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|. INTRODUCTION

Past research has demonstrated the importance of runway occupancy time in the overal
effectiveness of an airport to handle traffic. The location of runway exits, however, has
been determined using simple aircraft landing roll approximations aided by common sense.
With the proliferation of more arcraft types, locating exits optimally becomes a fairly
complex issue requiring rigorous quantitative approaches to achieve a meaningful solution.
The purpose of the Runway Exit Interactive Design Model (abbreviated REDIM 2.0 hereon),
a computer program developed at the Center for Transportation Research at Virginia Tech
University, isto expedite the optimal location and geometric design features of runway exits
at airports under redistic conditions (i.e., multiple aircraft and varied environmental
conditions).

The approach used in the development of REDIM 2.0 is a combination of Monte Carlo
smulation modeling to represent the random behavior of aircraft landing distributions
coupled with a dynamic programming optimization routine to select optimal exit locations
from alarge set of candidates. The program requires an IBM or compatible computer with
EGA capabilities. An Intel-based 80386 with a math coprocessor is suggested to run the
program for faster results. However, the program will also run on 80286-based computers
having no floating point unit support. A complete description of the program'’s algorithms
and logic is contained in DOT/FAA report RD-92/6, 11 [ Trani and Hobelka et a., 1992].

The Runway Exit Design Interactive Model version 2.0 (REDIM 2.0) developed in this
research effort considers specific airfield variables that affect the landing performance of the
aircraft as well asimportant operational constraints (e.g., aircraft mix) that have a direct
impact on the selection of the exit location and their geometries. The model is comprised of
five modules: 1) main menu, 2) an interactive input module, 3) a dynamic simulation to
estimate the ROT times for individual aircraft, 4) optimization module to find optimal exit
locations and 5) an output module to show graphically and in tabular form the suggested
runway exit configuration and display some measures of effectiveness of aircraft landing
operations. The program also contains a library of geometric and operational aircraft
characteristics allowing an analyst to choose from awide selection of aircraft operating under
various airport conditions. Enhancements to the input module allow quick prototyping of
various runway scenarios through very simple data input screens. Enhancements to the
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output module of the program have been also made for helping users to understanding of
analysis results.

The program considers four broad types of analyses: 1) evaluation of an existing runway, 2)
improvement of an existing runway 3) design of a new runway facility and 4) individual
aircraft landing roll behavior. In the evaluation mode REDIM estimates several measures of
effectiveness indicative of the operational capabilities of an existing runway facility. Inthis
mode the user inputs the number, type and location of existing exits as well as the relevant
aircraft population data and the model predicts the weighted average runway occupancy time
(WAROT), the particular exit(s) that an aircraft can take, and the probability of each aircraft
taking the assigned exit(s). Another potential use of this mode is to serve as a benchmark to
perform valid comparisons between different runway configuration aternatives.

The second mode of operation deals with the redesign of arunway facility. In this scenario
it is expected that the user might want to explore the possibility of adding new high-speed
exits to an existing runway and examine their impact in the operational efficiency of the
facility. Inputsin this mode are the number and type of existing exits, their locations and the
number of new exits to be constructed. The outputs are the location and geometry of each
new exit, the weighted average runway occupancy time, and an aircraft assignment table
containing individual runway occupancy times and the individual aircraft probabilities of
taking existing and new exits.

In the third mode of operation REDIM estimates the optimal location of runway exits and
their corresponding geometries. An assignment table is given to the user indicating the
exit(s) associated with each aircraft and their individual runway occupancy times. The
weighted average runway occupancy timeis also estimated as a global runway operational
parameter and sensitivity studies can easily be conducted by changing the number of exits
allocated to a specific runway. Inputs by the user in this mode are the number of exitsto be
constructed and the desired exit reliability parameter.

The fourth mode addresses an individual aircraft landing roll scenario where the user wants
to know specific results about the expected runway occupancy time and the distribution of
landing roll distance of a particular aircraft. Thismodeis primarily envisioned to serveasa
tool for the critical aircraft analysis.

Example problems of these four modes of operation will be given in the remaining chapters
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of this manual. REDIM blends the principles of simulation with those of mathematica
optimization to find the best exit locations and corresponding exit geometries for amyriad 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 aircraft data base isincluded to
simplify the analyst input task but flexibility is also built-in to alow future aircraft additions.
The overall effort was to make the program interactive and easy to use. Many suggestions
from previous users have been incorporated in this new version and extra features have been
added to extend the flexibility of the program.

1.1 Monte Carlo Simulation Technique

In the development of REDIM 2.0 a great deal of effort has been made to redigtically
simulate aircraft operations as they would occur in actual practice. The stochastic nature of
aircraft landing roll deviations observed in practice prompted the use of a Monte Carlo
simulation procedure in the dynamic simulation agorithms embedded into REDIM 2.0. The
Monte Carlo simulation technique used here was primarily to estimate landing roll distance
dispersions using aircraft normal distributions for some of the aircraft parameters dictating
landing roll performance.

Weight factors are used in the program to represent more accurate aircraft landing conditions
at the airport facility of interest. The aircraft weight factor is anon dimensional parameter
varying from O to 1 representing the proportion of the useful load carrying capacity of an
aircraft at any point in time. The landing load factor is a major determinant of the aircraft
nominal approach speed. The load carrying capacities of certain aircraft make their approach
speed range large enough to justify the inclusion of this parameter in REDIM 2.0. A Boeing
727-200, for example, has a 30 knot differential in the approach speeds at the operating
empty and maximum landing weights [Boeing, 1986]. The reference landing runs at these
two extreme landing weights are 1190 and 1615 m., respectively, thus providing an idea of
the large variationsin landing roll performance for transport type aircraft.

1.2 Range Solution for Optimal Exit L ocation

It is necessary to generate large number of aircraft operations through a Monte Carlo
simulation procedure in order to assess accurately the landing distance dispersions of alarge
aircraft population. The optimization procedure may be conducted based on the entire set of
aircraft landing operation data or based on afraction of the complete set and then repeated.
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Thefirst approach will provide a point solution for each exit, while the second approach will
produce a range solution, which usually contains the point solution of the first approach, if
an adequate number of aircraft operation data are used. REDIM 2.0 employs the second
approach, thus provides range solution to the exit location problem. The motivation behind
this approach is to allow users to decide the exact location of exit in the provided range
where the construction of a new exit yields similar WAROT values for a given aircraft
population, considering other layout parameters. The range solution for exit location is
derived from five internal iterations performed for the aircraft mix selected by the user.

1.3 Aircraft Landing Processes

The landing aircraft kinematic model used in REDIM incorporates a pseudo-nonlinear
deceleration heuristic algorithm to simulate the aircraft behavior on arunway. The aircraft
landing phases modeled in REDIM are: 1) an flare phase, 2) afree roll segment between
touchdown and the initiation of braking, 3) a braking phase, 4) a second free roll phase
between the end of the braking phase and the start of the turnoff maneuver and 5) the turnoff
maneuver phase. These landing phases are depicted graphically in Fig. 1.1. It can be seen
from this figure that major contributors to runway occupancy time (ROT) are the braking and
turnoff phases as these usually take about 60% and 25%, respectively of the total ROT.

1.4 Landing Data Generation via Simulation

The landing roll performance of an aircraft is highly stochastic in nature. For example, the
touchdown location and decel eration profile varies for each landing resulting in somewhat
different landing roll distances. In order to incorporate this stochastic nature of landing
process into the model, four variables are selected as random variables for analysis. the
threshold crossing altitude, final flight path angle, landing weight and deceleration. These
variables have been selected because they can be measured and they account for most of the
differences in anormal approach and flare maneuver prior to touchdown. For example, the
landing weight dictates the approach speed while the braking deceleration used determines to
agreat length of the landing roll maneuver on the ground.
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Figure 1.1 Aircraft Landing Segmentation.

For an optimization analysis, 200 landing roll distance data points are generated
for each aircraft type via a Monte Carlo simulation. The Monte Carlo simulation
is a tool for analyzing a stochastic system by generating random numbers for
each random variable involved in the system. In the analysis of the landing

roll performance, each landing distance value is generated via following steps:

1. Generate four random numbers from the uniform distribution on the
interval [O, 1].

2. Generate the values of the threshold crossing altitude, flight path angle,
landing weight factor and deceleration rate from truncated normal
distributions using the random numbers generated in step 1.

3. Calculate the landing distance and deceleration time by substituting the
values of four random variables into the kinematic formulation.

