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Executive Summary

This report presents the results of a study performed by the Center for Transportation
Research (CTR) at Virginia Polytechnic Institute and State University concerning the
development of rapid runway turnoffs to be used in existing aqd future airport scenérié#. This
study was conducted for the Federal Aviation Administration (FAA) Office of Airport Research
and Development (ARD-200) to assess the impact of optimal runWay turnoff locations and their
corresponding geometries in runway occupancy time and ultimately in runway cabacity. The
report emphasizes in the development of a combined simulation and optimization
methodology to ascertain the impact of runway turnoff placement in the weighted average
runway occupancy time (WAROT) for realistic aircraft populations operating from a single
runway. The methodology developed was extended into a user-friendly computer program
called REDIM - Runway Exit Design Interactive Model - to estimate the WAROT performance
index for user defined aircraft populations under various airport atmospheric conditions. The
accompanying computer software developed in this research requires a minimum of 512

Kbytes of memory and an ordinary IBM or compatible computer.
The results of this investigation can be summarized as follows:

1) Evidence suggests that existing runway turnoff geometries are not being used near their
design speeds. The small existing database in high-speed runway exit use indicates that
commercial aircraft are regularly using these exits 10-15 knots below their design speeds.
The major consequence of this being higher runway occupancy times as aircraft have to

spend more time decelerating on the runway.
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2) Significant reductions in runway occupancy time (ROT) were observed (i.e., from 7 to 18
%) with the use of three, four and five optimally- located runway turnoffs. The magnitude of

these ROT reductions was, as expected, a strong function of the exit speeds used.

3) For all practical purposes a gobd approximation of afully variable variable turnoff geometry
can be obtained with two radii of curvature ending at a generally small exit angle. The
differences observeﬁ between the approximation and the actual fully variable geometries are
insignificant for small exit angles and should not compromise safety and comfort factors while

maneuvering on the turnoff.

4) It seems feasible to design rapid runway turnoff designs for entry speeds of up to 35 m/s.
(78 MPH) for aircralt TERP categories C and D. For these designs a smaller exit angle would
be required to increase the deceleration distance available along the tangent turnoff
geometry. This will add confidence to the pilot before arriving to the nearest taxiway junction.
An alternative to this reduction in exit angle is to increase the current lateral separation
minima between a runway and parallel taxiway centerline distance from 183 m. (600 ft.) to 228

m. (750 ft.).

5) It is suggested that further investigations be made on lhe aircraft sfability and control
implications at speeds above 35 m/s. to determine safety boundaries while executing turns

at moderate ground turn rates.

6) Very low exit angles (i.e., < 15 degrees) should be avoided as they contribute to large
turnoff and runway occupancy times due to long exposure of the aircraft wing or tailplane tip
within the runway bounds. Optimal exit angle geometriés seem to be in the 17-30 degrée
range depending on the specific aircraft and exit speed. The lower exit angles might have
better acceptance among pilots as they would provide added distances to decelerate before

a taxiway is reached. However, they would involve slightly higher costs and land use.

7) A computer simulation/optimization model to assess the runway optimal location and
geometries of runway turnoffs was successfully implemented in a personal computer. The
program requires a definition of the aircraft population and environmenta! conditions of the

airport facility to optimize lthe weighted average runway occupancy time (WAROT). The

Executive Summary : xi



program executes a typical linear network optimal assignment probiem inciuding the
simulation of the aircraft kinematic trajectories. The program is suitable for use at existing

facilities in process of upgrading as well as for entirely new runways planned for the future.

8) Preliminary results at the runway capacity level indicate that rapid runway designs could
increase runway hourly capacity by up to 10-12% if further reductions are accomplished in the
in-trail 'separation distances allowed for successive arrivals planned for future airport

environments (i.e., 2/4/5 nautical mile rule).
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1.0 Introduction

The subject of airport conéestion and delays has received a great deal of atlention in
recent years due to the rapid growth of air transportalion services coupled with a relatively
stagnant airport infrastructure. Current statistics indicate that approximately two billion
dollars are paid by air travelers due to system imposed delays in the United States alone
[FAA, 1987]. These delays are likely to increase as air travel demand builds up from 416
billion passenger revehue mile flown in 1988 to én estimated 750 billion passenger revenue
mile by the end of the Cehtury or equivalent to an average annual growth of roughly 6 percént
[Aviation Week & Space Technology, 1983]. The problem is further aggravated when one
considers that the current air transportation system has been operating in a pseudo-stagnant
mode with almost the same infrastructure in terms of airport facilities since the early
seventies. The Federal Aviation Administration (FAA) has estimated that eleven major
airports now experience severe chronic operational delays -more than 20,000 hours of system
imposed delays per year - as a result of traffic congestion [FAA, 1989]. According to the FAA
this number will increase to thirty two by the year 1996 and possibly fifty by the end of the
century [FAA, 1888]. One fifth of these airport facilities will experience more than 50,000 hours
of system imposed delays according to the same étudy. Delays at tﬁese key airports are not
simply local problems; the effects ripple outward to other airports with flights connecting to
these hubs and ultimately to the entire air transportation network [Transportation Research

Board, 1988].

To illustrate the magnitude of the capacity restrictions at a tybi,cal major éirport facility
consider the Los Angeles International Airport (LAX). According to the City of Los Angeles
Department of Airports, Facilities Planning Bureau, the design capacities of LAX are 147 and
128 aircraft operations per hour under Visual and Instrument .Flight Rules (VFR and IFR),
respectively [Los Angeles City Department of Airports, 1988]. Due to strict noise abatement
procedures this capacity is reduced to 114 operations per hour for both VFR and IFR

conditions. Furthermore, during the hours of midnight to 6:30 A.M. the terminal airport capacity
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is restricted to 32 6perations pér hour, This l'ést point has tremendous operational effects on
this facility due to its strafegic location for transpacific flights. Similar capacity restrictions
have been applied to Chicago O’Hére International Airport prbmptéd by a large increase in

the number of ‘operational errors at the terminal control center [Aviation Week and Space .

~ Technology, 1988].

The capacity of an airport facility is dictated by the critical capacity of the following four
componénts: 1) the airspace, 2) the_runway, 3) the taxiway, and 4) the apron-gate component
(i.e., assuming a well designed ground access system). Althou_gh the intekrelations between
these four components could be.signiﬁcant for certain lairport configurations it has been
customary t(_i study in‘ detail each component independently and then select the most
restrictive one as that defining the capacity of the facility. Obviously, capacity is also affected
by many external factors such as meteorological conditi'ons, airfield configuration, aircraft

characteristics, and air traffic control system performance.

The challenge faced by today’s system developers is how {o increase system capacity‘
without violating. present operational norms and degrading system safety. Research and
development programs at FAA and NASA are addressing several issues of the airfield
problems, foremost\ of which are the improvement of operational use of runways, provision
of efficient flovs) control, spacing and management of aircraft in the terminal airspace,
upgrading of the computer/communication technology usage, and the resclution of the effects

of wake vortex and aircraft noise.

improving the operational usé of runways, the reduction of runway occupancy times using
high-speed exits is one of th‘e‘r'esearch activities carried by the FAA and NASA. The efficiency
of the runway component is dictated primarily by the runway occupancy time (ROT) and its
variability from aircraft to aircraft. ROT is the time an aircraft spends on the rﬁnway orits
vicinity until a new arrival or departure can be processed. Table 1.1 illustrates typical valueé
of ROT and its variablity for several aircraft classes using current and future technologies
according to a recent study conducted at the MITRE Corporation [‘Barrer and Dieth, 1988]. The

study quantified the potential increases to runway capacity resulting from improvements to the
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Table 1.1 Arrival Runway Occupancy Times (Adapted frbm Barrer & Dielh, 1988).

ROT Me;n Valu;a‘“v('secci)nds‘) ) -
TERP Category Present Future (1996)
A 43 o p 35
B a5 37
c 46 40
D ' _ 50 | a5

Air Traffic Control System (ATC) performance parameters (i.e., reducing in-trail Ianding
separations, better planned runway -exits, improved ground-baséd | radar  surveillance
capability, etc.) and concluded that gains of up to 20% in the capapity of a siﬁgle runway are
possible if these control actions were to be implemented. Other sthdiés subport similar gains
if advanced systems are uééd [Lebron, 1987, Simpson et al, 1988]. On the airspace component
a critical parameter directly related to capacity ié the arrival in-trial separation (AIT). AIT
values are dictated by safety criteria to avo_id the effects of th_e wake vortex generated by a
Ieading aircraft during landing. Current and future arrival in-trail separation values taken from
the same study are shown in Table 1.2. Values of equivalent arrival in-trail separation have
been added to show that even with the projected fixed distance separation standards large
in-trail separation times remain for some operational scenarios (i.e., a sméll aircraft operating
behind a heavy heavy jet). Moreover, one must recognize that chalienges remain to be solved
in terms of the technology available to support somé of these control actions. For example, the
wake vortex separation criteria envisioned in the MITRE study Would necessitate of a
completely revised scheme in how aircraft control systems are designed or through
sophisticated approach sequences which might not only inciude curved paths but also
real-time advisories of the progreés of preceeding landing aircraft. The first point is probably
the most debatable since the vortex wake generated by a heavy aircraft requires a significant
amount of time to decay to harmless levels and the reduction of the current separation criteria

could result in sqbstantial increases in vortex wake penetration [Rossow and Tinglin, 1988].
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The second approach seems more promising with the ..introduction of the microwave landing
system (MLS) coupled with area navigation procedureé (RNAV) and its well publ.icized
“‘multipath apprbach capabilities aithough more flight tesfing is necessary to validate potential
_MLszNAV procedures for heavy aircraft operations in the “near” terminal control area
[Branstetter et al, 1988]. The automat_ion of the future Air Traffic Control (ATC) activities in the
terminal control aerea seem to promise a small reduction in the imerarrival timé and runway
occupancy time buffers currently' applied under manual control ATc‘conditions [Swedish ,
1979]. If these reddctions were to take place in‘the near future, the ruﬁway subsystem could
in fact become the ‘"bottleneck” of the airport sysfem and thus airport capacity could then be
dictated by the runway occupancy times achieved during realistic_operations. Under the
simple assumptibn §f conside}ing an average ROT value in the future, if the 2/4/5 n.m.
distance in-trail separation rule were implemented in the future theﬁ the average runway
- occupancy time (ROT) necessary to accomodate this level of arrival rates would be 39
seconds with a 1.4% intervention rate [Swedish, 1979]. According to observations made by
Koenig [Koenig, 1978] at six major airports this average is below the 42-51 second average
ROT experienced by short/medium size transport-type aircraft and the 51-58 second average
ROT obsgrved in heavy jet VFR operations. It is interesting to observe that these averages
have not significantly changed for more than a decade suggesting that the current runway
subsystem needs to be modified if future gains in average ROT are to be achieved. It seems
desirable to iﬁvestigate high-speed turnoff alternatives that could reduce thg present average
ROT values by 4 to 10 seconds (i.e.,b depending upon the operating aircraft mix) to balance the
expected future interarrival separation standafds with the average runway occupancy times

and thus improving runway capacity under mixed operations.

Parallel research studies are currently being conducted to address the air space and
runway capacity issues in order to'improve the level of service of existing and future facilities.
It is_important to empha_size' that a reduction in‘the inl-trail separafion rules will have to be
followed by a corresponding reduction in ROT times if significant improvements in the airport
capacity are to be achieved. The use of highly advanced avionics coupled with the instatlation

of modern navigation facilities (i.e., microwave landing system, four-dimensional navigation,
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etc.) and the strategic location of turnoffs seem to promise some reductions in the in-trail

separation, ROT and their cbrresponding variabilities to warrant changes in runway capacity.

Among the several alternatives to improve airport capacity one being addressed in this
research is the use of,high-»speedr turnoffs in airport runways to reduce‘the aircraft runway
oécopancy times. It should be clear that although some of the major airport‘facilities have
adopted the 30-degree high-speed FAA turnoff standard and newly proposed spiral designs it
seems possible to improve the level of service of a runway facility (i.e., decreasing the runway
occupancy time or increasing the runway acceptance rate) by tailoring the tufnoff geometry
and location to an existing or forecasted population of aircraft. That is the population of aircraft
operating in a particular airfield should dictate not only the location but also thé characteristic

turnoff geometries associat‘ed with that runway.

1.1 Previous Turnoff Geometry Research

Past studies by Horonjeff et al [Horonjeff et al, 1958, 1959, and 1960] recognized the critical
relationship between turnoff location and turnoff geometry and developed a mathematical
model to locate exit taxiways for a limited number of scenarios (i.e., two exit taxiway speeds
and a reduced aircraft pobUlation). The results of this model concluded that the optimum
location of runway turnoffs is quite sensitive to aircraft population, number of exits, and exit
speeds. The same model used external atmospheric corrections to modify the baseline results
due to meteorological and geographical conditions. However, only two exit speeds (i.e., 40 and
60 mph) and a limited number of aircraft populations were investigated ihus rhaking the model
of limited use. Furthermore, since the aircraft populations used comprised “old” aircraft by
current standards the results need revision. The pioneering effort of the Horonjeff team,
however, generated a good amount of information regarding the cornering capabilities of
aircraft and also obtained data on several lighting schemes to help‘p’ilots negotiate these
turnoffs under adverse weather conditions. The Horonjeff team performed extensive

experiments to find the acceptable turning radius at a given exit speed. The results suggested
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Table 1.2 Arrival In-Trail Separation Criterla.

Lead Current Values . Future Goal (1996)
Aircraft (nautical miles) {nautical miles)
: (seconds) (seconds)
Small Large Heavy Small Large HeaVy
Small 2.5 25 25 2.0 2.0 . 20
82 64 60 65 51 48
Large 4.0 25 2.5 3.0 20 20
131 64 60 98 51 48
Heavy 6.0 5.0 4.0 5.0 4.0 3.0
196 129 96 163 103 72

Assumed speeds for three aircraft classes:
Small - 110 knots
Large - 140 knots
Heavy - 150 knots

two centered curves for the turnoff geometry with specifications shown in Table 1.3 and Figure

1.1 [Horonjeff et.al., 1858].

In 1970, FAA (1970, AC 150/5335-1A) made standards of high speed exits, angled exits with
30° and 45 ° . The new FAA standard employed Horonjeff's suggested ending radius of 1800
feet which equates to an exit speed of 60 MPH. Another standard adopted for srﬁaller aircraft
was a 45 degree angle exit with a radius of curvature of 800 ft. which could well serve aircraft
exiting at 40 MPH according to Horonjeff’s findings. One important missing item from these
high speed geometries was the easement or transition curve necessary to provide passenger
comfort while executing the initial portion of the turnoff maneuver. Interestingly enough the
International Civil {\viation Organization (ICAO) adopted the easement curves as well as the

second radius of curvature suggested by the 1958 UC Berkeley team (ICAQ, 1977).

Schoen et. al. [Schoen et. al., 1985] investigated the turnoff trajeciory of high speed taxiing
aircraft in an isolated basis. The resulting ...ape of the aircraft turnoff was a variable curvature

geometry with a continuously decreasing radius of curvature. The end result of this research
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Table 1.3 Turnoff Geometry Specification Table.

Velocity | R, L
_(MPH) (£H risy (£f)

40 1724 189 821
54 2936 : 236 1282

64 3138 283 1846

=
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Figure 1.1 Turnoff Geometry Specification Graph [Horonjeff et. al., 1958].

Introduction

JE P N Rk W LS T WERRURITCGAT SR SRR e S




Figure 1.2 30 ° High Speed Turnoff Geometry [FAA, 1970].

———-——¢  Toxiwoy —-

Figure 1.3 45 ° High Speed Turnoff Geometry [FAA, 1970]
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was a computer program ‘(0 calculale the (x, y) cddrdinates of the ‘geometry, considering exit
speed _and aircraft turnihg ability. The findings of this research sugg_ested: that .aifcraft
rotational inertia playe‘d an important factor in dictating the initial trajec{ory of the‘ turnoff
maneuver. This research also showed that ROT values of 30 seconds are possible at the
expense of large turning radius and extremely high exit speeds (e.g., 11701 MPH for a Boeing
747). Very high-speed turnoff results should, however, be treated cautiosly since at such high
speeds the controllability' of aircraft on the ground could become a serious operational

deterrent.

The most recent research of turnoff geometry was conducted by A;/iation Department
staffs of Dade County, Florida ( Carr et. al. , 1980, Witteveen, 1987, and HeUry. 1987 ). They
'tested various types of geometry, lighting, and marking in an L1011 ﬂigﬁt simulator. Figure
1.4 is a proposed wide entrance geometry which shows its wider throat than that of a standard
FAA high-speed exit geometry. Figure 1.5 shows the difference of the standard geofnetry and
suggested geometry. The shaded area is the standard geometry. The new geometry was
imblemented in Miami lnternational Airport, Baltimore-Washington Interqational Airport, and
Oriando Internatio_nal‘ Airhort, and is expected to be constructed in Cincinnati International
Airport and the new Denver international Airport [Witteveen, 1987 and Hau‘ry, 1987]. The wide
entrance throat of this geometry is appealing in situations where lateral speeing restrictions
between the runway and the nearest parallel taxiway are severe (i.e., le-s.s than 600 ft.).
Howe;/er, the ending radius of curvature of only 800 ft. might be a I‘imiting factor in the
operational capabilities of this exit to handle large aircraft above 50 kﬁots in a routine basis.
The FAA is currently éngaged in evaluating this geometry in the Boeing 72?-100 sihulator and

aircraft.

1.2 Mathematical Models for Optimal Turnoff Locations

The earliest effort to make a model for the optimal runway exit Ioéatirig problem is also

found in the pioneering work-of Robert Horonjeff {Horonjeff et. al., 1959, 1960). The objective
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of their model was to find exit locations that maximize the landing acceptance fate of a runway
in the saturated situation; assuming the aircraft arrival pattern followed a fixed time or fixed
distance sepafation criterion. The saturated situation' means that aircraft try to land
continuously with a separation rule. The acceptance rate is determined by :

Sy

T
i

1 1 o

EAJ) = . 1.1
B = Esy T+ (1
where,

E(A:) = the expected acceptance rate ( aircraft/hr),

E(5) = the expected interarrival time ( hr/aircraft ),
¢] = weighted average of ‘'wave off’ probabilities.

Wave off occurs if the previous aircraft remains on the runway when the next aircraft
reaches the runway threshold. The expected acceptance rate can be maximized by

minimizing the weightedr average of wave off probabilities which expressed by :

n
q = ZP/ * g ) 1.2}
. .

where,

p: = the proportion of aircraft type i,
q; = the wave off probability of aircraft type i,
n == the number of aircraft types.

p; should be provided to the model, and g; is calculated by :

where,

T, = runway occupancy time of aircraft type i.

Since T; is a function of exit locations ( Dy, D;, s+, D), g can be expressed as a function
of exit locations, and thué, by calculus, the optimal exit locations, which minimize q, are found.
The equation for T; involves bivariate random variables, (d, t) which are the mean distaﬁce
and time for aircraft of type i to decelerate to the predetermined exit speed, respectively.‘The
differential equations fér optimal exit locations are not simple, an'd can not be solved
analytically. Hence, ﬁndi'ng the optimal locations requires a numerical computation algorithm

which consumes a lot of computation time.
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The joint distributions of {d,, ;) of eVery.aircraft type are another input ;delllza for the model.
The va‘lues of d; and t, vary according to the operational faclors such as the dtzait;.n exil_sbpeed
and the lfanding weight, and environntental factors such as runway surface conditions, allitude
of airport, and temperature. event though we consider only one aircrafl lype. Hence the
parameters of the joint distribution of d; and ; should be estimated again if atn influencing

factor is changed thus pos'ing a great computational and labor intensive challenge.

In 1974, Daelienbach [1974] developed a dynamic programming'modetj Whictw is equivalent
to the Horonjeff's approach with some extensions. | Horonjeff’'s model imboses a strict
assumption on the alrcraft arrival pattern. Daellenbach released the ‘assumption, and
permitted a generahzed arrival pattern. He showed his model to be more efficient
computationally and more flexible for modelling than Horonjeff’'s model. Daellenbach s model.
however, also requires the joint distributions of (d,, t) as input. The date for estimating the
parameters of the joint distributions are difficult to collect and almost i‘mposéible when the

influencing factors vary.

In the same year, Jeline [1974] developed another dynamic programming model to ftnd
the optimal number of exits and their locations with re'spect to the combined objective funetion
of ROT and exit construction cost. He incorporated the ROT gain and the exit vcenstruction cost
into an objective functiout by equating 1 second gain in ROT with $100.00(.)' in construction cost.
While Horonjeff's model and Daellenbach’s model require the joint distributions of (d,, t;) for
each aircraft type, Joline’s model needs only an univariate distribution of ‘ideal exit location’
for a mixed aircraft populatlon Joline classified aircraft into three categones based on the
aircraft size, and found the distributions of ideal exit locations for these three aircraft classes
based on the observattqns of aircraft landing operations in Chicago O’Hare Airport. The ideal
exit location distributiOn 1 for entire aircraft population is found by eombining the three
distributions accordingto the proporttions of the three aircraft classes. Ae mentioned earlier,
there are several factors influencing the aircraft landing distance such as the design exit
speed, landing weight,vetc.. Joline’s model, like the previous models, makes the effects of

these inﬂuencing factors hard to incorporate.
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ROT consists of the time from the runway threshold to the exit location and the time from
the beginning of thé turn to the clearance of the runway. The second term obviously varies
according 1o the turnoff trajec‘tory and its magnitude varies according to the deéired turnéff
exit angle. None of three models above, however, takes into accouni the ROT variation due
to the change of the turnoff trajectory. The turnoff trajectory also varies accordihg to design
exit speed, .aircraﬂ turning ability, runway surface conditions, etc.. Therefore an attempt is

made in this report to bridge the gap between practical and theoretical models.

The three models above impiicitly assume that an -aircraft type can use more than one
exit for turnoff with different ROT and exiting probability. If we want to decide separation times
between the landing aircraft based on the ROT 6f the ajrcraft, it is desirable to- assign an
aircraft to an exit with high exiting probability, say 99%. Thereby thevvariation of ROT of an
aircraft can be reduced. This sjtuation is expected to occur in the near future with an
improvements to aircraft traffic control ( ATC ) systems and better crew situational ‘awareness_
provided by enhanced on-board ground navigation avionic systems. The purpose of this new
research effort is to develop a more general model that will be able to predict that location
of runway turnoffs in é myriad of scenarios are where changes to the aircraft population and
airfield conditions can be easily defined by the user thus making it poséible to be used under

practical airport conditions.

1.3 Approach and Scope of the UCTRIVPI Research

The University Center for Transportation Research (UCTR) at Virginia Tech University (VPI
& SU) has been asked by the FAA and NASA Langley to investigate the feasibility of
implementing high-speed turnoffs at major airports‘ to reduée the runway occupancy times.
T’he goal of this research project is to develop a user-friendly computer simulation model to
estimate the optimal location of high-speed turnoffs at an airport facility in order to reduce the
runway occupancy time (ROT). The mode! incorporates environmental factors such as airfield

elevation, runway configuration, weather conditions, etc. and operational factors such as
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aircraft mix (i.e., terminal operation aircraft types) and aircraft piloting technique (i.e., aircraft
touchdown speed dispersion value’s‘) to determine the potential location of ‘high-spee‘d turnoffs.
Factors that in past studies either have been neglected or treated as éxternalities to the

models.

A problerh scenario address'ed in this research can be better undersiood with the help
of Fig. 1.6 which depicts‘a histogram of landing distances for a typical airport facility. It is
observed that a grouping phenomena of the potential location of the runway turnoffs takes
place at discrete distances from the active runway threshold as each airCraft type has. unique
landing roliout ‘perforrﬁanée characteristics coupled with some inherent ‘va‘rjabili’ty due to
dissimilar piloting techniques. The point to be stressed here is that by ¢aréfqlly locating the
runway turnoffs one coﬁld at Iéast in princfple. reducé the ROT time fdr_ é' given aircraft
population and airfield condltions below a des:red level (e.g., 40 seconds) Fig. 1.7 shows an

example of projected turnoff locations for a hypothetical runway.

A second argument to this already complex problem is the fact that due to the unique
landing characteristics of each aircraft it is also possible to determine the most efficient turnoff
geometry for the same aircraft populatlon Fig. 1.8 depicts ﬁve different turnoff geometrles for
dissimilar aircraﬂ representative of the existing Terminal instrument Procedure categones
(TERPS) using a prdbabilistic model developed by the McDonnelf Douglas Corporation for
NASA ‘[Schoen et. al., 1985]. These results consider the aircraft landing ‘gear friction
characteristics to be the only source of aircraft directional control on . the ground, an
approximation wellj suited for medium to slow landing rollout speeds {e.g., 30;60 knots) where
the ‘aerodynamic efficiency of the aircraft primary control surfaces is negiiQibIe_. However, the
model is very restrictive as it only optimizes the geometry of a turnoff fo;' éjsingle ‘aircraft with
no consideration for speéiﬁc environmental nor operational factors of the airﬁeld. Again, the
issue of considering t'h’e aircraft mix as part of the solution of the problefn arises when one
considers that the selection of a critical aircraft might not warrant the overall "best” alternative
if .that critical aircraft seldom operatgs the facility. In other words, if 'én optimal location is
sought for a large pépulafion of aircraft it might be desirable to penal'i':ze‘t'h.(’e critical. aircraft

in terms of their ROT .p'arameter if the rest of the population i(s]larbe and can be
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Figure 1.6 Hypotlietical Aircraft Landing Distance Distribution.

. accommodated in a particular geometry that reduces the overall ROT (i.e., average ROT) of
the facility in question. This clearly demonstrates that an optimal solution must heavily depend

‘upon the aircraft population mix operating in the airport environment.

