry -
and improved go-around performance are all {innovations that would be
¢ largely introduced with new élrcraft. and thus limited to the next gen- .

eraticen of alrcrai‘t. A NAVSTAR-based landing ais would require the . ..

deployment and svallability of the satellite system upon which it {s
» based. The use af arresting devices and reduced stall speed morgins may
also run into difficulties of {astitutional acceptability, particularly
due to pilot concerns abeout safety. Most of the long lead-time technol;

) s ogy improvements discussed above would be more suitable for deployment

in the next jeneration of aircraft, and would not generally be suitable
for retrofitting .to ‘the existing fleet. Houeveé; mcreé's-.d- 1ift coeffi-
cients could p’ossibly be achieved by  wing modifications, and-
NAVS‘I'AR/INS-basea.landing aids could be retrofitted as soor.v as the sup-

port technolozy or satellite systems beccme available. On the other

g g S e L bt 0 N i Nl
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hand, improving the pilot view from existing cockpits may be very diffi-

3 cult without redesigring the entire cockpit layout.

Adverse safety impacts are likely to be created by lowering stall
3» speed marginsy or reducing aircraft weirht, if this i3 done by reducing

structural componebt s{zes or eliminating redundancy, Increase in the

o o O, o =

use of reverse thrust would have adverse noise impacts. Arresting
devices were thought likely to increase pilot workload. Heasures t>

decrease threshold speed would adversely {nfluence aircraft separ-tic

>

-~ [EUFR NI

if capacity is not to be reduced. However, as discussed el sevhere
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this repdrt.‘this may not be as important as is conventionally thought,
There would be obvious fleet mix compatibility impacts with arresting
devices and runway guidance technology if not all airoraft were using
the same system, or {f some were using the system and some not.
Passenger comfort {is 1likely to be adversely affected by the use of

arresting devices or increased turn capability due to the higher

decelerations involved, There are also likely to be substantial airport

impacts created by the use of arresting devices; due to changes in the
way departing aircraft are handled and any necessary measures to accom-

modate the devices themsslves,

Adrport innovations were generally thought to give favorable

changes in the mean and variance of the runway occupancy time, although .

the improvements to exit marking and lighting, landing aids, and runway

guidance were felt to contribute more toward increasing the predictabila

1ty of runway occupancy than changing the occupancy time parameters.

The changes in runuay occupancy parameters resulting from improved run-

way entrance location and design and provision of deceleration gradients

at runway exits were not thought to be as favorable,

All airport {nnovations were considered ¢o involve major or

moderate capital costs, with runway exit and entrance location and
design, and runway and exit lighting and marking innovations requiring
less {nvestment than the other airport innovations. The need for new
technology was felt to be largely restricted to variablc width runways,

arrester devices and runway guldance measures, with some further

development required for 1mpfoved landing aids, A substantial require-.

ment for new facilities and equipment would be createq by changes in
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airfield configuration or relocation of eirculation taxiways, by .mea-
sures to optimize the width of airfield elements or i{mprove appréaéh
lighting and electronic landing aids, and by the provision of additional
runways or installation of arrester devices. Provision ¢f close paral-
lel, variable width or doudble width runways would create a jeed for new
procedures, Long implementation time frames could be ecpected for
changes to the airﬂeld configuration, optimiz_ation of runway width and
provision of additioral runways. The introduction of improved ILS/MLS
systems may be delayed by the lead time for research and development
while improvements in runway surface friction beyond the present capa-
bility may have to await a major breakthrough in pavement research,
Improvement in ~f'_unuay safety areas may be slow to be implemented because

of conflicts with exisiing airport facilities and layout. It was

i ey e T
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thought that gaining institutional acceptance may be difficult for close

parallel. short parallel (especially when used f'or intersection take-

offs or stop-short lardings) and variable width runways,

Provision of additional runways within the existing airfield
configuration was considsred likely to generate wunfavorable safety and
controller impacts _and adversely impact go-around probability. The use
of close parallel or increased width runways, and to a lesser extent V-
runways, is likely to generate adverse aircraft separation impacts in

the approach stream .

AMreraft rimﬁay guldance with buried wire technology will create
aireraft fleet mix compatibility impact=. Relocation of circulation
taxiways will have major land requirement impacts. Finally, most ot‘ the

airport innovationa will of course have substantial impacts on the
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operation of the airports involved, in particular changes in airfield

configuration, relocation of circulation taxiways, optimizing the width
of airfield elements, matching exit radii to aircraft performance, pro-
vision of additional runways within the existing airfield configuration,
imzrovement {n runway Qatety areas and provision of deceleration gra-

dients.

Pilot innovations appeared to produce less obvious benefits and'

have lower reqﬁirements and generate less adverse impacts than the othe:.:

classes of innovation. Generally, pilot innovations were considered to

give modest reducticns in the mean and variance of the runway occupancy

time and most improvement in runway occupancy predictability. It was.

felt that pliot.ﬁotivation might result in more substantial reduction in

runway occupancy parameters, while standerdizing landing and roll-out

procedures .could significantly improve predictability of runway occu-

pancy.

No pilot innovations were thought to present major requirements for

capital expsnditure, new technology, or new facilities and equipment.

Standardization of landing and roll-cut and removal of airline operating

restrictions uouid establish a neec for new procedures, and would prob-
ably face difficult tests of institutional acceptability at the hands of

both pilots and airlines.

Side effeqtﬁ of the innovations were generally favorable with minor
adverse safety, noise, and pillot workload impacts from the removal of
airline restrictions. Paradoxically, impréving pilot information may
also lead &0 ;n:increase in pilot workload. Increasing pilot motivation

may lead to aircraft handling that reduces passenger comfort,



H

-~
a
ot

ATC/FAR innovations contribute both to a reduction in the mean

variance of the runway occupancy time and to the predictability of the
runway ocoupancy. Permitting multiple runway occupancy would not
strictly reduce runway occupancy time of itself, but would permit an

increase in capacity for a given runway occupancy time. Enforcing exit

selection would increase predictability vhile reducing both mean runway

occupancy time and its variance, Lowering the threshold height and
designating portions of the taxiway system to local control would prob-
ably give a modest reduction in ru.nway occupancy time due to the reduced
airborne time after the threshold and the knowledge of the pilots that

if exiting car.y at a higher czpeed they will not have to pull up short

121

on entering " the taxiway system. Sequencing aircraft by occupancy

characteristics appaars to offer another way of {ncreasing capacity
without necessarily changing runway occupancy in the technical sense.

Improvements in ccntroller information would increase the predictability

of runway occupancy times. The automation of departure or go-around -

decisions 13 another innovation that achieves 3 capacity increase

without changing any of the strictly-defined runway occupancy parane-

ters., The establishment of approach tolerance limits for flight path o

and airspeed was thought to significantly enhance the predictability of
the runway occupancy, with some modest reduction in the mean and vari-
ance of the occupancy time as' pilots try harder to fly a precise
approach and have an external criterion to measure their perforaance,
Modification of t‘inal approach path was felt to aArfer a modest reduction
in runway occupancy parameters due to change in the airborne time from

threshold to touchdown .,
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Most of the innovations are primarily procedural and heavy capital
costs are not involved. Some capital investment may be needed to sup-
port better controller information or decision automation. The automa-
tion of the departure/go-around decision was felt to require substantial
new technology. Lowering the threshold height may create a strong need
for new facilities and equipament funds, especially to replace landing

aids or to lower approach lighting. Permitting multiple runway occu-

pancy, the enforcement of exit selection, and sequencing aircraft by -

runway occupancy characteristics present a clear requirement for - new
procedures. Multiple runway occupancy, enforced exit selection, lower
threshold heigh; and modifications to the final approach path were all
thought likelf io encounter problems of institutional acceptability, on

grounds of safety.

In fact, multiple runway occuoancy and lower threshold height were

the only innovéﬁions that were thought to have major adverse safaty
impacts, with minor concern from the safety impacts of enforced exit
selection and modification to the final approach path. Multiple runway
occupancy and enforced exit selection appeared io have significant
adverée pilot énd controll.r workload p.ooblems. Lower threshold height
and approach tolerance limits would also generate adverse piiot work-
load. Designation of a taxiway to local control and the establishment

of approach tolépance limits were considered to adversely impact con-

troller workload. Go-around probability would be increased by multiple

runway occupancy, the implementation cf approach tolerance kimits, and

wodifications to the final aporoach path, which were a;sovtbought to.

have significaﬁi-aircrafﬁ separation impacts.
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Thus far, each of the innovations has been considered as an
independent action that might be taken to reduce runway occupancy time,
or reduce the constraint orbrunway occupancy on capacity, except that
the uce of arresting devices or runway guidance equipment as an aircraft
innovation implies the instailation of che‘ground part of the syﬁiém as

an airport innovation.

However, it is unlikely that any program to improve runway occu-
pancy characteristics would be restricted to only one innovation. Cer-
tain innovations when implemented in combination, may give a greater
payoff than the 5&& of their individual effects. Some innovations may
only give useful results in conjunction with other inr sations. C. the
other haqd..somelipngvgtipns are mutually exclusivg! while some combina-
tiohs produce benefits by changing the same _factors. These benefits
cannot be obtained-hore than once, thus the benétits of one may preclude
any further benefits from another.  With multiple combinations of inno-

" vations, there ﬁay also be interference effects that increase the magni-

tude of any adverse impacts or reduce the benefits received.

A number of combinations of two innovations are 1identified in
Tables 3.8 and 3.9. In most cases the advantages to be gained from the
combinations, or the necessity of 1mplementing the innovations together,

is reasonably self-evident.

Further reasons for considering tne interaction of innovations 1lie
in the implementation process. The implementation of a specific innova-

tion may depend on actions being taken on other innovations, while

123
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Table 3.8

Innovation Combinations Requiring Joint Implementation
to Achieve Benefits

Clearance to circulation taxiways
Standardize landing and roll-out
Enforce exit selection

Alrcraft arresting devices
Increase exit turn capability
Aircraft runway guidance aid
Design exits for increased speed
Variable/double width runway

Dasign exits for increased speed
Remove airline restrictions
Designate taxiway .o local control
Install airport zi'resting devices
Clearance to circulation taxiwvays
Guidance wire in pavement
Designate taxiway to local control
Permit multiple occupancy
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Table 3.9 -

Innovation Combinations Likely to Improve the Benefits
When Implemented Jointly

Improve runway safety areas

Improve pilot information

Improve controler information
Automate departure/go-around decision
Sequence aircraft

Improve controller information
Improve runway surface friction
Locate exits to match fleet

Automate departure/go-around decision
Enforce exit location

Variable/double width .runway
Pilot motivation

Permit multiple occupancy
Permit multiple occupancy
Enforce exit selection
Sequence aircraft

Improve braking capability
Increase exit-turn capability
Improve go-around performance
Locate exits to match fleet

NN NNNNNSNNSNSSS
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<ifferent innovations require actions by different sectors of the indus-
try. In some cases, the implementation of a single innovatton may
require coordination and action from several sectors in order to
proceed. This coordination may be easigr to achieve in the context 6t
considering a wide-ranging set of strategies. In order to evailuate
these alteénapive strategles, énd'to reduce. the evaluation to manageable

proportions, the innovations need to be grouped into coherent packages.

126, -
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4, INNOVATION PACKAGES

The previous chapter identifies a large nuamber of 1nnovaiidns that
were generated py a "prainstorming™ process influenced by the knowledge
and informatioh'available at the early stages of the reséarch. A prel-
1minary' evaluation resulted in diréctly putting aside some of these
whose feasibility could not be ascertained without extensive analyses
and additional,infqrmation. It was found that many of the innovations
interasat -and can be grouped into what are termed packages of innova-

tions. This chapter describes six selected packages that were developed

‘and evaluated.

The packages of innovations, or programs to reduce runway occupancy
times and their effects on capacity, were developed on the basis of the

similarities and interactions between the individual innovations.

The first package was assembled because of the recognition that

auch can be achieved by changes iﬁ aircraft technology. Given that the
opportunities foﬁ'any significant changes in conventional Jet aircraft
technology are rather limited for the medium and long haul jet fleet
(since most of the alrcraft that will make up this fleet within the next
20 years are either flying today or already in the production stage), we
have concentrated on short haul aircraft technology and idedtitied a
packarge of {nnovations that could be bullt into new aircraft developed

specifically for short haul, or for low density uarkets. The emerging
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new role of commuter airlines, and the potential increase in demand for
such aircraft, may make such technological development feasible. The
opportunity to include svme of these innovations in such a development

is still at hand.

MRS

The next two packages of innovations were motivated by discussions
with pilots. They were also sugzested by the wide variation observed in
the landing process, even under similar conditions, implying that pilots
have considerable discretion in determining the landing process. One
package deals with means of motivating pilots 2nd airlines to cone-
sistently reduce:nccupancy times to the extent possible, ana the other
package deals with improvinz information flow to both pilots and con-
trollers. Improved information can be thoughb of almost as a prere-
qulsite for achieving the occupancy time reductions that can be made

possible with other innovations.

Two additional packages were developed to respond to the impact of
runway design and airport configuration. The data reviewed suggested
that exit location continues to be an important factor, as does exit
design. Innovative way: to redesign the airfield surface in order to
permit, or to suppdrt. changed aircraft pertormance and landing pro-

cedures become then an obvious candiiite for consideration.

Finally, the 4need to look at runway occupancy as part of an
integrated process that eniompasses the final aporoach path as well as
the runway itself led -to the development of a package termed Integratad

Landing Managenénb( This package deals with means of achieving con-

128

sistency between time headways of aircraft on final approach and runway =

occuvancy times on the runway.
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Each of these packages is discussed below. As is discussed later
ir this chapter, these packages are not necessarily independent and

there may be benefits from combining them into larger programs.

This section ﬁescribes in detail the composition of each of the six _f_'g'

L

selected innovation packages and the results of the evaluation of the

benefits that may be expscted from each, together with a consideration

o M_WMA*&,.. g

of the implementation requirements and the associated impacts.

Lkl

It was felt to be beyond the scope of this report to attempt to
apply a more detailed evaluation methodology to the wide range of inno-

vations identified’ below than that described in Chapter 3; The benefiis

k ) of a specific package are assessed in terms of the Dercentage increase.
in runway capacity that can be attributed to the innovations, either
. through a reduction in runway occupancy time or otherwise, under speci-

fied baseline conditions.

The computation of the changes in runway occupancy tize as a result

o N o i

of .a specific innovation were performed with the aid of a conputer pro-

gram that modelled the approach and landing path of an aircraft as a

function of its pérformance parameters. These parameters were changed
to reflect the different innovations. In both the baseline conditicn
and the real world, the location of runway exits influences the runway

occupancy himes due to the stochastic nature of the aircraft perfor-

P e Uit gl . i o B

mance. Even {if bh average all aircraft of a particular typas decelerate

quickly enough to take a given exit, in reality there will always be

RN AR

§ some that miss the exit and incur a2 wuch longer runway occupancy while
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§ they taxi to the next available exit. The computer program modelled

fg this stochastic variation by simulating a sequence of landings with the

, parameters having the same mean value, modified by a random component to

e ¥ . o .

% reflect the variation in aircraft performance encountered in practice.

E% IMPROVED SHORT-HAUL AIRCRAFT TECHNOLOGY
|1

3 Qbiective

N

" \’5,.‘?\. T———

Improved aireraft performance during landing and take-off offers

g one strategy to reduce runway occupancy. This performance improvement

4l

can be acnieved théduéh technology designed into new aircraft, or retro-

e Improved <o-around performance to permit controllers

§ fitted to existing aircraft. Some changes in tne existing technology
'@ 1 may require corresponding chanzes in other parts of the system, such as .
F . et A : . )

é the runway surface. The objectives of these technological improvements
% consist of:

% Y ¢ Increased deceleration on landing or acceleration on

j take-off,

% @ Increased turn cacability in order to exit at higher
‘; . speed.

g_ © Reduced touchdown or lift-off speed in order to reduce

~é the amount of deceleration or zcceleration required on

E the runyay.

2T

.JX

e

to delay go-around decisions in marginal cases.

Increased decelération or exit speed will orly'result in a réduc-
tion in runway occurancy time if the aircraft is in fact able t> exit on

reaching exit speed. This implies that the benefits of thase inprove~

p ments will only be realized if runway exits are currently being passed
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up by landing iircrart, or if new exits are provided.

Technology changes to achieve these objectives are likely to‘create
a weight penalty when compared with existing technology, or future teche
nology designed for the current environment, The magnitude of this
penalty will increase with stage length, hence‘these changes are likely
to offer the biggest pay-off for short-haul aircraft. Ano;hgr reason
for concentrating on short-haul airerﬁrt is that reduced runway occu-
parcy times generally translate into raduced runway length requireaents,

increasing the possibilities of providing separate short. aul runways at

busy airports.

Aircraft iaprovezents to increase deceleration on the runway

include:

[}

® Increased reverse thrust

° Impﬁoved brakes and tires to permit higher sustained
braking '

®- Measures to increase the aerodynaaic drag during land-
ing.

Increased thrust-to-weight ratios will also improve acceleration on

take-off and go-around performance.

Since runwéy'rriction is currently a limiting factor 1in braking
under some circumstances, ioprovements {n runway surface friction may be

required to wmatch iaproved brakes and tires.
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Ephanced exit turp gapability

Inprovements in aircraft steering and 1landing gear to tolerate

higher side forces will peramit pilots to exit at higher speeds. These
{aprovexzents must address the structural integrity of the gear and the
ability of the tire to both withstand the higher side forces involved
I ' and- to develop sufficient friction at the tire/runway interface to
transait these side forces to the runway. A major problem arises with
nose wheel tirél §crub. However there are other ways' to provide the

* necessary steering forces such as aerodynamic control or asymmetric

power. Active control integration could orovide real-time adjustment of

rudder, power anq'nose wheel castor to optimize steering control.