4. Repeat the step 1 to 3 two hundred times.

Step 1 is performed by utilizing RND() function of Microsoft BASIC version 7.0.
Step 2 is performed by the inverse transform method using truncated normal
distributions with parameters described previously. Since normal distribution
does not have a simple closed form of the inverse cumulative density function, a
polynomial approximation of inverse cumulative density function is used for

generating the random numbers from normal distributions [Beasley and
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Springer, 1977]. The method for generating random variables from a truncated
distributions is described in Law and Kelton [Law and Kelton, 1982]. Step 3 is a
simple calculation, because all the equations and the values of all the variables

are known.

A heuristic aircraft landing deceleration model has been implemented in REDIM
to represent the pilot's behavior on the runway under real airport conditions.
To illustrate this method adopted in REDIM 2.0 refer to Fig. 1.2 where two distinct
aircraft deceleration phases are identified: 1) a nominal deceleration phase
where the pilot applies an average braking effort and 2) an adjusting braking
phase where the pilot modifies continuously the aircraft deceleration schedule
to achieve a predefined turnoff speed at the next available runway exit location.
A decision point is defined in order to establish the transition between the

nominal and the adjusted deceleration phases.
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Figure 1.2 Normative Aircraft Landing Roll Model.

The decision point will generally be a function of variables such as the pilot's
eye position with respect to the ground, the airport visibility, the aircraft state
variables (i.e., speed, deceleration, etc.), the pilot's situation awareness (i.e.,
information of various exit locations and their design speeds), and the
instantaneous crew workload. Since many of these variables are difficult to
validate a simple heuristic rule is used in this approach to determine the
decision point in terms of aircraft approach speed solely. The faster the

aircraft in the approach phase the sooner decisions will have to be made in
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order to maintain a reasonable safety margin in the landing roll operations.
Also, the approach speed is somewhat correlated with the pilot's eye position in
the cockpit for commercial aircraft. This implies that heavy jets will have a
definite advantage over general aviation aircraft in reaching their decision
point at an earlier stage as pilots have a much better perspective of the location

of downrange exits.

In practice pilots flying into an airport facility will probably have knowledge
of the approximate exit locations and types of exits available for the active
runway thus it is likely that they will adjust the aircraft behavior to reach a
comfortable exit location at or near a desired exit speed. Figure 1.2 illustrates
this heuristic principle using data typical of a Boeing 727-200. The computer
simulation results show the adjusted deceleration algorithm and the
corresponding individual runway occupancy time for five different exit
locations and a desired exit speed of 15 m/s. From Figure 1.2 one can see that the
braking adjustments start at the decision point for all runs since the same
aircraft speed parameters were used in the simulation. The differences in
runway occupancy time are solely due to the different adjusting braking rates
present once the decision point has been reached. Note that the adjustments
made to the deceleration rate can be easily linearized with little loss in
accuracy. This linear approximation of deceleration rate has been embedded
into REDIM to simplify the number of internal computations of the model thus

reducing CPU time.

1.5 Turnoff Algorithm

The turnoff trgjectory simulated in REDIM 2.0 uses a reduced order model to approximate
the instantaneous radius of curvature described as the aircraft executes the turning maneuver.
The validation of aturning movement procedure has been carried out with the use of a
fourth-order aircraft dynamic model considering three degrees of freedom of displacement
(lateral, horizontal and vertical motions) and the yawing motion associated with a turning
ground vehicle. This model was used to verify the simplified, one degree-of- freedom
aircraft dynamic behavior proposed by Schoen et al. [Schoen et al., 1983] and later adapted
by Trani et a. [Trani et a., 1990]. The model estimates the boundaries of a maximum effort
turn to verify whether or not a specific exit geometry would be feasible under redistic
manual control conditions[Trani and Zhong, 1991].



REDIM 2.0 User's Manual

The computation of turnoff timesis explicitly modeled for every aircraft/exit candidate as
turnoff times generally account for 15-25% of the total runway occupancy time depending
upon the exit type being analyzed. This estimation is executed in REDIM 2.0 using a
continuous simulation algorithm predicting the turnoff trgjectory for every aircraft from point
of curvature to the point where the aircraft wing tip clears the runway edge [Trani and
Hobelka et al., 1992].

1.6 Optimization Model and Solution Algorithms

The capacity enhancement of arunway by minimizing weighted average ROT (WAROT) of
an aircraft mix by locating exits optimally is the primary focus of this section. WARQOT is
the sum of individual ROT weighted with the landing frequency of aircraft comprising the
aircraft mix. Theindividual ROT (IROT) of an aircraft is defined as time interval from the
instance at which the aircraft passes over the runway threshold to the clearance point of the
runway. Thistimeinterval can be broken down into two components: 1) deceleration time to
reach designated exit which includes the air, braking and free roll deceleration phases
described before and 2) the turnoff time. The deceleration time accounts for the flying time
from the runway threshold to touchdown point and the ground running time from the
touchdown point to the designated exit. The turnoff time accounts for the duration of the
turning maneuver from the beginning of the turn to the compl ete clearance of runway.

Mathematical Model

Suppose there are R types of aircraft in an aircraft mix, and K environmental scenarios are
considered. Since the purpose of the optimization is to find a set of exit locations that
minimizes the weighted sum of expected IROT's of the aircraft mix, the objective function
should be:

Do

Minimizatiorg g w, P, E[IROT],

K
[
k=1

JIN

r

where wy isthe proportion of aircraft typer, and py is the chance of scenario k occurring.

The expected value of IROT isindexed by 'rk' because IROT should be estimated for each

aircraft type and environmental scenario. Suppose N is the total number of exitsto be built.
Notice that IROTyk is a function of exit locations or decision variables (x1,...,XN)-
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Obvioudly, xj's lie on the runway. Hence, O < xj < runway length (or RL), for i=1,...,N.
If weindex xj in anincreasing order, then0<xq < .. < XN <RL. A distancerestrictionis
usually imposed on two adjacent exits for identification and safety reasons. Let the
minimum distance between two adjacent exitsbe Dyjjn. Then constraints Xj+1 - Xj < Dmin,
for i=1,...,N-1 should be added. The resultant mathematical model for optimal exit location
problemis

WROT: Min éR éK W, pk E[IROT;( X, X, )]

r=1 k=1

Subto Xa X 3D fori=1.. N-1

min?

)(13 0, XNE RL

The optimization procedure is executed using a polynomial time dynamic
programming technique exploiting the structure of the problem. This
procedure has been judged to be superior computationally to linear
programming and thus adopted for this research. A complete discussion on this

topic can be found in Trani and Hobeika et al [Trani and Hobeika et al., 1992].

1.7 Turnoff Compatibility I ssues

REDIM 2.0 considers two sets of geometric constraints while suggesting an exit geometry:
1) geometric compatibility with near by facilities such as neighboring exits and pardlé
taxiway and 2) operational aircraft limitations while taking the exit. The geometric limits of
an exit are dictated by its mathematical characterization in terms of x-y Cartesian coordinates.
For example, a 30 degree angled exit should not be constructed geometrically when the
distance between arunway and taxiway centerline is below 400 ft as thiswill resultin a
continuous curve without a turnoff deceleration tangent portion.

The operational limitsrefer to aircraft imposed limits of entry and exit speeds on the turnoff
maneuver. For example, a large transport aircraft entering an exit at high speed will
necessitate a finite deceleration distance on the exit to reach a reasonable exit speed for
maneuvering. About 190 airportsin United States have implemented FAA standard high
speed geometries [FAA, 1983]. As many of these facilities were originally planned in the
late forties and fifties they adopted lateral taxiway design standards that were not necessarily
compatible with the lateral requirements of high speed exits. Many of these facilities have
separation distances between runway and parallel taxiway centerlines of only 122 m. (400
ft.). Thesedistancesare, in general, inadequate to expedite aircraft from an arrival runway at
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high speed unless a different exit design philosophy is adopted and smaller exit angles are
used replacing existing 30° geometric standards. A 122 m separation distance between the
runway and a parallel taxiway leaves pilots with very little room for decelerating an aircraft
on the exit tangent and this might well be one of the contributing factors in the poor use of
existing high speed runway exits at various airports [Koenig, 1978; Ruhl, 1990]. The main
safety consideration in thisregard isthe little deceleration time pilots will have in bringing in
thelr aircraft to a reasonable taxing speed once an exit is taken near its design speed.