From this last point an interesting question emerges regarding the applicability of an
“optimal” design for current and future conditions. One might say that if a runway is at the
planning stage, the planner should attempt to forecast the future aircraft population of its
environment with the aid of airlines and aviation authorities, while if only improvements are
sought (i.e., the runway is already in place) the use of a current aircraft population constitutes
a better choice. The bottom line seems to be that the model should be flexible enough to allow

the analyst to execute environmental and operational changes with a minimum of effort.
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Figure 1.7 Typical Projected Turnoff Locations for a Hypothetical Runway.

The scope of the model should be viewed not as an isolated effort to address alt the
problems regarding runway operations, but as a novel approach to solve some of the imposed
demands generated with the growth of air traffic operations and the need for using the airport
infrastructure available more efficiently. The effort presented here should be integrated and
coordinated with future and present complementary efforts. The main emphasis from the
user’s point of view will be in the general aviation area but the model avoids preferences

towards a selected group of aircraft and can be expanded to suit any operating aircraft mix.

The model, once developed, should be extended and integrated to the airport capacity
analysis level. At this stage the interactions between runway, taxiway -, and apron should be

studied to perceive potential problems of integrating variable geometry turnoffs-in the airfield
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environment. Following the implications of these results a cost effectiveness analysis would
have to be performed in order to perceive the gains in ROT time translated into benefits to the
user, and operators. Finally, the results will have to be tested for pilot’s acceptance in terms
of procedures and workload. These sludies could be carried out in flight simulalors and the

aircraft themselves.

1.4 Model Overview

The Runway Exit Design Interactive Model (REDIM) developed in this research eficr,
incorporates several specific airfield variables that affect the landing performahce of the
éircraﬂ as well as other important operational constraints (e.g., aircraft mix) that have a direct
impact on the selection of the turnoff location and their geometry. A simplified flow diagram
of the model proposed is shown in Fig. 1.8. It can be seen that five modules comprise the
program: 1) an input module , 2) a dynamic simulation module to estimate the ROT times
for individual aircraft, 3) a selection/optimization algorithm to deterrﬁiné candidate turnoff
locations to comply with a desired reliability threshold value and 4) an aircraft data module
containing relevant aircraft performance and geometric parameters (also named master file
in this research and 5) an output module to shown graphically and in tabular form the
suggested runway turnoff configuration and display some measures of effectiveness desired
by the analyst. Fig. 1.10 shows a typical sequence of events occuring during the flare transition
and landing rollout that will be modeled explicitly in the dynamic portion of this program. The
program contains a library of geometric and operational aircraft characteristics to allow the
analyst to choose from a wide selection of operational airport scenarios. Obviously, the user
is also capable of editing his/her own aircraft data if desired through simple steps in the input

module.

The program considers three broad types of analyses: 1) evaluation of an existing runway,
2) redesign of an existing runway and 3) design of a new runway facility. In the evaluation

mode REDIM estimates several measures of effectiveness indicative of the operational
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Figure 1.9 Model Flowchart Organization.

capabilities of an existing runway facility. In this mode the user inputs the number, type and
location of existing turnoffs as well as the relevant aircraft population data and the model
predicts the average'runway occupancy time (WAROT), the particular exit{s) that an aircraft
can take , and the probability of each aircraft i taking the assigned exit(s). Another potential
use of this mode is to serve as a benchmark to perform valid comparisons between different
runway proposals. This way the analyst can perc.eive the operational gains of various

modification alternatives.

The second mode of operation deals with the redesign of a runway facility. In this scenario
it is expected that the user might want to explore the possibility of adding new high-speed

turnoffs to an existing facility and examine their impact in the operational efficiency of the
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facility. Inputs in this mode are the number and type of existing turnoffs, their locations, thé
number of new turnoffs to be constructed and a reliability parameter. Tﬁe outputs aré the
location and geometry of each new turnoff, thc weighted average runway occupancy time, and
an aircraft assignment table containing lndf\;idual runway occupancy times for the desired

w ¢

reliability factor specified by the user.’

%

in the third. mode 'of operation REDIM estimates the optim;I location of runway turnoffs
and their corrcsponding geometries. An éssignment table is given to the user indicating the
turnoff(s) associated with each aircraft and their individual runway occupancy times. The
weighted average runway occupancy tlme is- also estimated as a global runway operatijonal
parameter and sensitivity studies can be easrly be conducted by changing the number of
turnoffs allocated to a specific runway. Inputs by the user in this mode are the number of exits
to be constructed and the desired exit reliability parameter. More detailed descriptions of

these three modes of operatidn _w'ill>be given in the remaining chapters of this report.

REDIM blends the principles of continuous simulation with \“those Qf mathematical
optimiZatioh to find the best turnoff {ocations and corresponrjing turnoff geometries for a
myriad of possibilities. The program was designed to be interactive and a great effort was
made to reduce the number of inputs expected from the user. A large alrcraft data base is
included to simplify the analyst input task but fle><|b|I|ty is also built-in to allow future aircraft
additions. The overall effort was to make the program mteractlve and easy to use. lnteractlve
input and output menus are easy to follow providing the user with graphic results on the

screen or a regular line printer.

Introduction .o 20



L AIRCRAFT LANDING PHASES MODELED .
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Figure 1.10 Aircraft Landing Events Modeled in the Analysis.
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2.0 Input Module

The Input Module comprises :a\ seriés~of interactive screens that allow the user to input
“and edit data necessary for the analyéis portion of the program (i.e., Dynamic and
Optimization Modules). This module is controlled by menuskor key-stroke commands such as
“Esc” key. A flow chart depicting the sequence of events comptising the Input Module is shown
in Fig. 2.1. As can bé observed, the “Main Menu” placed at the top level of the flow chart has
seven modeé: ‘1) “Start for a New Problem,” 2) “Edit Data,” 3) “Begin Analysis,” 4) "Edit Master
File,” 5) "Go To Output Module,” 6) “Help” and 7) "Quit.” The details of these modes are given

in Section 2.4 and shown schematically in Fig. 2.1.

‘Input Daté is clas.siﬁed into six broad categories: 1) analysis type and related data, 2)
aircraft mix and characteristics data, 3) airport operational data, 4) airport environmental data,
5) runway gradients, and 6) weather and exit speeds. All of these are necessary for the
analysis, and should be saved in a ‘working data file’ specified by the user with an arbitrary
name. For the convenience of the user, all the aircraft characteristics are kept in a maéte'r
data file named “MAST.DAT” and are transferred to a working data file automatically‘ if

necessary.

2.1 Data Classification

There are three kinds of data for analysis: 1) input data, 2) constant daté, and 3) calculated
data. Among these kinds of data, constant data and calculated data are determined in the
Dynémic Module detailed in the next Chapter. Input data is provided by the user via the Input
Module and its user-friendly screens. The input data is classified into six categories as

mentioned previously. The following paragraphs define the categories in more detail.
Analysis Type and Related Data
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The program provides the user with three choices for the type ol analysis to be performed.
For each type of analysis, there are some accorhpan;}ing data which vary depending on the
user’s choice. A more detalled explanation of this is provided in Scclion 2.2 devoled lo Input

/ Output relationships.

Alrcraft Mix and Characteristics Data
In this category, the percentages of the aircraft comprising the airport population mix and

aircraft geometric characteristics used in the program are included.

Airport Operational Data

In this category, the free roll time between the touchdown and the beginning of braking, the
free roll time between the end of braking and the beginning of turn off, taxiing speed, and their
standard deviations are included. A safety factor for the impending skidding condiﬁon is also

pait of this screen.

Alirport Environmental Data
The following parameters are included in this category: wind speed, wind direction, airport
elevation, airport temperature, runway orientation, visual range, runway width, and distance

o the neaf'est taxiway.

Runway Gradient
in this category, runwéy length, and the effective gradient for every one tenth of runway are

included.

Weather and Exit Speeds
The relative frequency of dry and wet runway surface conditions are included in this category.
The desired exit speeds of each aircraft category on each surface condition are also included

here.
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2.2 Input/Output Relationship

- As stated earlier, the user can select one of three typés of analysis : 1) evaluation of an
existing runway system, 2) improvement of an existing runway system, and 3) design of a new

runway system.

The 'evaluatioﬁ’ option requires 1) the reliability parameter, 2) the number of existing -
exits, and 3) the types of ekisting exits as inpuf data. This produces as output 1) the aircraft
distribution to the existing exits with the correspondmg ROT and cumulative exiting
probabilities and 2) the welghted average ROT as results of analysis. When the average ROT
is calculated for all the aircraft population, only one ROT is considered for each aircraft. For
example, if aircraft i is able to take exit k and k+1 whose corresponding ROT’s and
cumulative probabilities are &, &1, and pe P41, respectively. If p, is less than the reliability
specified by the user, and p,, is greater than the desired reliabjlity, then only & _, is

considered as the representative ROT for aircraft i.

The ‘improvement” option assumes that a few exits would be added to an existing runway.
This analysis requires 1) the reliability parameter, 2) the number of existing exits, 3) the types‘
of existing exits, and 4) the number of new exits which will be constructed. The results are
1) optimal exit locations, 2) aircraft assignment to the existing and new exits, 3) the weighted
average ROT which is minimized by the optimal exit locations, and 4) tu'rnoffgeometries of the

exits.

The ‘design’ option assumes a hypothetical situation with no exits on the runway. The
reliability parameter and the number of new exits are inputs for this type of analysis. The
results are simila_r in nature to those of the ‘improvement’ option with the only difference being
is that this new option takes into account the new exits for aircraft assignment, while the
‘improvement’ option considers both new and existing exits. I/Okrelationships for each

analysis type are shown in Figs. 2.2 to 2.4
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Figure 2.2 1/0 Relationship for ‘Evaluation” Analysis.
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-
’L Turnoft Locattons

Welghtea fverage
KO

Turnoff Geometrics

of Hew Exits

Input Module

i

ORIGINAL PAGE IS
OF POOR QUALITY

26




Design a New Runway Facility (Design Mode)
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Figure 2.4 1/0 Relationship for “Design’ Analysis.

2.3 Data Input Method

In the Input Module, there are three different input methods used: 1) menu input, 2) line
-input, and 3) table input. Menu input arises when the user selects his choice among the list
displayed on the screen using@,‘the arrow keys and enter'r key. The flow in the module is
controlled by the menu input method. The main menu, edit menu for working data file, edit
menu for master data file, selection of a analysis type, etc. are the examples of the menu input
method. Line input 6ccurs when the user puts a numerical value like runwa‘y length or a string
datum like a data file name at the position specified on a screen. The user inputs file names
( data and/or output file), the number of exits, the locations of exits, etc. using this method.
Table input is similar to line input. However, table input is used in order to get several
numerical data on the same screen, while line input is used in order to get one numerical or
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string datum on a line. By the table input method the user inputs aircraft mix data, aircraft

~ characteristics data, airport environmental data, etc.

2.4 Procedures in Ihput Module

The first screen presented to the user after the title screen is the main menu. 1"he main
menu screen gives ‘the user a list of seven choices: 1) Start a New Problem, 2) Edit Data, 3)
Begin Analysis, 4) Edit Master File, 5) Go to Output Module, 6) Help, and 7) Quit as shown in _
the Fig. 2.5. The functions of choices 3), 5), and 7) are used to transfer the flow control to other
program modules. The purpose of choice 6) is to give a brief explanation of-tﬁe screen choices

to the user. Choices 1,2 and 4 invoke the procedures belonging to the Input Module.

2.4.1 Starting a New Problem

In this mode, all the data necessary for the analysis should be pfovided by the user. Once
the user enters this mode a complete set of values is expected before completing fhe entire
input proceés. The first set of data wh_ich the user needs to specify is “Analysis Type and
Related Data” ( refer to the Section 2.1 ). The type of analysis is selected through the menu
input method. Fig. 2.6 shows the screen for analysis type selection, which is followed by the
related data screeh which might vary depending upon the analysi§ type selected. Fig. 2.7 is
an example of such a screen. The second set of the data is ”Aircraft Mix and Characteristics.”
The aircraft mix screen shows the names of the aircraft whose characteristics are included in
master data file in table form as shown in Fig. 2.8. The user inputs the percéntages of the

aircraft which comprise the aircraft population, expected to operate at the runway facility.

Following the aircraft mix screen, several aircraft characteristics screens for each aircraft
selected in the mix screen are displayed as shown in Fig. 2.9. All the values shown in this

screen are transferred from the master data file. If the user does not want to change the
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lise arrow (1 or 1) key to change your choice.
Press enter ( «J ) key If the chofce Is correct.

H SRRSO NET P YRR TEN
2)Edit Data

~begin Analysis
4)Edit Master File
5)6o To Output Module

6)Help
Quit
Figure 2.5 Main Menu Screen.
| SELECT Press escape (Esc) key to return to MIN ¥EMI, .
Amalysis .
Type Use arrow (1 or 1) key to change your choice.

Press enter ( ! ) key If the choice Is correct.

PO TR AN BT LT

2) Improve an Existing Runway

3) Design a New Runway

Figure 2.6 Analysis Type Menu.
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values, he/she would press "‘Esc” key to proceed to the next step which might be another

aircraft characteristics screen or airport environmental data screen.

The screens for “Airport Environmental Data".and ihe ”Alrpoit Operational Data” follow
the “Aircraft Mix and Characteristics Data” screen These screens having similar table formats
are shown in Figs 2. 10 and 211 The next screen deals with "Runway Gradients.” At this pomt
the user specifies the runway length with the line input method, and mputs the gradients for
every one tenth section of the runway usmg the table input method as depicted in Flg 2.12.
The final screen in “Start a New Problem” m_ode is designed. for “Weather and Exit Speeds.
On this screen, the relative frequencies of occurence for dry and wet conditions are spe'cified.
"Also, the desired exit speeds of every aifé;'aﬂ category under each'weather condition are

selected by the table input method, as shown in Fig. 2.13.

EMIT

Use arrow (¢ or +) key to change your choice.
Press enter ( «J ) key if the cholce is correct.

Ho. ol‘”exlsuﬁg exits : 3

¢ LOCATION (m) > < TYPE >

Exit 1 : 1500 Qﬁ’ d}# 15-dgr  90-dgr
Exit 2 : 2300 : d 45-dgr  90-dgr

Exit 3 : 2700 36-dgr . 45-dgr  Dordgr

Figure 2.7 Data Related to the Type of Analysis.
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Press escape (Esc) key to proceed to next step.

ﬁ Nn(‘;gt Pﬁ::: gg:ﬁ:r:etj()*gﬂ)’ i “:tzognct data.
ress €, 1, or ) kcy to move cursor.
TERPS & TERPS B TERPS € TERPS D TERPS E
PA-38-112 10  BE-38 :m B-747-2008:0
e Bl MR Y
“52-581 i@ SAaB-i40 B- 98 i40 MB-11
:g_n“ ie ug-azn Fo x;:z
chile 8 3fcgels BAs24%8 00
e ul o pHn
Hee 18 POty mp
s ik,
ARJET-31i30 Ehe- gg-ao
- k] & i-

Figure 2.8 Aircraft Mix Data Screen.

EDIT

LEARJET-31
Char. Data

Press escape (Esc) key to proceed to next step.

Press enter ( ¢! ) key to store data.
Press backspace ( «B ) key to correct data.
Press arrow («,4,1, or 1) key to move cursor.

A/C Yheelbase
f/C 2 Load on Mains

A/C Ving Area
A/C N.Gear to W.Tip

1A~C Landing Distance

(w): 6.15
(2): 93.42
(m): 883.00

(M) 24.57

(m): 7.26

A/C Wheeltrack (m): 2.51

A/C Landing Mass (Ky): 6940

A/C Maximim CL P 2.4130
(w): 13.34

A/C Wing Span

ﬁbwe data are transfered from MASTER PILE.

Figure 2.9 Aircraft Characteristics Data Screen.
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2.4.2 Editing Aircraft Data

This portion of the program allows the user to modify existing data filevs.'lf user selects
*2) Edit Data” mode at the main menu, th}e edit menu, which shows six groups ofv data, _is
dishlayed. In the "Edit Data” mode the user can select the group of data which he/she wants
to change, while in the "Start é New Problem” mode the user should input all the data
sequentially. The details for editing data are the same as in the “Start a New Problem” mode.

Fig. 2.14 shows the edit menu.

2.4.3 Editing the Master File

While the function of “Edit Data” mode is editing the working data file, the function of “Edit
Master File;’ is editing the master data file which keeps the aircraft namés and their geometric
characteristics. If “Edit Master File” mode is selected, fhe edit menu for master data file,
appears. In this menu, there are two choices: 1) "Add a New Aircraft” and 2) “Change some
- Specific Data,” If the user chooses the first, he/she has to select ohe 6ut of five aircraft
categories (TERPS A-E) and input the new aircraft name. Then a screen for editing aircraft
characteristics appears. If the user opts for the second choice, he/she has to select one
aircraft category and o.ne aircraft name included in the category selected. Then a screen for
editing aircraft characteristics appears. Figs. 2.15 and 2.16 show the edit menu for mastier

data file and the screen for adding a new aircraft, respectively.
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©IT Prest escape (Esc) key to return to EDIT MEMD.

Afrport Press enter ( «J ) key to store data.
Eav. Data Press backspace ( «B ) key to correct data.
Press arrow (¢,+,1, or 4} key to move cursor.

Wind Speed (ws) : 6 Wind Direction : e

A/F Elewation (m) : 500 - : /P Tewperature (C) : 15
R/W Uisual Range (m): 1500 R/M Orientation 0
RV Width (w) : 50 Dist. to Taxiway (w) : 3OO

Figure 2.10 Airport Environmental Data Menu.:

EDIT Press escape (Esc) key to return to EDIT MEMI.
fiirport Press enter ( +J ) key to store data.
Oper. Data Press backspace ( «B ) key to carrect data.

Press arrouw («,+,1, or ) key to move cursor.

AVERAGE STD. DEL.
Free Roll Time 1 (sec) : 2 .5
Free Roll Time 2 (sec) 1 .2
Taxiing Speed ws) : 8 1

Safety Fac. for Skid (x): 50

Figure 2.11 Alrport Operational Data Menu.

s
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EDIT Press escape (Esc) key to proceed to next step.

Gradients & Press enter ( «! ) key to store data.
Friction Press backspace ( «B ) key to correct data.
Press arrou (¢,+,1, or ) key to move cursor.
R/W LENGTH () : 3600
GRADIENT )
6. T0 300 :0 36 T 666 : 06
600 TO 960 -: 0O 900 TO 1200 : 0O
1260 TO 1500 : © 1560 T0 1660 : ©
18606 T0 2100 : © 2160 T0 2400 : O
2460 T4 Z700 : O 2700 T0 3006 : 6
Figure 2.12 Runway Gradients and Friction Conditions Screen.
EDIT Press escape (Esc) key to return to EDIT MEM).
Weather & Press enter ( «3 ) key to store data.
Exit Spd Press backspace ( +B ) key to correct data.”
- Press arrouw («,+,1, or 1) key to move cursor.
DRY \ET
Percentage () : 00 20
TERPS A exit speed (ws) @ 20 20
TERPS B exit speed (ws) @ 25 25
TERPS C exit speed (ws) @ 30 . 30
TERPS D exit speed (ws) : 30 3o
TERPS E exit speed (ws) :

Figure 2.13 Screen for Weather and Exit Speeds,
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EDIT MENU

Data
File

Press escape (Esc) key to return to MIN MEMI.

Use arrouw (t or ) key to change your choice.
Press enter ( «! ) key if the choice is correct.

2)Aircraft Mix & Characteristics Data
IAirport Dperational Data

4)Airport Environmental Data
9)Runway Gradients

6)Weather & Exit Speeds

?)Help

Figure 2.14 Edit Menu Screen.

EDIT MENU

Master
File

Press escape (Esc) key to return to MAIN MEM).

Use arrow (1 or §) key to change your chaice.
Press enter ( +4 ) key if the cholce is correct.

2)Change some Specific Data

Figure 2.15 Edit Menu Screen for Master File.
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SELECT

flrcraft
Category

Press escape (Esc) key to.return to EDIT HEMI.

1

Use arrow (f or 1) key to change ybur choice.

Press enter ( «J ) key {f the choice is correct.

TERPS A
TERPS B
TERPS €
TERESTN
TERPS E

Put your afrcraft name : B-747-260

Figure 2.16 Adding a New Aircraft Menu.
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3.0 Dynamic Module

The'Dynamic Module comprises several computational éubroutines used to evaluate the
aircraft performance during. the landing ﬂare; the runway ground roll, and the turnoff
maneuver. For modeling purposes, the aircraft flight and ground paths have been divided i;nto :
five distinct segments as shown in Fig. 1.10: 1) an air distance, 2) a free roll distance Setwéen
the air énd braking segments, 3) the bfaking segment, 4) a second free roll distance between
- the braking and turnoff segments, and 5) the turnoff distance until clearing the runway for the
next arrival. fhis segmentation eases the computatiohal tasks in the model and also
simplifies the inclusion of operational policies arising at specific poinis in the landing phase.
The following paragra_p‘hs;describe in detail the basic assumptions made in the dynamic
énalysis of this model. It should bé understoo‘d that the purpose of the dynamic model is the
identification -of potential can_didate solutions in search for optimal turnoff 4Iocations~. This is
accomplished through a pre-screening process of primary and secondary candidates as will

be explained later in Chapter 5 of this report.

3.1 Air Distance

The air distance is éstimgted indirectly from the basic aircraft geometric and performance
characteristics COntain,éd in the brogram Master File. The Master File contains geometric gnd
basic performance characteristics for neaﬂy one hundred aircraft in current use. These
characteristics are used to estirﬁate the approach (Vae) and touchdown speeds (Vyp) for each
aircraft selected by the‘user. Once the approach speed (or feference speed) is known, an
estimation of the air distance can be made assuming a circplar arc flare méneuver flown at
constant load factor to transition from a constant rate of descent ﬂownA at constant deéCeﬁt
flight angle y on final approach to a fiat flight path tangent to the thé ruvrllway. An analytical

expression for the air distance can be found by equating the changes in kinetic arid potential
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lDYNAMIC MODULE FLOW DIAGRAM '

Compute Speeds

INPUT MODULE Stall Speed (VSTALL)
Approach Speed (VAPP)
Touchdown Speed (VTD)

Landing Flare Speed (VFLARE)

VARIABLES

Integration Process

" Compute Distances
Air Distance (SAIR) .
Free Roll # 1 Distance (SFR1)
Braking Distance (SBHAKE)
Free Roll # 2 Distance (SFR2)”

Y

Compute Times

Air Time (TAIR)

Braking Time (TBRAKE)
Free Roll # 1 Time (TFR1)
Free Roll # 2 Time (TFR2)

e « w v o= aw==

Exit Path Computations

X-Coordinate (XPATH) Centripetal Mu Coefficient (YMUC)
Y-Coordinate (YPATH) : inenial Mu Coefficient (YMUI)

Instantaneous Palh Speed (VPATH) Scrubing Mu Coefficient (YMUSC)
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*- Implies that the corresponding run option has been selected {i.e., applicable only when an existing 90 deg.
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§

energy‘ of the aircraft near the ground with the product of a retarding force F, and the air

distance S, as shown in Eq. 3.1 [Nicolai, 1976; Torenbeek, 1981; Roskam, 1986].

9 . ‘
Hinres  Viare v '

- - 3.1
Sair Yoo ' 2g(npare— 1) ' ' @1

where, V. is the flare 'speed.(tak.en as 95% of the»approach &Epeed), y is the. effective descg:‘nt
flight path, Hy..s the threshold crossihg altitude. For preliminary analyses t‘he flare Ioad‘fac"lor-
has been set conseh)atively to 1.15 g’s and y to 3 degrees 1o sim'ulate‘a; reQular ILS approach
flight path. Currently the dispersions in the aif distance are set internally to fixed values that
'depend upon the airéraﬁ category being analyzed. The aircraft categories used in this
res;ea_rch are consistent with those implemented in the FAA Terminal Operating: Procedures
(TERPS) and defi.ned‘ in Table 3.1_. The underlying assumption‘in this{ respect is that slower
aircraft will usually. éxpgrience smaller toubhdown disperéions than those of faster aircraft in
absolute distance terms (this is not in contradiction fo—the fact that transport-type pilots might
be more accqrate in térms of iouchdown point standard deviations). Actual measuremeﬁts
of lateral and longitudinal landing dfspersions for transport-type aircraft mad»e by Hosang
[Hosang, 1975] suggest that for manual control landings ‘the average touéh_ddwn dispersion
(i.e., standard deviation) is -ébout 171 meters (560 feet). Although Iitt»\l'e data is available in
actual instrument meteqrological conditions (!MC) it has been found during a heads-up
certification display tha't‘ red_dced touchdown dispersions prevail unden; this circumstances

[Desmond, 1986].