As with braking improvements, improved tire technology to withstand

higher 3ide forces may require improvements in runway surface friction.

' Beduced touchdown and lift-off speeds

Reduction in touchdown speed will reduce the time spent decelerat-

ing to exit spead from touchdown for a given deceleration capability.

; : However, for a given aporoach path (defined by the glide slope and glide
path height over threshold), the time from threshold to touchdown wili
be increased by a reduction in approach spe2d. There are also capacity
implicaticns of a reduction in approach soeed for a given minimum dis-

tance separation on -approach, as noted elsewhere in this report. Main-

taining higher approach speeds then bleeding off excess airspeed prior
to touchdown will move the touchdown point down the runway and result in

increased time bgtween threshold and touchdown. Thus measures to reduce

T URMARE T Ve A e A A it A

touchdown spegd should be made in the context of either accepting

el ¥l

A

.—,"

- e, —
Mol oY A et o

v



133

‘ ?
{ reduced distance separation on approach, in order to maintain headways
fi at lower approach speeds, or of providing enhanced airborne deceleration
3 capability.
K 7
Reduction i{n touchdown and aoproach speeds can be achieved by:
@ Increasing the 1ift coefficient in tne landing confi-
4 guration
e Reducing the stall spced through the provision of
powered 1ift
! e Increasing the wing area through variable geometry
technology.
All three measures will require {increased power, either to combat
’ increased drag or to provide powered 1lift.
‘Reduction in the time from threshold to iohchdowﬁ can be'achieved.
. by:

o Reducing the margin of avproasch sveed over stall speed in

anproach configuration
o Use of reverse thrust prior to touchdown
e Increased aerodynamic drag.

Reducing the 'stall speed margin has obvious safety implications,

and pay require active controls linking flight controls and power or

airbrake settings to airspeed, in order to prevent an inadvertent stail
while the pllot's attention 1is distracted. The use by Concorde of a
lower margin sucgests that the safety concern is not insurmountable.

Use of airborne .reverse thrust may have flight stability implications, L

5 b s et g b

although it hds been uaed successfully in some military aircraft.
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Improved go-around performance ’

Increased thrust-to-weight ratios have alrerdy been discussed
above. Another factor in determining go-around p:rformance is the time
required for turbine engines to develop to full power, If this could be
reduced, then the lag between the gb-aroupd decision and the aircraft
1n1tiating a climp could also be reduced. Finally, a rapid reduction in
aerodynamic drag without a corresponding reduction in 1ift would permit
faster aireraft aéceleration or earlier climb iﬁitiation. An active
airspeed/flight céntrol system as discussed above may permit climb ini-

tiation at the earliest moment.

Evaluation

The above measures achieve a reduction in runway occupancy time‘

either by directly

by permitting controllers some discretion in overlapping successive run-

way occupancies by allowing a following aircraft to proceed beyord the

threshold in marginal cases before ordering a go-around. Several of the
imp-srements identified above contribute to more than one way of reduc-
ing c¢he runway occupancy time, thus improved tires and runway surface
fri-~tion under some circumstances will allow both increased braking and

higi«r exit speeds. Some improvements have nc obvious upper bound (such

"as Yow much increased drag {s feasible). This suggests an evaluation

stracegy that considers the following aspects of runway occupancy time:
¢ Time from threshold to touchdown

e Time from touchdown to exit

reducing the time s=pent betﬁeen'threshold and exit or
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¢ Buffer needed to prevent excessive go-arounds,

For a one second reduction in each of these aspects, the benefits

resulting from the consequent capacity increase can be assessed., These

. benefits can then be compared with the costs of achieving a progres-

sively increased performance using the following independent strategies:

¢ 2a) Increased thrust-to-weight ratio with rapid engine
wind-up.
3 b)' Enhanced braking using improved brakes, tires and

runway surface friction.

e ¢) Enhanced exit turn capability with improved land-
ing gear, tires, runway surface friction and active
control integration.

¢ d) Increased aerodynamic drag with compensating power
on approach and airborne reverse thrust before touch-
down.

e e) Reduced approach and touchdown speeds using STOL-
technology (high 1ift coefficient, powefed 1ift, vari-
able geometry).

e f) Reduction of stall margin on approach or go-around
using active controls .

Further improvement may be obtained from a combination of these strate-

gies.

Benefits. It was assumed that the foregoing strategies could

‘achieve the following improvements in aircraft performance, compared to

the baseline case:

¢ An ihcrease in runway deceleration to 6-10 ft/sec?
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e An increase in exit turn capability to 40-60 knots
¢ An increase in airborne deceleration to 2-4 ft/sec?

® A reduction in threshold Speed to 120 knots,

Analysis of the effect of these performance improvements on the
baseline conditions gave a reduction in runway occupancy time from § to
25 seconds. Such a reduction would produce up to an 8% improvement in
runway capacity at a typical airport with a typical prevailing zircraft
fleet mix. Reducing the runway occupancy time through the foregoing
measures also reduces the landing distance required, increasing the

potential for independent use of intersecting runways,

92533. Capi:ailcosts associated with these measures are likely to
be high, with extensive requirements for airecraft fleet replacement or
retrofit. There is also likely to be substantial operating cost penal-
ties resulting from ‘the additional weight associated with the measures
o achieve the enhanced performancg. Estimates of the dollar values of
these cost3s were be&ond the scope of this Study. The need to develop
the necessary short-haul aireraft technology will require a majbr
research and development program. 1Ine implementation costs, apart from
aircraft retrofit or acquisition, are likely to be moderate, with a lim-

ited amount of associated airport improvements, such as improved runway

friction courses,

Impacts, Thezénhanced operating performance may possibly lead %o
Some reduction of safety margins, alfhough some counter-measures (such
a3 the use of active controls) might be able to offset this effect.
There i3 1likely tofpe a moderate Increase in aircraft noise resulting

from the use of hiéhéﬁ éngine thrust. The enhanced performance may also
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lead to some increase in pilot workload due to the reduced reaction
time. RNo significant change is expected in controller workload. While
the higher deceleration and exit speeds might be expected to result in
some reduction in passenger comfort, the values involved appear to né
within the tolerable rénge suggested by existing empirical work (e.g.
Horonjeff: 1958).

Other corsiderations. Many of the measures proposed are likely to -

have a long lead timé for implementation and be difficult to retrofit to
the existing fleet. There does not appear to be any compatibility prob-
lem with the existing airecraft fleet or airports, The benefits increase
incrementally wiihAQhe introduction of the new technology aircr#ftlinto
the fleet, giving low initial benefits and slow build-up. The benefits
occur primarily at pusy airperts but the capital and operating costs are
incurfed.whénevéf'thé édéanced technology aircrafé'are uséd. on flights
between any airporté. Thus the cost-effectiveness of these aircraft

will be higher if they are primarily used between busy airports and

_lower if they méke many of their flights to relatively uncongested air-

ports,
PILOT AND ATRLINE MOTIVATION AND REGULATICN

The empirical evidence available suggests that variation in pilot
behavior plays a major role determining the runway occupancy times of

landing aircraft., Some studies have concluded that pilot behavior {is

- the most important factor influencing the variation in these times.

There is evidence that suggests that enhanced pilo;,and airline motiva-
tion to reduce funway occupancy times is a reasonable course of actioh.

One piece of evidence is the significant variation of runway occupancy
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time for the same aircraft type under similar conditions. Evidence sug-
gests, for example, that the location of the terminal gates of a partice

ular airline influences the exit selected by pilots of that airline.

When the appropriate exit is relatively close to the runway threshold,

then shorter runway occupancy times can be observed. This implies that
variation in the operating parameters of a given aircraft on a vunwa);
are quite possible. In addition, there are rather wide variations in
such parameters.és ‘approach speed, dgceleration rate}ébouchdown point
and ‘height over the threshold. The data suggest that there is no signi-
ficant direct relatipnship between these parameters and such en#ironmcn-
tal factors as wind-and temperature, nor.does there seem to be a signi-
ficant difference between aircraft types (See for example, Sceuart and

Gray: 1981). Runway occupancy times appear to vary most - significantly

" on the basis of the exit used on any given runway; and even for the same

exit there remain some variations in runway occupancy times between air-

craft. Figures 4.1 - 4.4 illustrate this result for a sample of opera-

tions at Atlanta's Hartsfield International Airport. Not only do these
figures illustrate the wide variability of some parameters of the land-
ing process,.but they also show the absence of any correiations between
them and runway occupancy times. While these limited data do not jus-
tify any firm conclusion, they do 'suggest that human factors such as
pilot behavior, and airline policy influences do play an important role.
This phenomenon is demonstrated by data for Los Angeles Airport reported
by Koenig (1978). Landing runway occupancy times for two runways ware
stratified among two carriers, TWA and UAL. For pwo runways, 2§R and
25L, the results Ahow significant differences in mean occupancy times,

as shown  in Table 4.1, The consistent difference between these
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Table 4.1
Mez2n Runway Occupancy Times for Landing Aircraft
Los Angeles International Airport N
(seconds) :
Heavy Aircraft Light Aircraft
Runway UAL TWA UAL TWA
25L . 50.9 53.3 4.8 51.9
251 56.3 64.0 52.6 61.5

Source: M.L.Schoen - et al (1979]
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occupancy times may be explained by the fact that UAL has its terminal
nearer to the thresholds of runways 25R and 25L than TWA. Again, the

extent to which these differences can be generalized cennot be deter-~

‘mined. But the sense is that, in addition to erpirical evidence such as

the Los Angeles Airporl example, the case for pilot motivation and air-
line‘policy influences is compelling., Some airlines have explicit poli-
cies regarding the application of thiust reversefs anq aircraft turn
maneuvers at éivén speeds. These policies influence runway occupancy

times.

The empirical evidence on hand also suggests that aircraft are
vopable of landing within a rather wide envelope of parameters., For

example, ground speeds over the threshold vary between 105 and 145 knots

in the data shown .in Figure 4.2. The same can be said for deceleration

rates. threshold ground speeds, and exip speeds; 2all important deter-

minants of runway bccupancy times.

In addition to auggestiné the imgortance of pilot and airline
bebavior in determining runway occupancy times, this is an encouraging
result for those interested in reducing those times. It implies that
there are possibilities for optimizing airecraft operations on the run-
vay, and that some improvement might be possible within the iimits of
capability of current aircraft technology. If an aliceraft is capable of
touching down at 110 knots and at 150 knots as suggested by the Boeing
727 simulations results in Figure 4.5, then one might be able to take
advantage of such a wide range of capabilities by_va"ying speeds, head-
ways, and separaiions in order tc optimize the utilization of a runway.

Part of this variability in speed is due to variations in the prevailing
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wind. It is most likely that high ground speeds occur in conditions of
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tail wind, or of little or no headwind. Thus some of these high speeda':'

may not be ichievable in other environmental conditions. The same would

be true of the oppoaite case where low ground speeds are observed. Only

"a detailed analysis of available data would permit the determinatio of

appropriate ranges to use'in the context of this discussion. Naturally,
a much more thorough investigation of aircraft capabilities, under vari-
ous operating ponditiona would be necessary beforé one goes too far in
planning such ;ifategies.

Approaches fo Pilot and Airline Motivation

Notwithstanding the stochastic nature of the process of landing an

aircraft, it can be said that there is, for any given set of conditions,

-an optimal path for every aircraft that minimizes the total service tize

for that landing.. If runway occupanqutime is the constraining factor
on this service iime. the optimal path is the one that minimizes the
runway occupancy time. This ootimal péth can be achieved by regulation
or by encouraging airlines to establish the appropriate procedures, and
pilots to apply them, Neither of these two extremes is appropriate.
The first is unrealistic for a number of reasons, not the least i{mpor-
tant of which is the fact that thg landinz process is replete with ran-
dom elements and occurrences that are often outside the control of the
pllot or the congroller. No amount of regulation will ensure that the
optimal landing paths will always be followed by all aircraft. The
second view fails for essentially the same reason. 1t is not suffi-
cient to just engburage pilots to try to reduce runway occupapéy tinme.

For any real gains to be made it would be important to virtually

L me——




PR T

gy pr N =l "

e A et

eliminate the excessively long occupancies even if the mean is not
greatly reduced. To do this would require incentives that are suffi-

ciently strong or alternatively strict regulations and control.

The distinction between pilot and airline motivation is worthy of
Some consideration before addressing the specific means of such motiva-
tion. It can be said that this distinction is redundant since pilots
work for airiines, and presumably follow airline policies in their
behavior during a landing process. To the exteht that all aspects of
the landing process are covered by specific airline policy, one need
only address the airline. However, there will probably remain a nuamber

of factors affepting the overall performance of a landing operation that

are at the complete discretion of the pilot, and for which directApilot'

motivation may be useful. We shall therefore address the various means

of "airline and pilot motivation” as a single set of strategies 1imed at -

these "users" of the runway system. We can identify two najor classes

of strategies for achieving thé desirable parameters of the land;ng pro=-
cess. The objective of these strategies would be to move toward an
optimal lancding process through a set of motivating factors. Benefits
gained from motivating pilots and airlines to simply reduce runway occu-
pancy times may not be worthwhile, if they do not achieve the "optimal®
profile ror each lahding. As discqsseq éarlier in this r=port, reducing
runway occupancy time is not as important as matching that time with the
headway betweén-éircraft, and then reducing both. On the other hand,
some benefits can always be achieved by motivating pilots and airlines

to reduce runway occupancy times during mixed operations in poor weather

conditions. TQo' classes of otrategies are discussed belbw; namely

¢conoaic incentives and operational rules,
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Economic incentives

Pricing the use of the runway system is probadbly the only way in
which airlines and pilots can be economically motivated to reduce runway
occurancy times. Pricing may be bettef described és a deterrent than an
incentive. Houevgr, the implewentation of a pricing strategy in which

the fee for using the runway depends on the runway occupancy time would

constitute a strong incentive to airlines to reduce that time. Much of

what an airline, or a pilot can do to reduce occupancy time, such as

using higher deceleration rates or hikver turning speeds, may result in

higher aircraft operating costs. For this reason the current tendency

is toward longer occupancy times, except perhaps in the case where the
airline is motivated by the location of the terminal vis-a-vis the exits
available on a runwvay. With a pricing function that is an increasing
function Af runway_occuﬁanc# time, the airline Qiil be faced with two
ovposing influences. This is illustrated 'in Pigure 4.6 in which
schematic cost and price functions are shown. The aircraft operating
cost funntion is likely to show a sharp rise in operating cost as the
runway occupancy time decreases. The total landing cost, which is the
sum of the two, will have a mininum somewhere in the middle, since both
functions are likely to be convex. Airlines using the runway will
presumably try to achieve this minimum,‘if it is physically possible.
This will mean a reduction in occupancy time, since in the absence of a
time based landim;. fee, the airline is likely' to reduce operati- ~ costs
by not applying the costly procedures that reduce occupancy ti... Run-
way occupancy time-would decrease from some value indicated by t on Fig-
ure 4.6 toward tﬁé iower value t'. The incentive to reduce runway oécu-

pancy time is not'only due to the pricing function that may be applied;

“1.48
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during periods of heavy traffic, it is to the advantage of all users to

reduce the occupancy time in order to increase the capacity of the run-

way and reduce delays and aircraft operating costs.

The implementation of a service time based user charging system has
profound economic implications, and cannot be done without a thorough
analysis. The fundamental rationale behind it is that runway time is a
scarce resource that is to be allocated to a number of users, whose use
in turn generates benefits. It is clear that such a system will only
make sense during periods when runway occupancy time is in fact a capa-
city constraint, and when traffic is heavy. It would make little sense
to charge a progreﬁﬁiQe landing fee based on runway occupancy time for a
landing when there is no other operation immediately following. There=-
fore pricing on ;hg pasis of occupancy time would bg ;mplemented during
periods of congestion? when the average cost curve for using the runway
is rising with.traftié volume. The pricing mechanism could be then
developed on the Basis of recouping the potentizl benefits from runway
ocecupancy time reduction that would be forfeited if the time is longer
than the optimal. To {llustrate this we consider the cost functions
shown in Figure u.?(a); These functions show the typical increase with
traffic volume, indicating the onset of congescion as volume aporoaches
capacity.' Curve AVC, represents what hight be considered a runway with
no "incentives" énd5}wibh long runway occupancy times. Curve 'AVC2
represents the potential cost function if runway occupancy times are
optimized for all operations, It is to be noted that the potential
benefits from occubgncy time reductions increase w.'a traffic volume.
These savings are Shéﬁﬁ in Figure 4.7(b). The obJjective of the service

time based pricidg'scheme would be lost with longer runway occupancy
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times. The specific pricing 'scale' to be applie’ to a r:away will also
depend on the traffic level at any point in time. With a low traffic
volume the penalty for longer occupancy time would he comparatively less

than with higher volune, and will increase rapidly as the volume

- approaches capacity. To see this we can look at Figure 4.8 in which

possible contours of equal average delay are sketched for diffeﬁeni com-
binations of %raffic flow (q), and occupancy time (t). The convex con-
tour lines illusﬁ;éte the fact that with a lower occuﬁancy time per
operation, a larger number of operabioﬁs can be accommodated during any

given time period.