In order toillustrate this lets consider a heavy aircraft of the type of a Boeing 747-400 as it
takes a standard FAA 30 Degree angle geometry at 26.7 m/s (60 MPH) which is considered
to be the design speed for this exit [Horonjeff et al., 1960]. Figure 1.3 illustrates the general
layout of a high speed exit showing two distinct radii of curvature associated with two
curves called lead-in and lead-out turns. Using continuous simulation it is possible to derive
lateral distance-speed plots to understand the aircraft kinematic behavior.

Figure 1.4 represents minimum lateral distance requirements for alarge transport aircraft
executing amodified 300 angled exit (with a 1400 ft. spiral) varying exit angle. These
curves were derived using a constant -.75 m/s2 deceleration on the tangent with athird order
time lag mechanism to represent a delayed braking schedule. Note that values shown in this
figure represent distances between runway and taxiway centerlines and could be used for
design standardization in future airport projects. The net effect of reducing the exit angleisa
corresponding reduction in the minimum lateral space requirements needed to implement
high speed exit geometries. Taking an final speed of 15 m/s as areference point from Fig.
1.4, it can be seen that areduction of 34 % in the lateral distance requirement is possible if
the exit angle is reduced from 30 to 20 degrees (e.g., from 183 m. for 300 to 120 m for 20
0). It isexpected that all previous assumptions usually will hold under low visibility and wet
pavement conditions as pilots act with conservatism and take high speed exits at lower entry
speeds. Curves such as the ones shown in Fig. 1.4 have been hard coded in REDIM 2.0 to
warn about possible violations of the lateral and longitudinal constraints while executing a
runway analysis.

10
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Figure 1.4 Recommended Runway to Taxiway Separation Criteriafor Standard FAA 30
Degree, Acute Angle Geometries.

Theimplications of taxiway proximity cannot be taken lightly in this respect asthere is some
evidence that in many of the existing airport facilities having small lateral distances between a
runway and taxiway centerlines cannot productively use high speed exits [Koenig, 1978;
Ruhl. 1990]. The prospect of using amodified 300 exit with a 427 m. entrance spiral (1400
ft.) as stipulated in FAA AC 150/5300-13 increases the pilots capability to decelerate an
aircraft to more comfortable speeds before reaching the exit-taxiway junction as the curved
portion of the exit increasesin length asthat of the standard 300 geometry .

11
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|I. GENERAL MODEL STRUCTURE

REDIM 2.0 encompasses five code modules and three data files: Main Menu, Input
Module, Smulation Module, Optimization Module, Master File, Data File and Output File
(Figure 2.1). The Main Menu placed at the top of the structure offers the users the choice
among 'Edit," 'Analysis,’ 'Output’ or 'Quit." The Input Module is a collection of
subroutines which make it possible for the users to control the program flow and to edit
datafiles on the screen. The Simulation Module consists of subroutines which generate
aircraft landing roll distance data using a kinematic model and the Monte Carlo simulation
generation technique. The kinematic model is formulated so as to mathematically predict
the aircraft's landing roll behavior on a runway. The Optimization Module, like the
Simulation Module, is a collection of computational subroutines to execute the solution
algorithm of the runway exit location optimization model. Readers, interested in the details
of the kinematic model and optimization model, are referred to Trani and Hobeika et al.
(Trani and Hobeika et a., FAA-RD-92/6 11, 1992). The Output Module is devoted to
present the analysis results in tabular or graphical forms on the screen or to provide print-
out.

Since the design and the evaluation of an airport should be established accordingly to the
aircraft mix using the facility, the aircraft mix is the most important and the very first data
set to be defined in REDIM. The Master File is adatabase file containing the characteristics
of more than 60 aircraft including general aviation, commuter and transport type aircraft.
Users have to specify only the percentage of aircraft using the runway facility and then all
the aircraft characteristics data are transferred to a working Data File internally. The
working Data File contains all the information required to perform the runway analysis,
including the mix and aircraft characteristics, landing weight factors, airport operationa and
environmental data, runway length and gradients and runway surface conditions. The
Output File contains the results of the analysisin a predetermined format. The users may
access thisfile through the programs in Output Module.

REDIM 2.0 is amenu-driven package, where users can control the program flow by
selecting their choice from the given menu. The hierarchy of REDIM's menu system is
depicted in Figure 2.2. By selecting the 'Edit’, the users may edit the Master File or Data
File. By sdlecting 'Analysis, users may initiate an analysis from four choices:

13
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Figure 2.2 REDIM Menu Hierarchy.
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‘Evaluation,’ 'Improvement,’ 'Design’ and 'Individual." The choice of 'Output’ sends the
program control to the Output Module where users may view the analysis results on the
screen or may obtain a hard copy of the results through a printer. The contents of the
output results vary slightly depending on the analysis type as described in the following
section.

2.1 Input/Output Relationship

REDIM 2.0 offers users four types of analyses: design a new runway, improve an existing
runway, evaluate an existing runway and individual aircraft's landing performance. The
primary purpose of 'design’ analysisisto optimally locate a user-defined number of exits
on arunway. The optimal locations of the given number of exits, the exit utilization by
each aircraft in the mix and the resultant ROT are the major outputs of thisanalysis. The
'improve’ analysis has the same purpose of the 'design’ analysis except that it considers
the existing exits on the runway as well as the new exits. Hence, the output is same as that
of 'design’ analysis. The'evaluate' analysis predicts the exit utilization by each aircraft in
the mix and the resultant ROT without the addition of new exits. The mgor output of these
three types of analysisis presented in atabular form which is caled ROT/Assignment
Table. Inaddition, REDIM provides secondary outputs to help users to comprehend the
performance and geometry of the runway/exit configuration. These are exit location
diagram, ROT statistics, turnoff centerline plot and a scale drawing of the exit geometry.

The purpose of ‘individual' analysisis somewhat different from that of the previous
analyses. Thisanalysis estimates the probability distribution of an aircraft landing distance
to decelerate to various exit speeds.

Regarding the inputs, there are certain datarequired by all the types of analyses, while each
type of analysis also requires data unique to the analysis. Let's cdl the former type-
independent data and the latter type-dependent data. Type-independent data include aircraft
mix, landing weight factors, airport operational and environmental data, runway length and
gradients and surface conditions; these are all stored in the (working) Data File.

16
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Aircraft mix and aircraft characteristics:
This category includes the percentages of the aircraft which comprise the mix.
REDIM allows user to select up to 20 aircraft. The Data File aso retains the
characteristic of the aircraft selected.

Landing weight factors:

The landing weight factor is defined as the difference between the actual landing
weight and the operational empty weight divided by the difference between the
maximum landing weight and the operational empty weight. Hence, a landing
weight factor of 1 impliesthat the aircraft lands at its maximum weight whereas a
value of 0 means that the aircraft lands without any payload. The landing weight
factor is an important input parameter, because the landing weight greatly influences
the aircraft's landing performance. The landing weight factor is modeled as a
random variable. An assumption in REDIM is that landing weight factor is
normally distributed. Hence, users are required to specify two parameters, mean
and standard deviation, to fully describe the distribution for each aircraft group for
intrail separation.

Operational data:

In order to predict the landing performance of an aircraft in the Simulation Module,
the landing process is segmented into 5 phases: the flare phase, the 1 freeroll
phase, the braking phase, the 2nd free rol| phase and the turnoff phase. Among
these phases, two free roll phases are the slack times between the different aircraft
maneuvers. Users may specify the duration of these two phases, although we
recommend the duration be at least 3 and 2 seconds, respectively. For detail design
of the turnoff geometry, REDIM takes input from users on the safety factor for the
impending skidding condition. The safety factor is recommended to be between 50
to 100 percent. The safety factor of 0% would generate the turnoff geometry where
the aircraft is about to skid laterally.

Environmental data:
Wind conditions, airport elevation, temperature and runway orientation belong to
this category. These parameters should be considered in designing runway, as they
have some influence on the aircraft's landing roll performance.

17
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Runway length and gradients:
The runway length and the effective gradients for every one tenth of runway are
included in the category. The gradients have some effect in the aircraft's ground
deceleration capability.

Surface conditions:
The wetness of runway surface also affects the aircraft's ground deceleration
capability. REDIM requires user to input the relative frequencies of dry and wet
runway surface conditions at the facility in percentage.