The advantage in estimating air distances relying on ‘in'formation pertaining to each
aircraﬁ‘ is two-fold: 1) frees the analyst from relying on field data for a particular aircraft that
in most cases is not baVailabIe or which could be implemented at a Iate‘r sAtage‘for calibration
of the rﬁodel. 2) Introducés- more realistic variabilities in the touchdéwn Iocatibns for the entire
landing aircraft populétibh instead of assigning a ﬁxed touchdown location to an entire aircraft
category population. The method is also sensitive to specific airfiéld scenarios since more
parameters have been accounted for. For example, short takeoff and landing airéfaﬁ can be
assigned independently'differeht values for the flare load factor and descent ﬂight angle as

they occdr in practice thus affecting accordingly the air distance values estimated internally.
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Table 31 Alrcra(t Approach Category Classification (FAA,'1988).
Category Landing Speed (1.5 Vstair)
A | . _. ' less than 91"' Knots
B From 91 to 120 Knots inclusive
c ~_ From 121 to 140 Knots inclusive
D ‘ From 141 to 165 Kr{ots inclusive
E - | ‘ ' | ‘1.66 Knots andvhi'gher

The time consumed in the éir phase (T, Is a function of the touchdown {ocation (S,:), the
approach speed (V,,), and the touchdown speed (Vis). Assuming a normal distribution for the

aircraft touchdown location, T, and its cor,responding" variance, o%,,, are given as follows:

2 Sar - . - » =

Tair - vap + th E ’ {3-2}
2 _ 2 . .2 c y
Mo = [ Vap +Via 1 o5, ' ' S

where, V,, and Vs are the approach and touchdown speeds, respectively:
3.2 Free Roll Distances

Free roll distances arise in the aircr-aft'liénd'ing operation at two differeﬁt times: 1) between
the air distance and‘thé braking stage, Tere and 2) between the brél;ing segrﬁent and the
turnoff maneuver,Tege. The ﬁrst free roll distance tries to simulate an'irjher’en.t human délay
in applying aircraft brékihg_mechahisms such és t_hrus_t reversers, spoilers, or normal wheel

braking. A conservative average value of three seconds has been allocat’ed‘for this transition
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stage with a typical‘ standard deviation of one secénd. The corresponding free roll distance

Srr1 and its variance o, are as.follows:

Sert = Via Ter {3.4}
2 2 2
OSer1 Via aTFRﬁl - ' {3.5}

Note that any reductions in aircraft speed during wheel spin-up have been neglected for the

‘sake of simplicity.

a4
) 1

The second -transition segment trieé to mimic a delay time arising from the proper
suppression of braking action and a recognition time of the turnoff gébmetry prior to exiting
the runway. Under all visibiltity conditions there is a delay tim:e associated with the
recognition of a high-.spéed turnoff and the decision of whether or not thé' current aircraft state
(i.e., speed, brakingstatus. etc.) is appropriate to negotiate the turn. The user has completé
freedom to specify this delay flme. TFR2, in the Input Menu as detailed in Chapter 3. A nominal
value of 2 seconds has been allocated for this parameter as a repreéentative value under
clear air ahd unlimited visibility conditions (CAVU). However, the ana‘lyst could increase this
value accordingly to .si‘mulate low visibility scenarios. The end result being a correspondingly

higher value for the total runway occupancy time (ROT). |

A compiementing assumption in this analysis is that free roli time, Trr2 @and its variance

o%.q, are known. Then, the second free roll distance Sgze and its variance o8ep, are,
Srr2 = Vbrake, TFR2 = Vexit Trr2 {3.6}
o

2 2 ' .
GSFRZ = {Vbrake,,} GTFR2 ) . {37}

where, Vere, I8 the last braking speed integrated in the bréking stage and Ve is the aircraft

exit speed selected by the user.

Dynaimic Module ‘ . 41



3.3 Braking Distance

Under normal Iar-n'dving conditions. the braking segment constitutes the largest component
of the Runway Océupanéy Time (ROT). As such, it becomes necessary to estimate with some
accu-racy the braking distance if one is to have some confidence in the total distances co'veredﬂ
by the aircraft on the gréund. The previous requirement also stems fkom the incorporation
of airport specific variébies such as local runway slope and its effect on aircr_aft geceleration
‘i'éhara'cteristics. The - brbblem seems to be complicated by the fact that many aircraft
parameters necessary to determine the forces and moments acting on t_he aircraft as it brakes
are not gnly timé depénd_ent (e.g., thrust reverse forces, braking forces. parasitic drag
contributions, etc.) but élso aircraft specific in most instances (e.g., small reciprocating aircfafi
generally do not vha\ve thrust reverse capability whereas 'turﬁofan and large
turbopropeller-driven aircraft do)‘. The dilemma Is then to use a model that will provide an
accurate answer \f)vlthout‘ going into the sophistication and comﬁput'i,n.g‘ expense of a

higher-order model (i.e., 6-DOF model).

'

The braking algokithm used in the model integrates the Ibcal deceleration of the. aircraft,
a,cr, as it travels along the runway (Eq. 3.8). The local deceleration is estimated from the’
runway initial conditio’ns speciﬁed by the user in the Input portion of thé prjdg’ram. At the same
time a deceleration mu'itip_lier, cfws, is computed throughout the integra'tion' process in order
té correct the nominal aircraft deceleration due to local variations of f‘ru'hway slope. This
simplistic model then treats the aircraft as a second order point mass model whose resultént
deceleration is iniegrated forward in time to obtain the velocity/distance aircraft stat’g. The
assumption of a constant uncorrected deceleration rate is justifiable if ohe realizes that in

modern aircraft the deceleration rate is controllied by an antiskid system. The question is how

can we estimate the deceleration rate for either each aircraft or" for the‘ entire aircraft

population from the known runway conditions? As the reader recalls there are two different

scenarios, dry and‘wet; defined in the runway friction characteristiés as> part of the Input

Module. The correl'ation'of acfual aircraft data [Janes’s, 1988; Aviation Week & and Spaée

Dynamic Module ' ‘ ' 42



Technology, 1988; Business and Commercial Aviation, 1989] is done backwards to estimate
the necessary frlctlon coefﬁcnent and its corresponding deceleration rate necessary to maich
'the data published for some known conditions such as those corresponqu to the aircraft
maximum allowable |andmg mass (MALW) and dry pavement conditions. The wet condition
braking analjSis is‘ performed with the introduction of a deceleration degradation muitiplier,
cly, into the baseline deceleration_equation (Eq. 3.9). The multiplier has been derived using

NASA and ICAO empirical data [Yager and White, 1981; ICAO, 1'966].

A second correction multiplier is also introduced in this analysis to modify the
instantaneous deceleration ‘due to variations in the local runway slope. The evaluation of tnis
multiplier has been done outside the current REDIM Model using complete drag/thrust data
for a Boemg 727-200 and for simphﬁca’uon purposes it is assumed to be constant for all the
aircraft populatlon Equahon 3.8 illustrates the approximation made of the brakmg distance,

sBuko'

n

Sbrake = Zdt Vorake, _ - {3.8}
=1 : )

Furthermore, decomposing Vireke; @8 @ function of the instantaneous alrcraft deceleratuon (8scr)

and the deceleration correction factors for runway friction (¢fy) and runway slope {cf.s) we

obtain,

. i n . :
2 . :
Spraxe = (d0) (n) (Vig) + (d1) Z (n+1—10) cfy Clrys, @acr {3.9}
i=1
where, n is the number of iterations computed in the simulation of the braking process and
whose numerical value is determined by the integration step size, dt, and Vyp is the touchdown

speed. The computation-of the variance of Surake denoted by o, is estimated as follows,

2

2 2 , ,
T Shroke Chy IZ‘I (n +1-1) cfrfz Cfrws T aper {3.10}
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where, %, is the variance of the deceleration rate (another user input) and dt is the
simulation step size. Note that the time consumed in the braking process and its variance are

estin"\ated accofdin to Eq. 3.11. ~

: ’ 2 : -
T __ Sorake (M) . 2 __ TSoeke E {3.11}
brake = n : O Torake (Vb )2 » :
q rake/ -
i Vbrakei

3.4 Turnoff Algorithm

Tr;e turnoff algorlthm integrates the aircraft path throughout the-exit maneuver. The exit
maneuver is initiated then the aircraft reaches the user-defined exit épe_,ed and finalizes with
the complete clearance of the runway by the landing aircraft as shown in Fig. 3.2. In order to
simplify the number of inputs to the model it is assumed that the aircraft Wingtip point controls
the time to clear the runway. This is generally true for all aircraft exiti‘ng at high speed.
Exceptions to this‘ruie are small aircraft and Short Takeoff and Lanrding Aircraft STOL (i.e.,
requiring abnormally large tailplane wingspans) exiting at low speed (é.g., less than fifteen
meters per second\). '~However,,since the objective of this research is the investigation of
high-speed turnoffs these exceptions would seldom occur and therefore the prediction of the

clearing point can be done adequately with a single aircraft control point.

The characteristic motion of an aircraft turning at speeds where insignificant aerodynamic
control can be exerted by conventional primary aerodynamic surfaces is simplified to the
forces acting on the nose landing gear. An algorithm develdbed by Sciwo-en et al [Schoen et
al, 1985] and used in a previbus NASA research effort on this topic' considers three side force
contributions acting on the aircraft nose landing: 1) the centripetal force, 2) the aircraft inertia,
and 3) the tire scrubbing resistance to the turn. Mathematica'lly; the nondimensional

contributions to the nose gear are,
Hskid = My, T e+ Bsc ' j o {3.12}

Dynamic Module | ' 44



’where ‘uwmia 18 the nose gear tire skidding friction coefficient, ju,, is the aircraft inertia
contribution term to “he nose gear side load, pc Is the centripetal acceleration (ontnbution

“and p, Is the tire scrubing resistance. These contributions are calculated in Eqgs. 3.13 to 3.15.

Iz o

M ™ "m g wb Im/100 (1 —Im[100)

{3.13}

it is noted from this equation that the term m g (1 —im[100) represents the aircraft weight
supported by the nose gear whereas wb (/m/100) is the moment arm from :t_he aircraft center

of mass to the nose gear.

2
u¢=-é!-,; (314} .
sc=FfR.m) - e {3.15)

where, I;, Is .alrcraf,t moment of inertia about the vertical axis, in' KQ-m—m. o is ;he angular
acceleration (rad/sec') of the aircraft fuselage as it executes the turning méneuver, wb is the
aircraft wheelbase (meters). Im is the aircraft mass supported by the main gear (in percent),
g Is the gravitatlonal constant (m/sec-sec), m is the total aircraft mass (Kg) V is the
mstantaneous speed (m./sec.) of the nose gear, and R is the instantaneous radius of the curve
(m.). Further breakdo\}vn of the angular acceleration yields for Eq. 3.13 thé following, |

v R—V R
| R? )
Fiy =0 g wb Im[100 (1 — Im/100)

2z

{3.16}

where, R represents the rate of change of the turning radius .of éurvature, V if the
instantaneous veIocity rate of change of the nose gear, and R and V ér,e‘;(he,state variablés
of our system. A further simplification can be introduced if the term V R is neglected on the
grounds of very small values for the deceleration rate thrpugh the turnbff maneuver. Fact that
has been found true in the empirical studies of Horonjeff and Hosang [Horonjeff et. al., 1958;

Hosang, 1975)]. The new expression becomes,
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lL, [-VR ' - :
o == z L ] - {3.17}
® R° m g wb Im[100 (1 —Im[100) _

solving for the rate variable, R and integrating over time it is possible to estimate the ‘state

variables of the motion,

2 : v _

R =f,i‘-€—\,— m g wb Im/100 (1 —Im[100) o {3.18}
p74 . ’ B
. | _ _

Rt=L R dt ‘ : , {3.19}

| t

Xt=J; Vcos(y) dt - {3.20}

o ‘ ,

Y, =L Vsin(y) dt {3.21}

where, X and Y are thé position coordinates of the vehicle as it progresses into the turn and
Y is'the heading angle that the nose gear makes with a global axis sys'te'm centered about
initial position of the turnoff path (Fig. 3.2). Eqn. 3.18 is further restricted by passenger comfort

factor limitations a:s will be explained in Section 3.5 of this Chapter.

The neglect o} aerodynamic effects in this analysis might be realistic for up to about two
thirds of the landir?g s‘.peed {(Vien) as this is known tq be the threshold for signiﬁcani
aerodynamic control fbr'conventional aircraft [Miller, 1967]. Even with ﬁhis’ restriction, the
evaluation of runway turnoffs can be accomplished for a large range of aircraft speed values
ranging from 10 to 45 m/sec. (22.3-100.4 MPH) for transport-type category  aircraft. As will
become evident during the discussion of reéults of this research turnoff designs above 45
m/sec. (100.4 MPH) are probably unlikely due to lateral space limitations fbllowing the turn.
This topic is currently being investigated in a continuous research carrieq by the Center for

Transportation Research with the FAA and NASA.
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Thé inclusion of the Iifting forces acting on-the aircraft at high speed can be added to Eqn. 3.18
replacing the mass term by an equivalent force that accou'nt‘s for the potentially large lifting
forces experienced at high speeds.

2
. m R ' ’
R=—"*— (m—5pV2SC)g wb Im/100 (1= Im[100) . {322}

Iz V
where, p is the air density, C. is the aircratft lift coefficient in ground effect and the landing flap
conﬁgufation. S is the wing area and V is the éircraft speed. Fig. 3.3 dépicts> the Iift-to-weigr/\t
ratio for three types of aircraft. The significance of this ‘plot is that it allows us to establish
desired exit speed boundaries for each TERP aircraft category. It can be seen from this plot
thaf-for a typical single-engine aircraft the L/W ratio below 15 ‘m/sec._can be practically
ignored. Similarly, for“medium sized ahd heavy transport aircraft the lift effects become

noticeable after 25 m/sec. (56 MPH) but for all practical purposes the turnoff trajectories are
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Figure 3.5 Skid Friction Variations with Tire Pressure and Speed.
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 not significantly altered but after 45 m./sec. 6r more as depicted in rFig. 3.4. The reader is
warned that these results were deriVed under the assumption that the lift contribution acts
near the aircraft center of gravity and therefore no significant bitching moment is induced to
load the nose gear. In practice pilots can modify the nose gear load distribution by deflection
of the aircraft elevat'orrsur,faces once these become effective (about two thirds of the liftoff

speed) thus making more difficult the task of arriving at a unique conclusion.

Equally important ié the fact that Fig. 3.3 depicts the lift generated by an aircraft at small
~ angles of attack and flaps down (i.e., rolling on a high-speed turnoff). However, the potential
lifting fdrce capable of being generated is much larger if the angl'e of attéck is increased
through the use of elevator power. This is a fact of fundamental importance if one is to restrict
aircraft from turning: at éxcessive speeds where the aircraft might actually be flying! Taking
as examplé a light siﬁgle-engine aircraft such as the Cessna 172 it is seen from Fig. 3.3 that
at 25 m./sec. the lift-t(_)-weight ratio is about .42 for low angles of attack (i.e., 2-3 degrees) in
the landing conﬁguratioﬁ (i.e., flaps fully down). However, this happens to be the stalling -
speed fof this aircraft in the landing configuration (for an angle of attack of about 16 degrees)
and therefore it would be unreasonable to turn this aircraft at such high speeds. REDIM
currently has a high speed threshold limiter to overcome this complication by announcing the
potential input error and suggesting upper and lower bounds for the ‘_a\_ircriaft exit speeds. A
more §ophisticéted model including the aerodynamic terms in the aircraft equations of motion
would necessitate the knowledge of several important aerodynamic derivatives, geometric
| parameters, and reference areas for every aircraﬁ considered imposiﬁg a large computational
burden for the optimization procedure and necessitating a more compiete iﬁput data set from

the user. This approach was then ruled out due to the complexity of the input data needed.

The aforementioned algorithm has- been modified in order to account for the Iargé
variations in skidding friction coefficients observed for a Iarger aircraft population. 1t is well
documented in the literature that the skidding friction coefficient is a function of aircraft tire
pressure and aircraft speed, among other variables [NASA TN 4418, 1966; Wong, 1978]. A
summary of this functional relationship is depicted graphically in Fig. 3.5 where four aircraft

tire pressures .are represented in this figure and they correlate well with the four different
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aircraft categories modeled in this research. The upper curve corresponds to a lire pressure
of 50 PS| (pounds per square inch) and is representative of the characteristics of TERP A
category aircraft. Similarly, the loWer curve represents a 200 PSI tire pressure typical of

current heavy aircraft (i.e., Boeing 747, DC-10, L-1011, etc.).

 Complementing this algorithm a small forward deceleration can be iﬁtroduced in order to
account for the small speed losses expected while turning. The rolling friction opposjng the
motion of the aircraft on the ground introduces a deceleration rate proportional to the product
of g and f,.y where this last term is the coefficient of rolling friction. For the sake of simplicity
fron ié taken constant with speed although it is known to vary with tire _speed as well. A typical

value of .03 is used for f.y for the base model.

aron =9 fron . : {3.23}

An Euler first-order integrating scheme is used to solve numerically the aircraft equations
of motion through the turnoff maneuver. The time spent on the turn, Tpam is considered to be
deterministic in nature. A baseline step size qf one hundredth of second was found to offer
accurate results within the desired computational time limitations for the program. The
accuracy of the method is evident from Fig. 3.6 where the first-order solution is compared with
an equivalent Runge-Kutta fourth-order scheme (notice that both curves overlap). These
“solutions were obtaifned using the geometric and performance parameters of a Boeing 727‘-200
and as can be seen from the turgoff pa{hs generated the resuits are within one half of a
percent of each other (i.e., less than half a meter difference between both solutions ét the end
of a high-speed turndi’f). Another justification for the Euler algorithm was the desired accuracy
in stopping the simulation as closely és possible to the runway clearance point (Fig. 3.2). With
the current step size it is possibie to ascertain the turnoff time (TOT\ and the lateral range
distance within very small windows, .01 seconds or .15 meters, for an aircraft traveling at 30
m/sec. (67.2 MPH) and reaching the runway clearance point with up to 30 degrees of total

heading change.

Dynamic Module 51
13



- 100 4 Boeing 727-200
1 35 m/sec. Exit Speed
80 Wet Runway Condition
A
L 4
E
j"” 60 4
o
g < Euler
o -0~ RK-4 Method
© 40
8
[ ] -
|
20
0 -§-B-G-T-B= T T T T 1
0 100 200 300 400

Downrange (meters)

Figure 3.6 Comparison of Track Simulation Results Using two Integrating Methods.

The aircraft position coordinates in the turn (Xpam, and (Y.}, the aircraft speed (V.), and
the aircraft instantaneous heading () constitute state variables through the turnoff maneuver
(Eqns. 3.20-22). These states are integrated forward in time to assess the instantaneous
turning radius (R,.») and ultimately estimate the position changes experienced by an aivrc’raﬁ
as a high-speed turnoff is negotiated. The aircraft is considered to have ;cleared' the runway
when its right wingtip has traveled the lateral distance necessary to cross the runway edge
imaginary plane. Once the turnoff path and times are estimated it is possible o ascertain the
time from threshold crossing to the end of the turnoff maneuver. Since some of the distances
and times involved in the process are random varia'bles the net effect is that runway
occupancy time (RdT) and the total distance to initiate‘ the turnoff are both probabilistic in
nature.

Sturn = Sair + Skr1 + Sprake + Skr2 , _ {3.24}

s
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2 2 2

OSwm = %Sair T OSemy fagbru. +k agm_z- o {3.25}
Tgum = Ta(r + Trr1 + Torake + Trr2 | I ' | {3.26}
T = e + ey + e + Ty o 13.27)
ROT = Tyrn + Tpam | | R | (3.28}
oROT ™ 0T, ' {3.29}

where, Sy, is the!dis'ta_nce from the threshold to the initiation of the tqrnoff (i.e., exit location
distance), ot,,, is 'thé variance of this previous parameter, Tw. and g?w,,, are the time
consumed from thre_shold to the initiation of the turnoff and its correspon;jibng variancé, Tp,;
is the time in the turnoff and ROT is the total runway occupancy time for a singie aircraft with

variance ofor.

3.5 Comfort Factor Considerations

At this point it is important to introduce and discuss the vehicle ‘limitations due to the
passenger comfort factor. The measures of effectiveness used to estimate paésenger comfort
in a turning vehicle have traditionally been the normal acceleration, a, and the two vectorial
components of the jerk usually defined in the literature as the normali and tangential jerk, J,
and J,, réspectively. There seems to be little information in the literature regarding the human
comfort “thresholds” to lateral accelerations.and jerks. Most of thé data seems to have
concentrated arouncd mqtions in the plane of symmetry of transportation vehicles (i.e., pitch
rate and verti;él accelerations). Data from the railroad industry seems to offer the only
tractable guidelines for both lateral acceleration and jerk (Hulbert, 1979 and Wright, 1989).
Average accepted limitations for normal jerk oscillates between 0.055 to 0.065 g’s (i.e;, 0.54-64
m/sec-sec.) whereés that for lateral acceleration is about 0.12-0.15 g’s (i.e., 1.18-1.47

m/sec-sec). It is however important to understand that these represent train threshold values
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which- might be overly conservative when applied to aircraft passengers. Aircraft p'ilols can
adjust laterally the trajectory of the vehicle on the ground and conseﬁuemly have a large
influence in the lateral acceleration and jerk perceived by a passenger. Also, the suspensioh
system found in typical aircraft is better suited to absorb rolling and yawing motions than
those found in trains and this should favor the ground riding qualities of air vehicles. Finally,
aircraft seats are usually designed with more lateral and longitudinal restraints than thosg_e
found in trains thus hiding the passenger perception of uncomfortablé motions. These facts

need further research to assess their validity and should be interpreted as tentative.

Schoen et. al. [Schoen et. al., 1985] used a combined performance measure to relate the
upper limits of the normal acceleration and the jerk. The suggested relationship is given in
Eq. 3.30 and shown graphic_aliy in Fig. 3.7. It must be pointed out that this comfort factor .
‘modeling has been suggested in the literature but has not been correlated with experimental
data validating thé results. It seems possible that this method might be tgo restrictive when
applied to aircraft ground motion due to the larger lateral restraint rﬁechanisms offered by
aircraft seats when compared with théir train counterparts. Also the reader should recalil that
normal acceleration and normal jerk are related according to the functional form showr; in

Egn. 3.31.

a J
41 <100 | {3.30}

{3.31}

where, a, is the normal acceleration, V, is the entry exit speed (i.e., assumed constant
throughout the turnoff for the transition curve practical analysis), am., is the maximum
permissible normal acceleration, J, is the normal jerk and Jm. is the maximum tolerated

normal jerk value.

The kinematic equations of motion deﬁning a turning vehicle through é transition spiral
are shown in Eqns. 3.32 and 3.33 (in cartesian coordinates). The approximation represents a

truncation of the Taylor series expansion up to the third term. Note that an iterative solution
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to find x and y can easily be implemented if a first estimate is made with the first order term
of Eqns. 3.32 and 3.33 without a great loss in accuracy [Anderson, 1879].
PR 3 L PR il b

X=1- — + {3.32)
6 12
B0 5 3465 1

PRV A N o L1 Jo M
y _— e —
T8 Ty3 336 8 42240 1S

{3.33)

where, x and y are the coordinates of the turnoff, J, is the normal jerk, / is the curve length

and V., is the aircraft speed at the entrance of the turnoff.

Figure 3.8 compares two high-speed turnoff tracks for two transport-type aircraft and two
different speeds with their corresponding jerk-limited turnoff tracks. The threshold jerk value

used for this figure was 0.55 m/ sec® which has been accepted by many researchers in the
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train industry. Itbshou.ld be pointed out that both paths are very close to each other in the first
one hundred métefs into the turnoff maneuver. The jerk—limited track quickly ceases to be of
concern once this point is r;eached. A magniﬁcafion of these results of these results during the
first one hundred meters reveals that the jerk-limited transition curve slightly dominates the
turnoff geometry and thus an enlargement of the local radius of curvature might be desirable.
‘It should be pointed out , howéver, that the differences in both curves are so srﬁall that the
resulting practical geometry remains almost unaffected. The conclusion of this discussion
seems to suggest that further investigation needs to be carried out in actual vehicles in order
to determine if these differences are really important from a practical point of view. Also, it is
suggested that more résearch needs to be carried out in the area 6f aifcraft ground ride
qualities and human comfort factors to lateral accelerations. The data and }models reviewed
in our reséarch are iﬁconclusive in terms of well defined thresholds of comfort. It is possible
that the normal acceieration and jerk tolerances accepted by. train passengers _cquld in fact
be overly conservativé When applied to aircraft ground écenarios. It is time to fill this void i&n

aerospace research.

Thé equations of motion of the point mass vehicle can then be eff,ectjyely modified ‘to
account for the comfort limitations. The main effect of resfricting the turnoff geometry to
comply with a minimum jerk-limitation threshold is to restrict the rate of change in the turnoff
curvature. For a constant speed transition spiral the first order differential equation defining

the rate of change of the heading angle with respect to time is,

dy ay  di . :
dt = TdiI dt {3.34)
dy  dy vy |

at = ar V= =& (3.35)

where, ¥ is the instantaneous heading angle, 1 is turnoff curve length, V is the aircraft turnoff
speed, R is the instantaneous turning radius and »t is the time in bthe turnoff maneuver.
Differentiating Egn. 3.34 with respect to time and knowin.:q the value of the second derivative
6f ¥ with respect to time and neglectinc for a moment the deceleration term the limiting

expression of R limited by jerk constraints is shown in Eq. 3.36.

Dynamic Module : 57



d2l/l _ d2¢ v2 _ __‘{ﬂ_ — VR . . 336}
a2 dPR T v R? ‘ &

. Jp R? Jo R .,
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Equation 3.37 can then be used to restrict the value of R for any.limiting values of J, and a,
(i.e., for values previously defined as a@mex and Jme). It is interesting to note thaf although
previous researéh has tried to justify a combined passenger comfort performance index in
terms of these two parameters they arise naturally in the geometric definition of a spiral curve
and are in fact related ‘as seen in Eqn. 3.37. Consequently, a linear combi‘nation of the two
parameters is very unlikely to dictate passenger a comfort indifference curve. In these
author’s opinion the indifference curve could probably resemble a quarter of an ellipse r_ather,
than being linear although further research will ultimately dictate these thresholds. Careful
examination of Eqns. 3.34 through 3.37 indicates that jerk limitations dominate the initial
portion of a constant speed transition spiral whereas the upper value of normal acceleration
takes precedence aé the turnoff georhetry progresses in time as the fesult of a decreasing

turnoff curvature over time.

3.6 Exit Assignment Algorithm

The exit assignment} algorithm, as its name implies estimates the probable exit that an
aircraft would take under a given set of operating conditions. The algorithm is used in all of
REDIM run options and assigns either existing or potential turnoffs to every aircraft according
to their landing performance charaéteristics. In the design énd redesign runnihg modes the
algorithm assigns all éxits downrange of the primary candidate generated by the i th aircraft
in question. This is necessary as every other exit downrange constitutes a potential optimal
solution for the optif_nization routine. This will become more evident i‘n Secﬁon 4.3.2 of this

report where the dynamic programming formulation is explained in detail.
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3.7 Airport Environmental Variables

It was said in Chapter 2 that the airport environmental variables were defined in a single
screen bearing a similar name. - The environmental characteristics of interest are: 1) wind
speed (WSPEED), 2) wind direction (WDIR), 3) airport elevation (AIRELV), 4) airport
temperature (AlRTEMF"), 5) runway orientation (RUNOR), 6) runway visual range {(RVR), 7)

runway width (RUNWID), and 8) distance to nearest taxiway (DISTT).