The practical'ibplications of occuvaney time pricing cannot be

ignored. There are a number of considerations that have to be dealt

with in any analysi; of this concept, including the Logist;cs involved

in establishing and aprlying the pricing mechanism. The process would

involve the timing of ezch landing operattdn in order to determine its
dccupancy time and matehing that information with the flight information
for accounting purposes. A number of political issues may have to be
resolved .before such a concept could be implemented. It_may be neces-~
sary to demonstrate that this pricing method optimizes the utilization
of existing airport facilities, both froam the airport and airline per-
spectives, and from the more general ‘economic efficiency perspective.
It may be argued that pricing on the basis of runway occuvancy time can
only be justified if the.opbimal landing path for each airecraft is
known, This 1innovation may therefore have to be combined with others
discussed in this study, such as improved information flow between air-

port and aircraft, and the Integrated Landing Management concept.
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BRegulations and controls

Pricing is not the only form of pilot and airline motivation that
can be applied to the current problem; A more direct, although less
obviously economieally Justiriable, method is’ to institute a set of
regulations and controls that will ensure that a prescribed landing path
is followed as closely as practicable by every aircrar:. This would

involve defining the parameters of an optimal landing path and deter-

mining their values for a whole range of conditions. Then the appropri- ‘

ate rules and procedures would have to be modified so that the esta-
blished air traffic'control; runway operation, and flight rules all
would direct the operation of landing lowaids the optimal landing paths.
For example, one could consider regulations that would soecify the
amount of reverse thrust, or the deceleration that an aircraft must fol-
low on the runway; or prescribe a specific range for heights over thres-
hold touchdown point, and approach speed, One could consider institut-
;ng rules that specify the choice of exit for a landing overation. In
other weords, more of the landing parameters could be made the subject of
rules and regulation ahd not left to the discretion ef pilot and con-
troller. The practical feasibilities of particular measures need

further investigation. Such changes will no doubt complicate the

-approach and landing procedures, and will increase the control functions

associated with an operation. Thus the impact on air traffic and ground

control capacities would have to be assessed.

To supplement this,development of rules and procedures, it may be
necessary to make the verification of the abilities of aireraft and of

pilots to follow these procedures a part of the certillcation process.
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This again suggests that logistic, administrative and political issues
will have to be dealt with, as they arise in the process.

Other procedural means

Pilot and airline motivation can be enhanced to a certain extent
withoup resort to any of the rather extensive strategies mentioned in
the previous paragraphs. The henefits are of course likely to be
correspondingly legs; Some of the less involved procedural aspects of
pilot and airline mofivation would include preferential runway assign-
ments influenced by the relative location of exits and terminals, and
integration of approach and ground controls in order to simplify the
process of clearénéé'from the runway to the gate position. Many of the

other innovations addressed elsewhere in this study, having to do with

information flow and with improved air traffic control technology, will .

help to motivate the users of the runway system to increase the effi-
clency of their use.:

System requirements

There is little by way of technical system requirements that would
be needed to implement this concept. One clearly identifiable require-
ment is related to the pricing concept. This is automatec occupancy
time measurement and accounting. This system would be needed in order
to have an on;line capability for méasuring the runway occupancy time
for each operation;'and for performing the necessary data management
that would provide for efficient accounting. Given that controller and
pilot workload are neavy during periods when runway occupancy time is
important, and when_a pricing system might be in effect, it is important
ghat this system b; automated and independent of controller and'pilot

functions;

e
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In addition, it would be necessary to collect data on aircraft rune-
vay performance in order to establish a reasonable and efficient pricing
system, and to identify the potential for further improvement. Aircraft
runway performance monitoring could be part of the occupancy time mea-
Surement and accounting system, or it could be a Separate system, If
Separate, it also would 7teed to be automated and independent of con-

troller and pilot functions.
Evaluation

Benefits. It is very difficult to make an accurate assessment of
the benefits thatecan be achieved from pilot and airline motivation., A
thorough study of airline costs and motivations, and analyses of pilot
behavior and human factors would be essential for such a task. Nonethe-
less one can use the evidence available to surmise the orders of nagni-
tudes of potential_savings that can be achieved. There have been some
previous studies of the runway occupancy times for different airlines
under essentially similar conditions. 1In one such study (Koenig: 1978)
occupancy times for United and Trans World Airlines were compared for
the same runway at Los Angeles airport., Due to the relative locations
of the airlines' terminals and the exits on runways 25R and 25L, it was
observed that United Airlines achieved occupancy times 5 to 15% lower
thah Trans World, épd much of that was attributed to the fact that the
former carrier coﬂld.benefit from using the earlier exit due to terminal
location. 1In another experiment at Denver Stapleton airport, pilots
were consistently‘aeked by controllers to expedite and exit as soon as
possible; Savinéé-in occupancy time of approximately 20 seconds were

reported. (Schoen et al: 1979).
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The TSC data analyzed in this study can ~.d scme light on the
potential reductions in .runway occupancy time i;;u can be achieved by
pilot and airline motivation. Data from operations on runway 27L at
Atlanta with an aircraft fleet mix of predominantly DC9 and B727 air-
craft show a standard deviation of occupéncy time of 10% of thé’méan Sor

groups of aircraft_using the same exit.

This suggests that pilot and airline motivation could result in

runway occupancy time reductions of the order of 10 seconds This would

give an increase in runway capacity at a typical airport with a typical

current fleet mix.of about 6%. Preferential assignment of flights to

runways could also achieve savings through reduced taxi tinme.

- Costs., Ho significant'capital facilities or operating costs are
involved. System evelopment sosts are likely to be moderate for the
occupancy time meéshrement. accounting and performance monitoking eqﬁip—
ment., There may be some increaée in aircraft operating costs on the
runway as pilois attempt to reduce occupancy times, but this is more
than offset by the delay.reduction of the capacity incr-~ase. Implemen-
tation 2osts are likely to be moderate and primafily incurred in the
development anq approval of new procedures, and with pilot and airline

familiarization.

Twpacts. Ther-e may possibly be a small reduction in safety margins
and passenger comfort due to less conservative aircraft handling on the
runway. Pilot workload may be increased due o the reduced reaction
time with shorter funway occupancies, and controller workload may
increase due £o changed ATC procedures and local/ground control coordi-

nation.
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Other considerations. 4 moderate to long lead time may be required
o develop and implement the new procedures, The measures are easily
applied at existing airports and no changes are required to the aircraft
fleet Procedural differences between airports could be transparent to
Pilots. Failure of the automated time measurement and accounting equip-
ment would not reduce runway capacity, Full benefits zre achieved as

soon as the new procedures are implemented at a given airport. and the

benefits and costs occur only at those airporis with the new procedures,
The initial research and development costs are likely to be quite low,
with a rapid build-up of benefits after implementation. Existing fund-
ing procedures a'pear to be adequate for the research and -levelopment

program and implementation of procedural changes,

IMPROVED PILOT AﬁD éONfROLLER INFORMATION FLOW
Objective, |

There 13 evidence that aircraft are not fullyb utilizing their
existing performance capability, such as the large standard deviations
in runway occupancy time, even after controlling for differences in exo-
genous factors such as aircraft type and weight, This variation in
actual performance of the system is dye in part to uncertainty on the
part cf the pilot or the controller, érising from 2 lack of information.
The result is 3 conservative approach to operating the airecraft or con-
trolling traffic, in which pilots pass up exits they could have taken,
Separations on approach are unnec:ssarily increased, departures are rnot
released when they could have beea, and aircraft reduce speed cn the
runway too early éf late. Improved precision in flying the final
approach and deceleration on the runway will lead to recuctions in the

standard deviation or' runway occupancy time,
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Measures t6 improve the information flow may be directed at the.
pilot, the controller, or the flow of information between pilot snd con~
troller. The pilot requires information on aircraft position and speed
and deviation from optimal position and speed, as well as information on
ambient conditions and nearby traffiq. The lattgr information i{s needed
partly to,hglp the pilot determine the optimal position and speed, and
pirtlyAto_permit.the exarcise of ultimate responsibiiity for the safety
d the flight, This {information should be accurate, timely and
presented in as simple a manner as feasible. The controller requlrés
information on the aircraft status, intentions and capabilities. This
information should be provided in a manner that is compatible with the

controller's other tasks and that minimizes the need for voice communi-

cation with thé'éllot.

Pilot information

Pilot 1nform5tion‘innoVations could provide informatior. that is not
Eurrently available to the pilot (or i3 not avallable in a readily .
usable form), cduid provide existing information in a more accurate or
timely way, or could present inf&rmation in a simpler or more convenient

wanner., Iaformation innovations can be grouped according to pilot tasks

as foullows:

1. Maintain precision on final approach
a) Head-up displav
b) Coupled autopilot to touchdown (cat IIXa
abproach)
¢) MAVSTAR/INS approach aid
d) Improved VASI/approach lights
e) Improved ILS/MLS.
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2. ﬁeterhine gpproach speed and deceleration profile
4) Ground speed indicator
b) Cockpit display of traffic information
c) Ambient condition display (wind, runway
surface condition)
d) Improved exit location information.

3. ldentify exit and maintain deceleration profile
a) Aircraft runway guidance
b) Improved exit marking and lighting
c) Improved runway pavement marking.

4, Maintain safety margine during approach and landing
a) Head-up display
b) Cockpit display of traffic information

¢) Improved ambient condition information.

Support for the fourth task contributes indirectly to redicing run-

way occupancy time, since improvements in the ease or accuracy of maine

to reduce runway dqcupancy time, either by providing reassurance that
safety i{s not thereby compromised ar by reducing workload and thereby

releasing time for other tasks.

Runway deceleration profile guidance

In general, an aircraft will not touch down and then maintain maxe
imum deceleration until it rcaches an exit at exit spéed. although such
a deceleration profile would give the lowest poasible runway occupancy
time. Such a prorile ol course requires that an exit be located pre-
cisely at the point where exit =peed is reached, and that the pilot
realizes that maximum deceleration must be maintained in order to util-

{ze the exit, 1In ﬁ%actice {t i3 very unlikely that an aircraft would
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"taining ‘safety margins may lead pilots to make fuller use of other means
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follow such a profile, since even if the aircraft touched down at the
optimumn point, any reduction in deceleration by the pilot would cause
the aircraft to overshoot the exit. In general, the deceleration pro-
file can be characterized by a period of initial deceleration after
touchdown to assure a safe roll-out, followed by a period during which
the aircraft.decelerates slowly on the runway toward the exit selected
by the pilot, followed by a period of more rapid deceleration as the
aircraft approaches the exit. The 1nitial deceleration 1svusually per-~
formed with reverse thrust, while the final deceleration is usually per-
formed with the wheel brakes. It appears fairly common practice to
reduce the speed to about 60 knots with the reverse thrust, before

reducing power and using wheel brakes.

For any given touchdown point and spee&. the runway occupancy time
will be a minimum if the aireraft rolls at high speed to the,pqint at
which maximum feasible deceleration will reduce the speed to exit speed
Just as the'firéé achievable exit is reached. However, a pilot con-
cerned about overshooting the exit will tend to initiate the final
deceleration too early, and may maintain the initial deceleration after
t§uchdown for longer than is necessary to secure the landing. Both
aetioﬁs will 1n§rea$e runway occupancy time above the minimum achiev-
able. It is therefore desirable to provide the pilot with deceleration
guidance that indizates when to terminate the initial deceleration and
when to commenée:;he final deceleration to the exit. It may ' a1~o be
desirable to 1néic$te to the pilot which exit this deceleration profile

will utilize. The target profile to be followed should take account of

. . e e e - .
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such factors as:
® Alrcraft type and deceleration capability
® Aircreft weight o
e Wind strength and direction
® Runway surface condition.

If the position and speed of the aireraft is known at touchdoun.

together with the above factors, the required profile can be computed,

The profile must be displayed to the pilot. A digital display of

actual and target deceleration is cumbersome, and does not account for

deviations of thglaircraft from the target profile. A better method is

to provide a real-time moving target location. If the aircraft

decelerates too much, it will drop behind the target and the pilot can

- reduce " the decelération to catch up. If the aircraft does not

decelerate enough,'itvwill overtake the target and the pilot will have
to increase the déceleration to let the target catch up wiﬁh the air-
craft. This suggests that the ﬁaximwn target deceleration should be
somewhat less than the mgximum possible deceleration of the aircraft to

allow for deviations from the target profile.

One way to disclay the target location to the pilot would be to

utilize the rhnwéy centerline lights. If these lights were indepen-

dently controlled, they could be turned either on or off in sequence to
give the illusion of a moving 1light or gap in the lights. The pilot
would then decelerate in order to try to keep the aircraft nose a short
distance behin¢ the target. Even if the aircraft overtakes the target,

the pilot simply increases the deceleration until it appears again in
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front of the aircraft., The target exit could be {ndicated with flashing

taxiway centerline or edge lights, or with a low power strobe 1light

beside the exit.

The_computation of the decelerztion profile and the control of the
funway lights can be performed on a real-time basis using standard
micro-processcr technology. The position and speed of the aircfaft on
the runway could be determined by using pairs of infrared light beams
across the runway $§ wheel height at Suitable intervals.. A3 the beanms
are {inter.;upted by the aircrart wheeis. a3 signal can be sent to the
micro-processor. which can compute the aireraft Speed from the time
delay between the ;ignal from two adjacent beams, Alternatively it may
prove possible to -utilize an output from Airfield Surface Detection

Equipment radar or other special purpose radar. One disadvantage of

. using d. Scanning -radar is that speed must be computed from Successive

positions on consecutive 3cans, requiring a fairly high scan rate.
Small errors in 'poSition from successive retuﬁns may lead to large
eérrors in estimated Speed. Wing 3peed ana direction could be automati-
cally input from sSensors on the airfield. Ruaway surface condition
could be input from a control panel in the tower. The aircraft type and

weight could also be input from the tower, The micro-processor could be

and controller workload,

Several alternative approaches are available, including 3 Special

purpose transponder :on each aircraft that replies to a low power
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interrogating unit with the aircraft type and weight as the aircraft
crosses the threshold (this might require some data entry by the flight
crew during approach), output from the Automated Radar Terminal System
(ARTS) computer to give aircraft type, with aircraft weight inferred

from approach speed, or data from airline operations,

In the event th#t it becomes apparent that the aircraft is goi=ng to
overshoot the target exit or that the pilot is not follcwing the
deceleration profile, the micro-processor can provide a revised
deceleration profile to the next ;xit. The micro-processor could also
be programmed to monitor the deceleration performance of each aircraft

type and update.its data bank on deceleration capabilities.

Controller information

As'with.bilﬁﬁ information, controller info;m;tion measdres Eould
providu informatiéﬁ that is not currently or readily available to the
controller, could provide existing information in a more precise or
timely way, or could present information in a more convenient manne-.
The controller's problem is somewhat different from the pilot's, in that
the pilbt must mohitof a very large amount of diverse information cover-
ing all arnects of the operation of the aircraft, while the controller
is only concerned- about a small subset of this. The controller, on the
other hand, mustlgoordinate this information for several aircraft at
once, The contr;olier requires information on both the current and
expected future position of the aircraft, as well as the capabilities of

the aircraft and the intended destination on the airport. . Information
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measures may be grouﬁed according to controller tasks, as

1+ Maintain minimum safe separation between aircraft
a) Digital threshold headway/separation display
b) Aircraft airspeed limitations
¢) Automate departure release/go-around decisions.

2. Anticipate runway occupancy time
a) Aircraft speed and touchdown point
b) Aircraft acceleration/deceleration potential
¢) Pilot intentions.

3. Advise pilots of exit to use
a) Aircraft deceleration potential.

The mechanism'_for providing this information to the controller
deserves some consideration. In the case of the approach controller,
the information can be displayed directly on the radar screen, along
with the other ARTS alphanumeric data. In the case of the loeal con-
troller, the informgtion could be obtained from the BRITE display in

tower cab.

"Evaluation

The foregoing measures achieve a reduction in runway occupancy
improving the precision of the final approach, by reducing the buffer

required to allow for variation in the actual time hetween threshold and

'exit, or by operating closer to the optimum deceleration profile on the

runway. Analysis was performed assuming a 50% reduction in the stardard

-deviation of the height over threshold, and operation on an optimun

deceleration pr “ile based on a maximum deceleration of 6 ft/sec? and an

80 knot roll-out;




et

Benefits. This analysis gave a reduction in runway ohcupancy time
for a typical runway varying from 2 seconds for the improved approach

precision to about 15 seconds for the optimum deceleration profile. It

was assumed that the buffer between arrivals could be reduced by 5

seconds with improved controller information. These occupancy reduc-
tions give up to 7% correspoﬁding increase in runway capacity under typ-

ical conditions.

Costs. Cafifal requirements for_the necessary oircraft instrumen-
tation ond ground aids are likely to be moderate. Operating costs of
the new equipment gnd landing aids are also likely to be moderate.
Development of theﬁnew instrumentation and aids will require a signifi-

cant research, engineering and development program for a few years. The

implementation costs would be largely those assoc1ated with familiariz-,

ing pilots and controllers with the new procedures.

Impacts. It is likely that a moderate improvement in safety would
result from the better information. The impact on pilot workload is not
Clear, with some additional tasks and some simplification, depending on
the details of the iunovafions implemented. The net -change {is not
likely to be great. It should be possible to design the innovations so

that there would be no significant change.

Other considerations. Development of the new equipment and landin-

aids would require a moderate lead time for implementation. No compati-
bility problems are anticipated with the existing airecraft fleet. The
innovations can be easily introduced at existing airpo}ts, and ground-
based equipment cao:bo provided selectively at busy airports. The bene-

fits from improved aircraft instrumentation occur only at the busy
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airports while the costs are spread over all use of the aircraft, and
these benefits increase incrementally with the introduction of the
instrumentation into the fleet, giving low initial bénefits end slow
buildup. The full bdenefits from ground aid improvements occur 3t a

given airport as soon as the facilities are operational.