Type-dependent data vary depending on the analysis type, as stated earlier. For 'design’
analysis, users have to specify the number of new exits, distance between the runway and
taxiway, exit angle, runway/taxiway junction speed and the exit speed for each aircraft
category, The number of exits and the exit speed are determinant parameters deciding the
location of exitsand ROT. In addition to the data required to the 'design’ analysis,
information on the existing exits should be entered for the 'improve analysis. Here users
enter the number of existing exits, their location, their type, their entrance speed and their
utilization status. For 'Evaluate’ analysis, only the data on the existing exits are required.
For 'individual' analysis, users have to specify whether the surface is dry or wet and to
select an aircraft type among the mix. The input/output relationships for all types of
analyses are summarized in Figure 2.3.

18
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[11. USING REDIM

3.1 Getting Started

Users may activate REDIM by entering 'redim20° at the sub directory where
'REDIM20.EXE, 'MASTREV.DAT, and 'QUIN.DAT' are located. The two datafiles
should be at the same sub directory so that REDIM can access them. Thefirst screen users
faceisthetitle screen shown in Figure 3.1. Users enter the (working) data file name at this
screen. REDIM lists all the available datafiles at the sub directory. If users enter adatafile
name among the list, REDIM opensthat file. Otherwise, REDIM creates a new file
containing default values. Working data files have the common extension .REM." The
second screen is the introduction screen where a brief explanation on REDIM is given to
users. Users also select the type of airport and the type of operation. The type of airport
decides the default value for landing weight factors. Since there are two types of operation,
users may keep two different aircraft mixesin the same datafile. Thisscreenisshownin
Figure 3.2.

After the introduction screen, users face the aircraft mix screen where the proportion of
each aircraft in the population mix should be specified in percentage. The default values of
percentage are 'O'sfor al aircraft. To change the percentage values, users have to:

1. Move the cursor to aintended position using 'arrow-keys ( A, x,i and 1) or enter-
key (). The current position of the cursor isdisplayed in gray color.

2. Erasethe existing numerical values by pressing 'backspace-key'.

3. Put new numerical value using 'number-keys' ( 0 to 9 and decimal point '.").

4. Repeat the above steps.

The number of aircraft selected and the sum of their percentages are displayed at the lower

right corner of the screen as shown in Figure 3.3. The step 2 and 3 are effective for editing
numerical values throughout REDIM.

3.2 Editing a Data File

Now, we entered the menu system described in Figure 2.2. The Main Menu aways
appears at the top portion of the screen, with ared colored item indicating the current
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L ypriasu——<<<¢{ RUNMHAY EXIT DESIGN INTERACTIVE MODEL »>»>— UcTR—1

WELCOME TO REDIM UERSION 2.8 t+¢

—

FAA NASA

AVAILABLE DATA FILES IN THIS DIRECTORY
D EMO GREENSBR n JFK KIM
WHA
Enter the file name you desire to work —-wnall

Figure 3.1 REDIM Title Screen.

Lypiasu— <<<¢{ RUNMAY EXIT DESIGN INTERACTIVE MODEL »>>>— UCTR—l

INTRODUCTION

REDIM is an interactive wodel for designing or re-designing a runway so as to
minimize the average ROT of an aircpaft mix. Fiprct, You need to specify the
airport tupe (Hub or Hon-hub} and operational mode. The first set of data vou
have to input is the percentages of aircraft comprising the mix. The mix is
distinguished by the opervational mode! 1) peak period opervation and 2) daily
aperation. The wix for each opevational Hode consists of wup to 20 aivcealt.
Once you input the percentages, you will face a screen where you control the

program flow via menus and edit data via pre-determined format.

SELECT the airpoprt type and the operational mode.
Huh Moan-Huhb

Feak Feriod Operation Daily Operation

Figure 3.2 Introduction Screen.
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Lyprasu—<<<< HUNHAY LXIT BESIGN :MTERACTIVE #ODEL »>3>>— ucTR—1
INFUT the pevrcentages of aincpaft: Press {(Tab} key after editing.

Pealk Period Opervation Mix

TERPE-A TERPE-E TERPE-C TERFE-D TERPS-E
PA-38-112 :8 BE-58 4 A-308-668 8 B-747-2068B: 8 F-4 H
FA-2Z8-161 .@ BE-300 iq A-310-390 . @ B-747-1@8@ @
PA-28-236 .0 CE-482¢ H" ] A-320-2P00 @ DC-18-38 @
PA-32-301 @ SAAB-348 27 B-767-348 !0 MD-11 H)
CE-172 H) EMB-120 :14 FOKKER-16G: 0 C-54A i
BE-F22A H"] En-227 H-"] BAe-14¢ H"] L-1811 H
CE-20838 ] BE-2HBG H "] B-727-290 .H nC-8-73 H"
PA-46-318P:2 CE-421 H ] B-737-300 : 8
CE-182 - CE-F48& 8 E-737-9488 . @
GE-214P H" DHG-? 18 MD-83 )

PA-42-10066: 0 MD-87 HL" ]

Pi88 H "] B-757-2060 :@8

CE-93@ H=) LEARJET-33: 0

CE-608 i G1159¢C i3

LEARJET-31:6 BAe-125-80:8

EE-q488 - IA-1124a .8

IA-1125 H: CL-681-3A 8

DHC-8 125

Da-200 i)

EHORTE 320:0

MO, af Aircraft
TOTAL Percentage

nn
[

Figure 3.3 Aircraft Mix Screen.

menu choice. The sub menu which belongs to the current choice is shown in the upper |eft
box inwhite color with abrief explanation in left. Users may change the current choice
using the arrow-key. Press the 'enter-key," when 'Edit' is red colored. Then, 'Edit’
becomesyellow colored showing the path from the Main Menu to the current level in
menu system and a sub menu is activated. The sub menu in 'Edit' has two choices:
'Working Data File' and "Master Data File' Thered colored item isthe current choice, as
isin Main Menu. The coloring convention remains the same throughout the menu system.
That is, the red colored item is the current choice and the yellow colored item shows users
previous choices presenting the path from the Main Menu to the current menu. The 'enter-
key' is used to make decision among choices, getting down to a lower level in menu
system. The 'escape-key' is used to get back to a upper level whereas the arrow-keys are
used to change the current selection.

In order to edit aworking datafile, users have to select 'Working Data File." This activates
a sub-sub menu at the bottom left box. The sub-sub menu shows the classification of type-
independent data explained in Section 2.1. The selection of a class in the sub-sub menu
shows data belonging to that class in the right box, while moving the cursor to the right.
At this point, users are able to edit data. The convention for numerical data editing isthe
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same as in the aircraft mix screen throughout REDIM. That is, the 'backspace-key' erases
existing numbers, 'number-keys are used to input new numbers and ‘enter-key' and
‘arrow-keys moves the cursor. The gray colored number indicates the current position of
the cursor. Figure 3.4 illustrates the screen to edit Airport Environmental Data. Users may
edit type-dependent data after selecting the type of analysis to be executed.

To edit the master datafile, users select ‘Master Data Fil€' from the edit menu. Thiswill be
necessary only when an aircraft of interest is not contained in the master file. The master
datafile can store up to 20 types of aircraft in each in trail separation category. Hence, if
the aircraft type which should be added belongs to category B, the characteristics of the
aircraft type should be written over an existing aircraft data set, because the datafield for
category B is already full. The sub-sub menu for 'Master Data File' includes 'Add an
Aircraft Type' and 'Change a Specific Data to add a complete data set for a new aircraft
type or to partially change an existing aircraft data, respectively. Editing the master datafile
is accomplished in the following order:

1. Select an aircraft category from five aircraft categories provided on right hand side.

2. Choose an aircraft type (if changing specific data) or enter the aircraft type (if adding a
new aircraft type).

3. Edit or enter the characteristics data as needed.

Figure 3.5 shows the screen for changing aircraft specific data.