The wind vector is used in conjunction with the runway orientation to estimate the
longitudinal and lateral Wind components affectiné aircraft operations. The longitudinal wind
component affects the landing speeds of the aircraft population and as such has a direct
impact in the runway occupancy time and turnoff locations. Regarding the use of a single wind
vector as lnp‘ut‘ to thé model, the the user is urggd to execute thé base‘line program under the
average prevailing Wiﬁd conditions at the airport facilityvjust as he/she would do under the

average prevailing temperature.

Temperature and airfield elevation have a direct impact in the performance of the aircraft
in the air and on fhe ground. Changes to the aircraft equivalent aifspeed'(EAS) due to
temperature and field elevation can have large impact in the ROT and the turnoff location
parameters as will be seen in Chapter 6 of this report. The model converts equivalent speeds
(EAS) to true air speeds (TAS) to estimate the stalling (Vswr) and approach speeds and
ultimately predict the aircraft landing roll performance. The runway width and runway
distance to nearest taxiWay are included in this set of parameters in order to estimate the time

spent on the turnoff maneuver by each aircraft.
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3.8 Aircraft Characteristics

The aircraft characteristics used in the model are shown in Table 3.2. These are
necessary to estimate the aircraft performance on the ground as well as in the flare
maneuver. The aircraft mass, wing area, and the maximurh landing lift coefficient dictate the
approach speed and hence affect the ROT and exit location. It is also used to estimate the
second moment of inertia of the aircraft around the vertical axis {/zz) ultimately influencing the
turning aircraft capabilities through an exit. Roskam [Roskam, 1985] suggests a logarithmic
relationship between these two parameters which seems to correlate very well for all aircraft
TERP catégories. The'regression equation in metric units is shown in ‘Eq. 3.29 where the

aircraft mass is given in kilograms and the moment of inertia in kg-m-m.

The aircraft wheeltrack (ACFWT) is used to estimate the maxivmpm track-in distance
present during the turnoff maneuver. The track-in distance is defined as the perpendicular_’
distance measured from the geometric center of the aircraft main gears to the imaginary path
followed by the nose gear. Track-in distances are used to assure a sound geometric design
of the high-speed turnoff. It should be pointed out that in general track-in distances tend to be
relatively small for very high speeds (i.e., > 30 m/sec.) However, for large aircraft and
medium speeds they should be considered in the geometric design. Fig. 3.9 shows graphically
the nomenclature used to model the aircraft kinematic behavior including the estimation of the
track-in distance. As the dynamic simulation executes a sample record of the main gear
position (X, Ym) is kept and the track-in distance is evaluated. A simple sorting routine
searches for the largest value of track-in and this is later transfered to the output module to
calculate the corresponding turnoff geometry that satisﬁe‘s the kinematic constraints of the
turnoff track. As usual, a safety distance is selectively used to estimate the distance from the
centerline of the the turnoff track to the edge of the pavement. No judgemental oversteering
is assumed in the program as this is certainly not recommended for an aircraft traveling at

high-speed on the ground.
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Another geometric parameter included here is the distance from the aircraft nose gear to
the imaginary plane passing through the airplane wingtips. This distance is used as the
controlling point to ascertain whether or not the aircraft has cleared the runway. A graphical

description of some of thAese parameters is seen in Fig. 3.10.

I, = Antilogyo {1.7215 logsq (m) — 1.6730} | (3.29)

Table 3.2 Aircraft Characteristiés.

Name ; Variable Remarks
 Aircraft Mass : ACFMASS ~ Max. Landing Mass (Kg.)
Aircraft Wheelbase . ‘ ACFWB | in meters
Aircraft Wheeltrack - ACFWT | - in meters

Aircraft Load :
on Main Landing Gear . ACFLM At aft C.G. (%)

Aircraft Wing Area ACFWA Gross wing area (sq. m.)

Aircraft Maximum : v
Lift Coefficient ACFCL At max. flap setting (dim.)

Distance from Nose ‘
Gear to Wingtip NWTIP in meters
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4.0 Opti‘mizatiOn Module

The dynamic simulations of airéraﬂ landing movements calculate the best turnoff
locations for each aircraft in both dry and wet runway surface conditions. The best turnoff
location. is defined as the nearest location from the runway thresholdehere the aircraft
decelerates to the pre-specified desirable exit speed with the pre-specified reliability. If the -
aircraft reduces itQ speed to the pre-specified exit speed before reaching the assigned turnoff
location, the aircraft will be considered to exit the runway successfully. Reliability is defired
as the probability that the aircraft exits the runway successfully. For e*ample, if the reliability

is specified as 80%, 90 aircraft out of 100 landing attempts will exit the runway successfully.

If an exit is constructed at the best turnoff location for an aircraft, the runway occupancy
time (ROT) of the aircraft will be minimized without sacrificing the reliability. Though some
exits constructed ahead ,o‘f the best turnoff Iocatiori can produce less ROT, it is not permissible

to assign the aircra'ft‘to these exits, since reliability muist be sacrificed.

Suppose there are five aircraft in consideration, the simulations of the aircraft landing
movements will provide ten different turnoff locations for each aircraft and two runway surface
conditions. The goal of an optimization algorithm is to find a few locafiohs (e.g. 2 or 3) at
which all the aircraft in consideration can exit the runway With the minimum weighted sum of
ROT. Since each aircraft and each surface condition can have different relative frequency, the
weighted sum of ROT should be minimized ihstead of total ROT. Figure 4.1 illustrates the best
turnoff locations and their relative frequencies. Let /; and w;; represent the best turnoff location

and relative frequency for aircraft i and surface condition j.

The optimization procedure in REDIM conducted with the following sfe;}s:
1. Generate the complete set of candidate locations.
2. Calculate the ROT of every aircraft for each candidate locations.
3. Find the optimal location(s) out of the candidates.

4. Assign aircraft to the optimal locations
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Figure 4.1 The Best Turnoff Locations and Their Weights.

Steps 1 and 2 are the data preparation for step'3 which is the mathematical optimization. The
optimization in step 3 employs a dynamic programming technique. Step 4 is the interpretation
of the optimization results into a practical solution. A flow chart of the optimization is depicted

in Figure 4.2. The notations used in the flow chart are explained in the following sections. '

41 Generation of a Complete Set of Candidates

Finding optimal turnoff locations is a continuous optimization problem. That is, an optimal
turnoff location can be at any place on the ruhway. Fortunately, theofem 1 of Appendix B
shows that the optimal solutions can be found by searching through a finjte set of potential
turnoff locations. This set of potential solutions consists of two types of candidates : 1) primary

and 2) secondary candidates. Primary candidates are the besf exit locations for each aircraft,

Optimization Module 65



Given
the primary candidates
from Dynamic Module

/

q-lmN

Find

the secondary candidates

Calcnlate

T'I" for ali l,jl(

Find
the paossible values

of S

Find

the possibie values
of d,

Function
Cq(Sq. dq)

forall s,d,

Calculate  /o(Sq. d,) |

Function
-rq(dq)

14(5) = min f,(sq d)
dq

Function
Tq(sq‘ dy)

v
Find
dq for g=1 to N

Figure 4.2 Optimization Procedure Flow Chart.
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which are found during the simulations of individual aircraft landings. Secondary candidates
.abre exit locations for each aircraft i and surface condition j located at discrele distance, Duin,
away from a primary candidate. Secondary candidates are generated as follows :
Iy + Kk x . Drin,
where Iy is the primary candidate for aircraft i, sutface condition j.

K=1,20¢00

Under current FAA runway turnoff standards {FAA, 1985] two adjacent turnoffs do not affect the
runway exit index unless.they are separated by at least 750 ft. (229 m.) frdm each other. In
REDIM we have added more flexibility by allowing the user to define the desired minimum
distance Dyn between adjacent exits. The primary and secondary candidates comprise the
complete candi‘date set. Suppose a runway scenario with three aircraft in consideration, and
the best Iocatibns for each aircraft and two pavement conditions are (1000, 1100, 1300,1400,
1600, 1700). In this example, the complete candidate set would be (1000, 1100, 1229, 1300,
1329, 1400, 1458, 1528, 1558, 1600, 1629, 1687, 1700). Theorem 1 of Appendix A guarantees that
the optimal locations should be some of the candidate set. Thus we need to examine only the

candidate set to find optimal locations instead of examining rinﬁnite points on the runway.
4.2 Estimation of Runway Occupancy Times

The simulations of landing movements provided the best exit locations for each aircraft
and the corresponding times required to reach those exit locations. The complete candidates
were enumerated. The hext step is to find out the time required to clear runway for every
aircraft for every candidate. The time is denoted as Ti. That is, Tjx is defined as the runway
occupancy time when ‘aircraft i takes turnoff candidate k on surface condition j. Every Ty has
three components, which are : 1) time to reach the best exit locatipn ( Tp ), 2) time to travel
from the best location to the candidate ( T, : subscript ‘fr’ stands for ‘free roll'.), and 3) time
to clear the runway after the beginning of the turnoff ( T,s ). Figure 4.3 illustrates the

components of the T.
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Estimalion of Runway Occupancy Time for Secondary Candidates |

Turnolf Starting Point

Free Roll Starting Point

Touchdown Point Lo /
. T

Ty = Time to reach the desired exit speed
T = Free roll time to reach the nearest exit

Tont = Timeinthe turnoff

H yhron = Threshold crossing allitude

Figure 4.3 The Components of T,,,‘ Time.

If the ‘best location of aircraft i is farther downrange than turnoff candidate k from the
runway threshold, Tx would be set as 0, which means aircraft i is not able to take turnoff
‘candidate k. Otherwise, T;x would be calculated as the sum of T, T, and‘T,,,. T, is calculated
during the simulations. T is calculated assuming that the aircraft cqasts on the runway
‘without braking’ untii the speed of fthe aircraft is reduced to the taxiing speed which is
specified by the user. "Without braking’ implies the rolling friction‘ coefficient , f, is equal t0 0.03
( i.e. deceleration rate is 9.81 m/s 2 (g) * 0.03 (f) = 0.2943 m/é 2). - Once taxiing sbeed is
reached, the aircraft is assumed to travel on the runway with constant speed which is same

as taxiing speed.
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Suppose the best turnoft localion of alrcraft | and T, arc calculaled as 1000 m and 35
seconds, respectively with the following input parameters :
« Desired exit speed = 30 m/s
- Taxiing speed = 7 m/s.
The distance to reach taxiing speed would be :
D=(302-72)/(2xgxf), where g=9.81, {=0.03
= 1445 m.
If another can_didate k is located 1300 m downrange from the runway threshold, , then T, the

travel time to reach the new candidate would be :
(2 x Dv)

(77

where Dy, is free roll distance { 300 m ),

Tfr

/] is‘initial speed ( 30 m/s ),

V, is terminal speed ( /VF — 2gfD, = 26.9 m/s)

= 10.5 seconds.

The calculation of T,y is cldsely related to the turnoff geometry . That is, To;, is the travel
time along the turnoff geometry from the beginning of the turn to the clearance of the runway.
For the exact calculation, a numerical integration requiring large computational times is
needed. Moreover, this‘i_ntegration should be executed for every T, unlesé Tix is set as 0.
T is therefore approximated by the method described in Appendix B, to reduce the
computation time. T,y usually ranges from 8 seconds to 13 seconds according to the size and

exit speed of the aircraft (for moderate exit angles).

4.3 Finding Optimal Locations

in this section, a technique to find optimal turnoff iocations is described. The final goal is
to find a given number of turnoff locations which minimize the total weighted sum of ROT from
the set of candidates. The number of turnoff is provided by the user. The optimization task can

be modeled as a specific linear programming model. A dynamic programming algorithm is
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applied to find the solution, since the dynamic programming algorithm is more efficient than

the ordinary linear programming algorithm for our case.

4.31 Mathematical Model

Suppose M different types of aircraft use a runway, then 2 M different turnoff locations -
would be calculated for every aircraft and two runway surface conditions ( dry and wet ) during
the simulation of Iane\ing movements. . A complete set of exit candidates, which is‘ indexed k
= 1to K, is generated based on the 2 M initial locations. it is net always permissible to assign
aircraft i on surface condition j tovcandidate k. Let es define A(i,j) as a set of feasible
candidates for aircraft i on the surface condition.j, for i=1to M, j=1 to 2. If candidate k is
nearer from the threshold than the primary cendidate for aircreft i and 'eurface condition j, the

candidate ‘k does not belong to A(i,j).

If exit candidate k is selected to be built, the candidates which are within D, (229 m. or
750 ft ) from the candidate k can not be constructed. Let us define S(k) as the mut.z ;
exclusive set of candidates in which at most one candidate can be selected to be built, for k=

1 to K.

In order to the minimize the weighted sum of ROT, information about weights should be
provided by the user. Let a, be the proportion of aircraft i for i = 1 to M, and let p, be the
probability of occurrence of the surface condition for j = 1 to 2 ( if j=1, surface condition is

dry, otherwise, surface condition is wet ).

Suppose the number of exits to be built is set as N. The binary decision variables are

defined as follows:

1, if exit candidate k is selected
Xx =
0, otherwise, fork = 1toK
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1, if aircraft | is assigned to the exit candidates k on surface condition j

Y = _
_ 0, otherwise, ~fori=110M,j = 1102, keA(ij)

Then, the model which attempts to design a feasible runway with the least total weighted

runway occupancy time may be formulated as follows:

o S | | .
 Minimize 2.2 2. e T Vi - o BERCRY

i=1j=1keA(ij)

subjectto . yy =1 for i=12,..M; j=12 o (4.2)
ke A(l)) ‘ ‘
Z X < 1 for k=12,..K : (4.3}
keS(k) K . ’ '
K -
Z X <N , {4.4}
Yig S Xk for i=12,..M;j=12;keA(ij) {4.5)

X,y binary : ' , {4.6}

The objective function (Eq.r4.1) represents the aggregate expected rUnway occupancy
vtime. Constraint (Eq. 4.2) requires that each aircraft type should be assigned to one (available)
.exit under each surface condition. Constraint (Eq. 4.3) ensures a feasible mix of exits, white
constraint (Eq. 4.4) enforces a maximum limit to the total number of exits constructed. The
fourth constraint (Eq. 4.5) asserts that only the constructed exits must be usee, and lastly, Eq.

- 4.6 enforces the logical restrictions on the variables.
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The same formulation given above may be used to model the problem of re-designing or
modifying existing runways, by simply fixing the appropriate variables x, to be one. This

option can also be adopted for a priority enforcing choice of certain exits.

4.3.2 Dynamic Programming Formqlation

Suppose the nurﬁber of exits to be buiilt is N, the number of candidates is K, and the
candidates are sortéd based on the distance from the threshdld. For the dynamic
programming (DP) formulation, one imaginary candidate need to be introduced. This
imaginary candidate is indexed 0, and is located 229 m. ahead of thé first candidate. The

corresponding Tjo is set as 0, for all (i,j) This means no aircraft Cén take exit 0. With the
imaginary candidate, we can observe the following characteristics of Ty :

1) There exists at least one Tj = 0 for all (i.j).

2) If. Ty > O, then Typ > 0, for k = ko, for all (i,j).

3) Tix < Tiwss, fork e AGiy), for all (i.j).

D(k) is defined as the distance from candidate k to candidate 1. Thus D('O) = -229 m., and
D(1) = Om. Let us define another Variable. which is denoted as K, a candidate index beyqnd
which at least one exit should be constructed. K, is determined by :

Ko = Max { k; Tju-1 = O for some (i,j) } < K
Ko ensures that eac'h aircraft will be assigned to an exit, even if it is the largest aircraft. With

the variables defined in the previous section and above, the DP formulation is as follows :

Stages ; Stage q corresponds to a situation in which up to q exits can be located to the
right of the the last exit already located. q ranges from 1to N. For 1 < g <N,

(N-q) exits are assumed to have been constructed.

States ; The state s, at stage g is a candidate index, and corresponds to the right most
exit currently located. For 1 < g < N — 1, the possible values of s, are [, ¢ »

, K, where I, is the smallest exit candidate index such that it is possible to
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construct (N-q) exits in candidate 1, « « « , /, subject to the D.. separation
restriction.” That is, /, is determined by :
Il = Min { k; D(k) = (N — Q) X Drin }, and

Ifq =N,sy =0.

Decisions ; Decision d, is another candidate index. Given stage q and state Sq, the
decision; d, , corresponds to the next exit to be constructed io the right of - s,.
Let “d, = 0" mean that no more exits are constructed. Then the possibie values
of d; are 0, and Lg, ++o, K, fort < g < N—1, where L, is the smallest exit
index such that D(Lg) - D(l) = D, if it exists, forq = N, Ly = 1.
Given any stage q andIState sq, all aircraft-surface condition combinations {i.j) for which Tiisq
> 0 wouid have been assigned to some existing exit, due to the characteristics of Tix. Hence,
the problem decompbsés,into locating up to q more exits to the right of s, with the minimum
separation constraint, considering only (i.j) combinations whose Tisq = 0. whichimplie's that
(i.j) is not yet assigned. Since the optimum of this decomposed problem is independent of the
previous decision, and depends only on q and s,, Bellman’s principle of optimality holds, and

thus, the DP application is valid.

With the stage, the. state, and ’the decision defined above, some functions need to be

N

defined for the complete DP formulation. These are :

Immediate return function
The return function c¢y(s,, d,) is the ‘immediate’ stage cost incurred by making decision, d,,
at stage q in state s;. This cost corresponds to the additional (i,j) assignments which can be

made with a given d,. Hence,
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co, if D(dg) — D(5q) < Dypin, and dg # 0

ColSq dg) = > 8P Ty, If D(dg) = D(Sq) = Dy, and dg #0 an-
{4y Tllsq =0, but ledq > 0}

0. . ifdyg=0

Stage transition function

q — 1, if dq¢0
Tq(dq) o o - {4.8}
0, if dq =0

State transition function

dg  if dg#0

Tq(Sq dg) {4.9}
Sqe if dy=0

Recursive formula
Defining fi(s,) to be the optimal accumulated return function with given input state s, at stage

g, the recursive formula would be:

fi(s) = minimum { cy(s; dy) + f:q(dq)( Tq(5q: dg)) . {4.10}

dq

where the final condition is
OO, ifSo < KO

fo(s) = | | @11
0, otherwise

By iterating the recursive formula { 4.10 ) with q from 1 to (N-1}, we can find the optimal
accumulated return ( minimum weighted sum of ROT ) for all possible states for each stage.
At the finai iteration, or the last stage ( g = N}, the overall weighted sum of ROT is minimized,

and then a sequence of optimal decisions, dy ( @ = 1, « + , N ), which minimizes the overall
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weighted sum of ROT is revealed. These d;’s are the optimal exit candidate indices which we

are looking for.
4.4 Aircraft Exit Assignment

By the DP technique, the optimal exit locations are found. The final sfep in the
optimization sequence is to assign every aircraft-surface condition combination, (i.j), to an
appropriate exit. Tﬁis step is performed by making (i,j) to take the exit which is permissible.

and requires minimum ROT.
4.5 A Simple Example

In this section, a simple example is discussed to illustrate the optimization procedure
developed previously. Suppose three aircraft use a single runway, where two exits will be
constructed. The aircraft types and the relative freqﬁncies of operation are : 1) Learjet-31
(30%), 2) Airbus A300-600 (30%), and 3) Boeing B767-300 (40%). The desired exit speed for
all the three aircraft is 30 m/s ( 67 MPH ). The exit reliability factor is 90%. The chances of
dry and wet conditions occcuring are same (i.e., 50% each). With these data, the simulation
of landing movement calculates six primary exit candidates for three aircraft and two. runway
surface conditions. That is, the best exit location for the Learjet-31 on dry surface is 906 m,
and on wet surface is ‘96:8 m. 1546 m is the best location for the A300-600 on dry surface, énd
1711 m is the best location under we‘t‘ condition. The best location fof 87674300 is 1638 m on
dry surface, and 1816 m on wet surface. The corresponding ROT’s are 26‘.9, 28.5, 40.8, 44.6,

42.3, 46.4 seconds, respectively, as seen on Table 4.1.

Based on the primary candidates and assuming an arbitrary minimum separation
distance (Dmin) of 213 m. (700 ft.), eight more secondary candidates are:fo'und to comprise the

complete candidate éet. These fourteen exit candidates are : are 906m, 968m, 1119m, 1181m,
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1332m, 1394m, 1545m, 1546m, 1607m, 1638m, 1711m, 1758m, 1795m, and 1816m.( STEP1). A
Tik matrix is calculated as shown in Table 4.1 ({ STEP 2 ). The optimization is performed‘with
the T, data, a.nd then 968m and 1816m are selected as optimal exit locations ( STEP 3 ).
Finally, the aircraft are assigned to the selected exit locations as shown in Table 4.2, the

weighted average ROT is calculated as 43.2 seconds. :
4.6 Modified Algorithm for 'Improvement’ Analysis

The optimization algorithm described in section 4.1 to 4.4 was developed for design
analysis which assumed no exits were available on the runway. With some modifications, this
algorithm can be applied to an improvement analysis scenario in which some exits already

exist on the runway and a few more exits will be added to reduce the ROT.

In this new procedure, the existing exit locations as well as the best locations are
considered as primary vcandidetes. The complete candidates are generat'ed with the same
principles used in design analysis, and then the candidates which are chated within the
+ Dmin range from the existing exits are eliminated. Stages, states, and decisions of DP
formulation are same as those of the design analysis. The immediate return function should
be changevd to cor.lsid.er‘fhe effect of the existing e‘xits. Suppose the ROT of aircraft i should
be accumulated es an immediate return of a decision, d,, associated with a state, s,. If there
are some existing exits in the region of ( s, d; ), and a existing exit requires less ROT than

d, does, theh the less ROT required by the existing exit is considered as an immediate return.
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Table 4.1 T, Data for Three Aircraft,

Exti [ 3 2 3 4 H 6 7 8 9 10 1 12 13 1
LOCATION [{)) i 906 958 1119 1181 1332 1394 1545 1546 1607 1638 k¥ak! 1758 1759 1816
mrje:-si dry | 27.00 29.36 35.05 37.49 43.77 46.49 53.58 55.37 58.49 60.11 64.66 67.50 67.58 71.19
wet 0.00 28.62 34.17 36.55 42.64 45.27 52.09 53.82 s.80 SB.35 62.66 65.32 65.3% 68.77
Afrbus 300 dry '0.00 0.00 0.00 0.00 0.00 0.0(_) .00 41.01  43.27 4443 4767 1;9.57.49.62 51.96
wet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ¢.00 0.00 46,89 46.66 46.7t  L8.88
Soetng 767 dry U.bﬂ 0‘.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 62.77 45.9 47.73  47.78 50._03
wet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.00 0.00 0.00 0.00 0.00 «6.91
Table 4.2 Alrcraft Assignments
ROT 7/ RELIABJLITY TABL
CThis is ;or Bos{gniny a New Eunuay)
- [BE b cfiaad
ocation (m)| 968.61i816.8
Exit Tupe New New
LEARJET-31
R ROT 29.36
? !O.BZ)
HWET ROT 28.62
« 2@.0
A-300-600
RY ROT 51.96
ﬁEia-mm 48.88
< 20.07) '
B-767-300
DRY ROT 30.03
faE%a'amRor 46.91
< 2@.02 :
ROT - Runway _ Occupancy Time in §
Rl ian ity incg e2"38 in Secs
Average R = 43.21
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50 Output Module

The Output Module plays a very significant role in the program. REDIM is structdred SO
that at each stage the user is prompted with specific questions and guidelines that are to be
followed in order to view the appropriate resuits. A sigﬁiﬁcant feature inv this module is that
in each of the runmodes, all the screens clearly display information regarding the aircraft and
the airport data. - This information provided at the top of "ea_crf of the screens, will be of great
use to the user as (s)hé LwiII be presented with fhe general“informatio'n pertaining ‘to that type
of analysis. The OQutput Structure is shown in terms of a Output functional flow diagram in Fig.

5.1.

After deﬁ'ning the variabies in the Input Module, the user may go bac‘k to the Main Menu.
From thisrmenu. the user has the option to go to the Output Menu ambng‘ other options. When
the user chooses to go to the OutputrMenu, (s)he is provided with four options. The options
being: (1) View the OUprt (2) Priﬁt- the Report (3) Help and (4) Go to Main Ménu. Fig. 5.2
clearly depicts the Outpbt Menu on the screen. In the following baragraphs, all the options

that are provided to the user in the Output Menu will be discussed in detail.
5.1 View the Output

When the user selects this option, the program automatically goe's into the runmode
variable that was previously specified by the user in the Input Module and present the View
Menu screen which corresponds to the aforesaid option. For each of the runmode variable
options, the program presents different screens which prominently display the resuits in color,
while at the same time guiding the user. Each screen also displays the general inpdt
variables that were initially provided by the user in the Input Module. The user at any stage
in the Output Module is allowed to go back to the Main Menu, through which a wide range of

options can be chosen. Now we will go into each of the runmode variable option and see
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OUTPUT MENU Press escape (Esc) key to return to MAIN MENU.

v

Use arrow (1 or {) key to change your choice.
Press enter ( «J ) key if the choice is correct.

1)Vieu the Qutput

2)Print The Report

3)Help
4360 To Main Menu

Figure 5.2 Output Menu.

explicitly as to what is presented, and also the extent of flexibility that is':ma'de available to the

user.