RUNWAY EXIT AND ENTRANCE DESIGN

Objective

In its most simplified form, the landing process may be character-
ized as a phase of dgceleration in the air from approach speed to touch-
down speed, folloued;by touchdown and deceleration to exit speed, then
taxiing on the runway to the first available exit. In actual practice,
the pilots frequegtly anticipate the exit 1location somewhat_ and
decelerate rapidly ts a speed higher than exit speed, taxi tb théir
chosen exit at 5 redﬁ;ed deceleration rate, then increase the decelera-
tion to reach exit speed as they aporoach the exit. This reduces runway
occupancy time, but still involves a period during which the aircraft is
essentially taxiing rather than decelerating, and hence occupying the
runway while not in'fact using it for the purpose of making the transi-

tion from flight to taxi speed.

In the take-off situation, the aircraft taxis onto the runway,
often from a stati&ngfy position holding clear of the runway, execufes a
sharp radius turn to line up with the runway, then power is applied and
the take-off roll commences. Frequently the engines are run up to full
pover before the ﬁ#a#es are released, either because of tunﬁay iehgth

constraints or for the crew to check the engine performance. During the
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maneuver into position and engine run up, the runway is occupied withou:

being used for the purpose of accelerating the aircraft to flying speed.

The above processes suggest three potential ways to reduce runway

occupancy time:

¢ Position exits to permit continuous deceleration to
exit speed, eliminating the time involved in taxiing
on the runvay.

® Design exits to permit higher exit speeds, reducing
the time spent decelerating on the runway.

¢ Design runway entrances to permit initial acceleration
tq.tgke rlace off the runvay and before runway occu-

pancy commences.

The ideal exit conflguratlon would provide a continuous exit over

[y

the full length of the runway (or at least over the central portion),

designed so that ‘aircraft can negotiste the exit at high speed with nax-

imum choice of exit path. Today, exits are located at-discrete inter-
vals and exit design speeds are limited by cost and otker considera-
tions. The objective of the improvements described in this section is
to attain some of fhe benefite of the continuous high-speed exit, while

still using discrete exits.

Exit design and location

The subject. of the design and 1location of exit taxivays has
teééived considerable attention over the yecars. Various nmethods have
been developed to determine the appropriate location, and standard
designs have évoi?ei. Much of the existing planning and design criteria

rely for their validity, however, on observations conducted in the past
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on a somewhat different aircraft fleet. As the aircraft fleet evolves,
the characteristics of the new airecraft may require changes in the

existing standards.

The following three changes represent areas where a revision of the

present standards may achieve reduced runway occupancy times:

® Revised criteria for the location of exit taxiways in
the liéht of aircraft fleet characteristics and exit
design,

© Establishment of adequate clearance criteria between
the runway and the circulation taxiway system to per-
mit an aireraft exiting at high speed to safely come
to a stop before reaching the circulation taxiwaye,

e Changes in the design of exits, fillets and taxiway
geometf9:énd grading to encourage higher exit Speed$ ‘
and the matching of exit radius to the aireraft types
using thbse exits, together with associated improve-
ments in exit marking and lighting.

Runway entrance design

The use of high-speed rﬁnway entrances has already been initiated
in the existing environment by some airlines which use the high-speed
exits in the reverse direction at certain airports, However, these
exits have not been designed for entrance traffic nor have they been
located in the optimum position from the standpoint of reducing depar-
ture runway occupancy time. Therefore, new criteria are required to

guide airport planners in providing such high-speed entrances.

Evaluation

The foregoing improvements represent complementary ways of achiev-

ing direct reductions in rus, 3y occupancy time. Analysis of a typical

Ly
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runway configuration and aircraft performance was undertaken to deter-
mine the effect of relocating exits to the optimum point for a 40 knot
exit speed, the use of 60 knot and 80 knot exit speeds, and the use of a

continuous exit with an 80 knot exit speed.

Benefits, Relocaﬁing exits appears to give runway occupancy reduc-
tions of up to 9 seconds. Use of increased exit speeds could reduce
runway occupancy by 17 to 24 seconds, while the use of a continuous exit
could result in up to 30 seconds reduction. “hese reductions in runway
occupancy give a corresponding increase in runway capacity of up to 8%
at a typical airpoft with typlical aircraft mix. There may be some addi-
tional benefit from the recuction in aireraft operating costs through

reduced braking and power use,

Costs. Capita}_requirements consisﬁ of new construction at major
airports, and are iikeiy to be quite moderate. Operating costs are low,
consisting only of the incremental maintenance. Research and develop-
ment will be required to develop and validate the new design criteria.
The costs of implgﬁentation will be low, involving the promulgation of

advisory materials.

Impacts. There may be a small improvement in safety as a result of
more efficient runway operations, and a possible slight 1mprovemgnt in

passenger comfort as a result of better aircraft handling on the runway.

~

Other considerations. Moderate lead time would be required to

develop new critef;a, with relatively small R&D costs. Funding pro-
cedures for majof ‘éifport development are already well established,

while méjbr costs- need only be incurred at those airports where
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significant benefits occur. There appear to be no compatibility prob-

-
5

.’h H

lems with the existing aircraft fleet, although potential difficulties f?J '
e
may arise in applying criteria at some existing airports, The full 25;
t
benefit; occur at a particular airport as soon as the new criteria are Cuh
ce ¥
implemented. =
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The airfield contains pavement for runways, taxiways, and aircraft '? }
parking; and spaces between the pavement. Most of the pavement is occu- _ %;%

pied for relatively short intervals which are generally followed by } lt L i{% A

longer 1ntervals of disuse. The spaces between the pavement are gen- ;4} :

erally unused, except in emergency. The relatively low utilization of . éﬁ?iA
the airfield is due to -airfield design and operating sféndards which | T 3;;
reflect accumulated ‘experience and safeiy concerns, é;@
. | '32
The objective of this package of innovations is to obtain airfield ;Q
lcapacity increaées (a) by obtaining increased use of the existing air- .;f
field pavement, and (b) providing additional pavement in part of the . i:
empty space on the airfield. Certain Engineering and Development Pro- ??
gram products are required to obtain the greatest capacity increases. wé;
This package of.innovations deals with the issue of runway occu- : ft'
pancy time by makins'available additional time "slots" on the airfield ‘ '{;_
for aircraft to land and take off. The slots are dedicated times for : I%;
(sections of airfield pavement, and are provided either by better utiliz- _i
ing existing paveménﬁ or on new pavement. This package of innovations ' 1;3

does not depend on changes in aircraft performance or other means of ;

reducing runway occupancy time, but can provide additisnal benefits if ;/y
7
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such reductions are available. .

Increased Use of Existing Pavement,

Gains in airfield capacity can be nbtained from increased us? of

taxiways and runways.

At nmost large airports, taxiways are constructed pafqllel to the
runways to faciliiéie'aircraft flow. In many cases, these taxiways can
be used as runways for certain classes of aireraft, normally small air-
craft of 12,500 1lbs or less, Removal of these small aircraft from the
runways permits 1n6reased use of the runways by large aircraft. For
example, a small aircraft will normally take some 20 or 30 seconds of
runway occupancy time. Diversion of this aireraft to a taxiway opens up

a funﬁay slot for use byllarge aireraft arrivals or departures.’

Several factors'may constrain use of taxiways as runways. For
example, the lateral separation between the taxiway and runway may not
meet current minimum requirements for independent operation. 1In this

situation, dependent operations can be used with advantage,

In addition, the navigation and air traffic control systems may not
have sufficient resolution to permit full use of the taxiway as a runway
in instrument meteorological conditions (IMC). Pending gains in resolu-
tion that may result frdm the FAA Engineering and Development Program,
two means of use of the taxiway are available, First, small aircraft
that can fly below cloud cover (for example in weather with 900 feet
ceiling and 3 milevaisibility) could conduct an approach by visual
reference. Secondly, the runway can still be used to alternate arrivals

and departures that are synchronized with main runway operations.

A n e . A e e
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‘or displaced departure

Use of taxiways - as runways 1is currently restricted to daytime

operation, and is often further restricted by requirements to use the

taxiway for aircraft circulation between the runways and the atrcraft

parking area. Each of these constraints can be alleviated by implemen-

tation of Dynamic Airfield Seccorization and Lighting (DASL). ~he taxi-

way would be fltted with appropriate taxiway, runway, and approach

lights that can be controlled dynamic2lly in the control tower. The

lighting could be used both in night-time and day~time to give clear

guidance to traffic that the pavement is currently functioning as a run.

way or as a2 taxiway,

The DASL concept can also be used to assist large aircraxt to leave

the runway at higher Speeas. High speed exits at many major airports

are not used 3t design speed because there 1is {nsufficient distanee

avallable for. the'- aircrart to decelerate on the exit to taxiing Speed

and stop if necessary before contacting ground control and enterlng -the

taxiwvay system. Designation of part of ‘he taxiway system as a portion

of the runway under the Jurisdiction of lo.:al (tower) control would pro-

vide the deceleration areas needed to allow aircraft to exit at design

Spced. DASL would provide the clear guidance needed to aircraft ard

controllers that the area was reserved for exiting aireraft, wWhen not

requir~d for an exiting aircraft, the designated area could be ret- aed

to ground con

trol and the lighting system switched to taxiway lighting,

Use of displaced thresholds for arrivals and intersection take-offs

points for departures also offer the potential

for capacity gains. A displaced threshold requires aircraft to remain
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airborne over the runwuy until the threshold is crossed. The threshold
cduld be loéated to minimize arrival runway occupancy time by previding
the optimal distance betwsen the threshold and existing exits. In addi-
tion, the arrival also travels more quickly to a distance down the run-
Qay that would permit departures to enter the runvay and commence take-
off roll from the departure end of the runway. (Tais concept’ would

require a rule change for large aircraft.)

Intersectiﬁd fake-offs provide s;milar opportunities for capacity
gains. With a2 intersection take-off, a following arrival can cross the
landing threshold at an earlier time than would be possible for a depar-
ture from the rﬁnway end. (The 2-mile IFR departure/arrival rule ani
the "6000 feet and airborne" departure runway occupancy rule are satis-

fied more readily). While not a necessary condition for satisfactory

. ofefatibn of displaced'thresholds and intersection take-offs, use of a

DASL system to dynamiecally adjust take-off and landing points could pro-

vide additional benefits.

In IMC, full advantage is not taken of all runways at most air-
ports. If the separstion Setveen parallel runways is less than speci-
fied standards, then the two runways cannot be used independently. 1In
addition, independent instrument agproaches to converging runways‘are
not currently permitted because of concerns about simultapeous nissed
approaches. Theseiéonstraints on the use of the terminal area airspace
put extra pressures on the runways that are available for use. Products
of the TFAA Engineering and Development Program have the potential for

alleviating these-qbnstraints and obtainine fuller utilizationvof the

existing rurways. -?or exanple, the additional accurscy and reliability
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¢f the Microwave Landing System (MIS) offer the potential for reducing

the required separation between parallel runways for certain classes of

aircraft and for providing precision departure guidance for simultaneous

miased approaches.

Addition of New Pavement

Gains in airfield capacity can alss be obtained from provision of
additional pavement for runwuys and taxiways. This additional pavement
can be used in accordance with the concepts described above for existing

pavenent.

Many aitporté.ﬁave available space for the development of addi-
tional runways. Environmental pressures from surrounding communities
(and the Qifficglt'institutional process for approval of'runwayAcon-
struction) have restricted airfield development at these airpofts.
Close parallel.and éhort runways present opportunitieé for development
cf new runways with the least environmental, land use, and economic

impact.

Additional exits and entrances for existing runways offer another
means for reducing runway occupancy time. Locations and geometric lay-
out should be tailored to site specifics to obtain the maximum benefit.
Continuous exits and other exit layouts are discussed further in the

Section on Runway Bxit and Entrance Design.

As noted in the discussion above concerning aircraft deceleration
on the exit taxiway, .reductions in runway occupancy time can be obtained
by using higher éiit'speeds and permitting deceleration off the runway.

Even with designétion of some taxiways %o local control,'the existing
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exit and taxiway geometry may not be adequate for higher exit speeds.
New taxiway fillets, extra lengths of taxiway, and exit geometry modifi-

cations could permit the required higher speeds.

Use of some parallel taxiways as runways may increase the potential

for congestion -on the taxiway system. Additional circulation taxiways
may facilitate the use of existing taxiways as runways by providing

efficient connecﬁions between runways and taxiways that avoid the new

taxiway-runway.
Evaluation

High density airfield operation provides the potential for higher

airfield capacity both by allowing aircraft to exit from runways in less

~ time and by providiug more slots for landings and takeoffs on additional

runways,

Benefits, Improvements in exit geometry and utilization could
reduce runway occupancy time by 20 to 30 seconds, thereby increasing IFR
airfield capacity by up to 25 percent with today's ATC systen. Addi-

tional runways could double airfield capacity if located and operated

effestively.

Costs, Capital costs for new pavement, airfield lighting equip-

ment, and new hayigation and landing aids are likely to be substantial
and require a major research and development program. Operating costs
are moderate and consist primarily of facility and equipment mainte-

nance, Implementation costs will include pilot and controller training

and famil!- ~fzation with the new procedures.
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lapacts, Although the existing facilities are subject to more
intense use than before with these innovaticns, they have been conceived

so that there is no significant chénge in the level of safety, or in

controller or pilot workload. The increzaed gctivity may lead to a

.

potential adverse noise impact on the airport environs.

Other considerations, The increase in the utilization of the air-
field may lead to,b6§sible problems with taxiway congestion. Additional
airspace may be needed around the airpsrt. There may be potential local
comnunity opposition to additional pavement due to concerns over air-

craft noise and the consequences of airport growth.

INTEGRATED LANDING MANAGEMENT

The underlyiné.boncépt behind this péckage of innovations is that
the operation of the finul approach and runway should be considered in
concert, and should be viewed in a four dimensional perspective. Air-
craft on approach for a landing may be separated by a distance separa-
tion; but more importantly, they should follow a prescribed path in time
and space so as Lo maintain a specific headway over the threshold. This
headway would be matched by the tine required for runway occupancy,
whether for tﬁe pregeding landing, or hhat'landing plus an intermediate
take-off. This headuayb i3 to be achieved provided that certain safety
requirements are met along the final approach path. These requirements
are currently expressed as separation (distance) but might just as well
be specified in heédway (time interval) terms. There appears no reason

to believe that 'adequate safety cannot be achleved through time
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scparation with as much confidence as through distance separation.
Iige veraug distance separation

It is essential for the operational wodifications that would be
necessary to implement a four dimensional system in which headways and
runway occupancy times can be matched, that aircraft separation on a
time basis be accepted. To support this, a thorough analysis of the
safsty implications and perceptions should be conducted. An operational
investigation should also be made to determine what are the necessary

procedural steps to achieve this change, assuming that the needed techn-

ical innovations aré available.

Consider two cases, in the first of which aircraft are on a common
approach path‘sepabated by 3 nautical miles and flying at 180 knots,'and
in the second of which aircraft are separated by 2 nautical miles but
flying at 126 knots; In both cases, the headway between aircraft is 60
seconds. Assuming a distance variability according to a normal distri-
bution with zero wmean and 1 nautical mile standard deviation for both
cases, the collision risk at different distances along a 9 nautical mile
common approach path ecan be calculated. Assuming no action by pllots or
controllers to correct the separation alon; the 9 mile common path, it
can be shown that Fhe instantaneous collision risk at a given point is
not substantially different in either case. The 3 nautical mile separa-
tion is not necessarily safer than the 2 nautical mile separation if

airecraft are flying at the higher speed.

Another asbeébvbf headway separation is the wake vortex problem.

In the absence of wind, it can be said that the vortex will not move
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horizonbaily in any particular direction but will dissipate gradually in
place. If this is the case, then it would again follow that a time
separation is appropriate for mitigating the risk of vortex turbulence
problems, since it is time that is néeded for thé vortex to dissipate
and not distance. Further investigation of the times required for vor-
tex effect dissipat:on would be a necessary requirement for the imple-

mentation of headway separation procedures.

Integrated Landine Management

The soncept of Integrated Landing Management emerges as a major
procedural chanée'ln the way runway systems are operated. The implica-
) tions of this concept go beyond runway occupancy time, but what is of
direct concern to this 3hud§ is that Integrated Landing Management may
1n'f§ct Se‘a préﬁeqhtéife fof realizing the full-éains f;§m reductions
in runway occupanc? times. The implemenbaﬁibn of Integrated Landing
Managem;nb (ILM) is essentially a procedural innovation, but it requires
. a number of teéhnical innovations. Some 6f these innovations have been

identified elsewhere in this study.

The basic requirement is that for any given runway, and for a given
set of environmental conditions prevailing at any moment, an automated
system is used to cglculate the anticipated runway occupancy time for
landing aircraft, _This calculation will be based on the available exit
locations and designs, and on the capabilities of the aircraft. On the
basis of calculated runway occupancy times, the appropriate headway and
approach speed.beeren landing aircraft can be determined. The stream

of landing aircraft is then controlled in such a way as to achieve these
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operating conditions as closely as possible. The intent of ILM is to:

e Determine the minimum runway occupancy time possible

under a given set of conditions.

© Determine the appropriate headways consistent with the
runway occupancy time in orderto maximize the utiliza-

tion of the runway.

° Exeréi#e the control necessary to achieve the operat-
ing parameters thus determined. This control can be
exercised provided that pre-specified safety separa-
ticn standards are not violated. These standards
could be in the form of distance or time, and wouid
include the necessary buffers usually provided in
order to allow for random fluctuations.

In order to develop the capabilities of ILM, the folloy.“g systen

requirements are identified:

Automated Headway Disnlav (AHD): The wain premise of the concept of

Integrated Landing Management i3 that flight safety rules might be
specified in headway terms. Maintaining a planned headway between air-
craft at the threshold follows from the attempt to match these headways
with the required runway occupancy times in order to optimize the utili-
zation of the runway. The capability to automatically display the head-
way between pairsiof aircraft both on airborne instrumentation and in
the air traffic contrél positions would greatly enhance the ability of
pilots and controllers to maintain planned headways. It would signifi-
cantly increase controller workload to implement praffic control rules

on the basis of heédways without a headway display technology.