3.3 Executing Analyses

In order to start the analysis process, select 'Analysis in the Main Menu. The sub menu
appearing in the upper left box shows four types of analyses. 'Design,’ 'Improve,’
Evaluate' and ‘Individual’. After sdlecting a type of anaysis, users may edit type-
dependent data appearing at the right hand side box or initiate the analysis. The sub-sub
menu in the lower left box shows the classfication of the type-dependent data. For
purpose of editing, select the class which should be edited from the sub-sub menu. Then,
the cursor moves to the corresponding datafield. The data can be edited following the
numerical data editing conventions explained earlier. To initiate the analysis, choose the
'Save & Begin Analysis,’
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Lyprasu— <<<< RUNWAY EXIT DESIGN IMTERACTIVE MODEL »>»>>— UCTR—1
Fidi Analysis Output Print Qui t
Environmenral Data

. - Hind Speed (n's)! &
Horkiny fata Fiie . . .
i Hind Direction (@8-36>: @
Mas ter Data File . A
Alrport Elevation (m): @

Airport Temperature (C): 135
Runway Orientation (@-36): @
Runway Hidth (md: 43
==Press {Tab} key after editing.==

SELECT the c%gagn¥% which you
SELECT 'Retumn to Tup Menu’
Aircraft Mix
Landing Height Factors
Operational Data
Enviponmental Davs
Runway Length & Gradients
Surface Conditions

Return to Top Menu

Figure 3.4 Working Data Editing Screen.

L yprasu——<<<¢{ RUMWAY EXIT DESIGN INTERACTIVE MODEL »>>>— UcTR—I

Fedid Analusis Output Print Qui t
SELECT Category SELECT Alrcraft
TERF-A BE-58 PA-42-10006
. N e BE-J0Q Pige
Horking Data File HER T CE-482¢ GE-bo@
SAAB-348 CE-658
Hag bey Bata File TERF-C EHB-128 LEARJET-31
SA-227 BE-488
TERF-D BE-Z2 Q@8 IA-1125
CE-d21 DHC-8
TERP-E CE-F4d¢6 Dp-200
DHC-7 SHORTS 330
Aircraft Hame : EMB-128
WRMING % . INPUT Airvcarft Charateristics
You ane ngnﬁ to_edit the data
hase file e changes you will Hheel bace (m) : &.97
nake affect the data kase file A
rermanently. Oper. Empty Height (Kg)! 7870
SELECT: Load on Main Gear (A 1 99,99
fAdd an Aircraft Tupe Max. Landing MHeight {(Kg): 11258
Chants Sowpe Spesiiis Data Landing Run (W) 1 1269.%
Return to Top Menu CL Haximum . 2.2722
Hing Area (m¥xd) 1 39.43
Hing Span (m) : 19.78
H. Gear to H. Tip {m) ! 7.62
==Press <Tah? key after editinyg.==

Figure 3.5 Master Data File Editing Screen.

which saves changes in type-dependent datain the working data file and asks users to enter
an initial seed number. The initial seed number isrequired, since REDIM uitilizes the
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Monte Carlo technique to predict the probabilistic aircraft landing performance. Figure 3.6
shows the sub-sub menu and the type-dependent data pertinent to the 'Design’ analysis.
Figure 3.7 shows the prompt for initial seed number input. Figures 3.8, 3.9 and 3.10
show similar screens for ‘Improve,' 'Evaluate,” and 'Individual' analyses.

blank space

Lyprasu— <<<¢ RUNMAY EMIT DESIGN INTERACTIVE MODEL »>>>>— UCTR—

Edit fngiusis  Output Print Quit
Mo. of Exits HE ]
Duwian a How Runway R/H-TAH Disct. (m): 325
Improve an Existing Runway Exit Angle {der)! 308
Evaluate an Existing Runway TH Juc'n Spd (m/s). 189
Individual Aircraft Landing Exiting Speeds {(m/s5)
(drg) (wet)

TERF-A a 2

TERP-B 3@ 3@

TERFP-C 33 33
SELECT the 1ten uhlch you want to TERP-D 33 33

ec1fy TERP-LE 35 35

SELECT 'Eegln ﬁna19515 to initiate
he analysis with the data
gnu specified.
No. of Exits
RAH-TAH Distance
Exit Angle
T/H Juction Speed
Exiting Speeds

fave & Begin Analysis

Figure 3.6 Type-dependent Data of 'Design’ Analysis.
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DL ypiasu——<<<¢{ RUMMAY EXIT DESIGN INTERACTIVE MODEL »>>>— UCTR—

Edit fnriusis  Output Print Qui t
Mo. of Exits H:
Begian o Mow Bunway R/H-T/H Dist. (m): 325
Improve an Existing Runway Exit fingle {(dgrl: 3@
Evaluate an Existing Runway TAH Juc’'n Spd (W =): 1@
Individual Aircraft Landing Exiting Speeds (m/s)
(drg) (watd

TERP-A 2 29

TERF-B 30 30

TERF-C 33 33
This model ewplouys Monte Cawrla TERP-D 2a 23
sampling_ technigque for the basis TERP-LE 35 35

of optimization, which needc an
lnltlal random numker seed,

Pick up any numher hetween
=32768 and ZIZTE67 to ke uced as
initial seed ====}1234H

Figure 3.7 Screen for Initial Seed Number.

Lypiasu— <<<¢( RUMMAY EXIT DESIGN INTERACTIVE MODEL »>>>— ucTR—1l

Edit finriuxis  Output Print Quit
of Mew Exits HE
R/N T/H Dlst {m): 325
Decign a Mew Runway Exit An Cdgr): ig

)
g b

R . - TAH Jue'n Spd (W E5)!
Iwpngys BN i LIty MNEnWay 3
b

Exiting Speeds (m/s
d

Evaluate an Existing Runway rg (wet)
. . . TERP-A 2 29
Individual Aircraft Landing TERP-EB 34 30
TERF-C 23 23
TERF-D 23 23
TERP-E 35 39
You need to enter information on Mo. of Existing Exits: 3
hoth new and existing exits
hefore initiating analysis. # Loc Epd CA/0 Tupe
A A (n) (W 5)
SELECT iuur choice in the menu 1 466 8 3
elow 2 98B 38 1 3
3 15768 8 1 3

MHo. of Hew Exits

RAH-T-H Dictance

Exit Angle

T#H Juction Speed

Exiting Speeds

Data for the Exiszting Exits

Save & Begin Analysis

Figure 3.8 Type-dependent Data of 'Improve’ Analysis.
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Lyprgsu— <<<{ RUNHAY EXIT DESIGN INTERACTIVE MODEL »>»>—  UCTR—1
Edit fnriusis  Output Frint Quit
Mo. of Existing Exits: 3
Design a New Runway # Loc Epd CA0 Type
A A tn) (W'5)
Improve an Existing Runway 1 466 8 3
Z 986 8 1 3
Eyaluats an Enigilng Hunwmay 2 1360 B 1 3

Individual Aircraft Landing

the analysis.
'Begin Analysis’ to
initiate analysis.
Edit the Existing Exit Data
fave & Begin Analysis

You need to enter information on
the existing exits to initiate

SELECT *Edit’ to spegifgtthe data
or

Figure 3.9 Type-dependent Data of 'Evaluate’ Analysis.

Lypiasu—<<<{ RUNHAY EXIT

DESIGN

INTERACTIVE MODEL »»3>>— UucTR—1

Edit pnaiusis  Output

Print

Qui t

Design a New Runway
Improve an Existing Runway
Evaluate an Existing Runway

Feediwidos} fipcrafb BEandioy

SELECT
Surface Condition
Aircraft Tuype

fave & Begin Analysis

You need to specify the surface
cond. and select an aivcanft type.

furface Condition:

Aircraft List

@ (B-DRY / 1-HET)

5] G1159¢C
-31er

Figure 3.10 Type-dependent Data of 'Individual' Analysis.

3.4 Inter preting Output
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REDIM creates an output file containing all the results of the analysis. Users may view the
output just after arunway analysis or later if the output file is saved. Among the four types
of analyses, the first three have the same output format. Figure 3.11 shows the Output
Menu for these three analysis types. Thefirst option in the Output Menu is the so-called
ROT/Assignment table asillustrated in Figure 3.12. From this table users can extract the
following information:

1. Thelocation, type and status of both existing and new exits

2. Theaircraft type and its proportion in the mix differentiated by the dry and wet surface
conditions

3. Usage of exits by each aircraft type and the resultant average ROT of an aircraft type

4. Theweighted average ROT (WAROT) of the mix

For example, Figure 3.12 isthe ROT/Assignment table for an imaginary scenario where the
‘Improvement’ analysis was selected to add two new exits on arunway with three existing
900 angled exits. First, it can be seen that REDIM suggests two additional exits located at
700m and 1225m from the active runway threshold. Note that lower and upper bounds are
provided because of the range solution policy explained in Section 1.2. REDIM repeats the
analysis process, landing data generation via smulation and optimization, five times
obtaining five solutions for each exit location. Among these five solutions, take the second
highest and the second lowest values as the upper and the lower bounds, respectively, to
increase the robustness of the solution. The magnitude of this upper and lower bound
interval ranges usually between O m to 100m. This approach provides users flexibility in
deciding actual exit locations with similar WAROT performance. The type of exit also
appears in the ROT/Assignment table as the fifth element of the table heading. REDIM
accepts 5 types of standard runway exits: 909, 4590, 300, modified 30° with a 427 m spiral
and the so-called wide throat exit. In addition, users may define ageometry using two radii
of curvature, R1, Ro, and the length of the entrance arc, L1. High speed exit geometries

generated by REDIM are designated as avariable type, 'Var.'