5.1.1 Evaluate an Existing Runway

This runmode is specmcally designed to evaluate and existing runway. The datavreqwredv
to evaluate an existing runway is entered by the user in the Input Module. As the user selects
to view the Output from the Output Menu (Fig. 5.2), (s)he is provided with a different screen
which displays the View Menu (Fig. 5.4). This View Menu corresponds to the runmode option
which is used to evaluate an existing runway. Three options are provuded in this menu. The
options being (1) ROT / REL Table of Results (2) Turnoff locations and their Geometries and
(3) Go to Output Menu. The flow pattern for this runmode option is shown_ in Fig. 5.3 and the
View Menu screen is illustrated in Fig. 5.4. lﬁ the following paragraph's, we will discuss iﬁ

detail these options.
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Run Mode * 1
Analysis of an Existing Runway

Output Menu

View Menu Screen

[ w

ROT/Reitapility Turnoff Locations and : -
Table Screen Thelr Geometries Go to Output Menu
FAA Standard 90-Deg. FAA Standard 45-Deg. FAA Standard 30-Deg
Turnoff Geometry Turnoff Geometry Turnoff Geometry

Figure 5.3 Functional Flow Diagram for the Evaluation Mode (Runmode 1).
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VIEW MENU

Press escape (Esc) key to return to OUTPUT MENU.

Use arrow (1 or 1) key to change your choice.
Press enter ( «J ) key If the cholce is correct.

13View ROT Table

2)View Turnoff Locatlons And Their Geometrics

3)6Go To Uutpui Menu

Figure 5.4 View Menu for ‘Runmode 1°. .

i ROT / RleﬁBlLlTV ABLE
(This is for Evaluating an Existing Runway)
Exit # 1 g 3
Location (m) ] 1000 | 20600 | 3Joee
Exit Type 30-Deg{45-Deg |30~Deg
PA-38-112 .
T | 42.53]125.21]225.21
¢ 12,52 REL 1.00| @6.60]) @.08
HET ROT | 42.41124.731224.73
¢ 12.57)REL 1.08] @.e9| 9.e@
BE-3Q0
DRY ROT 29.821 87.11[188.43
¢ 12.572)REL 0.684] ©.16]| ea.0@
HET ROT 29.43| 83.24]183.61
(¢ 12.52)REL 0.74] @.26| Q.e@
A-320-200@
DRY 39.931 51.52(128.17
( £2.57%)RLL Q.00@ Q.99 a.ef
WET ROT | 32.11{ 472.58]113.72
¢ 12.5%)REL Q.68 0.93]| e.47?
DRY ROT | 34.78| 48.44] 83.77?
¢ 12.57)REL Q.08 8.22 a.78
HEY ROT 36.54| 50.30] 73.64
¢ 12,5%)REL 8.08| @.92} 0.98
ROT = R i in §
REL - n!??iﬁ:??%§"“°“ Time in Secs
Average ROT = 63.97

Press any key to continue

Figure 5.5 ROT / Rellability Table of Rasults.
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ROT / Reliability Table of Results: This screen, shown in Fig. 5.5, displays the number of
turnoffs, their location, and the type of turnoffs. The FAA standard turnoffs, 30 degree, 45
degree and 90 degree are |Ilustrated in Figs. 5. 7 5. 8 and 39 respectively. For each of the
aircraft selected earlier in the Input Module, the correspondmg runway .occupancy time and
the reliability associated with each of the turnoffs is displayed. These help the user in judging
the appropriate turnoff for that partlcular aircraft. One more significant feature in thls table is
the separation of the values for wet and dry airport conditions. The user is also in a posmon
to view the changes in runway occupancy time and the reliability associated with each of the
turnoffs when two runway conditions (wet or dry) are presenf. In additioh te these, the relative
frequency .of occurfence for every aircraft under every runway scenario is specified as a

percentage of all the aircraft oecurrences. This table is shown in Fig. 5.5.

In each screen as only four aircraft are shown, it is hecessary to press 'F’ key (for'forward)
to view additional a_ircraft and ‘B’ key (for backward) to view the pfevipus screen. In each of
the screens the viewer ié preéented with the average runway occupancy time which
encompasses the whole population of aircraft selected by the user. These include dry‘and ’
wet conditions at the airport. An option is provided to print the table by just pressing the "P’
key (for print). The user is also a||owed to go back to the View Menu at any stage by entering
'V* key (for View Menu). ) | |
Turnoff Locations and thelr Geometrles: In this screen, shown in: Fig 5.6, t the user is
presented with the dlsplay of turnoff locations along with other pertment alrport data. The
turnoff locations along the runway downrange are shown in Flg. 5.6. An added feature is the
presentation of exit numbers and their location in a tabular form. ‘.An>option to view the
standard FAA geomeiry for each of the turnoffs is also provided. The user is prompted to
enter the exit-number to view the standard FAA geometry. Each of the turnoffs may represent
any of the standard FAA geometries viz., 30 degree or 45 degree or 90 degree. Only one exit
number is to be entered to view the complete turnoff geometry. As the exit number is entered,
the program determines the type of turnoff for the exit number from the' Input Module. Earlier,
in the Input Modulev, the user selected the type of turnoff geometry for a_particular exit number.

This turnoff geometry m'ay represent any of the three standard FAA turnoff geometries shown
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in Figs. 5.7, 5.8 and 5.9 respectively. Aﬂe_r viewing the standard FAA turnoff geometry for the
specified turnoff, the user is returned to the first screen where a choice for a different exit can
be made. This screen would appear as shown in Fig. 5.5. The user may exit from this screen

by entering ‘0" (zero).

When the user seleéts to view the standard turnoff geomefry for a particu‘lar turnoff, the
program automatically takes in the values of runway width, taxiway width, the distance
between the runway and taxiway and the type Qf turnoff. This data was earlier supplied by the
user in the Input Modﬁle. In the standard FAA turnoff geometry display; the specifications are
prominently shown for the benefit of the user. Although, the Metric system is mainly used for
computaiions in thé program, the units for specifications are also di;splayed in the En/glish

system. This helps the user who might be still using the FAA standards in the English system.

Go to Output Menu: This option is provided to enable the user to go b_éck to the Qutput Menu

from the View Menu. ‘The user may also exercise this option by pressing the escape ‘Esc’ bey.

5.1.2 Improve an Existing Runway

This runmode option is made available to the user to improve'or modify an existing

runway. The required data of the airport facility that needs to be improved is entered in the
model through the Input Module. The user after entering the data may' go to the Output Menu
through the Main Menu. The Output Menu screen is as shown in Fig. 5>.2. and the flow pattern
for this runmode obtion is showﬁ in Fig. 5.10. As the user selects to vliew the output from the
Qutput Menu, he or she is presented with the View Menu screen. This View Menu screen
corresponds to the runmode option which is to improve an exisﬁng facility. The View Menu
screen is provided with four options: (1) ROT Table of Results, (2) Turhoff Locations and their
Turnoff Geometries, (3) Aircraft Statistics and their ROT’s, and (4) Go to Qutput Menu. The
view menu screen is shown in Fig. 5.11. In the following paragraphs, we will discuss in detail

each one of the above said options.
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A AIRPORT CONDITIONS i
TURNOFF LOCATIONS Temperature (C) @ 15.88
AND THEIR Elevation (n) : 1506.8
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RUNVWAY EXIT LOCATION DISPLAY
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Runway Doun Range (n) —
EXIT # | LOCATION| EXIT # | LOCATION Chaose :
8) To Exit
1 1660.00 4 2714.99 1) Yo Conpare Centerlines
2 1263.57 5 3060.90 2) 1o Vieu a Geometry
3 2080.08 Example) 2

Figure 5.6 Turnoff Locatlons along thp Runway Downrange.
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Figure 5.7 Standard FAA 30-Degree Turnoff Geometry (REDIM Depiction)..
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IIS-DEGREE HIGH-SPEED TURNOFF (Fhﬁ)l
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ress any key to continue

Figure 5.8 Standard FAA 45-Degree Turnoff Geometry (REDIM Depiction).
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Figure 5.9 Standard FAA 90-Degree Turnoff Geometry (REDIM Depiction).
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ROT Table of Results: This table displays the number of turnoffs, the existing and the
proposed ones, and their locations in a format similar to that of Fig. 5.12. The type of turnoff
geomefry is alsé displayed in the third row of the table. The type of turnoff geometry either
could be of standard FAA turnoff geometry viz., 30 degree or 45 degree or 90 degree, for the
existing ones or a new turnoff geometry developed by the model for the proposed new ones.
The new turnoffs are differentiated from the existing ones through color coding. This helps in
knowing the location of new turnoffs at a simple glance. For each of the aircraft selected
earlier in the Input Mcdule, the correspondiﬁg runway occupaﬁcy time associated with the
appropriate turnoff is displayed. The relevant values for both the airport conditions, wet and
dry are displayed. The user ié also in a position to view the change in runway occupancy time
associated with appropriate turnoff when the airport conditions (wet or dfy) are changed. In
addition to these, the relative frequency of occurrence of this aircraft, for a particular scenario
(wet or dry conditions) is_ specified as a percentage of all_tlie aircraft occurrences. The empty
boxes in the table imply that the aircraft in question caﬁnot hégoﬁate thaf particular turnoff.
The reliability éssociated with the aircraft and turnoff, which Was earlier pfovided by the user

in the Input Module, is displayed at the bottom of the table. '

In each screen, as only four aircraft are éhown in the table, it is necéssary to press ‘F’
key (for forward) to view additional aircraft .and ‘B’ key (for backward) to view the previous
screen. In each of the screens the user is presented with the average runway occupancy time
which encompasses the whole population of aircraft selected by the user. These include dry
and wet conditions at the airport. The user is provided with an option to priﬁt the table by just
pressing the ‘P’ key (for print). The user is also allowed to go back to the View Menu at any
stage by entering 'V’ key (for View Menu). Figure 5.12 illustrates and ROT table with four

aircraft.

Turnoff Locations and their Geometries: In this screen (Fig. 5.5), the user is presented with a
graphical display of turnoff locations along the runway downrange. In the display, the existing
turnoffs as weil as the proposed turnoffs are shown. The new turnoffs are differentiated from

the existing ones through color coding. This enables the user in noticing the location of new
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VIEW MENU Press escape (Esc) key to return to OUTPUT MENU.

“Use arrow (1 or 1) key to change your choice.
Press enter ( «! ) key if the choice is correct.

1)iew ROT/REL Table

2)View Turnoff Locations And Their Geometries -
3)Ulcu Aircraft Statistics

4)Go To Output Menu

Figure 5.11 View Menu for Runmodes "2’ & '3".

ROT / RELIABILITY TABLE
{This is for Designing a New Runuay)

Exit # 1 2 3
Location (m)|1110@.8]1964.2}2715.0
Exit Type New New New : : \ \
PA-38-112

DRY ROT 46 .88

¢ 12.52)

HE ROT 46.74

¢ 12.57)

BE-300

DRY ROT | 31.39

¢ 12.5%)

WE ROT | 3@.46

C 12.57)

A-320-200

DRY ROT 49.63

¢ 12.5%)

WET ROT 45.98

¢ 12.57)

MD-1%

DRY RoT | 67.36
¢ 12.57)

HE ROT 60.87
¢ 12.54)
Reli;bff?:ag Occupanca Time in Secs
Rverage RO? = 47

Figure 5,12 ROT Table of Results.
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COMPARISION OF CENTERLINE-TURNOFF GEOMETRIES
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Press any key to continue

Figure 5.13 Comparison of Centerline Turnoff Geometries.

turnoffs along the runway 'downrange. An added feature in this screen is the presentation of

exit numbers and their location in a tabular form.

On the same screen, depicted in Fig. 5.5, a small menu screen is provided with optiéns
to view the complete turnoff geometry or to compare the centerline geometries. For the latter
option, the user needs to input the exit number(s). The user has the flexibility to select any
combination of exit numbers for comparing the geometry of different turnoffs or may even
select only one exit number to view the centerline geometry of a particular’turnoff. Fig. 5.13
ilustrates the output ‘screen for the comparison of turnoff geometries. it should, however, be
noted that all the requested turnoff geometries start at a common _point for comparison
purposes. Also, as can be seen from Fig. 5.15, the user has the benefit to \)iew the centerline
turnoff geometry coordinates in a tabular form for each of the turnoffs. The user needs to
press ‘T’ to view the table with coordinates of centerline turnoff geometry from the screen
which displays the cénterline turnoff geometry. If the user does not ir;tend to view the

coordinates, (s)he may press ‘E’ (for exit location) to return to the turnoff locations screen.
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The user after returning to the previous screen, which depicts the small mcenu, may now
view the c‘enteriine turnoff geometry or the complete turnofl gecometry. The user may either
select to view the complete turnoff geometry or may even again choose to view the centerline
turnoff geometry for a different combination of turnoffs. When the user selects to view the
complete turnoff geometry, the program requests the user to enter the exit number to be
displayed. Here, the user needé to input only one exit number and not any combination of
exit numbers. The program displays the complete turnoff geometry of that specific exit
number entered by the user. For the exit number entered by the user, the program internz!iy
determines tﬁe type of turﬁoff geometry. The type of turnoff geometry can be either of the 30
degree or 45 degree or 90 degree standard FAA turnoff for the exiétirig turnoffs or can be a
new turnoff geometry developed by the model for the proposed new '_t"u_rnoff(s). The FAA
standard 30 degree.ﬁ 45r}degree and 90 degree are best illus{rated inv Fig:s; 5.7, 5.8 and 5.9
respectively. The néw turnoff geometry developed by the model for thevpro;‘)c»sed hew turnoff
is shown in Fig. 5.16. l. The user after viewing the complete turnoff geo'mevtry of the turnoff
requested, may return back to the turnoff location and their geometries séreen where (s)he

may again enter a different turnoff to view its complete turnoff geometry.

When the user s;alects to view the standard turnoff geometry for avparticullar turnoff, the
program automatically takes in the yalues of runway width, taxiway width, the distance
between the runway and taxiway, the type of turanf and other data supplied in the Input
Module. In the standard FAA turnoff geometry display, the specifications are prominently
shown, and the units are displayed in both English énd Metric systemé for th.e benefit of the

user.

Alircraft Statistics and their I\ROT’s: This screen displays the runway o‘ccup‘a_xﬁcy time of each
of the aircraft in the forrﬁ of a bar chart. At the top edge 2of each of the bars, the aircraft
number is displayed. For each of the aircraft, selected by th;. user in the Input Module, the
runway occupancy time is separately displayed for wet and dry runV\{ay surface conditions.

For the benefit of user, the bars representing the aircraft and its name are of the same color.

On the bar chart, a straight line is drawn across the bars to portray the average ROT.
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In each screen a maximum of six aircraft are shown, each with two bars, one for wet
condition and the other for dry condition. It is necessary to press ‘F’ key (for forward) to view
additional aircraft and ‘B’ key (for backward) to view the previous screen. In each of the
screens, the average runway oécupancy.time which encombasses the whole population of
aircraft selected by the user is shown. This includes dry and wel conditions at the airport.
An option is provided to print the table by just pressing the "P’ key (for print). The user is also
allowed to go back to the View Menu at any stage by entering 'V’ key (for View Meﬁu). The

bar chart is illustrated in Fig. 5.17.

Go to Output Menu: This option is provided to enable the user to go back to the Output Menu

from the View Menu. The user may also exercise this option by bressing the escape 'Esc’ key.

5.1.3 Desigh of a New Runway

]

This runmode deals with the design of a new runway facility. The user is requested to
enter the relevant data in the Input Module for thfe design of a new runway facility. The user
after entering the data in the Input Module,';é__ r%ﬁ]rned to the Main Module. The user at this
point may go to the Output Menu to view.}rffe ~r.;esults. The Output M.enu is as shown in Fig.
5.2. and the flow pattern corresponding tofth‘-is::runmod.e option is shown in Fig. 5.15. As the
user selects to view the output from the"Ouqut Menu, he or she is presented with a new
screen which displays the View Menu'.s,creen.' 'Th.is View Menu scfeen corrésponds to the
runrpode option which is to design a new-rdnway facility. VF.our options are provided in the
View Menu. The options are (1) ROT Table of Results {2) Turnoff Location and their
Geometries (3) Aircraﬁ Statistics and their ROT’S, and (4) Go to Output Menu. The View Menu
screen is best illustrated in Fig. 5.11. In the following paragraphs, we will discuss in detail

%

each of these options.

ROT Table of Resuits: This table displays the humber of new turnoffs for the proposed new
runway facility and their locations. As none of the standard FAA turnvc'ffs are proposed in the

new runway, the type. of turnoff. geometry is described as a new turnoff gveometry developed
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AIRPORT CONDITIONS AIRCRAFT POPULATION

Tenperature () : 15.89 TERP A : 25.08
Elevation (m) : 1598.8 TERP B . 3Ja.e0
VUind Speed (w's) @ 2.60 TERP C . 39.68

' TERP D : . 15.08

RUNUAY TURNGFF GEOMETRY COORDINATES FOR EXIT & 2

X ¥ X Y X ¥

27.5688 8.849 97.386 4.723 165.897 18.416
44.994 6.548 114.628 7.259 182.696 23.316
52.472 1.377 131.838 108.385 199.313 28.801
79.916 2.769 148.937 14.104

Press any key to continue

Figure 5.15 Table of Turnoff Geometry Coordinates.

by the model. For each' of the aircraft selected earlier in the Input Module by_.theA user, thé
corresponding runway ‘6ccupancy time associated with the appropriaté turnoff is displayed.
These values, for both wet and dry airport conditions, are displayed separately in the table.
In addition to these, the relative frequency of occurrence of this aircraft, for a particular
scenario (wet or dry conditions) is specified as a percentage of all the aircraft 6ccurrences.
The empty boxes in the table imply that the aircraft in question cannot nyeg'otiate that particuiar
turnoff, The reliability associat_ed with each aircréft and turnoff(s), which was earlier provided

by the user in the Input Module, is displayed at the bottom of the table.

In each screen, as only four aircraft are shown in the table, it is necessary to press 'F’
key (for forward) to view additional aircraft and ‘B’ key (for backwar‘d) to view the previous
screen, ‘ln each of the screens the average ROT which encompasses the whole population
of aircraft selected by the user is shown. This includes dry and wet cronditivons at the airport.

An option to print tﬁe téb‘lé_ lfby ji:‘é't"f'fpressing the ‘P’ key (for print) is also provided. ‘The user
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is also allowed to go back to the View Menu at any stage by entering 'V’ key {for View Menul).

This table is illustrated in Fig. 5.12.

Turnoff Locations and their Geometries: Thié screen pfesents the user with a graphical
display of optimal turnoff locations along the runway downrange. These optimally Iocvated
turnoffs are all proposed by the model for thg new runway facility. A table with the exit.
numbeirs and théir location is also presented on the same screen. The output screen is

similar to that shown in Fig. 5.5.

On the same screen, depicted in Fig. 5.5, a small menu screen is provided with options
- to view the complete turnoff geométry or to compare the centerline geometries. For the
comparison of centerline geometries, the user needs to input the exit number(s). This
provides flexibility to select any combinétion of exit numbers for comparing the geometry of
different turnoffs or may even select only one exit number to view the centerline geometry of
a particular turnoff. Fig. 5.11 illustrates the output screen for the comparison of turnoff‘
geometries. It should, however, be noted that all the turnoff geometries start at a cbmmo_n
point for compa'rison purposes. Also, as can be seen from Fig. 5.15, the user has the benefit
to view the centerline turnoff geometry coordinates in a tabular form for eaéh of the turnoffs.
The user needsbto press ‘T’ to view the table with coordinates of centerline turnoff geometry
from the screen which displays the centerline turnoff geometry. If the user does not inte- 7 ‘2
view the coordinates, (s)he may press 'E’ (for exit location) to return té the turnoff locations

screen,

The user after returning to the previous screen, which depicts the small menu, may now
view the centerline turnoff geometry or the complete turnoff geometry. The user may either
select to view the complete turnoff geometry or may even again choose to view the centerline
turnoff geometry for a different combination of turnoffs. When the user selects to view the
complete turnoff geometry, the program requests the user to enter the exit nﬁmber to be
displayed. Here, the user needs to input only one exit number and not any combination of
exit numbers. The program displays the complete turnoff geometry of that specific exit

number entered by the user. This high speed turnoff geometry is developed by the model! for
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Press any key to continue.

Figure 5.17 Aircraft Statistics and their ROT’s.
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the proposed new turnoff(s) and is shown in Fig. 5.16. The user after Viewing the complete
turnoff geometry of the turnoff requested, may return back to the turnoff location and their
geometries screen where (s)he may again enter a different turnoff to view its complete turnoff

geometry.

When the user selects to view the standard turnoff geometry for a particular turnoff, the
program automatically takes in the values of runway width, taxiway width, the distance
between the runway and taxiway, the type of turnoff and other data supplied in the Input

Module.

Aircraft Staﬁstics and thelr. ROT;s: This screen displays the runway occupancy time for each.
of the aircraft in thé form of a bar chart. At the top edge of each of the bars, the aircraft
number is displayed. Each aircraft is represented by two bars. The ﬁrst one represents ROT
for dry condition whereas the second one represents ROT for wet runway surface condition.
For the benefit of user, the bars representing the aircraft and its na.me are of the same color.

On the bar chart, a straight line is drawn across the bars to portray the weighted average ROT.

Each screen accomrﬁodates six aircraft, each with tWo bars, one for wet condition 'and the
other for dry condition. The user needs to press ‘F’ key (for forward) to view additional aircraft
and ‘B’ key (for backward) to view the previous screen. In each of the scréens the user is
presented with the average ROT, which encompasses the whole population of ‘aircraﬂ selected
by the user. This includes dry and wet conditions at the airport. The user is provided with
an option to print the table by just pressing the 'P’ key {for print). An thion. is provide.d to go
back fo the View Menu at any stage by entering 'V’ key (for View Ménu). The bar chart vis

illustrated in Fig. 5.15.

Go to Qutput Menu: This option is provided to enable the user to go back to the Output Menu

from the View Menu. The user may also exercise this option by pressing the escape ‘Esc’ key.
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3.2 Print the Report

This option provides a hard-copy report which is a complete report of the “Runway Exit
Design Interactive Model”. The report is divided into two sections. The first one deals with the

summary of input data where as the second one concentrates on the results of the analysis.

The input data Vsumﬁiary is subdivided into five categories, as done earlier in the Input
Module. Category (1) ‘Analysis Type and Existing Exits” gives the type of analysis selected
and the number of exits, their type and their location. Category (2) ‘Aircraft Mix' and
Characteristics' ,pro\/i'dgs a table with the names of theb aircraft Selected and their
characteristics. The cha_racte‘ristics of the aircraft include: wheelbasve,y wheeltrack, landing
mass, wing area, landing run distance, load on main gear, distance of nose gear to wingtip,
and the maximum clearance distance. Category (3) ‘Operational Data’ provides free roll
times, taxiing speed and their standard deviations, and the safety factor for skid. Category (4)
‘Envirionmental Data’ provides the wind speed, wind direction, airport.elevatfon', temperature,
runway visual range, runway orientation, runway width and the distance to the runway.
Category (5) ‘'Runway Gradients’ provides fhe runway length and the gradients for every
one-tenth of the runway length specified. Category (6) ‘Weather and Exit Speeds’ provides the
weather conditions (prqbability of dry and wet condition) in percentage and the speeds for
each of the TERP categorries, both for dry and wet conditions.. A sample output report is shown

in Figs. 6.24 and 6.25 of this report.

In the results of the analysis section, the weighted averége runway occupancy time (ROT)
and a table with the number of exits, their location and their type is ﬁroVided. For runmode
"1, ie., for the analysis of an existing runway, the reliability associated with each of the aircraft
and exit, for both dry and wet runway surface conditions is provided along with the
corresponding ROT’s. For runmodes ‘2’ and ‘3, ie., for the improvemeht of‘an existing runway
or for designing a new runway, the reliability associated with a‘ll the turnoffs is given

separately. The table also provides the turnoff assignment to each of the aircraft. Another
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portion of the results pertaining to runmodes '2° and ‘3’, provides the coordinates of the

centerline for each ‘of the turnoffs.
5.3 Help

The main prupose of this option is to help the user by explaining each of the opti.ons that
are made available in the Output Module. The help screen explains briefly the first option,
‘View the Output’ which displays the output on theiscreen and the second option, ‘Print the
Report’, which gives t_he hard-copy of the complete report. The user may press; any key to

exit from this screen and return to the ‘Output Menu’ screen.

‘Go to Main Menu’ is the last option that is provided in the Output‘Menu. This allows the
user to go back to the Main Menu from the Output Menu. The user may also exercise this

option by pressing the escape ‘Esc’ key.
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6.0 Use of the Model

The purpose of this chapter is to illustrate the use of the REDIM model and to justify the
validity of the results obtained throughout the report. Perhaps one of the most important
issues behind this model is the capability for t’he user to perform sensitivity analyses for a
wide range of airfield environmental, operational, and dircraft dependent variables. As it was
pointed out in Section 2.1 the rhodel incorporates all these variables in a very interactive
form_at to the user thl;s ‘minimizing the rerun effort. Fig. 6.1 illustrates the sensitivity of the
model to airfield elevétion and exit speed (i.e., maintaining .a constant exit probability). The
results shown apply to a short-haul transport aircraft (i.e., BAe 146-200) :and depict graphically
the increases in runway occupancy time (ROT) as the exit speed is reduced and the airfield’
elevation is increased. Note that the increase in ROT with decreasing exit speed is nearly
linear for the speed ranges tested (1d-40 m/sec., 19.4-77.7 knots). The changes due to airfield

| elevation stem from the larger equivalent airspeeds (EAS) duriﬁg ‘landings at higher
elevations. The magnitdde of change in these results is proportional ,to‘square root the
atmospheric density ratio. Following a similar treatment FiQ. 6.2 shows the \)ariations in 2CT
for several exit speeds and airfield temperatures for a typical short-haulltransport aircraft (i.e.,
Bae 146-200). The ‘senéitivity of ROT with temperatures is again deduced from the changes
to the aircraft EAS as the temperature is changed. Computations are done in the model to
estimate an equivalent atmosphere under the user-defined conditions. and then estimat_e the

aircraft equivalent airépeed during the landing phase.