The basic version of AHD wo-ld consist of a display of the headway
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between every aircraft on the final approach and the preceding aircraft.
After the preceding aircraft crosses the threshold, the display would
show the time to the threshold. Additional information could be butllt
into an upgraded AHD in which both the actual, and an ILM-generated tar-
get headway are both displayed. This may further reduce pilot and con-
troller workload in implemenbing Integrated Landing Management. Speed

control can be exercised considerably more easily with the upgraded AHD.

Real-time Aircraft Profile Genmerator (RAPG); This system would

develop the capability for online computation of the path to be followed
by each aircraft in the stream. The general scheme for doing this could
follow a procedu;é such as shown in Figure 4.5. Starting with a given
runway and its set of exits, the appropriate exit speed is determined.
For a given-aireraft in the stream a calculation will then be performed
to determine simu;baneously the approach speed and the deceleration pro-
file that would> reéulb in the minimum service time including runway
occupancy and headway. If this profile is feasible, then‘the aircraft
trajectory is defined and its location (in time and space) within the
approach stream 15 dgcided. If it is not feasible, then the next exit
is selected, and the process repeated. This procedure will be done
automatically for all aircraft in advance of their entry into the final
approaéh; s0 a#lfo minimize the néed to chinge aircraft trajectories

after that poinﬁ;-

The possibilities for optimization with this system can be signifi-
cant and the potential gains in capacity, and reductions in runway occu-

pancy time, Jusbify_bhe necessary further research.
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NEXT
EXIT LOCATION |t EXIT
EXIT SPEED
APPROACH
SPEED ’@
' SELECT
e
DECELERATION
DISTANCE TO
EXIT SPEED D
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MODIFY AIRCRAFT
DECELERATION j===——no TRAJECTORY
PROFILE & RO.T

FIG. 4.9 Real-time Aircraft Profile Generation Logic.
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fvaluation. In order to obtain a preliminary assessment of the
potential béneflts that can be achieved with Integrated Landing Manage-
ment, two cases are investigated. In the first case, the determination
of appropriate headways between landing aircraft in order to mateh run-
way occupancy times 1mpiies that separations of less than 3nm may occur

in some cases. In the second case, no separations are less than 3nm.

Case 1: In this case we postulate a stream of landing aircraft that
have a minimum approach air speed of 125 knots, and an exit speed of 40
knots. This stream zould be of DC-9 or B-737 type aireraft. The rela-
tionship between{apbroach speed and runway occupancy time to 40 knot
exit speed is given by Figure 4.1(, based on a simple computer simula-

tion. In order to assess the potential benefits from ILM we postulate a

baseline ooerating sibuation vwhere the aircraft are approachlng at 130

Knots, separated py 3 nautical miles. We postulate no wind so that
airspeed and gr&und speed may be used interchungeably. 1In a landings-
only situation, the headway betwaen the aircract will be 33 seconds and
the hourly capacity of a runway would be 43 landings. If we were to
compute the appropriate headways between aircraft in such a way as to
match runway occupancy times, as was demonstrated in Figures 2.5 and

2.6, and as would be done under ILM, -then the results given in Table 4,2

would be obtained. .

In Table 4.2 the headway {s chosen to match the runway occupancy
time at the approach speed indizated. This runway occupancy time con-
sists of the time from the threshold to the exit spéed of 40 kno;s'plus
10 seconds for exit:maneuvering. It can be seen from the table that it

would be desirablé in this case to increase approach soeeds, as much as
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FIG., 4.10 Effect of Approach Groundspeed on Runway Occupancy

' Time under Typical Conditions.
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Table 4.2 ' 7
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Effect of Approach Separation on Runway Capacity with ILM A - ol 3
Landings Only SR ?i

_/'f,

Separation Approach Speed Headway Capacity { + ;;I
(nm) (knots) (sec) (a/c per hour) cEed
2.5 146 61 59 o . f
2 132 53 ' 63 ) ot
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Effect of Aoproach Separation on Runway Capacity with ILM . §
Mixed Operations . - 4;

-t 3

3

Separation- . Approach. . Occupancy Headway - - ‘Capacity : Ce 3
' Speed Time : 2
(nm) (knots) (sec) (sec) (a/c per hour) !
— ; !

4 137 56 106 63 i)
3.5 124 51 101 71 5
3 112 46 96 75 i
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practicable, in order to achieve higher capacities. The capacity gains

will be of the order of 26% at 3 nautical mile se. ration; 37% with a

.2;5 nautical mile separation, and 58% with a 2 nautical mile separation.

These benefits can only be gained if the indicated approach speeds were
feasible. Wnile it is unlikely that 163 knots is a practical operating
speed over the tbreshold, the inference is that any iﬁcreasg in s=need is
likely to resulb'iﬁAbenefits.‘ These benefits are achievable with ILM
without any of the innovacions that could reduce runway occupancy tiue

for any given approach speed.

Case 2 In the second case we ‘maintain the same aircraft mix, but

we postulate a mixed operation with a departure interleafed between

-every pair of arrivals.. The baseline for this case is assumed to be a

landing stream with an approach speed of 125 knots, and a separaﬁion of
4 nautical miles. Thts gives a headway of 115 seconds between iandings,
and a mixed operations capacity of 63 operétions per hour. Under ILM we
can postulate reduced separations and seek to match the headways between
landing aircraft with the runway occupancy times of a landing and take-
off. The runway occupancy time for a.take-off is'assuﬁed fixed at 50
seconds and the landing occupancy t}me is computed as in the previous
case: time to 40 knqts plus an additional 10 seconds for maneuvering.
The resulting headwéys»and capacities obtainable with ILM are given in
Table 4.3. We can see that ILM will not necessarily resu't in an

increase in approach speed. 1Indeed, a capacity increase of 1¢% can be

achieved by reducing approach speeds to 11¢ knots, an rairncainiug a

landing separation of 3 nautical miles for mixed operations. Smalisr
reduction in separation (to 3.5 n.m.) together with zssentially no

change in speed (124 knots) will yisld a 13% increase in 2apacity. An
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increase in speed with the baseline aopsfation of 4 nautical miles will

yiold a capacity increase of 8%,

These two cases demonstrete that considerable capicity improvement
benefits can be achieved by implementing an ILM system. The exact mag-
nitudes of these benefite cannot be determined without detailed
analysis. However, it is likely that at least 10% increases in qabacity
are possidle without drastic changes in procedures, and that with full

implementation of an ILM program, the benaefits could be much greater.

This analysis shows that the advantages of ILM do not neceasarily

stem from a reduction in runway occupancy time. Indeed..in a situation
vhere the approach speed is increased, occupancy time is also increased.
The importané tﬁiné is the matching of occupancy times and approach
headways. The potential benefits from runway occupancy time reducticns

can then be fully achieved..

Costs. Capitaivcosts for acquisition of the necessary associated
computer ejuipment wili be moderate and operating ccats 1limited o
maintepance of the equipment. A substantial research, engineering énd
developzent program will be required to develop the details of the sys-
tenm. Implementatién involves significant changes to “?C rules and pro=-
cedures, with the associated costs of consultation. testing, approval,

familiarization ard- training.

Inpacts. Théré_ is no evidence to suggest any adverse safety
impacts from the procedural changes. There is the possibility of sonme
increase in pilot and controller workload as the requirements of the

syrtem become more clearly defined.

=5
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Other considerations. A major procedural change such as ILM mey

require a long lea& time for implementation. There are no compatidility
problens with the existing aircraft fleet since all the equipment is
ground-based. The procedural changes could be made relatively “tran-
sparert” to the pilots, so they would not need to lmow vhether ILY was

in farce at a particular airport. The costs need only be incurred at

those airports where the benefits would justify implementation, and the

full benefits would be obtained immediately upon implementation.

PROMISING INTOVATIONS

Although the six packages identified in the previsus section all

appear to giye significant benefits in reducing the constrazint of runway -

occupancy on cal;a.city, they clearly involve very different levels of
cost and other impacts as well as raising very different implementation
guestions. The aevelopment of the necessary equipment and procedures
would also require different amounts of lnad “...e. Thus, some of thev
innovations may'.i)e considered to be long-term measvres, vhiie others
offer the opportunity to obtain runway occupancy improvements in the

shorter term.

Short-term measures.

Short-tgm measures are considered to be those that could be imple-
mented within the_ existing airficid geometry anc vith the existing air-
craft fleet, Avi,t‘hout reouiring major changes to existing procedures
either for air traffic control or aircraft operation. For reasonsably

rhpid deployment of new technology associated with these measures, -the

capital costs invoived should preferably be able to be met by existing '

..
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programs, such as the Airport Dovelopment Aid Program or the FAA's

Ergineering and Develoment Program. A number of innovatioas within the

' packages appear to offer significant benefifa in relation to the

Tesources required for their implementation.,

Improved pilot and controller information. Several equipment

developments could offer subutantial assistance to pilots and controll-

ers; particularly
) A;rcraft duceleration profile guidance (ADPG)
° Autoeated headway display system (AHDS)
¢ Aircraft ruovay performance prediction (rPP)

¢ Automated departure release and go-around edvisory
system (AUTOGOAD).

The ADPG consists of micro-processor and airfield lighting -awitch-

ing technology which could be developed relatively quickly, and imple-

mented on a progressive basis at critical airports. It is not even
necessary that pilots understand the’ systen (although it is almost
sel f-educating) since if they ignore 1it, the resulting runway perfor-
mance is no worse than before. The automatic data links between the
aircraft and the system (using transponders, DABS, etc.) could

be implemented as a later vefinement, as airlines or the FAA feel it
Justified, to reduce rilot or conteoller vorkload. It would not matter
if only some of the fleet voere equipped with the special transponders,
since those aircraft would gain the benefit of the reduced workload, and

the cther aircraft would be unaffected.

The AHDS and RPP are software developments “hat could Ve
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incorporated into the ARTS software, wit# control tower display monitors
to assist the local controllers. The sutomated departure release and
go-around advisory system could be based on a dedicated nicro-processor
with readout in the tow;r cab, receiving real-time input from the ARTS

computer and ASDE radar.

Bunway exit and entrance deaign, The modification of runway exit

and entrance taxiways represents a class of measures that could be
implemented on a highly airport-specific basis, where the existing air-
field geometry permits and where justified by the e*pectcd benefits.
The necessary construction costs should be well within the capital works
budget of a major airport authority and are likely to be eligible under
Federal airport‘éfd programs. However, airport planners will require
design guldance beyond that currently provided by the FAA Advisory Cir-

culars and existing airport planning literature. This guidance should

address
e Exit téxiuay location
@ High-speed exit and taxiway geometry
e High-speed runway entrance taxiways.
Exit taxiway 1location criteria contained in the existing FAA
Advisory Qirgular; db not reflect phe varying performance and opera-

tional characteristics of the particular aircraft fleet using a specific

airport. Further. research is required to better specify these cfiteria

in situation-specific terms and to develop the appropriate design aids.

There is ample evidence tha: “he present air carrier fleet are not

using the exisblhg"high-speed *<its in the manner intended in their
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design, while experience in Japan with a substantially modified design
indicates that hlgh—sbeed sxits will be used if properly designed and
located. There have also been recent empirical tests in the United
States of alternative exit geometry. The results of these tests and
this experience needs to be ccnsolidated in the form of specific dssign

criteria and appropriate design aids.

There are currently no design criteria for high~speed runway
entrance taxiways. A program of research is required to develop the
necessary design guldance to permit airport planners to determine where

such entrance taxiways might be beneficial and how to design then,

Although all three measures noted above require further ressarch
before they can ﬁé iﬁplemented, this does not necessarily imply a long
lead time before the first implementation. Not 2ll airperts will be in
a position to commence construction at once, or find it necesaary to.
Preliminary research-to establish tentative criteria for the first pro-
Jects could be compiebed 1% under a year. The important peint {s that
the research be ongoing, and include adequate funds to monitor the per-
fornance of the new projects 3o that the design criteria can be refined

and improved with experienée.

£ilot and aiplipe motjivation, The present system of pricing the
use of thre scarce runway resource in times of congestion provides little
incentive for pilots ‘to strive to roduce runway occupancy, or for air-

lines to establish procedures to encourage their pilots to do so. The

" local control request "Exit at first opportunity, company traffic on

short finals" 1is known to encourage an ecarly exit--the pilot is well

aware of the cost to the airline of a missed approach. The
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formalization of these economic incentives could lead to a much more

efficient utilization of the runway capacity.

Since dufing periods of heavy traffic, available runway time is the
scarce resource, objectives of economic efficiency and maximum utiliza-
tion will both be served by charging airlines for the time they occuoy
the runway. Such econoaic 1nceﬁbivea will encourage airlines to develop
operating procedures for early exit and prompt departure. Alirlines
operating smallerfaircrafh can take advantage of Lhe shprter take-off

and landing distancés by making intersection take-offs and moving the

touch-down point closer to the exit. These airl;—:as will bes encouraged

to press for special-purpose runways and perhaps differential approach

paths and threshold positions.

e e eae

i

i It i{s to be anticipated that many airlines may oppose such a radi-
}G cal change in pbicidg-airport services, out of conservatism or because
gi . they receive a h1d§cn subsidy by the present system. However, inmproved
g runway utilization ultimately benefits all users of the runway system by
%3 reducing delay costs, or permitting addiﬁional operations that would be
3 denied by an arbitrary al;ocation of runway "slots". It is therefore
i. r necessary to perform a more detailed assessment of the benefits to be
é derived from such a pricing system in comparison to the hidden costs of

the present system, 80 that implementation discussions with airlines and

4

pilot groups can proceed on the basis of an evaluation of the facts as

they appear Lo the various parties.

Longer-tarn measuces

=y

In the longer term, major improvements could be implemented in the
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aircraft fleet, in the procedures used to manage the flow of traffic
through the final approach airspace and onto the runway, and in the air-
port configuration. These improvements have much longer lead times than

thoss discussed in the previous section because they require substantial

|

development of new technology, major changes in operating procedures
that would require the agreement of different sectors of the industry
and the retraining of oilots and controllers, or gradual replacement of
the current generation of aircraft due to normal fleet turnover. How-
ever, the correspondingly greater potential benefits Justify a closer
examination of these options and the initiation of the necessary long-
term research and development where the initfal promise is borne out by

a more detailed assessment.

4 Immd_amnr:.naul_aimzam_mnnmﬂ., The  development of

- improved technology targeted at the growing market for specizlized
short-haul aircraft could significantly {mprove their runway occupancy
3 characteristtcs.’.Thts would not only reduce the impact of increasing

numbers of small aireraft on the conventional aircraft using the runway,

but would increase their ability to utilize special-purpose runways,

such as modified taxiways and portions of intersecting runways. Among

3
the various improvements that could be considered, the most promising in
terms of the anticipated benefits and the likely implementation require=-
s ments appear to be
o Enhanced deceleration and acceleration
} ,;:
- © Enhanced exit turn capability.
h
3
Enhanced deceleration can be achieved through {mproved braking, an
increase in the .available reverse thrust, and an increass in deployable
R
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aerodynamic crag. Improved acceleration could be achieved through a

higher thrust-to-weight ratio (which would also improve the available

Ve e

reverse thrust), or ﬁhe acceleration time could be reduced by increasing

the 1ift coefficient to reduce the lift-off speed.

Enhanced exit turn capability would require improved steering and
landing gear (which might also be reqﬁired to permit improved braking),
while control stability problems could be addressed with acbive:integra-

tion of aerodynamic, steering, and power controls.

Integraled landing managemept, Maximum runway capacity under any .-. "

t
§ prevailing sat of aircraft performance characteristics will be achieved

when the aircraft speed and spacing on final approach are balanced so

¢ that the headway across the threshold is equal to the runway occupancy

sa
g

of the preceding aéﬁival and any intervening departures. Achievingvthia
balance will require a major change in approach control procedures and -

‘the development of .the necessary display and monitoring equipment so C L

aa
i

that the controllers have the necessary information to advise pilots of

the speed to maintain on final approach. Wnile such a control strabegy

can be applied on a first-come first-served basls, further capacité

ah
I

gains nmight be achievable with optimization of aircraft sequencing.
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Further research is needed to develop the analytical tools to

assess how the benefits vary with the aircraft mix and prevailing condi-

LY

tions and to establish the specifications for the necessary control

equipaent.

e

AR High density airfield operation. Various measures are possible to

i{norease the utilization of existing airport geometry. These measures
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: t include better control equipment to achieve multiple use of existing or
i g _ .
new pavement and the addition of new pavement in parts of the airfield

not acurrently being fully utilized. Among the more prozising measures

r are
o Use of taxiways as runways
¢ Dynamic airfield sectorization
Y .
: © Construction of close parallel or short runways.
Use of conventional air carrier taxiways as runways for smaller
y aircraft has already been 1mplement¢d at some airports, as has the use
of part of conventional intarsacting runways for intersection take-offs
k
’ or stop-short operations. Further research is needed to identify other
¥ potential appliﬁations of these ideas, and to establish evaluaticn cri- :

teria to assess particular proposals.

An increase 'in the number of operations w#ithin a given area will
put heavier demanés on the air traffic control system, and consideratioun
shouid be given Eo better ways to assess the safety implications of a
changed operating environment and to tﬁe development of better control
tools. Dynamic airfield sectorization, using airfield lighting that can
change color in order to clearly mark the current function of a particu-

lar stretch of pavement, could permit a real-time modification of the

s

airfield geometry to respond to chgnginq traffic needs.
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3 Thus far the innovation packages have been analyzed as ccherent,

P A AR LT

yéh independent, strategies to reduce the constraint of runway occupancy

on capacity. Just as the indiv‘dual innovations were combined into
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el packages, 3o the innovations in separate packages could be ccabined into

a coherent progranm.