In Figure 3.12, the first aircraft labeled CE (Cessna Caravan) 208 uses exits 1 and 2. The
probability for this aircraft to take exit 1 is 74% taking 25.3 seconds on the average under
dry pavement conditions. The average ROT for the entire aircraft population mix is
expected to be 46.8 seconds.
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Figure 3.13 shows atypical exit location map depicting runway and taxiway configuration.
Figure 3.14 shows a bar chart of ROT values for each aircraft type. Figure 3.15 plots
various exit centerline geometries for comparison. Figures 3.16 and 3.17 show details of
gpecific exits. To view these graphica outputs, users have to sdect 'Exit Loc'ns,
Turnoff CL" or 'Exit Geo." from output menu, respectively.

Unlike other analysis types, the 'Individual' analysis has only one style of output as shown
in Figure 3.18. Each curve represents a same percentile value of the aircraft landing
distance and the corresponding ROT for various exit speeds. From the lower plat, it can be
read that the aircraft generating the plot (EMB-120 in this case) can decelerate to 25m/s
consuming less than 1127m in 90 cases out of 100 landings. In other words, if an exit
suitable for 25m/sisbuilt at 1127m, it will be able to serve 90% of this aircraft's landings.

Lypiasu— <<<{ RUNMAY EXIT DESIGN INTERACTIVE MODEL »>>>>— UcTR—1
Edit Analysis Sudpat Print Quit

OUTFUT MEHU

ROT Tabkle
Exit Loc’ ns
Statistics
Turnoff CL
Exit Geo.
Print

Top Menu

Figure 3.11 Output Menu Screen.
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Lyprasu——<<<{ RUNMHAY EXIT DESIGN INTERACTIVE MODEL »>>>>— ucTtp—ll
Edit Analusis Output Print Qui t
.. ROT/ASSIGNMENT TAEBLE
{This is for Improving an Existing Runwayu?}
Exit # 1 Z 3 4 ]
Location $H?
lUpper Bnd 466.8| 788.8| 980.8|1225.8|1568.0
Lower BEnd 768.0 1225.8
OpensClose Qpen Qpen Qpen Qpen Oopen
H1 ype 94-Deyg ar 98-Deg ar 94-Deg
CE-2088
DRY ROT 25.28| 3§.10
¢ 1.8 74.8x| 26.08%
ROT 2%.99| 28.33
¢ 1.84) 37.8¥%| 63.8%
FA-16-310@F
DRY ROT 27.36| 44. 36
¢ 1.8 66 .8x| 34.0x
ROT 27.99| 408.63
¢ 1.8%%) 27.8%] 73.8%
EE-28
DRY ROT 30.87| 42.18
¢ 1.8 43.8x| 57.08%
WET ROT 39.42| 42.43
¢ 1.84) 6. 8% 94.8%
ROT - Runway Occupancy Time in Secs Heighted Average ROT = 46.81
Figure 3.12 ROT/Assignment Table.
Lypiasu—— <<<{ RUMHAY EXIT DESIGN INTERACTIVE MODEL »>>>— uctp—ll
Edit Analusis {hatpet Print Qui t

Runway Length = 1282.98 (m}

T/H [~
i j}ff,szi
a See looe 15848 2099
{m)
HO |CL/OP TYPE RANGE (m)|| HO |CLAOF TYPE RANGE (m)
OP 98 466 - 466 [ VAR-25 |1225 -1225
1 QF VAR-23 788 - 70d| 3 QF EL) 1368 -12768
3 OP 98 988 - 988

QUTPUT MENU

ROT Table
Exit loo’ ns
Statistics
Turnoff CL
Exit Geo.
Print

Top Menu

Figure 3.13 Exit L ocation Map.
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Lypiasu— <<<{ RUNMAY EXIT DESIGN INTERACTIVE MODEL »»>>>— UCTR—
Edit Analusis Output Print Qui t
OUTPUT MENU
STATISTICE OM ROT PER ALRCRAFT FOR DRY AND WET CONDITION
———————————————————————————————————————————————————————— RGT Takble
Exit Loc’ ns
") Statistics
B H] Turnoff CL
48 AUG.ROT | Exit Geo.
. “(sec) | Print
36 Top Menu
4]
24
T
12
B G e . PSOON
DRY MWET DRY MWET DRY MWET DRY MWET
1 - CE-208 #o PR - B1HE 3 - BE-58
4 - BE-308 3 - SAAB-341@
Figure 3.14 Expected Individual Aircraft ROT Value Statistics.
Lypiasu— <<<{ RUNMHAY EXIT DESIGN INTERACTIVE MODEL »>>>— uctp—ll
Edit Analusis Juipat Print Quit

COMPRRBISIGN SF QERTEHLIBE-THRNOPY QUARETRILL

OUTPUT MENU

ROT Table
Exit Loc’ ns
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'
? Top Menu
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----- Exiv B & — Exit # 3

Figure 3.15 Turnoff Centerline Comparison.
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Lyprasu— <<<{ RUNMAY EXIT DESIGN IMTERACTIVE MODEL »>»>>— UCTR—1
Edit Analysis Geipat Print Qui t

OUTPUT MENU

| vaRIABLE TURMOFF GEOMETRY (257 |
l'" TAXIWAY
e e e e FE——

ROT Table

Li Exit Loc’ ns
Statistics
Turnoff CL

Faidt oo,

Print
Top Menu

RUHHAY T
HR = 43.8@ n (147.64 FI} i HT = 15.24 n ( 928.080 FI2
RTH = 243.84 m {(BUU.BH FT) L = 45.7%2 m (158.U0 ET)
RTHC = 243.84 m (8003.088 FT) . ) = 16.76 m ( 55.0808 FT)
REH1 = 238.18 w ( 781.17 1) i R = 39.48 n (1U90.090 [T
REH2 = _B4.60 m { 277.V3 EI} i LG = 68.%9% nm {(2U0.0U0 FI1}
RRHC1 = 238.18 m ( 781.17 FT) HE ] = 8.91m ( 3.88 FT)
RRHCZ = 98.73 m ¢ 297.73 FT2? . RA = 7.62 m ( 23.808 FT)
D-THEH = 178.88 » ¢ 337.74 FT? i RB = 7.62 m ( 25.88 FT)

Fress any key to continue

Figure 3.16 REDIM Generated Exit.
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Edit Analysis Suigut Print Qui t
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HI = 15.24 m ( DW.H0 T} [ = 16,76 m ¢ 35.88 [T)
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Press any key to continue

Figure 3.17 FAA Standard 90-Degree Exit.
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DLypiasu——<<<¢{ HRUMMAY EXIT PESIGN INTERACTIVE HODEL »»>»>—UCTR—

Edit Analusis Output Print Qui t
OUTPUT MENU
Plot
Print
REL 93 % Top Menu
REL 9@
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Figure 3.18 Landing Distance Distribution Plot.
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V. EXAMPLES

In this chapter, several analysis examples are presented to illustrate the application of the
model. Raleigh Durham (RDU), Charlotte (CLT), Atlanta (ATL), Baltimore/Washington
(BWI) and new Denver (DV X) airport were selected for illustrative purposes. For all
examples, the following assumptions are made:

1. The mean and the standard deviation of landing weight factors are assumed to be 0.5
and 0.2, respectively. Empirical studies on the variations of landing weight factors
reported in literature support this assumption [Credeur, 1989].

2. Thefirst and the second freeroll times are set to 3 seconds and 2 seconds, respectively.
If users want more slack time, they may use larger values.