Fig. 6.3 illustrates the sensitivities of ROT and the turnoff location parameters with
changing aircraft mass. The same short-haul, turbofan engined trénspori aircraft (BAe
146-200) operating at a desired exit speed of 15 m/sec. is used for illustrative purposes. The
values for aircraft landing mass cover the entire allowable landing mass envelope for this
aircraft. It is observed that the variations in the location of the turnoff could be significant (230
meters between end points). The reader should realize, however, that in practice a large

percentage of aircraft are operated in the middle of the region shc}wn in this figure (i.e,,
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ROT vs. Airport Elavation Senslitivity

50 .«
BAe-146-200 Data
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Figure 6.1 ROT Parameter vs. Exit Speed and Aitfield Elevation for the BAe-146-200.

80-85% of the maximum allowable landing mass) and thus the changes to ROT and turnoff
location parameters might be more constrained than those shown. These results capture the

many landing performance variations observed in aircraft flight manuals in a systematic way.
6.1 Example 1 (Evaluating a Runway Facility)

The first example to be discussed here illustrates the use of REDIM to analyze an existing
single-runway airport fability serving a mix of general a\ziation (GA),lcommuter and small

transport aircraft. The first decision faced by the user is to select the type of analysis required
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ROT vs. Airport Temperature Sensitivity
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Figure 6.2 ROT Parameter vs. Exit Speed and Airfield Temperature.

for this example. Fig. 6.4 illustrates the main mehu screen where the ‘Start a New Problem’
option is selected to initiate the user input sequence. Shortly thereafter REDIM> prompts the
user to name his Working file. This file will be created automatically and additions will be
made as the input sequence progresses. The model will ask the user to answer yes or no after
every input screen to save new information. Fig 6.5 selects the type of analysis wanted which
in this case correspvonds to ‘Evaluation of ah Existing Facility”. Next in tﬁe sequence of user
inputs is the definition of the physical characteristics of the existing scenario. Lets assume
that the existing runway has three right-angled (i.e., 90-degree angle turnoffs) located at both
ends of the runway and half the way downrange. For ‘a 2000 meter long runway {(another

assumption in the problem) the locations will be at 0, 1000, and 2000 meters from the active
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Landing Mass vs. ROT and Locatlon Sensitivities
BAe-146-200 Alrcraft Data
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Figure 6.3 ROT and Exit Location Sensitivities to Alrcraft Landing Mass (BAe 146-200).

threshold. Fig. 6.6 illustrates the procedure to build this scenario‘using the 'Edit" menu screen

containing definitions for the number and type of existing runway exits.

Nine representative airc;raft sbanning three different TERP categories, A, B and C were
selected from REDIM aircraft master file for this example. Fig. 6.7 illustrates the éircraft mix
distribution corresponding to an equivalent mix index of 30%. After the use‘r has decided thé '
complete aircraft population operating in the facility pressing the "Esc’ key reviews the aircraft
characteristics for all the population' selected. This is done to provide the user with some
familiarization of the aircréft selected ahd to allow any operational changes if necessary. The

analyst might, for example, reduce the aircraft landing masses by a specified amount. After
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MWIN MENU

Use arrow (t or §) key to change your cheice.

Press enter ( +J ) key If the choice is correct.

iR,

2)Edit Data

NBegin Analysis
4)Edit Master File
5)Go To Output Module
6)Help

Vit

Figure 6.4 Main Menu to Start Example 1.

SELECT

fnalysis

Type

Press escape (Esc) key to return to EDIT MEMJ.

Use arrow (t or 1) key to change your choice.
Press enter ( «! ) key if the choice is correct.

Z)l Improve an Existing Runuay

3) Design a New Runway

Figure 6.5 Evaluation Mode for Example 1.
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EDIT

lUse arraw (¢ or +) key to change your choice.
Press enter ( «! ) key If the choice is correct.

Ho. of existing exits : 3

¢ LOCATION (m) > < TYPL 3
Exit:1 : 0 36-dgr 45-dgr
Exit 2 - : 1600 30-dgr 45-dgr
Exit 3 : 2000 30-dgr 45-dgr

Figure 6.6 Selqctlng Existing Turnoffs and Their Type for Example 1.

EDIT Press escape (Escy key to proceed to next step.
Airoraft . gress enter ( ¢1) keg to store data.
Mix (2) ress backspace ¢ +B key to correct data.
Press (¢,9,%, or 1) key to move cursor.
TERPS A TERPS B TERPS C TERPS D TERPS E
Fﬁ:iﬂ:lla 1@ BE:SO Q n:aaa:sgg : B:;d?:ZBngg
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Figure 6.7 Aircraft Mii Editor Screen for Lxample 1.
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the verification of the aircraft data is done the user is prompted to save the new values in the

user’s current file.

The next input screen deals with the airport operational data values to be used in this
example. Fig’. 68 displays the baseline values used by REDIM for the analysis: The user is free
to change any one of these values by typing the desired values over the existing ones. A
parameter of significant importance in this screen is the safety factor for skidding coefﬁcient
to be used. A 50% safety factor has proven to correlate well with exisﬁng empirical turnoff
data [Horonjeff, 1959] and it is ‘highly recommended for a broad range of analyses. More
conservative designs>might opt for higher safety factor values thus increasrng the radius of
curvature of the probdeed optimal turnoffs and also increasing the resu]ting \Areighted average
ROT for the runway For this example the use of the baseline values seems appropriate and

hence Fig. 6.8 depicts the actual values used for this analysis.

The airport ‘environmental 'conditions used for this example are shown in Fig. 6.9. Salient
features include: 1) calm winds, 2) sea level runway location, 3) 25 Ce as the average
temperature of the hottest month, 4) 0-18 runway orientation and 5) a dlstance of 280 m. (918
ft) from runway to taxiway centerlines. This latter parameter will be used in the output
module to construct a complete high-speed geometry to the nearest tax:way using a termmal
exit angle of 30 degrees. However, this topic is currently being studied to investigate various
extended turnoff configurations that will be used selectively according to several
runway-taxiway configurations. For more infermation regarding the sensitivity of th.e. “terminal’
turnoff angle used refer to Section 6.3 of this document. :rhe penultimate input screen in the
‘Evaluation Mode” prompts the user to select the local runway gradients in tenth’s of the total
runway length. This is shown in Fig. 6.10. In this scenario, a 2000 meter vrunway is readily
divided into ten 200 meter 'segments to which a local gradient value is associated. For the
purpose of this example we use a constant -5 % gradient (downslope) throughout the
complete runway length. Note that the notation used in the program is consistent with that
familiar to airport and highway engineers. Also, REDIM has a a built-in check routine to verify
that local gradients‘ will not exceed the maximum allowable by FAA standards. This

verification is accomplished prior to the actual simulation and optimizatioﬁ procedures. But
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EDIT Press escapc‘(Esc)‘key to return to EPIT MEMI.

flrport Press enter ( «J ) key to store data.
Oper. Data Press backspace ( «B ) key to correct data.
Press arrdu («,+,1, or 1) key to move cursor.

AVERAGE © STD. DEV.
Free Roll Time 1 (sec) : 2 .9
Free Roll Time 2 (sec) 1 2
Taxting Speed (ws) :8 1

Safety Fac. for Skid  (2): 5O

Figure 6.8 Airport Operational Values for Example 1.

EDIT Press escape (Esc) key to refurn to EDIT HEMI,
ffrport Press enfer ( «! ) key to stare data.
Env. Data Press backspace ( «B ) key to correct data.

Press arrouw («,+,1, or 1) key to move cursor.

Wind Speed (nvs) @ 6 Wind Direction : 6
AP Elevation (m) : 0 fi/P  Temperature (C) : 25
Min.Exit Interval (m): 200 R/ Orientation : 0

R/W - Uidth {m) : 45 Dist. to Taxiway (m) : 280

Figure 6.9 Airport Environmental Values for Example 1.
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EDIT

Gradients

Press escape (Esc) key to proceed to next step.

Press enter ( «! ) key to store data.
Press backspace ( «B ) key to correct dota.

Press arrow (+,+,1, or 1) key to move cursor.

R/ LENGTH
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1200 19
1660 10
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Figure 6.10 Runway Gradients for Example 1.

EBIT Press escape (Esc) key to return to EDIT MEMJ,
Weather & Press enter ( «! ) key to store data.
Exit Spd - . Press backspace ( «B ) key to correct data.
Press arrou («,+,1, or ) key to move cursor.
DRY WET
Percentage (2} :+ 50 56
TERPS A exit speed (wsg) @ 15 15
TERPS B exit speed (ws) : 15 15
TERPS C exit speed (ws) : 20 20
TERPS D exit speed (ws) : 25 25
TERPS E exit speed (ws) : 25 25

Figure 6.11 Weather Characteristics and Exit Speeds for Example 1.
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the user can correct the error interactively by means of the ‘"Main Menu’ which is always

within reach through the 'Esc’ key.

Finally, in the ‘Weather and Exit Speeds' screen (Fig. 6.11) the user enters the relative
frequency of occurence of weather conditions to be factored in the analysis. Two weather
conditions are modeled in the current program, wet and dry runways, allowing more flexibility
from an operational point of view. In general terms, wet scenarios will result in larger values
of weighted average ROT times. However, this might be deemed necessary by the user in
order to account for airport specific conditions at the location being analyzed. Overall, the
runway turnoff designs will also be more conservative with larger radii of curvature and
further downrange turnoff locations. In this case equai wéights. 50% probabilities, are given

to both runway conditions.

This concludes the input set for this first example. At this point, the analyst is expected
to return to the "Main Menu’ through the ‘Esc’ key from where the model énalysis routines
(i.e., simulation and optimization) are invoked selecting ‘Begin Analysis’ from this menu. This
starts the landing simulation of every aircraft subjected to the operational parameters input
by the user to find candidate exit locations, their geometries, and ﬁnally to select those
considered optimal according to a minimum weighted ROT performance index criterion. The
execution of the simulations and optimization routines can take anywhere from 10 seconds to
a' few minutes depending upon the number of aircraft selected. In order to p»roviqﬁg, some visual
feedback to the user through the simulation process the user is exposed to relevant statistics
for each aircraft siniulated. The statistics include: 1) the aircraft type designator, 2) the
individual runway occupanc_y time, and the 3) exit location used. For this niné alrcraft example
the computation time is about 10 seconds for the dynamic simulation. In this case no

optimization is necessary as only the ‘Evaluation Mode” subroutines are invoked.

The results of this single-runway scenario are shown interactively in Figs. 6.12 to 6.15
which are part of the Output Module routines. Fig. 6.12 illustrates the main ‘Output Menu’
screen shown to the user where "View the Output’ and 'Print the Repdrt’ constitute the two

alternatives to obtain screen and printed output, respectively. Selecting the first option, View
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OUTPUT MEMU Press escape (Esc) key to return to MAIN MEM.

Use arrow (t or {) key to change ymir choice.
Press enter ( «1 ) key if the choice 1% corréct.

1)Vieu:the Qutput
2)Print The Report
IHelp

4)60 To Main Menu

Figure 6.12 Main ‘Output Menu’ for Example 1.

UIEW MENY Press escape (Esc) key to return to OUTPUT MENU.

Use arrow (1 or §) key to change your choice.
Press enter ( «4 ) key if the choice is correct.

1)Ulew ROT;Tab e
2)View Turnoff Locations And Their Geometries

3)60 To Output Menu

Figure 6.13 'View Menu’ for Example 1.
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the Output’ the analyst is exposed to Fig. 6.13 where a triple selection screen directs the user
to the runway occupancy table (ROT Table), the turnoff locations and their geometries or back
to the output menu. The RO'I" table depicted in Fig. 6.14 shows a partial view of the ROT Table
where individual ROT times and the complet_e aircraﬁ.assi.gnment is made for to the three
existing exits. Notice that ekit number, Ioéation and exit type ére clearly identified in the first
row of the table. Thereafter, every aircraft is identified by its program designator (i.e., see
Appendix A for more details on designators and aircraft representation). As detailed in
Chapter 5 of this document, two scenario conditions are analyzed by REDIM, wet and dry
runway conditions with relative frequencies of occurence specified by the Qser (see Fig. 6.11).
The interpretation of the ROT table results is as follows: every aircraft is assigned to one or
several turnoffs where potentially a successful exit maneuver can be; executed. Taken as
example the swedish made commuter aircraft SAAB 340 the runwéy occupancy time for the
dry scenario is 44.2 sécOnds taking the second turnoff (Exit # 2), located 1000 meters from the
active runway threshold. The probability for this aircraft taking .this middle exit'is only 7.9 %
suggesting average Iaﬁding rolls greater than 1000 meters. Notice thaf if the third exit is used
to clear the runway the remaining percent of the population, 92.1%, is able to exit at the
expense of a large ROT value (138.6 sec.) as fhe aircraft i‘s required to travel at near tasii-;
speed for the remaining portion of runway. This value should be viewed only as an upper limit
since, ground operations permitting, the SAAB-340 wili probably execute a 180-degree turn
and still take the second exit. Under this new set of conjectures an estimated ROT time closer
to 95 seconds is more realistic. Following the same aircraft it is noted that wet conditions
lower the ROT time through the third exit since the aircraft requires longer braking distances
with the corresponding reduction in the ROT devoted to taxi to the.next turnoff. Note, however,
that the percent of the SAAB-340 population taking the second exit is only}i8% implying that

a small percentage of the operations will be able to use this exit.

Table 6.1 provides the baseline exit speed values used in REDIM to predict the turnoff
location and reliability parameter for individual aircraft using three FAA standard turnoff
geometries. Note that for the 90-Degree angle turnoff the entry speed is defined by the user

as a taxiing speed. This speed represents the safe value at which a pilot will comfortably
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maneuver his airplane on the ground to reach the nearest turnoff location once a

predetermined exit threshold value has been reached.

Table 6.1 REDIM Baseline Exit Speeds for Standard FAA Turnoffs.

Turnoff Type . Turnoff Entry Speed
90-Degree , Taxiing Speed (User Defined)
Typically 8 m./sec. (18 MPH)

45-Degree - 17.9 m./sec. (40 MPH)

30-Degree 26.9 m./sec. (60 MPH)

in Fig; 6.14 the weighted average runway occupancy time (WARQOT) is also indicated for
the complete population analyzed. In this case 102.94 seconds represents a large WAROT
valﬁe for this simple example. According to this result a maximum of 34 landings per hour
would - be the upper limit for this single runway under the given conditions. For mived
operations this value could increase by another 10% or so. The question is how much can this
facility be improved by adding more turnoffs? The answer to this is the subject of Example 2

to be discussed in tkhe next section.

6.2 Example 2 (Improving a Runway Facility)

This problem is an extension to the previous one as it was observed that the existing
turnoff locations were ‘inefficient’ to handle the hypothesized aircraft population resulting in
large ROT times. The idea behind this second example is to improve the existing single
runway design through the incorporation of additional high-speed turnoffs. The location and
geometry of these will be found by RED!M’s dynamic;optimization élgorithms. Since it is

pressumed that the analyst has created a file with the airport specifications in the previous
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Figure 6.14 Partial ROT / Rellability Table for Example 1.

AIRPORT CONDITIONS

TURNOFF LOCATIONS Tenperature (C) : 25.08
AND THEIR Elevation (w) 8.0
GEOHMETRIES Wind Speed (w/s) : 6.08

Veather =~ (z) :

Dry - 58 & Vet - 58

RUNUAY EXIT LOCATION DISPLAY

8 sed 1669 1508 2088 2508
Rurnway Doun Range (m) —
EXIT 8 | LOCATION| EXIT % | LOCATION Enter the Exit Number
to view the complete .-
1 8.88 3 2660.90 Turvoff Geometry.
2 1¢08.88 (Enter '8’ to exit)
Example) 2

Figure 6.15 Turnoff Locations and Their Geometries for Example 1.
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Figure 6.16 Existing 90-D§gm Standard Turnoff Geometry for Example 1.

example and only those screens having significant changes from those of Example 1 will be

treated in detail.

There are two ways to approach this revised problem. The first one is to use the existing
data file froﬁ Ex‘amptle 1 and make theb proper modiﬁcaiions through the complete input
sequencé. The second approach is to start a new problem with the samé parameters as
Examble 1 and comblete the pieces of information left out in the pre\)ious problem. Taking the

second approach is simbler for the novice but the first one saves time.

The first significant change is made to the "Analysis Type” menu (see Fig. 6.5) where now
the second choice is selected, ‘Improve an Existing Runway’. From this point on the same
screens as thosek asséciated with Example 1 will be a‘pplicable. A reliability parameter needs
to be specified in the third ‘Input’ screen to estimate the degree of exit reliabitity expected
from the new turnoffs. For this examplé we use 90% as reliability_pararﬁeter and we will

specify the number of exits to be built at the end of the simulation stage. Another aspect that
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we need to specify in this new scenario concerns the desired entry exit speeds for the new
turnoffs. This is crucial as part of the input as REDIM will use the entry tufnoff speeds selected
in the "Weather and ‘Exit Speeds’ menu to design geometrically the optimal turnofls. For the
improved runway the exit speeds and weather conditions a‘re shown in Fig. 6.17‘ Note that it
is possible to leave voids of speed data as far as these are not used in the program. For
example, its is allowed to leave blanks for the speed values associated with TERP categories

D and E as there are no aircraft belonging to these categories in this example.

After the pertinent changes have been made to the Input Module screens the user is
expected to go back to thé ‘Main Menu’ screen (pressing the ‘Esc” key) and start the analytical
procedures of REDIM. Selection of item 3 in Fig. 6.5 begins the dynamic simulation analysis.
Just as for the previous example, there is some feedback information dispvlay'ed on the screen
in ferms of partial ROT values for every candidate solution generated (see Fig. 6.18). The
dynémic computations take on the average 9 seconds per aircraft-scenario combination.
Currently, the model is restricted to 25 aircraft per run (i.e., 50 aircraft-scenario combinations)
due to internal array size Iimifations. This, however, seems to be sufficient for most of the
airport scenarios to be encountered and should not restrict the validity of the results. Once the
dynamic simulation is done, the analyst enters the number of new turnoffs to be constructed
and the optimization module routines are executed. Fig. 6.19 illustrates'a partial view of the
optimization results using 5 exits. That is, constructing two new high-speed turnoffs to

complement the three existing ones.

The new average ROT value being 45.91 seconds represents a significant improvement
over the previous example. The suggested new locations afe 727 and 1495 meters from the
active threshold. Fig.‘ 6.‘19 also details the percentages of ea(‘;h aircraﬂ-scenario combination
exiting through each turnoff and their corresponding individual ROT times. It should be noticed
that REDIM constrainté adjacent turnoff locations within a prescribed distance bmin to abide
current FAA standal;ds. The current value for D, is considered to be 2&3 meters (i.e., 700 fi.)
but this can be modified by thei user in the “Airport Environmental Screen’ {(see Fig. 6.9). v
Running REDIM under the same runway environmental conditions but increasing the numbér

of new turnoffs to three instead of two as before a 15% impkévement .is observed in the
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INPUT

Input the value and Press enter ( «J ) key to store data.
' i

1

Input the successful exit probability (2) : 90

The successful exit means that

the afrcraft take the specifled exit
at a lower speed than, specified.

®

Figure 6.17 Definition of the Reliability Parameter for Example 2.

==zzzz=z) Minimue ROT =  34.57111

Location = 1142.181
SANB-340  wet with specified exit spd = 25 ws
zurzzzzz) Minimum ROT =  37.72971

Location = 1253.188

EMB-120 dry with specified exit spd = 25 ws
z===z===)  Minfmum ROT =  36.70969

Location = 1279.125
EMB-120 wet with specified exit spd = 25 ws
====3332) . Winimum ROT = 40.11147

Location = 1406.762
FOKKER-100 dry with specified exit spd = 30 ws
s==zzszs) Minimum ROT = 35.14109

Location = 1359.422
FOKKER-100 wet with specified exit spd = 30 avs

s=szsszz) Miniwum ROT =  38.43119
Location = 1495.364
Bfe-146 dry with specified exit spd = 30 m/s
==zz=333) Minimum ROT =  31.86889
Location = 1123.91
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s==zs332) Minimum ROT = 34.46303
Location = 1221.074
Please input the number of new exits :

30 ws

Figure 6.18 Partial Dynamic Simulation Results for Improved Single Runway.
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average ROT time (from 45.91 to 38.57 seconds). Fig; 6.20 shows a partial ROT table for this
new scenario. Note that the new turnoff location are: 727, 1279 and 1495 meters from the active
threshold. As one might suspect an increase in the ﬁumber-of high-speed turnoffs yields better
runway service times (i.e., lower values of WARQT) at the expense of capital cost. It can also
be shoWn with several consecutive runs of the model that the gairis in WAROT are small for

a large number of exits (n > 6).

Figures' 6.21-6.23 depict graphically the location and geometries generated by REDIM in
the 5-turnoff runway scenario. Fig. 6.22 shows a characteristic compound plot-of the five turnoff
geometries, three already available (i.e., standard FAA 90—De_g. turn'offs) and two more
projected. Fig. 6.23 represénts thé complete turnoff geometry of the fourth tur;loff located 1485
m. from the rﬁnway thl;eéhold. In the ’Print the Report’ Option the user repeives a complete '
reboi’t on the optimization results as w_ell as the input parameters selected for that particular
run. The report is divided.into two seétions: 1) input data analysis and ll) analysis résulté. The
forrﬁer is in term subdivided into six categories corresponding to each one of the program
input screens; 1) type of analysis, 2) aircraft mix, 3) airport operational data, 4; airport
environmental data, 5) runway gradients, and 6) weather and speed characteristics. The
analysis results section of the report contains three sub-sections; 1) average ROT, 2) exit
locations, type and turnoff assignment table, and the actual centerline turnoff coordinates.

Figs. 6.24-6.25 show partial listings of the report generated for Example 2 (5-turnoff case).
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Figure 6.19 Partial ROT/Table Results for Improved Single Runway with 5 exits.

ROT / RELIABILITY TABLE
(This is for Improving an Existing Runway)

Exit #
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Figure 6.20 Partial ROT/Table Resuits for Improved Single Runway with 6 exits.
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AIRPORT CONDITIONS
TURNOFF LOCATIONS Tenperature (C) - 25.80
AND THEIR Elevation (n) : 9.9
GEOMETRIES Wind Speed (w3) : 8.00

Ueather (z) : Dry - 50 & Vet - 58

RUNUAY EXIT LOCATION DISPLAY

8 568 16808 15600 2000 2560
Runway Doun Range (n) —

EXIT # | LOCATION] EXIT 8 | LOCATION Choose :
8) To Exit

0.68 4 1495.36 1) To Compare Centerlines
726.93 5 2608 .69 2) To View a Geonetry
1600.00 Exanple) 2

WIN -

Figure 6.21 Runway Exit Locations for Example 2 with 5 Turnoffs.
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Figure 6.22 Centerline Geometry Compaiison for Example 2 with 5 Turnoffs.
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TAXIHAY

=3

RUNHAY ]'
Sl :§z;-5 CHEEE I L i
Wb, R OEE R B Dol { 23:8 fest}

Figure 6.23 Complete Turnoff Geometry for Fourth Exit of Example 2 (5 Exits).
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1. INPUT DATA SUMMARY

Exit # Location (m)

Type

90-deg
90-deg
90-deg

I-1. Analysis type and Existing Exits

Analysis type = Improvement of an Existing Runway

e L

Figure 6.24 Input Data Summary Report for Example 2.
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1-2. Aircraft Mix and Characteristics

acf name I X 1 w8 T M MASS LD CL MAX ‘WA s NUT
1 L (my (m)y (%) (kg) (m) (m*2) (m) (m)
PA-38-112 1 10.0 1 1.5 3.0 77.4 757.0  486.0 1.575 1.6 10.4 2.1
PA-28-161 1 10.0 I 2.0 3.0 82.3 1109.0 416.0 1.694 15.8 10.7 2.4
BE-58 110.01 2.7 2.9 84.6 2500.0 751.5 1.486 18.5 1n.s 2.9
BE-300 110,01 4.6 5.2 89.0 6363.0 857.2 2.076 28.2 16.6 5.3
CE-402C 1 10.0 1 3.2 5.5 88.1 3107.0 655.8 2.100 21.0 13.4 3.8
SAAB-340 1 10.0 1. .7.1 6.7 90.9 12020.0 1140.4 2.578 41.8 21,4 7.7
EMB-120 1 10.0 1 7.0 6.6 90.5 11250.0 1269.5 2.272 39.4 19.8 7.6
FOKKER-1001 15.0 1 14.0 5.0 89.5 39915.0 1360.0 2.533 93.5 28.1 16.8
BAe-146 1 15.0 1 11.2 4.7 92.3 36740.0 1130.0 3.385 7.3 26.3 12.6
WB = Wheelbase WT = Wheeltrack LN = Load on Main Gear
MASS = Landing Mass LD = Landing Run Distance CL MAX =
WA = Wing Area WS = Wing Span NWT = Dist. Nose Gear to Wingtip

1-3. Operational Data

Ist frec roll time 2.0 (sec) std. dev. 0.5
2nd free roll time : 1.0 (sec) std. dev. 0.2
taxing speed : 8.0 (m/s) std. dev. 1.0
safety fac. for skid : 50.0 (%)
1-4. Environmental Data
wind speed : 0.0 (m/s) wind direction H 0.0
airport elevation : 0.0 (m) temperature :  25.0 (C-deg)
min. exit interval : 213.0 (m) runway orientation : 0.0
runway width T 45.0 (m) distance to taxiwoy : 280.0 (m)

1-5. Runway Gradients
runway tength @ 2000 (m)

gradients (X)
-0.5 -0.5 -0.5 0.5 -0.5 0.5 -0.5 -0.5 -0.5 -0.5

I-6. Weather and Exit Speeds

weather & exit speed (m/s)

I DRY t WET
Probability (%) 1 50.0 I 50.0
TERPS A 1 20.0 1 20.0
JERPS B ! 25.0 1 25.0
TERPS C 1 30.0 1 30.0
TERPS D t 30.0 1 30.0
TERPS E 1 0.0 1 0.0

Figure 6.24 Input Data Summary Report for Example 2 {Continuation).
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11. ANALYSIS RESULTS

11-1. Average ROT

average ROT = 45.91 (sec)

11-2. Exit Locations, Types, and Turn-off Assignment.