Several of the packages have strong interactions. Changing the

1 ¢

N operating characteristics of short-haul aireraft will change the
> requirement for runway exit design or alter the benefits and impacts of
g high density airfield operation. However, it should also be realized
;: ¥ that while some measuress are mutually supportive and may enhance the
% ' benefits to be derived from each, such as improved pilot and controller
j‘ information and integrated landing management, in general as runway
; T occupanéy is reduced, the costs of further reduction will increase.
ﬁ Therefore the implementation process should be viewed as a program, in
f ) which measures are combined as appropriate to achieve desired improve-
fj 1 ments,

g This in burn implies that any further research should be puraued in
1 hhe ccntext of auch a program, after particular innovations have been
3 )

’} selected for furtner development. This selection process might require
i more detailed analysis than has been possible within the constraints of
i this study.
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S. CONCLUSION

The previous chapters have identified a large number of individual
innovations that, separately or in combinatién, can contribute to an

increase in runway capacity by modifying aircraft runway occupancy

characteristics; These 1nndvations have been subjected to a preliminary .

evaluation and then grouped into a set of coherent packages for further

analysis. Thisﬁchapter dccuments the findings that result from that'u

analysis and identifies the additional research that must be performed

in order to explore the feasibility of implementing particular measures.

STUDY FINDINGS

Although this study has concentrated on measures to change aircraft

_runway occupancy’ characteristics, it has done so in the context of the

wider issue of measures to increase runway capacity. In the course of
the research it became clear that there are at least four different

strategies to increase runway capacity, and that they interact:

1. Improve the air traffic control system to give closer
spacing on the approach path; and hence shorter head-
ways over the threshold, without changing aircraft
operating characteristics.

2. Implement measures to reduce or eliminate speed or
spacing differentials on approach, by using, for exam-
ple, multiple approach paths with microwave landing

syatems (MIS) or wake vortex alleviation or avoidance..

3. Reduce runway occupancy times, either directly or by
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permitting multiple occupancy.

4. Providing additional runways within the existing air-
field configuration and increasing the number of

- approach streans.

The fourth strategy is closely related to the third, in that such

‘measures as close parallel runways, use of taxiways as runways for small

airc:aft, and use of non-intersecting runvays are special cases of mul-
tiple occupancy of the runway system. However, Lecause of the very
strict definition of "runway” in current ATC practice, it may make sense
to congider these & separate strategy. It is clear that to fully imple-
mﬁnt this fourth strategy, improvements in the ATC system are required

to permit aircraft streams to operate in such close proximity.

The interaction between the Tirst three strategies is illustrated

in Figure 5.1, which shows the effect of changing arrival runvay occu-

" pancy time on rﬁhuéy~capacity under specified conditions: It is clear

from the figure that with mixed arrivals and departures under current

conditione, with today's ATC sys“em sand avarage runway occupancy times .

of the order of 50 seconds, neither chahging spacing and speed differen-
tials to create a homogengous mix (aircraft all behave like B-7273) nor
changing the runway occupancy gives much benefit. Improving the ATC
system to reduce approach spacing ty one mile for each aircraft class
gives approximately a 20 percent increase in capacity. However, if the
average runway occupancy time is also reduced to 30 seconds, the bsnefit
from improving the ATC system increeses to a 2. percent improvement in
capacity, while changing speed and spacing differentials can produce up

to a 20 percent improvement in capacity. If all three strategies are
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iuplemented together, the improvement could be as great es a 45 percent

increase in capacity.

Therefore>it is a coambination of the strategies that gives the
highest beanefit., The first three strategies together give over twice
the capacity improvezent of any one strategy considered alone and nearly
twice the improvement of the best two sﬁratcgies combined. The second
stratégy. on which a gre#t deal of research effort ras been éxp?ndcd in
recent years, appears to be almos> worthless in tcday's ATC environment

without the results of the third.

It also became apparent in the course of th: study that the
interaction bgtween approach speed, aircraft spacing on approach, and
the headwa; bétﬁéén aircraft arrivals at the threshold is extremely
important. Runway capacity is the inverse of the average headway

between alfreraft.using the runway, therefore reducing the headway will

increase capacity. However, for a given spacing on approach, the head-

way is a function of the approach speed. Thus if spacing between air-

craft on approach s the critical safety determinant, then headways can
be reduced by increaaing approach speeds, subject to runway occupancy

constraints.

Inprroving aircraft runway occupancy characteristics emerges as an
essential prerequisite of cther =easures to significantly ircrcase run-

way capacity.

Strategies for reducing runway ocoupancy

Six promising packages of innovations emerged from the analysis of.
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individual innovations:
onmudwwhmuaknutwwmmn
e Pilot and airline motivation and regulation
o Iaproved pilot and controller information flow
o Runway exit and entrance design
® Dense airfield geometry
e Integrated landing management .

Analysis of these packages suggests that, under specified condi-
tions, they would give increases in runway capacity ranging up to 10
percent, or more. These relatively small capacity increases are derived
from substantia1 reduct1ons in runway occupancy time (ranging from 10 to

30 seconds) that resulted from the improvezent packacges. Figure 5.1

illustrates this relationship.

The packages giving the greatest reduction in runway occupancy time

were runway exit énd entrance design, followed by short-haul aireraft
technology, with runway occupancy time reductions of up to 30 and 25

Seconds respectively. Ictegrated landing management, while having no

5 s )
direct ipmpact on runway occupancy time, could give increases in capacity
of the order of 10-40 percent.

oy Iechnology and £ & D requiresents

Tl

In developihg-;he various packages of innovations, the research
identified a number of ioprovements In aircraft technology or uir
traffic control engineering and development measures that either appear

to offer signiriqant benefits in reducing the constraint 6r'rununy
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ocoupancy time on capacity or are required as part of a specific innovh;,_l'

tion package.

Adrcraft techpology improvements, Changes in atreraft technology

that would contribute to reduced runway occupancy time involve measures ‘

to increase the deceleration and acceleration on the runway or to

rapidly restore clinb power in a go-around situation, measures to permit

lower touchdown speeds, or measures to improve the 1ow~apééd handling

characteristics during final approach and improve handling ckaracteris-~

tics on the ruhﬁay. Specific 1mprovement; include:
¢ Increased thrust-to-ueight ratio
¢ Rapid engine spool-up from idle to climb pouer
° :Eﬁhénced braking performance
¢ Enhanced exit turn capability

o Incieass in available aerodynamie drag on final
approach and roll-out

° Use of airhorne reverse thrust

© Reduced approach and touchdown speeds using STOL-
“technology

@ Use of active controls to reduce the airspeed/stall-
speed margin during final approach or go=around.

The concept‘or active integration of the flight controls with the power
settings and- riap/airbrake deployment to improve handling characteris-
tics in criticai Situations can be used to avoid inadvertent stalls
under the tighter safety nargins proposed, or to maintain stability on

the runway, especially during high-speed exits.
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? . Due to the cost penalty associated with these measures it appears
reasonable to target th:!r implementation toward short-haul aircraft,
where the en-route penalty is not such a signiriéant proportion of the

1 total operating cost, and where the benefits to be derived from improved

performance on the runway occur more frequently.

Am.ansimin&-anuﬁmlommmmmn. Many of the proposed

innovation packages require or propose new teehnology to assist in the

guidance, control and monitoring of aircraft on final apnroach or the .

runway 1tseif.' This technology includes the following equipment:

k4

© Automated headway display system

@ Alrcraft deceleration profile guidance
3y o Real-time aircraft path generator

* -Aircraft runway performance prediction
® Dynamic exit lighting system
L) Dynamic airfield sectorization and lighting

e Autometed departure release and go-around advisory
systeu

o Headway aircraft sequencing system.

In addition the need for new or improved design criteria has been idene-

tified for the follewing:

o Exit taxiway location

High speed exit taxiway geometry

o Continuous runway exits
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4 ® High speed runway entrance taxiways.
Preaising dinnovations
v Many of the innovations proposed are clearly long-term measures,

while others offer the opportunity to obtain runway occupancy improve-

ments in the shorter term.

* Short term measures that could be'implemented within the existing
airfield geoﬁetry and with the existing aircraft fleet, and that appear
to offer significant benefits in relation to the resources required (or

¢ their implementation, include:

¢ Improved pilot and controller information through the
introduction of such developments as

' )

« Alrcraft deceleration profile guidance
= Automated headwéy display systen
‘ = Automated runway performance prediction
= Automated depabture release and go-around advisory
‘ systenm.
] These developments could be implemented separately or

as an integrated package.

e Runway exit and entrance design, including

“h

~ Exit taxiway location

. High speed >xit taxiway geometry
- High speed runway entrance taxiways.

o Pllot and airline motivation through economie 4incen-
tives to utilize the runway capacity efficiently.
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In the longer’term, major improvements c¢ould be implemented in the
aircraft fleet, the procedures used to manage the flow cf traffic
through the final approach airspace and onto the runway, and in the air-
port configuration. Measures which appear to offer significant poten-
tial for reducing runway accupancy constraints in each of these areas

consist of:
.0 Improved short-haul aircraft technology, especially
- Enhanced deceleration and acceleration
- Enhéhced exit turn capability.

o Integrated 1landing management, balancing aircraft
speed and spacing to give maximum runway capacity.

e Dense airfield geometry, including
- Use of taxiways as runways
- Dynamiec airfield sectorization

- Close parallel and short-runuays, including use of

part of conventional intersecting runways.

The research has 1identified many promising innovations, and
descrihed the technology required to implement them. It is clear that

much of the required technology does not presently exist, and that 1its

development will require further research. As this section has indi-’

cated, the potehtial benefits from reducin~ the constraint of runway
occcupancy time -on bunway capacity are not only substantial, but essen-

tial to realize the full benefits of other measures now being taken or

' planned to address constraints imposed by the current ATC system or air-

craft operating characteristics.
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EFURTHER RESEARCH REQUIREMENTS

The objective of this study was to identify as broad a range of
potential 1innovations as possible, and to evaluate these innovations
using information obtained from existing data sources on runway occu-

pancy. Given the resources available, the scope of this evaluation was

necessarily limited.

In the course of the project a rich data base was assembled from a
number of previous studies. These data ueré subjgct to exploratory
analy;is, but.ﬁhé limited resources constrained how nuch could be
reduced and analyzed. Enough analysis was performed to realize that the

runway occupancy process is still poorly understood, and that the data

sources 1den£ifted are deserving of further study. At the same time it

was also realized that the existing data was very weak in two important

areas.

1. The field data sources available had very 1little IFR
or .wet runway conditions.

2. The data sources tended to concentrate either on the
airborne or on the runway portion of the process, mak-
ing investigation of the influence of conditions dur-
ing the approcach on the roll-out and choice of exit
very difficult. Most of the principal data sources
were strictly plan-position data, with limited height
information.

Given the iimitations on the ability tu model the 1landing process

and the large number of innovations to be evaluated, the evaluations

were based on some very general assumptions and arbitrary conditions.

Further work on. each of the innovations needs to refine and elaborate -
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: i the concept, and develop a more dotailed feasibility analysis.
The following stcps need to be performed in order to establish the
feasibility of inplementing any of the innovations identified in this
'
,j study:
:{ . ® Select priority packages for further development
v e Evaluate potential benr its and impacts at selected
airports
o Develop estimates of development, implementation, and
¢ operational costs
e Perform cost-effectiveness evaluation
| e Explore operational feasibility.
; Once the priority pzckages have been selected, it will be necessary
} to develop the concepts contained in the packages in more detzil.
? : Research may be required to establish the technical feasibility of par-
: L 4
% ticular aspects, and to develop the performance parameters to be used in
? subsequent analyses.
'S ) The evaluation performed to date in this study has investigated the
i innovations {n the context of a ‘typical' airport. In order to assess
i the likely magnitude of benefits and impacts in practice, the innova-
§ 3 tions should be evaluated in ﬁhe context of a selected number of major
; ) hub airpdrts; These benefits and idpacts can probably not be assessed
3 L
?! without the improved understanding of tho landing process described
{ T

.

This study did not attempt to estimate, except in very general

terns, the coatﬁfas:ociated with developing, implementing, and operzting
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a specific innovation. Considerable further research will be required

to be able to develén thesa estimates.

The cost-effectiveness evaluation will be based on the results of
the previous two tasks. The exploration of operatiahal feasibility will
also have to be site-specific and circumstance-specific, and would
involve discussions with, and input from, all interested parties, such
as airlines, piloﬁs, airport ahthorities; airframe manutactuféés, and
government agenc;gs. While preliminary discussions with these parties
would be hclpful to the conduct of any further research, it is unlikely
that substantive progress toward implementation can beiﬁchieved until
the detailed results of the previous anélyses are 5va11ab1e for con-

sideration,
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SUMMARY

A large number of potential innovations are available to reduce the

conatraint on runway capacity imposed by runway occupancy, Preliminary

analysis suggests that .reductions in runway occupancy tizes of up to 30

seconds and gains in runway capacity of up to 40 percent
Without these gains,

are achievable.

runway occupancy will constrain the increase in

runway capacity that would otherwise be obtained from other mears.

The landing process is still 1naufriciently understood to be able

to conridently predict the benefita of particular innovations. Existing

data require further analysis, and some new data are required for which
revised data collection methods are necessary,
remains on developing the various

innovations identified in this study
and

‘nvestigating their cost-effectiveness and implementational feasi-
bility.

Much further work
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Section 2. APPLICATION OF AIR TRAFFIC CONTROL SERVICE

10. ATC SERVICE )
Provide air traffic control service in accor-

_danwwiththeproceduresandminimainthis

handbook excep* when:
2. Deviation is necessary to conform with

ICAQ Documents, National Rules of tha Air, or -

special agreemenis where the United States
provides air traffic control service in airspace
outside the United States and its nossessions.
10a. Note.—Pilots are required to abide by FARs or
other applicabls regulations regardless of the appuca-
tion of any procedure or minima in this handbook.

B. Other procedu.es/minima are prescribed in
a Letter of Agreement, an FAA or military
document.
105 Note.—These procedures may include altitude
reservations, air refueling, and fighter interceptor
operations.
i;-a. Reference.—Procedural Letters of Agreement,

11. CONSTRAINTS GOVERNING SUPPLEMENTS
AND PROCEDURAL DEVIATIONS

& Exceptional or unusual requirements may
dictate procedural deviations or supplementary
procedures to this handbook. Prior to implemen-
ting supplemental or any prcedural deviation
which alters the level, quality, or degree of service,
obtain prior approval from the Director, Air
Traffc Service, -

b. If military operations are involved, it ~ill
require the approval of one or more of the
following headquarters as appropriate:

U.S. Navy: CNO (OP-513)
U.S. Air Force: AFXGOTF
U.E. Army: Director, USAATCA—
: ‘Aeronautical Services
Office (CCQ-ASO-AT),
Cameron Station,
Alexandria, Virginia 22314
1. How~TERMINAL: Headquarters USAF has
delegated tc mojor sir commands authority to
authorize base commanders to reduce same runway
separation standards for military aircraft. These are
specified and spproved by affected ATC and ueer
units. When appiied, appropriate advisories may be
required; e.z., “(Ident) continue straight ahead on
right side; F-16 landing behind on Jeft.” “(Ident) hold
Pozition on right side; F-5 behind on left.”

Chea, 1

12 PRCCEDURAL LETTERS OF AGREEMENT
Procedures/minima which are epplied jointly or
ise require the cooperation or concurrence
of more than one facllity/organiiation must be
docur~ated in a Letter of 4greement. Letters of
Agreement only supplement this handbr sk Any
rinima they specify must not be jess than that
gpecified herein unless appropriate military
suthority has authorized application of reduced
teparation between military aircraft. o
12 Feloronce.—7210.3~430, Letters of Agreement.

«>13. USE OF MARSA

8. MARSA may only be applied to special
ilitary operations specified in a Latter of
Agreement or other approrriate FAA o>
military document.
13a. Mola—Application of MARSA is & military com-
mand p1 zrogative. It will not be invoked Lddiscriminataly
by individual units or pilots. It will te wd only for
gpeaal IFR operations requiring its use, Commands
euthorizing MARSA will ensure that its implementation
and terms of use are documented and coordinzted with
the control zgency having jurisdiction over the area in
which the operations are conducted. Terms cf uze will
ession responsibility and provide for separation among

b. ATC facilities do not invoke or deny
MARSA. Their sole responsibility concerning the
use of MARSA is to provide separation batween
military aircraft engaged in MARSA opcrations
and other nonparticipating IFF aircraft.

14. MILITARY PROCEDURGZS

Military procedures in the form c? additions,
modifications, and exceptions to the basic FAA
procedure are prescribed kerein when a com-
mon prucedure has not been attained or to fuifill
a specific requirement. They shall be epplied by:

a. ATC facilities operated by that service.

14s. Txamples.— L
An Air Force facility providing service for an Air
Ferce Base wouid appiy USAF procedures o ‘all
traffic regardless of class.
A Navy facility nroviing service for a 2laval Air
Station would 2pply USN procedures to all traffic
regardless of claes.
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b. ATC facllitiss, regardless cf their parent
viganization (FAA, USAF, USN, USA),
supporting a designated military zirport ex-
clusively. This designation determines which
military procedures are to be appli >d.

140, Exampios—

. An FAA fadility supports a USAF Base exclu-

sively=USAF procedures are spplied to all traffic at
that base,

An FAA facility provides approach control service
for a*Naval Air Station &3 well as supporting a avil
airport—Basic FAA procedures are appled at both
Jocations by the FAA fzcility. .