3. The safety factor for turnoff geometry design is set to 50%.

4. Thewind speed is assumed 2.5 m/s (5 knots) to represent a mild headwind condition.

5. The frequencies of dry pavement and wet pavement are assumed to be same at 50%
each.

4.1 RDU Airport

For RDU airport, suppose we are only interested in the performance of runway 5L-23R
(refer to Figure 4.1). The first data set necessary for REDIM is the aircraft mix. FAA
annually publishes'Airport Activity Statistics which contains the aircraft mix data for
every airport serving airlines across the US[FAA, 1990]. From this book, the aircraft mix
for RDU airport is found to be C-208 (1.5%), EMB-120 (2.5%), F-28 (1.5%), B-727
(47.0%), B-737 (10.0%), DC-9 (36.0%) and DC-10 (1.5%) ignoring the aircraft types
comprising less than 1% of the total population.

The average elevation of the airfield is 122 m above mean sealevel. The temperatureis set
to 300C to represent a summer day requiring higher approach speeds. Runway 5L-23R is
3050 m (10,000 ft) long and 45 m (150 ft) wide with a 0.4% uphill gradient from 5L
threshold to 23R threshold. Seven exits are available for arrivals to runway 5L, located at
520 m (B3), 820 m (B4), 1290 m (B5), 1755 m (B6), 2060 m (B7), 2365 m (B8) and
2925 m (B9). Among these exits, B5, B6, B7 and B8 are constructed as a 'pseudo’ wide-
throat design allowing the aircraft to execute turnoffs up to 18 m/s (40 mph). Other exits
are standard 900 exits with an average exit speed of 8 m/s. Arrivalsto runway 23R use
seven exits labeled B8 to B2. The locations and types of these exits are: B8 (580 m, 909),
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B7 (880 m, 900), B6 (1190 m, 900), B5 (1600 m, wide-throat), B4 (2115 m, wide-
throat), B3 (2420 m, wide-throat) and B2 (2965 m, 909).

A datafile can be made with the data specified above. Notice that, for the aircraft mix, the
Fokker F-28 and the Douglas DC-9 are substituted by F-100 and MD-83, whose
characteristics are somewhat similar, respectively. If users, of course, have the complete
datafor those aircraft, they may edit the master data file to include more specific data. The
evauation results with initial seed number '1234' are shown in Tables 4.1 and 4.2
including the aircraft exit assignment and resultant ROT values. The differencein exit
location and gradient produce a small difference in average ROT for the same aircraft mix

(52.5 seconds for runway 5L and 54.0 seconds for runway 23R).

Table 4.1 Exit Utilization and ROT (RDU Runway 5L)

ROT in sec.(Usagein %)

Users, however,
should notice that the result may be dlightly different with different initial seed numbers due
to the nature of the Monte Carlo ssimulation.

Exit # 1 2 3 4 5 6 7
Location 520 m 820 m 1290 m 1755 m 2060 m 2365m 2925 m
Type 000 000 W-T W-T W-T W-T 000
C-208 D |[28.6 (100%)
C-208 W |28.6 (100%)
EMB120 D 54.0 (99%) | 66.1 (1%)
EMB120 W 53.2 (99%) | 66.1 (1%)
F-100 D 36.4 (1%) | 48.8 (99%)
F-100 W 49.1 (96%) | 59.9 (4%)
B-727 D 49.1 (81%) | 60.6 (19%)
B-727 W 50.1 (41%) | 60.6(59%)
B-737 D 48.8 (99%) | 59.1 (1%)
B-737 W 48.9 (95%) | 59.8(5%)
MD-83 D 49.4 (86%) | 59.5 (14%)
MD-83 W 50.0 (56%) | 60.6 (44%)
DC-10D 49.9 (73%) | 60.9 (27%)
DC-10 W 50.4 (14%) | 61.4 (86%)
Average ROT = 52.5 Seconds
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Figure 4.1 Airport Diagram of Raleigh Durham Airport (Adopted from FAA, 1989)
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Table 4.2 Exit Utilization and ROT (RDU Runway 23R)
ROT in sec.(Usagein %)

Exit # 1 2 3 4 5 6 7
Location 580 m 880 m 1190 m 1600 m 2115m 2420 m 2925 m
Type 900 900 W-T W-T W-T W-T 900
C-208 D [31.1(100%)
C-208 W [31.1 (100%)
EMB120 D 40.9 (2%) | 49.7 (93%) | 61.9 (5%)
EMB120 W 50.4 (57%) | 63.3 (43%)
F-100 D 38.3(3%) | 44.7 (89%) | 55.8 (8%)
F-100 W 46.1 (63%) | 56.5 (37%)
B-727D 46.4 (27%) | 57.0 (73%)
B-727 W 48.0 (5%) | 57.2 (94%) | 68.2 (1%)
B-737D 44.9 (89%) | 55.6 (11%)
B-737 W 46.2 (42%) | 56.6(58%)
MD-83 D 46.4 (41%) | 56.7 (59%)
MD-83 W 48.2 (10%) | 57.4 (88%) | 68.9 (2%)
DC-10D 48.1 (16%) | 57.7 (84%)
DC-10 W 57.4 (94%) | 69.4 (6%)
Average ROT = 54.0 Seconds

4.2 CLT Airport

Here, we analyze runway 23 at Charlotte Douglas International airport. The aircraft mix
for CLT airport was found to be B-727 (16.5%), B737 (43%), B767 (1%), DC-9 (19%)
and F-28 (20.5). The average airfield elevation is 220 m. Runway 23 is 2300 m long with
a0.5% down gradient and has three 90 degree angled exits located at 900 m, 1490 m and
2230m. Other input data are assumed to be the same as those of RDU airport. Table 4.3
shows the evaluation resultsfor CLT runway 23 with baseline value of WAROT of 53.5
seconds.

For the same aircraft mix, the average ROT will be reduced to 48.7 seconds if two high
speed exits are added to the runway at [1175 m - 1250m] and 1700 m as shown in Table
4.4. The exit speed for new exits are set to 20 m/s since the available space parallel to the
runway isonly 122 m.
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Table 4.3 Exit Utilization and ROT (CLT Runway 23)
ROT in sec.(Usagein %)

Exit # 1 2 3
Location 900 m 1490 m 2230 m
Type 900 900 900
F-100D | 38.5(2%) | 52.2 (98%)
F-100 W 52.9 (99%) | 70.9 (1%)
B-727D 53.0 (100%)
B-727 W 54.3 (82%) | 71.6 (18%)
B-737D | 39.3(2%) | 52.1 (98%)
B-737 W 52.9 (99%) | 69.9 (1%)
B-767 D 54.2 (94%) | 71.4 (6%)
B-767 W 55.5 (44%) | 72.7 (52%)
MD-83D 53.0 (98%) | 69.6 (2%)
MD-83 W 54.1 (84%) | 71.2 (16%)
Average ROT = 53.5 seconds

Table 4.4 Exit Utilization and ROT (CLT Runway 23, Improvement Scenario)
ROT in sec.(Usage in %)

Exit # 1 2 3 4 5
Location 900 m 1200 m 1490 m 1700 m 2230 m
Type 900 Var. 900 Var. 900

F-100D | 38.6(1%) | 47.2(97%) | 51.1 (2%)

F-100 W 47.1 (91%) | 51.7 (9%)

B-727D 47.7 (69%) | 52.4 (30%) | 58.1 (1%)

B-727 W 48.3 (33%) | 53.6 (41%) | 58.6 (26%)

B-737D | 39.5(3%) | 47.1(94%) | 51.2 (3%)

B-737 W 47.0 (84%) | 51.8 (16%)

B-767D 48.8 (46%) | 53.9 (45%) | 59.7 (9%)

B-767 W 49.5 (7%) | 55.7 (43%) | 59.4 (46%) | 72.5 (4%)
MD-83 D 47.4 (78%) | 51.7 (21%) | 56.4 (1%)
MD-83 W 48.3 (31%) | 53.4 (48%) | 57.6 (20%) | 70.2 (1%)

Average ROT = 48.7 seconds

4.3 ATL Airport

Runway 8L of ATL airport has three exits located at 1435 m, 1880 m and 2600 m. The
first and second exits are 300 angled and the last one is a 90° angled exit. The standard
300 angled exit geometry is designed to accommodate aircraft exiting up to 26.7 mi/s.
However, for thisanalysis 25 m/sis considered as the maximum exit speed for the exitsto
account the lateral distance to the parallel taxiway, 152 m (500 ft). The aircraft mix for
ATL airport consists of B-727 (23.5%), B-737 (7%), B-757 (10.5%), B-767 (5%), DC-9
(48.5%), L-1011 (4%) and A-300 (1.5). The average elevation of airfield is 305 m above
mean sea level. Other data are set to be same as RDU airport. Table 4.5 shows the
baseline evaluation results and Table 4.6 shows the improved ROT with one additional exit
designed for 25 m/s. For the same aircraft mix in ATL airport, the average ROT will be
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reduced to 42.4 seconds if a high speed exit is added to the runway at any location between
1175 mand 1225 m.