Exit # I 1 2 3 4 5
e L L T TR T dama
Location (m) 1} 0 727 1000 1495 2000
Type I 90-d new 90-d new 90-d

PA-38-112 1
dry 1 35.0
wet | 34.4

dry 1 36.1

wet 1 35.7
BE-58 1

dry 1 1.4

wet 1 .
BE-300 1

dry 1 64.0

wet | 60.9
CE~-402C 1

dry .1 25.0

wet 1 24.5

SAAB-340 1

dry 1 55.5

wet | 52.3
EMB-120 1

dry 1 50.1

wet | 47.0

dry 1 AR

wet 39.0
BAe-146 1

dry 1 ‘ 46.9

wet ] 45.1

Figure 6.25 Analysis Results Format for Example 2.
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1-3. Turn-off Centerline Geometries.

Exit 4

1

1 Exit 3

Exit

Exit 1

0.21
1.21
3.31
6.51
11.0 1

16.8 1

29.9

0.2 1
0.7 1
151

5.1
10.1

0.5

19.8

0.2 1
0.71
1.51
2.8 1
4.3 1

5.1

59.4

2.6 1
6.7 1
12.7 1

39.3

10.1

88.6

15.2

58.1

15.2

2.81 117.4
4.3 1 145.7
6.3 1173.5
8.8 1 200.7
11.7 1 227.2
15.2 1 253.0
19.4 1 278.0
24.3 1 302.1
30.4 1 325.4
38.1 1 348.2
48.7 1 370.7
76.1 1 393.0

140.0 I 415.0

76.1 20.3

20.3

1
1
1
I
I
!
1
1
l
1
I
1
1

20.5 1 25.4

93.1

25.4

30.4

29.6 1

6.3 1 109.0
8.8 1 124.7
11.7 1 140.1
15.2 1 155.3
19.4 1 170.1
26.3 1 184.8
30.4 1 199.2
38.1 1 213.3
48.7 1°227.2
76.1 1 240.8
| 140.0 1 256.2

30.4

23.8 1

35.5

38.6 1

35.5

3211

40.6

47.5 1

40.6

41.71

45.6

56.3 1

45.6

52.4 1

50.7

64.9 1

50.7

64.3 1

55.8

3.4 1

55.8

77.2 1

60.8

81.7 1

60.8

90.4 1

65.9

89.8 1

65.9

103.4 1

71.0

97.91
105.7 1

71.0

116.3 1

76.1

76.1

129.0 1

76.1

113.51

76.1

140.1 1

1 434.2

121.0 1

1 267.3

128.5 1

1 280.2

135.7 1

1 292.8

140.0 |

! 300.2

Exit 5

1

0.21
0.71
1.51
2.81
4.3 1
6.3 1
8.81

N7

5.1

10.1

15.2

20.3

I
I
1
1
I
[
I
I

25.4

30.4

35.5

40.6

15.2 1

45.6

19.4 1

50.7

26.3 1

55.8

30.4 1

60.8

1
1
1
I
!

38.11

65.9

48.7 1

7.0

76.1 1

76.1

140.0 1

76.1

Figure 6.25 Analysis Results Format for Example 2 (Continuation).

123

Use of the Model



7.0 Conclusions

The end result of this model is to recommend a high-speed geometry that will minimize"
the runway occupancy time under realistic airport scenarios. As it was explained in Chapter
6 the model is able to predict turnoff locations and geometries that optimize the weighted
average ROT parameter for a given set of airport conditions. The obvious question is how
sensitive are the model results in terms of some ofthe‘input parameters such as aircraft mix,
wind conditions, airfield parameters and so on. This question arises natufally since thesé

variables are highly dynamic and fluctuate during the day and from season to season.

Looking at existing data on runway occupancy time [Koenig, 1978; Ruhl, 1989] it is
believed that REDIM is béhaving in a realistic fashion for a multitude of scenarios tested. Fig.
7.1 illustrates the results for San Francisco International Airport runwéy 27R where two
independent sets of data were compared with the predictions made by REDIM for the same
scenario. Fig. 7.2 depicts the resuits of REDIM and the observations reported by Koenig
[Koenig, 1978]. In all cases the differences are below 5% from each other. A generalized trend
on ROT times versus mix index for various numbers of exits is illustrated in Fig. 7.3. In this
figure it is seen the sensitivity of the model to the number of exits. Without any doubt one of

the most important parameters influencing ROT times.

7.1 Suggested High-speed Standard Geometry

The implementation of realistic high-spéed turnoffs seems to be one the most debatable
issues faced by airport engineers. On one hand it is well known that the location of the runway
turnoffs affects significantly geometry of every turnoff; However, for a finite aircraft population
a single turnoff location scheme is needed to minimize the desired average ROT performance
index. The problem seems then to be that each planner should use variable geometry turnoffs

for every scenario. This makes the number of geometry choices almost limitless for the
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80 Aircraft Mixes

Heavy B-747 (75%)
DC-10 (25%)

Large B-737-(27%)
- B-727 (24%)
B-767 (20%)
MD-80 (15%)
B-757 {14%)

B REDIM (1989)
2 Ruhl (1989)
Koenig (1978)

ROT Time (seconds) |

Large Heavy

Alrcraft Category

Figure 7.1 Comparison of RED!M Resuits at San Francisco Intl. Runway 28R.

hundredths of airpoi't scénariosvaround the nation.  This issue is not time consuming with the
use of REDIM, but even a complex model like the one addressed in this report makes use of
generalizations in order to red_uce the magnitude of the problem within a confined set of

choices.

In dealing with a new standard geometry our approéch to the standardization problem is
very similar to that confronted by the Horonjeff team three decades ago. If a standard is to be
accepted by the aviation community it not only needs to be proven in simulators and in fields
‘demonstrations, but also needs to address the needs of the builder in terms of a simple
definition of the geometry. This is probably the most difficult task to address since a fully
variable geometry is obtained as the result of the ‘turning equations of motion of aircraft
negotiating a high-speed turnoff. The specification of such a geometry (i.e., fully variable
geometry) is difficult to justify in practice since every position coordinate in a two-dimensional
plane needs to be known. From an operational point of view it is possible to approximate

slow-varying turnoff geometries [i.e., spirals and clotoids] with large radius of curvature
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30 ¥ [ | Koenig (1978)
] ' REDIM (1989)

ROT Time (seconds)

Large Heavy
Aircraft Category

Figure 7.2 Comparison of REDIM Results at Denver Intl. Runway 26R.

entrance curve followed by a reduced radius of cur\(aturé circular segment. This approach
was suggested by Robert 'Horénjeff in the late 50’s (Horonjeff, et al, 1959) but interestingly
enough his results have not been universally aééepted by all the aviation authorities in terms
of adopting a large entrance curve as geometric design standard. The current FAA practice
uses a single radius of curvature to define the geometry of a high-speed turnoff (i.e., 1800 ft
for 30-Deg. angled exits). In our findings with REDIM we have to acknowledge tﬁat Horonjeff's
suggestions were justifiable and that possibly the simplest approach to define a new standard
is to consider two circular arcs with a common tangency point as a viable solution té
approximate a fully variable turnoff geometry (see Fig. 7.4). This approach is revisited ih thié

section to show the selection process behind the variable geometry standard.

From Fig. 7.4 it is seen that two radii of curvature defined Ry, Rz, and a turnoff exit angle,
¥ form the basis for the suggested approximation. The first radius of curvature approximates
the jerk-limited curve corresponding to a specified entry speed (V,) whereas the second one,

R., models the aircraft “steady-state rotational” inertia characteristics as it negotiates the
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Airbus A-320, Boeing 727,
Boeing 737, Fokker 100,
BAe 146, MD 82

Cat. D

Boeing 747, Douglas DC-10
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Runway Downrange

Nomenclature
(e,Yo) Point
vy ¥ Polnt &

(8] First Arc Langth (meters)

L2 Second Arc Length (meters)

h i) Second Turnoff Arc Travel Time (seconds

T2 Firat Tumnoft Arc Travel Time (seconds) :
Vexit  Alroraft Exit Speed at the Start of the Turn (m./sec.)
Vuen  Alrcratt Spesd st the Transttien Point (mJ/esc.)
Viinal  AlreraRt Spoad ot the Clearsnos Point (m/vec.)

Rt Pirst Tumett Arc Redius (meters)

-3 Second Turmof! Arc Radius (meters)

Figure 7.4 Definition of the High-Speed Turnoff Geometry.

turnoff. Through many simulations using REDIM it became evident that extracting two specific
values of R an excellent approximation to this fully variable turnoff geometry could be
obtained. The values of R, and R, then were obtained as a function of turnoff time and aircraft

category.

The rationale behind the time factor in this recommendation is to account for the aircraft
inertia resistance motion which can be catveg‘orized as a "pseudo-first order model” (see Eqgns.
3.18-19 for R)vwhere the radius of curvature changes slowly as a function of time. Looking at
Fig. 7.5 it is observed that an equivalent “time constant” characterizing the aircraft rotational
motion about the z axis as it negbtiates a high-speed turnoff is proportiohal to the éircraft
mass and moment of inertia about this axis among other factors. Knowing this fact a straight

correlation between the values of R, and an extraction time were established. Table 7.1
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summarizes the nominal éxtraction times used in REDIM to approximate the variable turnoff
trajectory. N

In REDIM nomenclature these times are labeled as easement curvature time, TR1, and
steady-state curvature time, TR2. Note that for heavy transport-type aircraft (i.e., > 300,000
1bs) lar'ger time lags to achieve a “steady-state” radius of curvature are a direct result of larger

time constants in the model.

Fig. 7.4 also illustrates the two corresponding encompassing the approximate turnoft

“track. Arcs with lengths L and L; are defined as follows,
Ly= R, 0, {72}

where, Ly and L, represent the turnoff characteristic lengths. k1 and R; are the radii of
curvature defining the turnoff, and &, and @, are the arcs defined by R, and R,, respectively
measured iﬁ radians. The turnoff arcs are characteristic for each aircraft since the transition
and runway clearance point are aircraft speed and geometry dependent. It should be kept in
mind that L, is a linear function qf aircraft speed if the jerk-limited equation is used and if the

values of a, and J, are substituted in Eqn. 7.3.

a, Ve 8max Ve

Ly = (7.3}

Jn Jmax

The analyst, however, does not need to be concerned in REDIM since the actual turnoff track
values are presented in tabular form. The approximation is primarily used to depict the

geometry on the computer screen.
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Table 7.1 vREDIM Model Extraction Times for Estimating Rand R;.
Category R, R
A , | | 1 sec. ; 4 sec;
B o ‘ 1 sec. / o Sséc.
¢ 1 sec. 6 sec.
D 1 sec. . 6 sec.
i E ' | 1 sec. » 6 sec.

7.2 Compar_ison of REDIM Geometries

a

The geometries geﬁerated by REDIM ére dictated primarily by the jerk and normal
acceleration in the first few seconds of the trajectory and by the aircraft rotational inertia
limitations in the longer term (i.e., 3 or more seconds into the turn). In general, the geometries
obtained in RE_DIM differ from the FAA standard acute angle exit geometry in terms of their
initial and steady stat_.e radii of curvature. Fig. 7.6 depicts two exit geométries corresponding
to and exit speed of 27 m.sec. (60 MPH). The top geometry corresponds to the standard acute
angle exit and is shown fbr the sake of comparison. Th_e bqttom geometry was.generated by
REDIM for a Boeing 727-200 operating on a wet runway. Note that in both exam.ples the final
exit angle has been maintained at 30 degrees and as can be seen the REDIM geometry is
characterized by two radii 6f curvature (R1=979.6 m. and R2=447.8 m.) resulting in a slightly
larger arc length to reach the final exit angle. Also shown in Fig. 7.6 is é éuperposition of both
geometries revealing in greater detail their differences. Notice that the width of the turnoff has
also been maintained at 30.5 m. (i.e., 100 ft.) for the purpose of illustration. It is important to
realize that currently REDIM evaluates the centerline of the aircraft trajectory and it designs

the turnoff edges according to the aircraft design group classification. It seems advisable,
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Radlus of Curvature Time Histories
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Figure 7.5 Time Varlations of Radlus of Curvature for Representative Aircraft.

however, to increase the existing turnoff widths in order fo inc‘rease‘the pilot’s confidence
while negotiating a turn at high speed. |

Fig. 7.7 illustrates similar results for a Boeing 747-200. In fhis particular case the differences
are more notorious és the larger aircraft mass and inertia penalize its maneuverability on the
ground. Again, the lateral distance and the turnoff width has been maintained according to
existing FAA standards. Fig. 7.8 illustrates the geometry for the same Boeing 747-200 when the
entry spéed is 35 m./séc. (78 MPH). In this case the turnoff width has been increased to 45.8
mts. in order providé better situational awareness to the pilot. It is believed that increases in
the width of all high speed exits will, in general, induce pilots to maintain faster exit speeds
ihan those seen today at major airports. When one _considers night and wet pavement
conditions and factors a reasonable skidding friction parameter the resulting geometries
require significant Iongitudinal énd |ateral distances to allow sizeable speed reductions on the

turnoff. it has been estimated that 230 mts. (750 ft.) seems to be the minimum lateral distance
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Runway

REDIM Generated High-Speed Exit
(Boeling /27-200 Parameters)
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RFDIM Generated HS Fxit (B 727 200 Parameters)

Figure 7.6 Medium Size Transport Turnoff Geometries Comparison (27 m./sec.)
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allowing safe negotiation of a 35 m./sec. entry speed turn. This distance depends upon the

terminal speed required at the taxiway junction point and will be the subject of further analysis

in the Phase |l of this research.
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Figure 7.7 Heavy Transport Turnoff Geometries Comparison (27 m./sec.)
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Figure 7.8 Heavy Transport Turnoff Geometries Comparison (35 m./sec.)
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8.0 Model R‘écom'mendations

Although the REDIM model addresses va Iarge. variety of parameters affectihg the aircraft
landing dynamics and the airport environmental qharacteristics several features of the model
need further investigation in order to calibrate and verify some of the assumptions made
during the mode! development. Among these features are: 1) a postoptimizatiqn technique to
account for time varying aircraft mixes and airport environmental parameters, 2) human
behavioral factors such és the verification of the lateral acceleration and jerk perception
thresholds used in the model and the incorporation of pildt behavioral factors influencing the
selection of vehicle deceleration séhédules for various runway iengths. 35 added flexibility in
the turnoff angle paramétérs (i.e., turnoff angle and other lateral spacing restrictions), and
We now try to address each one ‘of thesé fopics in more detail pointing out some of the
obstacles and methods that could be used to implement these recommendations at a later

research stage.
8.1 Postoptimization Algorithm

A post-optmization processor that could factor day-to-day aircraft traffic mix variability
and environmental conditions could be a very practical addition to the existing model. The
major constraint to this seems to be the computer storage limitations required to handle the
larger size matric'es‘ generated by this new postoptimization process. Currently REDIM is
limited to 50 aircraft/runway condition pairs in a single run to limit the numerical computations"
to a manageable level. If a global optimization vscheme is be implemented under varying input
parameters throughouf the life cycle of the facility vthis would necessitate complete knowledge
of the time variations of some parameters accounted for in REDIM th:rou”ghout the period of
interest (i.e., the airpdft deéign Iife-éycle). Thié of course could only bé done for a few
variables such as aircraft mix and airfield environmental conditions (i.e,.‘, éirfield temperature,

wind conditions, etc.) in order to maintain a reasonable matrix size to execute the problem
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on a personal cvomputer. Another valuable alternative in this regard could also be the addition
of an iterative procedure that would search for a user defined ROT threshold value to be used
as runway exit location/geometry design parameter. This procedure could be executed in
several steps allowing at least two parameters to be varied independently to achieQe the
desired ROT value. Parameters of great influence in this regard are the number of exits and
the exit speeds associated with each one of them. A typical searching algorithm to achieve
a "goal” ROT value would cycle these two parameters sequentially until the desired ROT value

is obtained.

8.2 Human Behavioral Factors

Another aspect deserving attention in this section is that dealing with some of the safety
margins and assumptions made in the present modeling effort.  In the overall
conceptualization of REDIM safety margins were implemented in some of the dynamic module
subroutines to account for the usual uncertainties associated with manual control tasks, such
as the landing of an aircraft, the activation of braking devices, etc. However, the reduction of
these uncertainties could significantly reduce the runway otcupancy time (ROT) by reducing
the margins of safety needed to copé with the original assumptions. This phenocmena is
similar to the anticipated reductions in the aircraft interarrival time (IAT) to the runway
threshold through an infeprovement of the aircraft delivery accuracy (e.g., by reducing the final
approach IAT separation buffers). The underlying assumptions made in this model have tried
to establish a good balance between operational safety and the efficiency of the runway
subsystem. This compromise was necessary because the model is expected to be applied in
a variety of scenarios where the manual control uncertainties could be quite high. That is, the
model could be either_applied to small community airports where the proficiency and acﬁuracy
of the pilots might dictate slightly larger safety margins or to large transport-type airports
where an increased number of automated landing rollout operations could take place in the
future. It is expected that REDIM will be calibrated with the help of simulation and

experimental results in order to gain more confidence in the output results of the model. This
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calibration is, in fact, one of the rﬁost impodant steps to follow the _deve‘opment of REDIM. It
is anticipated that the second phase of this research wI!I devote time to.validate the current
model. It should be élearly understood ‘by the analyst that scenario-specific factors such as
obstructions, runway length, lighting conditions, etc. could affect the piliot’s behaviof to
execute manual landings. For examp(é, it is well known that the runway exit location and
length have a large influence in ROT as pilots adjust their piloting behavior under scenario
specific circumstances such as displaced thresholds and short runways. Therefore a series
of empirical observations are recommended in the future in order to modify REDIM to account -

for some of these human operational factors.
8.3 Turnoff Angle Parameters

The turnoff angle pléys a very important role in the estimation of the runway o.-ccupancy
times (ROT’s). Through simulations it can be shown that as much as 25% of the runway
occupancy time is due to the turnoff for high speed exits. As such it is advisable to add more
fexibility to the model by allowing the user to vary the turnoff angle. This new addition will be
highly beneficial for analysis involving airport improvements where severe Iaterél separation
restrictions pose a problem. In those cases the analyst could specify small turnoff angles to
achieve a desired taxiway-turnoff intersection speed. In practice it has been shown (Fig £.2;
that turnoff exit angles lower that 18 degrees do not reduce the runway occupancy time as the
aircraft travels for large periods of time on the turnoff. This in turn reduces the ROT times to
a extend provided that the exit angle is not reduced below 20 degrees which seems to be a
compromise bethween minimum ROT and the time to clear the runway. It is suggested that
the final exit angle should be made variable in order to provide the user a mechanism to

design fast turnoffs under drastic lateral restrictions (i.e., the presence of a parallel taxiway).
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Appendix A. Glossary of Aircraft Characteristics