A USAF fadlity supports a USAF Base and pro-
vides approach control service to a saillite civilian

TINAZI O3 ¢

e

airport—USAF procedures are epplied at both loca-
ticns by the USAF facility,

145 Relemass.—Annotstions, 8.
¢ Otker ATC focilities when specifiod in a

- Letter of Agreement.

142 Ezempis o

A USAF Unit is uxng & civil zirport supported by
an FAA focility~USAF procedures will be applisd as
specified in & Letter 37 Agrecment between tha unit
and *is2 FAA facility t> the amerart of e USAY
Unit. Bssic FAA procedures will be epplied to all
other aircraft. :

15-20. RESERVED
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Section 11.
1110. BAME RUNWAY SEPARATION

Separnte a departing sireraft from a pre-
ceding departing or armiving sircraft using
the zame runway by ensuring that it does not
begin takeoff roll until:

1112 Kedsrenca—Wake Turbulenoe, 1420,

8. The other aircraft has departed and
crossad the runway end or turned to avert any
conflict. If you can determine distances by
reference to suitable landmarks, the other air-
creft need cnly be anirberne if the following
minimum distance exists between aireraft:

{1} When only Category [ sircraft are
inveolved—3,000 feet.
(2) When a Category I aireraft is pre-
teded by a Category Il aircraft—23,000 feet.
(3) When either the succeeding or both
are Category H aircraft--,500 feet.
(4) When either is a Category III air-
craft—¢,000 fect.
MRa How—Aireraft Categrories are as follows:
Category I—Lizht-wezht, single-engine, prrsonal-
. type propclier driven aireraft. {(Does not in-
clude hizher performance, single-engine aireraft
guzh n3 the T-28)
Catroory if—Lizht-weight, twin engine, propeller
driven zireraft weithing 12,500 pounds or jess
cuch 1% the Aero Commander, Twin Beecheraft,
Delevilland Dove, Twin Cessna. (Does not in-
clude zuch ainaft 23 & Lodestar, Learstar,
or DC~3.)
Catrgory IlI—All other airernft such as the

. hizher performance tingle-engine, large twin-

enging, {our engine, and turtojet aircraft.

——3020 FEET —

e 4500 FLET ———of
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DEPARTURE SEPARATION

b. A preceding landing aireraft hns taxied
off the runway.

-----------------

1111, INTERSECTING RUNWAY SEPARATION -

Separate departing sircraft from on aireraft
using zn intersecting runway, or nonintersect-
ing runways when the fiight poths intersecs,
by ensuring that the deperture does not begin
take-off roll until one of the following exdists: .
1M1, Pawrenca.—VWzke Twbulenoe, 1424 .

a. The preceding aircraft has departed and
pasced the intersection, hos eressad the depar-
ture runway, or is terning to evert 2ny cone
flice.

11114 Rlestration 1

?4.
I
/
-
\_ -
\
1
- \
\
>

11118 Ekawrstion 2



L e

BTl oo e ey = Sy T T

Page 1l

n Apmcedmgammgm-cm&hutanedoﬂ'
the landing runway, completed tha landing roll
gnd will boid zhori of the intersection, possed
the intersection, or bas ccosced over the depar

ture renway.
&\
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11115, Sleswstion ?

1112 ANTICIPATING SEPARATION

Takeoff clearance need not be withheld unti]
prescribed separation exists if there is a
reasonzhle ascurance it will exdst when the air-
craft starts takeoff roll.

= 1113, INTERSECTION TAKEOFF SEPARATION

8. Separate a Category I or IT aireraft taldng
off from an intersection on the ezine runwey

., f{same or opposite direction trkeoff) behind a

preceding departing nonheavy Category I air-
eralt by ensuring that it does not start takeoff
rol] until 2t lezst # minutes after the Category

I girevaft hos tiken off. Inform 2n sirceraft

when it is necessary to hold in order to provide
the required S-minute intervai.

L

A-5. - st s
et

Phraselooy:
HOLD FOR WAKE TURBULENCE.
b. The $-mirute interval is not required when:

(1) A plot has INITIATED a roguest to
devizts from that intervel, or

(2) USASUSAF NOT APPLICABLE. Tbe .
ntersoction is 500 feet or 123w from tha depar-
ture paint of the preceding aireraft and both ol
craft are taking off in the came direction

1113001} Mol A recoest for takeoff doee not initints

& waivir recuests the request for theoff must ba
mmplmhaf by o request to deviata from i
Jrainvte mtarvel

¢. Whan zpplying the provisions of b )
(1} Lesue a wake turtulence sdvitory before -
clearing the gireraft for takeoff
(2} Do not clear the intersection dcparture "
for an immedinte takeoff .
(3) When applying b. (1) or b. (2) thove,
izsue a clearance to pormit the trodiing atreraft
to deviate from course enouzh to avoid the fight
path of the preceding nonhesvy Catepory I
departure. R
(4) Soparation requirements in secordance
with 11108, must also 2pnly,
1% Batorence=TWaks Torbulones, 911 Intoresetion
Tekeaif, 532 Airemft Cotegorios, 11102 Hote:
Intaresstion Drparture [finmma, 1434 (Hoavy Jeth

1114, OPPOSITE DIRECTION EILNIMA

Separate a Czteqory I or 1 cireraft behingd &
ponkeavy Cateyory W zirewnft tnking oif or
meking a low/missed copresch when utilizing
opposite directian tzkeoifs on the sama ranway
by § minutes uniess a pilot has TED a
request to deviate from the Jauinute
interval In the lotter ex=a, izsue 2 wabe tur.
bulence advisory before cdearing the aireraft for -
takeoff,

ML Hotmw A request for tekeoff does not initiate a
waiver roquest; the request for takeoif mmst be
eecompanied by a request to daviate from the
Serinule rule

14 RastsencsmWake Tubulsnes, 911; Afrersft
Categuries, 1110.8 Nate; Cppocite Direction Mirima,
1402 (Heavy Jet).

e. Inforzn an sireraft when it is necessary to
bold in order to provide the required S-minute
intervel,

Phresealooy:
BOLD FOR WAKE TURBULZNCE,

1115-1118.  RESERVED
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Section 12. ARRIVAL SEPARATION

1120. SAME RUNWAY SEPARATION

Sepmze an arriving aireraft from enother
gireraft nsmg the same runway by ensuring
that the arriving aircraft does not cross the
landing threshold until one of the following
conditions exists or unless authorized in 1102.:

e. The ather aircraft has landed and taxied
off the runway. Between sunrise and sunset,
if you can determine distances by reference
to suitable landmarks and the other aircraft
hzs landed, it need not be clear of the runway
if the following minimum distance from the
landing threshold exists:

S\

VO \57>
11208, Pustation
(1) When a Category I aircraft is landing
behind a Category [ or 11—8,000 feet.

j—— 3000 FEET —_
1120a(1) Glustration
(2) When a Category II aircraft is landing
behind a Category I or 11—4,500 feet.

————— 4500 FEET ———
112324 Efustration
t. The other =zircraft has departed and
erossed the runway end. If you ean determine
distances by reference to suitable landmarks

and the other aircraft is airborne, it need not
have crossed the runway end if the following

(2) Category I aircraft landing behind
Category [ or 11—4,500 feet.

(3) When either is a utegory I air-
craft—6,000 feet.

+—— 3000 FEST—
p—— 4500 FEET ———i
‘6000 FEET

120D, Klustetion2

T 1121, INTERSECTING RUNWAY SEPARA’HQN

a. Scparate an arriving aircraft using one

- runway from another aircraft using an inter-

gecting runway or a nonintersecting runway
when the ﬂight paths intersect by ensuring
that the arriving aircraft does not cross the
landing threshold or flight path of the other
aircraft until one of the following conditions
exists:

11218, Reteence—Wake 'hn-bxﬂeme, 1425,

(1) The preceding aircraft has departed
and passed the intersection/flight path or is
airborne and turning to avert any conflict.

L - PN U
minimum distance from the landing threshold 1 T\
exists: . ‘\
(1) Category I aircraft landing behind %
Csategory I or 11—3,000 feet. H28L1) Ewstration t
Chap 8 Etorial Chenge
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1121441} flestretion 2

(2) A preceding arriving aircraft has
taxied off the landing runway, completed
landing roll and will hold short of th: inter-
section/flight path, or has paesed the intersec-
tion/flight path.

7110833 CHG 2
Tiee

b. USAF/USN NOT APPLICABLE. When
approved by the facility chief in ccecordance with
the provisions of 7210.3-1227, authorize
simultaneous landings on interzecting runways
only when the following condiions are met:

(1) The runway/s to be used are dry and you
have received no reports thit braking action is
less than good on both runwavs.

(2) Operations are conducted in VFR condi-

‘tions unless visual separation is appiied to

aircraft conducting simultaneous landings.

(3) Irstructions are issued to restrict one
aircraft from entering the intersecting runway/s
to be used by another aircraft. Where opera-
tional benefit is not a factor, restrict the landing
sircraft in the lesser group from entering the
intersection.

(4) Traffic information is issued to and an
acknowledgement received from both aircraft
involved.

(5) The measured distance from the landing
threshold to intersaction is issued if requested
by either aircraft. _

(6). The conditions specified in (3), (4), and
(5) are met at or before landing clearance is
issued and in sufficient time for the pilots to
take other action if desired.

(7) Group 1 aircraft are operating in accor-
dance with a Letter of Agrecement wih the
aircraft operator/pilot or you escertain from the
pilot that it is a STOL aircraft.

(8) The aircraft group is known (Apperdix 3)
and the distance from landing threskold for the
aircraft being instructed to hold short is in
accordance with Facility Directives and
diagrams.

H1h. Exemples.—
“After landing, taxi south on Runway One Eight,
hold short of Runway Niner Left.”

*“Clezred to land, Runway One Eight, six thouzand
feet availabls, hold short of Runway Two Two, traffic
landing Two Two."

“Cleared to land Runwsay One Four Left, traffic
l=nding runway Cne Eight will hold short of Runway
One Four Left.” :

11210, Hote.—If a pilot prefers to use the full length of
the runway or 2 runway different from that specifiad,
he is expected to advise ATC prior to landing.

1121.5.(8) Relerence.~7210.3-1227, Aircraft
121a42) Eustation2 » Group/Distance Minima Teble. .
E&torisl Change Chepp 8
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Secllon 7. SEA

1520. APPLICATION

Whare Sca Lanes are established and con-
v trolled, spply the provisions of this section in
lieu of the procedures contained in Chepter §,

Sections 11 and 12

1521. DEPARTURE SEPARATION

preceding departing or arriving aircraft using
the same sea lane by ensuring that it does not
commence takeoff until:

8. The other aircraft has departed and crossed
the end of the sea lane or turned to avert any
conflict. If you can determine distances by
reference to suitable landmarks, the other air-
craft need only be airborne if the following
minimum distance exists between aircraft:

(1) When only Category 1 aircraft are
'Y involved—1,500 feet.
(2) When a Category [ aireraft is preceded
by a Category II aircraft—3,000 feet.
© (3) When either the succeeding or both are
Category 11 aircraft—3$,000 feet.
(4) When elther is a Category I air-
‘¢ craft—6,000 feet. -

X

.
e ,” o .

i

’ Separate a departing aircraft from a

7110868 CHO 2

1109

LANE OPERATIONS

1821, Nota.=Due to the absence of breking espability,
czution thould be exercised when instructing a float

plane to hold a position as the nireraft will continue to -

move because of prop gensrated thrust. Clearance.to
taxi into pozition and hold should, therefore, be
followed by takeoff or other clearance as soon a3
practicshle.

1522. ARRIVAL SEPARATION |

aircraft usmg the same sea lane by ensuring

that the arriving zireraft does not cross the .
landing threshold until cne of ‘the tollowmz .

conditions exists:
a.Theotheraxrcrafthaslandednndmd
out of the sea lane. Between sunrise and sunset,
if you can determine distances by reference to
suitabiy landmarks and the other aircraft has

lander, it need not be clear of the sea lane if the, -
following minimum distance from the landing- -

threshold exists:
(1) When a Category I aircraft is landing
behind a Category I or 11—2,600 fect.

b—2000 Fr—]

182221} Elustrstion.

(2) When a Category Il eircraft is landing’

behind a Category I or II—2,500 feet.

f—2s0Fr—]

15225.2) Clustration

: Carma s 53_:_:_:’.‘_‘.':: .............. @
1500 FT— .
fom= 3500 FT o]
) GOCOET |
18218, Ciusiration 2.

b. A preceding l:mdmg aircraft has taxied cut
of the sea lane.

Ectorial Chenge

b. The other aircraft has departed and crossed
the end of the sea lane or turned to avert any
conflict. If you can determine distances by
reference to suituble landmarks and the other
aircraft is airborne, it nced not have cressed the

end of the sea lane if the following minimum -

distance from the landing threshoid exists:
Chep. 8

e £ A Gamitatd wd A 2 2 Ow ) s,

Sepa.rate an arriving m.maft from a.not.her, .
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' (1) When only Caiegory 1 airereft sre
involved—1,500 fest. - N WER ]
(@ When!either is a Category II eI I c v e A ""j_"":—.“'ﬂ‘
aireraft—3,000 fost.
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Wh
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APPENDIX B

Extract from FAA Order
wFacility Operation and Administration"

7210.3E Change 5 10/9/80
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(2) If there is a syztem failure rendering the
LLWSAS unusable, notify Airway Fecilities
and NOTAM the system out of service. -

¢ Airway Fecilities is responsble for verifica-
tion of ths scorrecy of the LLWSAS. Tha local
gector will notify Air Trafiic of any equipment that
is out of tolerance.

1223. RELAY OF RVV/RVR VALUES

e. Relay of RVV/RVR values from the
weather observing facility to the control tower .
may be discontinued at the request of the tower
when there is no trafiic activity at that specifie
location. o

b. Establish relative priorities on the visibility
information at locations with two or more RVR
or RVV runways where data is required for two
or more runways.

1224. APPROACHING SEVERE STORM ACTIVITY

8. AT personnel shall monitor weather
reports and rodar to determine when severe
storm activity is approaching a facility’s area.

b. After coordination with the AT facilities
concerned, AF perconnel will place the facility
on standby power. Engine generators will be
kept on until the storm activity has dissipated.

1225, ADVANCE APPROACH INFORRIATION

Where more thaa one position could issue the
data, aesign responsibility for issuing advance
approach information to a specific position in a
Facility Directive. Digplay the information so

038 CHG 3
.- Tse

that it is readily accessible to the controller
having need for it.

1228, ILS HEIGHTI/DISTANCE LIZMAITATIONS.

An ILS is normally flight chocked to 4,600
feet and 18 miles for the localizer and 4,500 feet
and 10 miles for the glide tlope. If an cpera-
tional need to excced these limitations exists,
inform FIFO and they wiil flizht check the ILS
to tho stipulated requirement. Ensure that
current flight check data are available to facility
personnel.

1227. SIMULTANEOQU.® LARDINGS ON INTER-
EECTING RUNWAYS

e. Should a fzcility chief determine & valid
operationsl need exists to conduct simultaneous
landings on intersceting runways, facility direc-
tives, diagrams, and tsbles shall then’ be
prepared which direct the handling of these
landings,

b. Prepare an airport diagram showing the
measured distance {rom runway threshold to
the intersection’ for the runway ivolved.
Measure this di.lance from the landing
threshold to the nearest edge of the intersecting
runway. ’ -

¢ Aircraft group/runway distence criteria

shall be established using 7110.65, Appendix 3,
and the following table:

- AIRCRAFT GROUP/DISTANCE MINTMA TABLE

Sea .