x ) [ [, S-S R J [ S i

1 | _CODE NAME _|_ NAME MAX. ANGLE WINGIPAN _| WHEELBASE | % LOAD CAND MASS WING AREA "YAWINERTIA_ | _CL_uAlugu
FI - [DEGREES) (METEAS} _ | (METERS) (PERCENT) | (KHLOGRAMS) |~ (SO METERS) (KG_-SQ M) (DiM_}
3
COMMERCIAL AIHCRAFT
5
6 |A-300-600 _|AIRBUS A300 35.00 44.80 18.60 92.50 140,000 260,00 1 5348E407 30609
7 ]A-310-300 __|AIABUS A310 36.00 4390 15.21 91,60 123,000 219.00 1 2282E407 31912
8 |A-320.200__ |AIRBUS A320 38.00 33.91 12.63 90.50 64 %g 122 40 4.0426E+06 2 3941
V_|FOKKER-100 [FOKKER 100 32 00 28.08 14.00 89.50 39,915 93.50 1 7695E 406 28376
10 BAe_ 146-200 |BAs 146 0.00 28.34 11.20 92 .30 38,740 77,30 1 5342E40¢ .
TT1]8-727-200 _|BOEING 727 B.00 36.75 16.7 92.50 78,200 157 30 4905“.01,“ i
2|8 737-300_ |BOEING 737 6.00 28.88 2.3 93,50 51,710 105 40 775 )
T13|B-737-400 _ |BOEING 737 6.00 28.88 2.5 9250 54,885 105 40 F) :
74|B-747-2008 [BOEING 747____ 43 00 59.64 5.6 T “e460 285,765 511 60 5
15]8-747-4 BOEING 747 44700 63,30 60, 94.00 285,765 511 60 4 247Z3EV07
elp-757-2 BOEING 757 35.00 30.05 18.29 93.50 89,810 185 25 7 1aT4E e
Trle-767-3 BOEING 767 37.50 47.57 19.69 02,20 129,273 283 3 1 3380E 407
18|MD-83 MCDONDOUG. 36.00 32,87 22,07 90.30 ©3,276 118.00 3.9114E.06
19|MD.87 MCDON. DOUG. 39.00 32.87 19.18 91.20 58,067 118.00 3.3737F 406
20 DC:10:30 DOUGLAS ACF. 42,00 50.40 22 05 94.00 182,798 ___367.70 2 4293E 40
21 |MD-v 1 | MCDONDOUG 19.00 53,00 28727 93.60 195,044 338.90 271625,
3 -
3| CODE NAME NAME MAX. ANGLE WINGSPAN WHEELBASE | % LOAD LAND.MASS WING AREA __|__ YAW INERTIA _
a (DEGREES) (METLRS) {METERS) (PERCENT) | (KLOGRAMS) 3] (KG_SC M)
3
_26 [SINGLE ENGINE PISTON AIRCRAFT,
7 -
28 |PA-38-112 _|PIPER TOMATAWK 40.00 10,36 1.45 77.45
] |PiPER WARRION I 39.00 10,67 2.03 82.18 1
) 1 _Ta000 10 92 1.98 81.73 1 5 2849€,03
PIPERSAATOGA 3800 11.02 2,96 85,92 1 7.2365E.03
P ngn MALIBU_ 1368 2.44 83,31 1,77 8 302
ONANZA 10.21 2.13 81.51 T aha 6,557
10,92 1,70 77,93 1,000 3.5969€ 403 2 0407
10.92 2.1% 81.20 1,723 7.9116E 403 31719
10.02 1.69 76.85 1,334 5 119tE+03 2 4647
t1 20 .83 77.60 1,712 8.3029E+03 19925
T WINGSPAN __| WHEELBASE | % LOAD. wme AREA T VAW INERTIA | _CU MAXIMUM__
5 { T{PERCENT). RSy (KG SO M) (UM
2:.72 84.73 2,500 18 52 1 5G1EE+ 04 14859
4.56 9.13 6,363 28 186 7 4950E+04 2 0760
3.8 12 3,107 20.98 - Z1891E 04 1 4304
3.20 19 3,266 19 97 2 3769E 404 14310
|8 .86 27 6,363 26 13 7 4990E404 23520
c CESS. CARAVANTI a7 4,250 23 50 3 7434E+04 16213
S2|PA-34-2207 |PIPER SENECA I 1 13 2,160 19.36 1 1675€404 15439
53 |PA-42-1000 |PIFERCHEYENNE 2 7.22 5,477 27.2% 5.7930€ 404 (EEE
s4|P180 PIAGGIO AVANTI 80 9141 4,777 20 82 4.5779E 404 17075
35 :
3 6 | TURPOJET AND TURBOFAN BUSINESS AIRCRAFT
37
[] NAME MAX. ANGLE WINGSPAN % LOAD YAW INERTIA | CL MAXIMUM
v (DEGREES) [METERS) {PERCENT) (DI}
[
KN CESSNA CITATION T 41,00 1590 92 61 0.00 6€.3424E .04 1 7680
) CESS CITATION 4000 16.31 92.95 6.37 13857405 29561
3 LEARJET 31 36.00 13.94 93,42 457 8.7076E+04 24130
[ LEARJET 55 31.00 13 34 93.27 24.57 I 1513E +05 21738
&5 GRUMMARN 1Y 41.00 2372 : 93.70 89,29 8.7620E 405 15472
3 BAu_125 43.00 15.66 6.41 9310 34.75 T 8024€,05 21704
67 WESTWIND Il 42.00 13,65 7.79 94.77 28.55 1 2687E05 21403
XA BEFCIET 4000 13.25 5.86 92.68 22 42 7 6846E404 Y
69 ASTRA 42 o0 16.05 7.34 54.38 29.43 1:4705E+05 25508
70 FALGON 100 42,00 13.08 5.30 92.77 2413 1.1170E4 08 30140
EXH( FALCON 200 41.00 16.30 5.74 90.94 41.03 2 5960E 0% 27285
T70 FALCON 50 47.00 1886 7.24 92.19 4684 4 4309E.08 35807
73|cL-601.9A  [CHAILENGER 38.00 19.61 7.99 9286 42,00 3.8121E4+05 2 1780
TURBOPROP_COMMUTER AIRCRAFT
NAME MAX. ANGLE | "WINGSPAN | WHEELBASE | % LOAD LAND.MASS WING_AREA VAW INEATIA CL_MAXIMUM
(DEGREES) | (MEVERS) |  (METERS) | (PERCENT) | _ (KILOGRAMS) (SO METERS] (KG-5Q M) (DIM.}
79 .
90 |SAAB-340 SAAB 340 38 00 21.44 714 90.88 12,020 41.80 2.2416E 405 256779
1 ]pAe 31 JETSTREAM 36,00 15 85 4.60 87.18 6,600 25 20 7.9863E+04 2. 1346
2]EMB-120 BRASILIA 38.00 19.78 6.97 90,77 11,250 39,43 2.0001E,05 22722
9I|oHC:6-300 _ |TWINOTIER 8.00 19 81 4 53 87.18 5,579 39 02 5.9799€,04 2.5620
«JDHC-7-100 __|DASH7 7.00 28.35 8.38 90.89 19,050 79 90 4 9527E405 279330
DHG-8-100 _ [DASHE___ 8.00 26.91 9.60 9163 15,375 54.35 3.4245E4+05 32894
BEECH_1900__|PEECH 1900 0.00 16.61 725 93.72 7,302 28 15 9.5042E+04 2.0658
SA-227-AT/41|FAIR MEALINVC 35.00 16.60 5.38 88.74 6,530 28 73 7 9655E+04 18267
EMB-110-P1 | BAINDEIRANTE 30.00 1533 510 90.70 5,712 29 10 6 2275E,04 2 4852
TGV JEASA 212300 |AVICAR 38.00. 1900 5 85 88.07 7,465 40,60 9.8724E.04 1.8490
80 |CASA_235-100 |CASA 235 37.00 25.81 6.92 89.70 14,229 7300 2.9970E +05 1.9817
91 ]ATR-72 AEROS IAERITALIA 32.00 27.05 10.70 93.26 21,385 €1 00 6.0434E405 2 6089
92 |ATR-42-300 |AEROS/AERITALA ] 35.00 24.57 8.78 92.71 15,500 54,50 3 4726E .05 32170
9 3 [FOKKER %0 FOKKER 50 43.00 29.00 9.70 92.13 18,890 70.00 4 8B13E+05 25417
8.4 BAe ATP B8Aq ATP 42,00 30.63 9.70 92.62 21,373 77.00 6 2334E+05 2 2519
93]00.228-.201 _|OORNIER 228 35.00 16,97 6.29 91.05 6,213 31 B4 7 1973E404 2 €203
® € |[SHOATS 330 | SHOATS 330 AEG 4200 22.76 615 87.93 10,251 4210 1 7043E.05 2 7543
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3 L ] N [ P a R
CODE NAWE FAR 35 RAKING DISTANCE V. STALL V. TOUCHOOWN AR DISY. DECELERATION, |  FREE ROLL _
LANDING (M) _{METERS) fmisec) [ (M/SEC) | (METERS)
_4_]COMMERCIAL AIRCRAFY e - —
A-300-600 1555.00 999.61 5301 61.65 370 44 180 3.00 184 9% 115
1_lA-310-300 14986.00 933 88 53.09 61.00 26805 2.00 300 183 17 115
! |A-120-290 1549.00 987.88 53.09 61,06 368.95 1.89 3.00 183 17 115
9 IFOXKER-100 1360.00 815.02 51.96 59.75 265.72 2190 3.00 17926 118
J0IBAs 146-200 1130.00 612.89 47.42 54.54 353.50 2.43 .00 163.61 115
1 §-721-2 560. 1004.6% 53.61 61.6S 70.44 1.89 .00 184.95 115
1 ~737-3 392 844.14 52 58 60.4¢ 67.47 2.17 .00 181 3 1.15
T 8-737-4 497, 941 .61 53.614 61.05 70.44 2.02 .00 184.9 1.15
148 747-2008 2. 1536.70 56.70 65.2 76.68 1.38 00 195 6 P15
KK B-747-4 134, 1558.70 8.70 65.2 79.68 1.36 00 1 6 1.15
16|B-787-2 460.0 912.76 2.32 6017 6.74 1.98 .00 180.50 115
IB-767-3 650.0 1088.03 4.64 62.84 3,48 1.81 00 188,51 1.15
A KMD-83 585.0 1026.33 4.12 62.24 1.94 1.89 .00 186 73 118
19 |MD-B7 1430.0 984.38 52,08 59.87 366,01 2.03 00 179 61 R
e €-10-30 1630.00 1067 .54 54.72 62.92 373 69 1.8% 300 188 77 115
21|MD19 2130.00 1652 .14 §7.09 65.66 38089 139 3 00 176 97 s
kY
CODE NAME FAR 25 BRAKING_DISTANCE V. STALL V. TOUCHDOWN AIR_DIST, DECELERATION | FREE ROLL | FREE ROLL DIST | N_FLARE
LANDING (M) {METERS) {M/SEC ) (M/SEC.) {METERS) {M/SEC-SEC) TIME (SEC) (METERS) (5 8)
26 {SINGLE ENGINE PISTON AIRCRAFT —
PA-39-112 485.96 215.00 577 9.64 11.68 2.04 2.00
PA-28-161 416.00 181.00 5.17 0.64 11.68 2.43 2.00
PA-28-238 526.00 252.00 8.87 3.20 13.97 219 2 00
X A-32-301 491.00 223.00 0.93 3557 215.64 284 | Tzee
PA-48-310P 463.00 275.00 9.90 34.38 214.79 2.1% 2.00
EERTHIT 404.00 256.00 26.29 30.23 212,04 179 200
4I1CE-17 408 .00 180.00 3.20 26 88 209.97 198 2 00
CE.20 457.00 233.00 3.20 26.08 209.97 (XY 2.00
=18 402.00 180.00 3.20 26.68 209.97 198 2 00 _
37]ce-210p 505,00 233.00 9.38 33,79 214,38 245 2700
CODE NANE FAR 23 BRAKING DISTANCE V. STALL V. TOUCHDOWN AIR_DIST, DECELERATION | FREE ROLL_ | FAEE ROLL OAST.| N FLARE
4 LANDING (M) __(METERS) (MISEC ) (MISEC) (METERS) | (WSEC-SEC) | TIME (SEC) (RETFFG, T8y
4 4 IMULTIENGINE AIRCRAFT (INCLUDING TURBOPROPS)
I' -39 5147 . 439.90 38.14 43.87 310.47 219 200 87 713 125
4 =300 857 16 540 00 4175 48,02 15 16 213 2 00 96 01 125
CE.402C 65577 340.00 40.72 46.83 13.77 3.23 2 00 93 46 128
CE-421 693 57 375 00 4278 49.20 16.57 323 09 98 40 125
8€-2000 922.77 607 00 40.72 46.83 13.77 1.81 00 93 66 1:25
CE-406 867.86 350.00 42.27 48.61 15.86 3.38 00 97 22 1.2%
PA-34-2207 527.63 220.00 34.02 39.12 05.63 3.48 00 78.25 DY 1.26
PA-42-1000 851.30 532.00 43.30 49.79 17.30 2.33 Q0 99.59 1.25
P100 743.81 420.00 46.39 $3.35 21.81 3.39 0n 106.70 1.2%
_36 JTURBOJET AND TURBOFAN BUSINESS AIRCRAFT
FAR 23 BRAKING DISTANCE V. STALL V. TOUCHDOWN AIR_DIST. DECELERATION_| FREE ROLL | FREE ROLL OIST.| N. FLARE |
LANDING (M) (METERS) (M/ISEC ) (M/SEC.) (METERS) (MISEC-SEC) _ | TIME (SEC)) (METERS) (G'S)
CE-550 798.% 320.00 41.75 48.02 334 .06 3.60 .00 144.05 1.15
CE-650 8425 356.00 43.22 49.70 7.43 3.47 .00 149.10 1.15
LEARJEY 3% 883.0 396,00 43,30 49.79 7.62 3.13 00 14938 145
LEARJET $3C 941.90 418.00 49.48 56.91 53.18 3.87 3.00 170.72 1.5
01139C 1028.54 465.00 5% .46 63.78 370.19 4.37 3.00 191.3% 1.15
BAe 123-800 87.37 356.00 47.42 54.54 J47.76 4.18 3.00 163.61 1.15
1A-11244A 60.30 348.00 47.58 54.71 348.16 4.30 3.00 164 .14 1.15
PE-400 63.46 370.00 44 41 51.07 340.26 352 3.00 153 20 1.15
1A-1123 81979 324 00 44.80 51.52 341.22 4.10 . 3 00 154 57 115
2ojoAa-100 804,67 325.00 42.03 48.33 334.68 3.59 3 00 144 99 118
DA-200 8472 00 385 00 43.30 4979 337.62 3.22 3.00 149.38 145
13 DA-30 8685.17 410.00 41.24 47.42 332.90 2.74 3.00 142.27 115
CL-601-3A 101613 467.00 53.53 81.55 364.46 4.06 3.00 184.66 115
TURBOPROP GOMMUTER AIRCAAFT
FAR_ 28/23 BRAKING DISTANCE V. STALL V. TOUCHDOWN AfR_DISY. DECELERATION | FREE ROLL | FREE ROLL DIST.| N. FLARE
LANDING (M ) {METERS) —(MISEC)) (M/ISEC) {METERS) (M/SEC-SEC) | TIME_(SEC) (METERS) (G's)
SAAD-J40 1140 45 708.00 42.27 48.6% 35.23 1.67 2.00 97.22 1.15
BAs_JY 1098.03 058.00 44.33 50.98 40.07 1.98 2.00 101.96 115
EMB-120 1269 486 825 00 44.85 51.57 41.32 1.6t 2.00 103.14 155
OHC-8-300 835.80 2586.00 9.90 34.38 11.03 2.31 .00 68.76 115
S4jonc 7-v00 823.09 4186.00 6.08 41.49 22.10 2.06 00 82.99 115
DHC-9-100 043.50 534.00 7.1 42 68 24.14 1.71 .00 85.36 115
28 BEECH 1900 910.48 466.00 44.85 51.57 41.32 2.85 .00 103.14 1.15
SA-227-AT/A1 94.48 450.00 44.85 51.87 41.32 2.96 .00 103.14 1.1%
———15“”“‘0.,‘ 1252.90 850.00 35.57 40.90 1.09 0.98 00 81.80 1.18
CASA_ 212.300 768.10 345.00 40.21 46.24 0.62 310 00 92.47 115
CASA_233-100 795.80 375.00 39.69 45.64 9.51 2.78 .00 91.29 .15
91]ATR- 72 1047.84 596.00 46.39 53.35 345,14 2.39 2 00 106.70 [T
92|ATR-42-300 979.73 568.00 37.63 4327 32519 1.65 2 00 86.55 1 15
9 |FOKKER 350 1025.74 598.00 4124 47.42 332,90 1,88 2 00 94 85 115
9.4 BAe ATP \022,46 648.00 44.85 51.57 341.32 2.05 2.00 103 .14 115
9800.220-201 752.57 354 .00 34.54 39.72 319.14 2.23 2.00 79.43 1.15
e Isuoma 330 1032.73 621.00 37.63 43.27 32519 151 2 00 86 55 118
144
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['] v X Y z : AA AB I AC AD
STC_Vapp CODE NAME __| VEF - TO CGf YOTAL LENGTH | ASPECT RATIO | WHEELTRACK | WHEEL ANGLE |PROJ. DISTANG NING ANGLE | DIST. CG.MG
(mixee ) ERS) | T(METERS) (DIMENSIONLE&*__(EIERS[ (DEGREES) (METERS) DEGREES) | (METERS)
4 COMMERCIAL AIRCRAFT
3
[ 28 A-300-600 54.08 7.72 9.60 14.47 9.30 000
7 3.8 A-310-300 48 60 8.80 9.60 17.5% 9.15 0.9
8 38 A-320-200 9.39 71.59 16.72 7.27 R
] 374 FOKKER-100 8.43 5.04 10.20 4,96 [ X
41 BAe_ 146-200 3.08 28.60 8.98 4.72 11.90 462 52 8¢
a8 8.727.20 .59 6.36 10.75 6.25 029
78 ~737-30 .91 5.23 11.95 512 ¢ 00
.86 =737-40 91 5.23 1181 512 0 00
4.08 -747.2008 .98 11.00 12.12 10.75 0 00
4.08 b3 - 7.84 11.00 12.12 10 75 0 00
76 - -3 7.82 1.32 11.3% 7.18 0.00
.93 -767-3 .99 9 30 13 29 9 05 0 00 .
1 -89 MOD-33 18 508 6.56 505 000 -
19 3.7% MD-87 9.16 508 7.54 504 009 R
20 3.94 DC-10-30 6.9 10.67 13 60 10 37 900 _ |- —
21 411 MD-11 8,29 10.67 10.69 10 48 _ L
2
3| _STO. Vapp CODE NAME | VERY. DIST. TO CGJ TOTAL LENGTH | ASPECT RATIO | WHEELTRACK | WHEEL ANGLE. PROJ._ DISTANCE | OIST. cGwg
4 (m/sec ) METERS (METEAS) _ | DIMENSIONLESS METERS) ({DEGREES) T MEYEHS) OAETERS)
S
6 SINGLE ENGINE PISTON AIRCRAFT
T . -
185 PA-IB-1 1.22 7.04 9.268 .05 46.44 10 49 25 0,33 "
1 85 {PA-28-1 1.35 7.25 7.21 .05 36.91 44 47 91 036
39] 208 PA-28-236 135 7.54 750 05 37.60 42 4817 036
1 2.23 PA-32-301 1.24 8.45 7.30 3.39 35 68 2.15 42.01 033
32 2.1% PA-46-310P 1.52 8 66 11.46 3.7% 37.54 2.97 45 83 041
33 1.89 BE-FI3A 1.47 8.13 8.20 292 34 43 2.41 . 50 67 0 39
1,67 CE-172 1.40 8.20 7.50 .53 36.65 2.03 54.06 038
sl " ier CE.208 1.48 9.80 7.37 .09 38.21 2,49 49 89 040
1 87 CE-182 1.46 8.66 7.38 74 39.03 2.1 53 91 0.39
en CE.210P 1.53 8.59 7.60 64 35 80 2.14 55 01 041
3 g
o] - :
4 870 Vapp CODE NAME __ | VERY. DIST. YO CG| TOTAL LENGTH | ASPECT RATIO | WHEELTRACK | WHEEL ANGLE [PROJ. DISTANCH TURNING ANGLE
a1 {misec ) {METERS) | __(METERS) (DIMENSIONLESS‘ (METERS) (DEGREES) |~ (MET " Tinecnees)
vy '
s uumenomg__ua_crmn (INCLUDING_
[l
4 274 1.55 9.12 1.18 042
4 3 00 1.85 13.34 9.80 050
4 2.93 141 1109 8 62 0 38
4 08 - 041
3 23 053
S 04 0. 5¢
32 45 0 38
L) 12 _ L4
54 34 — Ly u80
33
38 e
2L . -
39] STD. Vapp_ | E {PROJ. DISTANCE TURNING ANGLE | _
3 {m/sec.} (LEORELS,;
1] 3.00 CE-330 2577 483 32 37 PRX
F] an CE-650 12 32 277 50 94 4 A5
3 .12 LEARJET 3t 1153 2.4¢ 50 84 040
4 58 LEARJEY 55C 16,15 247 54 93 047
53] 99 G1159C 10.17 4.10 53 06 073
[] LX) BAe_ 125-800 12.28 2.73 50 43 044
67 342 TA-11244A 12.13 3.28 42 86 041
649 3.19 BE-400 13.62 2.78 49.22 043
69 3.22 1A-1125 10.68 2:72 48.53 041 |
70 302 BA-100 N - 15.10 2.76 46 00 038
71 312 DA-200 1.94 17.15 6.48 3.69 17.82 351 47.84 052
72 2.97 DA-30 2.1 t8.50 71.59 3.98 15.37 3.84 47. 7 0.57
73 385 CL-601-3A 2.13 20.85 5,16 3.18 11.25 312 53 79 057
4
JURBOPROP COMMUTER AIRCRAFT
STD. Vapp VERT. DIST. YO CG| TOTAL LENGTH | ASPECT RATIO WHEELTRACK | WHEEL ANGLE [PROJ, DISTANCE TURNING ANGLE OIST. CG-MG
{misec.) {METERS) {MEYERS)  DIMENSIONLESS {(METERS) {DEGREES) {METERS) {DEGREES) {METERS)
9 .
(] 304 SAAB-340 .43 19.72 11.00 6.71 25.17 6.07 38.67 10 65
1 3.19 BAe 31 .20 14.37 297 5.94 32.85 4.99 - 41.40 059
2 3.23 EMB-120 40 20.00 992 6.58 25 27 5.85 38.89 0. 84
3 15 DHC-6-300 2.17 15.77 10.06 3.71 2227 3.43 51.65 058
80 DHC.7-100 2.85 24 54 10.06 7.16 23.13 6.58 40.88 076
.87 DHC-9-100 3 00 22.54 12.35 7.87 22.29 728 39.48 “0.80
.23 ECH_1900 1.70 12.6 9.80 5.23 12.83 492 34.64 - 046
.23 A-227-AT/49 2.26 18.0 9.5 4.57 23 01 4.21 47.08 069
.56 MB-110-P1 17 15.10 8.0 4.94 25.84 4.45 38.52 047
.89 JCASA 212.300 47 16.16 9.0 3.10 15.60 2.99 58 85 0.66
9 -86 CASA 235-100 .66 21.38 9.1 3.90 15.74 378 54.79 071
91 34 ATR-72 .69 27.17 4.10 10.84 4.03 $3.18 0.72
92 2.7 ATR-42-3200 2.39 22.77 410 13.14 3.99 50.12 0.64
93 2.97 FOKKER 50 85 25.48 - 7.20 20.36 675 40.17 0.76
94 3.23 BAe ATP 67 26.00 N 8.46 23.56 7.75 34.55 072
| X] 2.48 DO-220.201 2.10 18.58 ' - 9.04 3.30 14.70 3.19 52.76 0.56
[X] 271 SHORTS 330 2.77 17.39. 12.30 4.24 19.02 401 54.11 074
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Appendix B. Optimality Through a Discrete Search

Suppose there exist feésible ranges r (r= 1 to R) for _eéch aircraft-surface condrition
combination, where ROT’'s withiﬁ each range are increasind from left to fight. Assuming that
N exits are to be located on the runway at any points such tHat there is at least one exit for
each feasible range, and that the exits are sep_aratéd by at least a distance of Dmi,,, the optimal
exit locations, which minirh.ize the weighted sum of ROT, can be found from a finite collection
of points. Let L,and R, be the left hand and the right hand interval ehd points for the range
r, respéctively. L, and R, are actually distances measured from the start of the active ru.nway
threshold. Define a set of breakpoints as points on the runway which are of the type
L, +Qq Dmnfor g = 0 and integer valued, forr = 1to R. Then the optimal locations are found

from the set 6f breakpointé by the following theorem.

THEOREM 1 Assume that N is large enough so that the above problem has a feasible

solution. Then at optimality, each location will coincide with some breakpoint.

PROOF We will prove this by induction on the exit index. Consider the leftmost exit
_location. This exit must coincide with L, for some r € {1, .... R} because if not.
by sliding its location leftwards until it coincides with such a location, we will
maintain feasibility (since all aircraft which could take this exit can continue
to do so), and the objective value will strictly improve. Inductively, suppose
that the result is true for the location of exit 1,

. , 1, and consider exit t+1, where t {1,...,N-1}. if exitt+1 coincides
with some L, ifor R e {1, ... , R} then the result is true. If exit t+1is at a
distance bD,,.;,, from bexit t to its left, then by the induction hypothesis, and the
construction of breakpoints, the result is again true. If neither of these cases
holds, then we can slide the location of exit t+1 leftwards until one of these
conditions holds, thereby méintaining feasibility and improving the objective
value. Hence, the result must be true for the location of exit t+1, and this

completes the proof.
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COROLLARY 1 For any pair of exits t and t +1 separated ‘by a distance greater than Dmin, the

location of exit t+1 must lie in { Ly, ..., La}
PROOF Evident from the proof of Theorem 1.

COROLLARY 2 Given that the ROT’s are nondecreasing, rather than strictiy increasing within
each feasible range, there exists an optimal solution in which the exit locations

coincide wnth the defined breakpomts
PROOF Evident from the proof of Theorem 1.

COROLLARY 3 (lmprovement problem) Given existing exit iocatione at poin’ts D, ..., De , define
additional breakpomts as the points D; + q Dninforq =1 and integer, for i=1,

, ©. Furthermore delete from the set of breakpoints thus defined, those

which Iie at a distance less than D, from an existing exit iocation {on “either

side of it). Then again, any optimal solution will have the new exn iocatnons

coinciding with these defined breakpoints.

PROOF Can be constructed similar to that of Theorem 1.
REMARK By Coroiiery 1, for N and D..» small enough, optimal locations of exits will
coincide‘ilvith the points L, r=1, ... , R For larg'er values of these

parameters ihe other breakpomts will begin to play a role This is of
consequence since the points L, represent the critical Iocatlons given by the
smuiatuons of aircraft landing movement. Also, given our emphas1s Coroilary‘ :

3 is of mo_st importance.
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Appendix C. Approximation of Turhdff Times

The estimation of the turnoff time plays a very important role in the mathematical
optimization module of REDIM as the dynamic programming technique used tries to minimize
a time related performance index. It Was said in Chapter 4 of this.report that in order to save
valuable computational time it was necessary to approximate the time spent by aircraft in the
turnoff maneuver under two scenario conditions (dry and wet). Furthermore, every secondary
candidate solution (i.e., those generated from the actual aircI;aﬁ landing simulations to comply
with Bellman’s principle of optimality as explained in Appendix B) has an associated turnoff
time (TOT) for every aircraft and scenario condition and thus t_he estimation of these tvimes
would consume large amounts of time if performed through the complete simulation .scheme

used to estimate primary candidates and described in Section 3.3 of this report.

Since the geométry for every primary candidate is cdmplétely known from the simulation
results it is possible to extract two representati\)e values of the radius of cﬁrvature, R1 and
R2, to approximate the turnoff geometry until the aircraft has cleared thé runway as depicted
in Fig. C.1. It should be emphasized thatvalthough this is an approxi'mation the results are
usually accurate if R1. and R2 are selected appropriately. lrlml ihre late fifties Hofonjeff [Horonjeff,

1959) used this scheme to approximate high-speed turnoff tracks with satisfactory results.

Through hundredths of simulations of the REDIM model its was observed that the values
of Rt and R2(cou|d be extracted from the turnoff simulation as a fﬁhction of t‘ime and aircrafi
category. This segmeﬁtation per category was sofnewhat expected from equations 3.13-3.18
in Section 3.4 if one realizes that the aircraft turning capapility is related to the inertia,
centripetal and scrubbing forces resisting the aircraft turning motion. Results depicting the
time rate of change variations of the radius of curvature for representative aircraft using
REDIM are shown in Fig. C.2. It was then decided throuéh examination of all the dat.a to
estimate R1 as the instantaneous radius of the curvature occuring one sec'ond'afte'r the turning
maneuver started whereas R2 was varied selectively between four and sik se¢onds depending

upon the aircraft category. The four-second R2 is used with category A aircréft which display
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Figure C.1 Turnoff Time Approximation Nomenclature.

very fast behavior in the turnoff dynamics whereas the six-second R2 is used to predict heavy
transport aircraft turnoff dynamics having larger time lags to achieve a "steady-state" radius
of curvature. In REDIM nomenclature these times are labeled as easement curvature time,

TR1, and steady-state curvature time, TR2.

Once the exact turnoff path is known the next step is to estimate the time requnred to clear
the runway. This is done ‘under the assumption that a turning aircraft decelerates due to
rolling friction alone. Actual aircraft speed measurements performed b'y_ by Horonjeff
[Horonjeff et al, 1959, 1966] and Hosang [Hosang, 1978] in high-speed taxiWays show nearly
constant deceleration rates similar to those associated with. a moderate value of rolling
friction alone. This can be attributed to the small aircraft castor angles present while
negotiating a hlgh speed turnoff. A conservative value of F,.; of .03 has been used throughout

the program to modei the rolhng friction deceleration rates experienced by every aircraft.”
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Figure C.2 Time Variations of Radius of Curvature for Representative Aircraft.

Fig. C.1 illustrates how the turnoff time is estimated using two simple radii of curvatire to

approximate the actual turnoff track. Two turnoff arcs with lengths L, and L, are defined as

follows,
L1 = R1 01 . {01}
L2 = R2 02 . | {Cz}

where, Ly and L, represent the turnoff characteristic lengths. R, and R, are the radii of
curvature defining the tuvrnoff, and &, and 9, are the arcs defined by Ry and R,, respectively
measured in radians. The turnoff arcs are characteristic for each aircraft since the transitioh
and runway clearance pokint are aircraft speed and geometry dependent. A further
simplification regarding the easement length, L, can be introduced using results derived from

highway geometric design principles where the length of a spiral transition curve L, is made
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a function of exit speed. Horonjeff later on showed that a short transition spiral could welf be
approximated with a large radius of curvature segment and this approximation is easily

implemented in the model [Horonjeff, 1959].

L= 2.914 434701 Vopy . for 8 mjsec. € Veyy < 45misec. (C.3)

The aircraft speed at the transition point between the two radii of curvature is obtained from

Eqn. C.4 whereas the spee,d at the ruriway clearance point is shown in Eqn. C.5.
| 2 Y] ' | ‘
Viran= {Vexit — 2 fron L4} : {C.4}
2 5
Viinat = (Vtran~ — 2 fron Ly} o {C.5}

where, V.. is the desired aircraft exit speed (m./sec.), Vian is the transition speed (m./sec.),
Viner 1S the final speed at the runway clearance pbint, (Xe,Yc ), g is the gfavity constant
(m./sec.-sec.) and £, is the rolling friction coefficient (dimensioniess). The travel time across

each of tﬁe turnoff segments is estimated as shown in Egns. C.6 and C.7.

V + Vv : ’
T1 - oxit 5 tran ’ ‘ {C.B}

Viran + Vinai
T,= —— S {c.7n

where, T, and T; are the travel times from the start of the turnoff to the transition point
(X¢, Yy and from transition point to runway clearing point ( X., Y. ), respectively. The total

turnoff time is the summation of these two previous contributions.

Tot=T1 + T ‘ | {(C.8}

where, Ty is the turnoff time until clearing the runway. This procédure ‘to estimate the
turnoff time is implementéd for the secondary candidates whose Iocation; aré‘q (Dmin) meters
away from primary cahdidate solutions (for g = 1,2, ..., N) as explained in Chapter 4 of this
report. It should be noticed that the secondary candidate solutions obtained for small aircrait

far downrange from an active threshold will usually be unfeasible for large aircraft since these
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will not be able to negotiale the turnoff with the desired margin of safety. This process reduces

even more the candidate set 1o be used in the optimization module.
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