Level 1,000 2000 . 2000 4,000 5,000 6,000 7,000

959 1,999 2,899 3,939 4,282 S583 e999 Above
GROUP1 1650 1,700 1750 1500 1850 1500 1,950 2,000
GROUPS1&2 : : 3,000 3,050 8100 3180 3200 250 3300 3350
GROUPS1,2,&3 ~ 4500 4550 4600 4650 4700 470 4200 4850
GROUPS1,2,3,&4 . 6000 6100 6200 6300 6400 6500 6300 7.000
GROUPS 1.2.3.4.&5.'____ 8,000 8,100 8,200 8,300 8,400 8,500 8,600 8,700
GROUPS1,2.8.4,5,&5A _________ 8400 8,600 8200 8,500 2200 9,500 9,700 10.00

R T e wu‘.uu.nw'wm“ . ,n‘.‘,.‘ e b e i 5 o o
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Appondix 3. AIRCRAFT WEIGHT CLASSES AND GROUPS

Appedin A

Weight Weight
Type Designator  Clasy/ Type Desipnator  Class/
ManyfocturerModsl Cinl  Miitary Group Monyfacturer/Modd Ciil  Military Crowp
Amencs (USA) Bopzaza 36 ...  BE3§ 82
Aeronca Champion. ARS8 87 Dok BEX 3
ChisfiSuper Chiaf__ %1 Ssg %3_9.0____ Bf“;g w21 g
5 —— =
Sedaa King Ar 100 PEI0 3
Sors Spacetne (USA) Hmmm EE“ T %
Guppy._ AP52 L5 Queen Alr 657465 263
Mini Guppy. AP3X L5 QueenAlr89____  BEE0 S22
Preguant Guppy ... APLP 73 Scminole. oo, Uz 82
Super Guppy/ Sierra2e____.. BEU S
Twbine ... AP25APYS 3 Spertle . BE19 (1)
Steqger Wing._...... BEI17 s
Asospatists (France) gundoggr g}l‘.g Ssg
Caravele_.. . . 5210 L4 Lper t118 —. 2
Concorde CONC H5 Super King Air200.  BE20 3
Corvette SN6O1___ 5601 L3 ScperQuean€3 . BEES sz
Ralye e Desdh T8 Fea cs  Su
R:Iil?e 8683"881!831 Ss80 573 ) Twin Bo BES0 s
o o # e
e Minerva :
M§ £94 5894 ar (Inciudes Dowmer!
Northern) (US4A)
Alizya Indaziries Citabria____ ... CHI0 a2
{Internation=l) - Citabrisa TECA ... CH9 52
Alrbus______ A300 H/5 Cruiszir Sr/Cruice- T
- moster 14-19_ . BLI4 Sz
Alga, Lne. (TTSA) Deesthlon L3I0 - e
Alrcops A2 Fo2 s Seaut BL23 2
Ve o BL26 52
Arzria Tupoiee (USSR)
Ta-114 TU114 A5 Ecsing Akeran (USA)
Tu-144 TUI4 s 707 1007200 B707 LS
T0T 30X400 H/BT0T H/5
Anmney (USSR) 720 ETZ0 L/s
AN-10 AN10 L4 T20B_. BTS - LIS
AN-12 AN12 s 21, B727 1/4
37 B" T43 14
Aws (AY. Rox) (UK.) 747 B4T E4A H5A
Anzon AV52 L3 T4TSP B14S H/S
CF-100 CFoo L4 787, BIG? E/5
Lencaster .. LANC - L4 AWACS E3A HS5
Shacklston SHCI L4 ECI35 oo E13§ Ls
. Stesrman______  B75 52
Cesgie et (UK)- gmwgﬂmgs__ Kgo;g . 115}-'5
Airdale. . BT10 5/ tratofreighter . 4
q Stratolifter BT1T.... C135 L5
Model 2065 BTES 3 Statwotanker KC135 KCI135 L6
e aren (USA) vasc &ac o
ol LA™
ol Y 2 2 wiu You s
Earon - =55 : co-
Boria.n:fasaa T IBIEgS % Sazwl awerett (UL ' L
Bonanzal5_ .. - BE35 2 Britannia 310 BR31 LG
-'ﬂ*-?'»‘-*??-‘“ft’-‘.*‘:;‘-".’.‘.'"-:'-?f.-*._?*:*ﬁ'-.-'".--?*‘.'f';-';"s':«"-‘-'e‘:-.f*-m} [T T T et o Y R A 2 RS N R g e Ly S Y e de ]
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% Poge 2 SHuURn
' _ Weight , Woight
¥ ManufoctureiModel Ciid  Militory Group MenvfocturerModel Civil  Military  Group
E Bittish Asrvanace Carp. 207 Supor Skywegon €207 82
(UX) 210 _ c210 82
s ! BAC 111 BAll L4 S05/321BirdDog..  C305 Q1 82
[ 4 Harrier | Ave* la gig——-—- Cc310 nga Ssg
E A HS/DH 125-600/700 HS25 - L3 *
5 BS743Series _._. HS748 L4 318E Dragunfly . A" S»
’ Super V BAlS VC1s HS5 320 Skynight___ €320 S
- uperVC10_.___ BAl
: %‘rident___ HS21 54 g}; gmm__ G336 s
i anguard YCa L S o o
g VCI0 -~ BAI0 vCi0o  H/S Skymanter 337 oz Ss2
¥ Viscount VC7 L/t Mo G0 82
. VoeaRo o VLN  Ba L) SR ¢ ) 572
: - —- %
m‘nm [%7.8 E el Ca14 e
(Uli{.h;:d BN2 1] 2 h %
L : I I o " }
" Trislander-Mark3_ BN3 52 * "Citation ITI = G500 &3
Citntion [1I C508 Sz
Bushmaster Alrcraft Cormp Chemplon Atrcralt
Bushmsster2000 . BU20 L3 Challenger CHS &
’ Lancer 402 CH40O 872
Camar {UISA) Traveler/Tri-
'3 M%de] 480 (Twin Traveler__ CH7T s2
uiwn________._ ) CCGG‘ L4 Commendo CWis Ci8 L3
Cendair Ltt, (Canzda) Deeasult (France) .
Argus - CL28 CP07 LA Faleenlo—— . . DAID LB
' Challenger . CL80 LA Faleon20_______ FFJ . L3
Cosmopelitan, (Con- Faleon50______  DASO 173
vair 540) CL68/CV54 CCO9 LA Mercure . DAOL LA
North Star NSTR 7 Mercure200 .  DAO2 LS
Starfighter CFO4  FI104° L5 peHevittand (Canada
Yukon (Freight. &UL) ¢
. i Buffzlo .. DHS c8 L3
. Cesana Areratt (USA) : Carbhou__. . DH4 i
4 0. C120 se Chipmunk Dhl 812
[ | Mo . ClD s» Comets . DH62 L/S
‘! 15 = Ci5 512 Comerd___  DHt4 L5
152 Ci52 52 Dashd_ .. DH7? Liz**
& M i1 g Dova (Devan) DH10 s
X } : 1T2Sxyhawk ____  CiT2 T4l 812 Heron ... DHI11 arn
: 175 Skylark C175 SR Otter.________ DH3 Ur s2
"-] 177Cardinal . C1T/ s8R Turbe Beaver_ . DH2T s
; 0 _  _ _ _ Cl30 Ssg Twin Otter DHE LOpE:] s
i 152 T Q182
) 185 Skywagon C185 2 oy (West
& 183 Agwagon C1g3 Y nzny
: 160 cic0 s Dornier 27, - D027 s
w 195 C185 we Dorni-eﬂﬂ__ 0023 S
205 . . CZ205 82  ~p tmiwzer (Brazil)
:- 208___‘_ ; C206 52 Bandeirante . E110 8-
' ‘\f‘- s paespeey s T o i i e e o P T AR Y PN T T T




nin

MoryfacturerModsl
Folrubldd Wdusiriee
(USA)

AlD

Cornell

FH22T —

FrimmdshipF27____

Flying BoxCar____
" Pilatus/Pescemaker

Provider__.__

Thunderchief ____
Folker¥ FW DY

(Netherlands)

(See VEW-Fokker)
Pazjet Intsmational
(UsA)

ST/600

Geten Laarjel Corp.
(USA)
23
24
25
35
35

Gomersl Dynamics Comp,

{USA)
Conso/Catalina_
Convair 240

Convoir 449 :

Convair 580 _______
Conveair 600
Convar 640 __
Convair 820
Conveir 950
DeltaDagger. .
Delta Dart,
Fl6A/B
F11UTB111
Liner/Samaritan___,
Privateer
Valiant 34
Gromman ASTOsDECS
cap (USA)
AgCat ___
Alhatroas
American_____
AntetieanTr-2_____

CheetalvTiger_
Cougar_____ ...

ugar
Ceugar G93
Gooze/Super Goose
Greyhound
Gulfstreaml_______
Gulfstreamil____
Hawkeye

-
A o
AR A G

Type Designator
Civii  Military
Al0A*
FA62
FA22
FA27
FAZ4
PLS  AV23A
C.23
F105*
FYI
LR23
LR24
LR25
LR35 .
- LR36
Cvis  PBSY
cvu
CVad
CV58
CVa0
CVoi
CVes
CV59
F102°
F106*
F16*
Fl1°
Cva4 €131
P4
Cv13
G164
G54 U16
AAl
AA2
AAS
. GAT
m-
G21
C2
G159 VG4
G2 vcil
E2

c-4
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tisdioy Pege (UK)
Jetstream _______

Mamburges
(West Germany)

Hnmjet_____ :

Hamiion Avistion
(USA)
Westwind

Hallo Akrursit Ca
(Us4)
Couriar
Stallion
Super Courier!
Tri-Cotrier .
Howsrd Awro kifg.
(USA)

Model 500 (WARO),

tiywaiin (USSR)
n-18
IL-38
1L-62
-7

tarac! Atreralt incrstrion,

184 (Izrasl)
Araval0l
Arava 201
Westwind 1123 __
Westwind 1124____,

tats Avcraft (USA)
LA-4-200 Buccaneer

Lesravia tne. (USA)
LearFan

Leckheed Alrcrah Cope
(USA)
Constellation (649)_
g?rmdl:tion (749
(1ot w . A,
Galaxy

ki o

Civd  Miliary
’ . Ag*
G713
G134 ovi
Fl11*
Fl4"
El
G89 52
Cl
G44
HP13
H¥32
wWaswW
HE1
HES AU2Z4
BE3 L311]
HWS
TL1B
.38
ILR2
IL76
RV01
RVO2
wwas
WWid
LA4
LRF
1649
1.749 ci21
L123
CSA

Pogs 3

s -
s

an

L5
5
14
WS
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Apounds 3
Page 4
Type Desigactor
Morufoctureriidode!  Ciil  Military
o Hereules_ _____  LI100 Cls0
Jetstar L3209 Clu
Lodestar_ LB
Neptune »2
Orien P3
—_— SR71*
SeaStar Ti*
Shooting Star______ T33*/F 80"
Starfizhter, Fip4®
Starlifter ‘Cl4l
Starliner_____  Li64
Super Constellation 149
Tr-Star Lig1
U2 U2*TR-1*
Vikng E3A
Yrzs Fliz
Hartin Ca. (Division of
Corp.,}
{USA)
02 M202
04 . M4
Canberrs Bs7*
Kaule (USA)
Mis "MI4
MeCornsil-Doucise
Alrerait (USA)Y
DC-6B___ DCeRB
DC-7ITRB . bCt
DC-8, DCs
DC-8 Do Co
DC-10 -DC10
Eagle F15*
Invader . B2s
Liftmasier LCe Cl18
Phantom I1 Fs*
Seven Sezs/Speed
Freightey DeCC
Shyhawk Ad"
Skymaster ______ DC4 C54
Skmight_______ F1o1*
Skyrasder__ : Al®
Skytram DC3 Cs7
Skywarrior A3*
SuperBL3__ DC3S C117
Super DCB 304050 HE/MOCS
Super DCE 616283 - DCS6
YC15 YC15
Lisesanermin (West
Germany) :
Monson HE29
Kiswinl (Jezan)

C-5

1/4
L/5
L5
L%
H/5
s
L/
L4
L4

o
[N

L4
L5
L4

14

H/s
E/5

- TR 2

. F18

Havion Alrceaft Ca
{USA)
RangeMgster . _

NRwn Asropiane Mig, Co.
{(Japan)

Model YS1I_____
Hoordiryn Narseman
{Canads)

Nerseman ME(TV) .
Norzeman MK (V) _

Hord Aviation (France)
Martinet NCT0L/02
Nortalrs25C1
Super Broussard-

2680262
TronssBCI160____

Nerttrop (USA)

Talon
TigeriFreedom
Fighter

Plagels & Ca (Ttaiy)
Royal Gull
Super Guil
VespalJet.

Plats Alreraft
{Switzzriand)
Platus Porter ___
Turbo Porter

Piowe Alreratt (11 1)
Aerostar__.

Apache_____
Artoc

Brove
Cherokee
Charckes Armow ()
Cheyenne___._
Chixftin
Ciippar
Cummanche

THOAEE CHO 2

TH115%0

Weight

; Clesy/

Gl Military  Growp
MO10 sn
4020 sr
MOZ1 s
MO22 sz
NA1 Si2

YS11 17
MY4 Si2
NYS S2
MART L3

NORD L3

ND26 L3
ND16 L3
‘F18* L5

T8 54

Fs* LS

P136 s”
P166 a2
E808 13
PL6 S
PLSA sh
PAED S
PAZY s
PAZT 1) A -

PA3S &n
PA28 S

PARO s
PATE/M2 53
PA31 s
PAL6 s
PA2s ar
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132053 CHO &
1mim

byt
Cub Trziner
Famiy Crumser __
Lance

Navajo
Pocer
Pownes . .
Seminole e o
Seneca

Svper Cruiser
Super Cub
Tomahawk
Tri-PreeriColt

Carbbesn . |
Twin Comanche. ...
Vagabond Trainer _
Vagabond

AEsy Awvazgtcs (USA).
Model 65/Rocket ..
Turbo-Execugve, .,

Rociroei imemetonal

(UsA) o
© Asro Commander’

ne.
Aerc Commander
685 .
Alr-Cruiser
Brooen
Buckeye T-20 ___
Commander 1124 _
Commander 112TC.
Commander 114__..
Commander (200} _
Commender (500}
Commander (320)_
Commander (560)
Darter (10W150)
Grand Commander
{(650FLy
Jet Commander
Lark
Mitchell
Naviop
Sabre
Sabreliner
Sabreliner
Super Commander
6808y ., .
Super Sabre
Texsn
Trojan -
Turoo Commander
Viclante .

PAS
PAlLl
PAZ
PAl
PAZ2T
PA3L
PA2O
PA2S
PAU
PASE
PAL2
PAL8
PA3S

PA22
PAZ0739
PAlS
PALT

RYES
-RY40

AC12

ACS3S
ACT2

AC2A
AC2T
ACI4
ALC20 -
A0
ACS2
ACSS
AC19

ACH)
AC21
LARK

Ni4s

N285
ACsE8
N6
ACET

c-6

ur

ovio®

U9

Fge*
T39

U4
F100*
"
AS*

Wﬁght
Type Desionator
HanufoctureriModed Cind  Miitary Grm:p

BHEEE BRGEEBREEELLEY

GREBGS GEGRGRER KERRERREGHER §

Apgendiz 3
Paga &
Weigk
3 - . -
MasvfogererModd Cinl MHiiery Growp
Conink Avtatien (UK )
Fionezr sCP a2
TwinPionser . SCPT H2
Baort (LK)
Balfest SH5 8Cs 175
Short —_ SHD3 L3
Skyvan . SHT -8R -
Ehraire (USA) )
Luscombe, . SLS a2
Kenson (USA) . :
Reliant(Vultee) .. STT7 S
Voyzger/Station
Wepon (10108, ST75 2l
St Avistion (France)
Carsvella_____ 3210 L4
Cmearingon Aztetion
(USA) -
MerinIlA = SW2 ]
Mertin IIB SW3 513
Herlin[Videtro _. SWW¢ 813
Tayeererett (US.L) )
Sportzman19____  TC1% <y
Toppar £0A - TC20 Y
Tearint 18A ... TCI5 512
VEW.Fe sar (West '
Cermany) .
“» FH227T — FH22 L3
= Frendship_____  FH2T L3
=3 Felowship— Fh23 L/
VFWE14 VFi4 3 -
Yaugm (LUISA)
CorsairIl ATt LIS
Crusnder - Fg* Li5
Swift TEL 52
HELICOPTERS
Asrezpatists (France)
Lama HR15 an
Alourtte I1 HE30 a1
Aloutze [T1 HEED 81
Dauphin HR23 © 81
FeurevilAsezr . HPEIS i
Cazzlle awmm— IIRZ24 - 51
Puma . HZZ] L2
Suptr Frelon ER3Z ¥ )
&3 Hetieopser (T extron)
(USA) . .
Biglifter . HBIK T L2
Coben . HUCS AH1 8
JetRenger ______  HEJT

HL3 an
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Coeing Vortal Ca. (USA)
Chinook '
Model 105 ______
SeaaKnight

CrentieyHynes
me. (USA)
Mode| B-2ZA/B-2B .
Hode] 335

Ereda Nard Cosvuxienl
(ltaly)
Eodel2689C . __
Modej 359D

Cosireziond Aarcasuticin,

Agpsta (Ttaly)

 Model £™-3B1 ___
Model A109__
Licdel 212 ASW

Cestrom Com, ([J SA)
Executive

Model 2657300
Owmge ________
Prwmee 369/500

— Al(9

Type Desieator
Cirl  Ailitary
HBO4 UH-1H
OH-58A
HE08 Hs?
HD0S
AH-1T
113 K13
HETH UE-IN
Hvi?  CH4T
Blos
BV(?  CH&S
HB42
HB43
NH30
NH50
AUT
A2
HF28
HFf0
HF$C
HH3
EH{
HH12 H23
RUS: YAII&d
HU30
H5S
HU50 Hs

ses  uesee ue 0%

Keys kiR 48 8y

L8%

L2
a1
sn
i

exyfocturer/Modad
Karxcan Alroraft Coanp.
(Us4a)
Huslde 600-3/5.___
Bcasprit e

Kswessid Hesvy nturiiey
L4 (Jzpan)
Model BK-127____

Besssrechuntti-Bestir

Cietwe (\Weat Germany)
Model BO195.
Model BX 117

(Kawssald)

Letnscas (Poland)
Model SM=1Wi2 __
Model Mi-22M____

Robinaon Helicepior, s,
(U3A;
Moded R22

Seoraiy Alrereft (USA)
Black Hawk S-70,._
Chiclrzaw 5-55__
Choctaw 8-53

Seachore/Seabozt
Lemps MK3
Model 5-51_____.
HedelS-52____
Xodsl 5-59
Model 5-62
Bedel S-69______
Model S-T6
Mojawe S-56_____
NSRAS-T2_______
SeaKig S-81____,
Sea Stallion S-685
Skycrane 5= E/F,
Tarie 5-64

Crercrett (Ttaly)
Mol SH~

BE&0 HéS
H2
BEK17
AMOS
HK17
i
HZ2
HR22
SK70 - HE0
K55 H19
SK58 H34
SHG0
SK51
SKS2
559
SKE2 - HBS2
SKe9 H59
K76
SK56 H37
SKT2
61 H3
EK65 H33
SKed
HS4
H34

e
g

Weight

88

< @

'@ GEEERNYLESSSSES 45 8

NOTE: The Weight Claes Listings of this Appendix re to bs used for waks turbulence separstion purposes
caly. The eircraft groups are gencrnl.

*  Indicates single-pilated military toorbojet aireral?

** DeHzvilland Dash-T anthorired 2000 feet with Letter of Agreemant snd T4 plide tlope.
W'}mtbswt%td.:acz:-mbedmnndﬁnm&mh;pmdm.obu&rnmﬁ:mwe"httmmpﬂotm

nee the npproprists weight cises desipnator,
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