Table 4.5 Exit Utilization and ROT (ATL Runway 8L)
ROT in sec.(Usagein %)

Exit #
Location

Type

1
1435 m

309

2
1880 m

300

3
2600 m

909

B-727D
B-727 W
B-737D
B-737 W
B-757D
B-757 W
B-767D
B-767 W
MD-83 D
MD-83 W
L-1011 D
L-1011 W
A-300D
A-300 W

455 (100%)
45.7 (94%)
457 (100%)
45.5 (99%)
46.4 (100%)
46.2 (100%)
46.0 (96%)
45.9 (75%)
45.9 (99%)
45.8 (96%)
45.0 (97%)
44.6 (61%)
46.1 (100%)
45.9 (93%)

55.3 (6%)

54.3 (1%)

54.7 (4%)
56.0 (25%)
54.6 (1%)
54.7 (4%)
54.1 (3%)
54.7 (39%)

55.7(7%)

Average

ROT =

46.1

seconds

Table 4.6 Exit Utilization and ROT (ATL Runway 8L, Improvement Scenario)
ROT in sec.(Usagein %)

Exit #
Location
Type

1
1200 m
Var.

2
1435m

309

3
1880 m

309

4
2600 m

909

B-727D
B-727 W
B-737D
B-737 W
B-757D
B-757 W
B-767D
B-767 W
MD-83 D
MD-83 W
L-1011D
L-1011 W
A-300D
A-300 W

39.9 (79%)
40.4 (27%)
39.8 (99%)
39.9 (84%)
40.6 (97%)
40.8 (67%)
40.6 (52%)
41.7 (15%)
40.0 (79%)
40.8 (44%)
39.6 (40%)
39.9 (12%)
40.4 (81%)
41.0 (37%)

44.7 (21%)
44.9 (67%)
43.8 (1%)

43.4 (16%)
44.5 (3%)

44.9 (27%)
44.9 (45%)
45.6 (61%)
44.0 (21%)
44.7 (48%)
44.2 (56%)
44.6 (59%)
44.7 (18%)
45.4 (52%)

55.1 (6%)

55.1 (6%)
55.3 (3%)
55.7 (24%)

54.3 (8%)
54.3 (4%)
54.9 (29%)
55.3 (1%)
55.8(11%)

Average

ROT =

42.4

seconds
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The difference in the average ROT in ATL airport and CLT airport is mostly attributed to
the exit types and their exit speeds as aircraft have to stay longer on the runway to
decelerate to appropriate speed to negotiate 900 angled exits.

4.4 BWI Airport

Runway 28 of BWI airport has five exits located at 950 m, 1220 m, 1440 m, 2230 m and
2735 m, among which the first and the third are crossing runways used as exits for arrivals
to runway 28 (refer to Fig. 4.3 to see the complete airport configuration). The third exit
resembles a 450 angled exit whose design exit speed is set to 20 m/s and the others are
similar to 900 exit whose design exit speed is 8 m/s. The aircraft mix for BWI airport
consists of B-727 (17%), B-737 (36.5%), B-757 (1%), B-767 (1.5%), DC-9 (31%) and
Fokker 100 (13%). The average elevation of airfield is 40 m above sea level. The
remaining data are set to as those of RDU airport.

Table 4.7 shows the baseline evaluation results. Readers may wonder why ROT values for
the second exit are greater than the third exit located at further downrange for every aircraft
type. Thereasons are: 1) Aircraft using the second exit have to decelerate to 8 m/s while
the others have to decelerate to only 20 m/s, which implies the average ground speed for
second exit is lower than that for the third. 2) Turnoff time for 90° angled exit is greater
than that for 450 angled exit. For example, the average landing run time of B-727 using
the second exit is 34.2 seconds and turnoff time for the exit is 12.8 seconds; the resultant
ROT is 47.0 seconds, while the average landing run time using the third exit is 35.7
seconds and turnoff time for the exit is 8.6 seconds; the resultant ROT is 44.3 seconds.

The conclusion is that the average ROT heavily depends on the design exit speed aswell as

the exit location. The intelligent use of high speed exits would yield some gain in
WARQOT.
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Figure 4.3 Airport Diagram of Baltimore Washington Airport (Adopted from FAA, 1989)
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Table 4.7 Exit Utilization and ROT (BWI Runway 28)
ROT in sec.(Usagein %)

Exit # 1 2 3 4 5
Location 950 m 1220 m 1440 m 2230 m 2735m
Type 900 900 450 900 900
B-727D 47.0 (40%) | 44.3 (60%)
B-727 W 48.6 (11%) | 44.8 (81%) | 71.6 (8%)
B-737D | 40.0 (6%) | 45.5 (86%) | 43.8 (8%)
B-737 W 46.8 (62%) | 43.6 (37%) | 70.1 (1%)
B-757D | 40.9 (2%) | 47.3 (78%) | 44.2 (20%)
B-757 W 48.6 (32%) | 45.1 (67%) | 72.2 (1%)
B-767 D 48.5 (22%) | 44.5 (73%) | 71.3 (5%)
B-767 W 49.7 (3%) | 44.7 (63%) | 72.8 (34.0)
MD-83 D 47.1 (55%) | 44.2 (44%) | 70.1 (1%)
MD-83W | 43.6 (1%) | 48.9 (17%) | 44.5 (76%) | 71.1 (6%)
F-100D | 39.8 (11%) | 45.6 (85%) | 42.9 (4%)
F-100W | 41.1 (1%) | 46.5 (68%) | 44.5 (31%)
Average ROT = 46.0 seconds

Now, suppose we want to improve the performance of this runway. Oneway to do sois
adding a new high speed exit as we did in previous examples. However, this is
guestionable in this example, because the new exit should be placed somewhere between
the third and fourth exits (remind that there is a restriction on the distance between two
neighboring exits: minimum 189 m). If an exit is built between the third and fourth exits,
only some of aircraft currently using the fourth exit will get benefit by using the new exit.
REDIM recommends 1700 m as the location of this exit lowering the average ROT to 45.5
seconds (avery small 0.5 second gain).

Another way to reduce ROT isto change the geometry of the second exit to accommodate
higher exit speeds. This method seems plausible because the majority of the aircraft mix
uses the second exit and some of existing pavement can be used for the new geometry. By
making the second exit a 459 angled exit with 20 m/s exit speed, the average ROT
decreases to 40.9 seconds. Table 4.8 shows the results of this design alteration.
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Table 4.8 Exit Utilization and ROT (BWI Runway 28: Design Alteration)
ROT in sec.(Usagein %)

Exit # 1 2 3 4 5
Location 950 m 1220 m 1440 m 2230 m 2735m
Type 900 450 450 900 900
B-727D 38.9 (71%) [ 43.5 (28%) | 70.0 (1%)
B-727 W 39.5 (32%) | 44.0 (60%) | 71.3 (8%)
B-737D | 40.4 (9%) | 38.7 (88%) | 43.0 (3%)
B-737 W 38.8 (78%) | 43.0 (22%)
B-757D | 41.8(1%) | 39.5 (84%) | 43.9 (15%)
B-757 W 39.8 (63%) | 44.6 (37%)
B-767 D 39.2 (49%) | 43.7 (50%) | 72.0 (1%)
B-767 W 40.7 (8%) | 44.8 (59%) | 73.3(33.0)
MD-83 D 39.1 (73%) | 43.5 (27%)
MD-83 W 30.8 (42%) | 44.2 (53%) | 71.7 (5%)
F-100D | 40.1 (12%) | 39.2 (88%)
F-100W | 41.4 (1%) | 38.9 (89%) | 43.5 (10%)
Average ROT = 40.9 seconds

4.5 New Denver (DVX) Airport

It isinteresting to investigate how much ROT can be lowered with optimally located high
speed exits. For thisanalysis, DV X airport, scheduled to be opened in November 1993, is
selected. Thisairport will have six runways by September 1995. Each runway will be
about 3500 m long. The aircraft mix is assumed to be the same as same as that of the
existing DEN airport which consists of C-208 (1.5%), CV-580 (1.5%), BAe-146 (1.5%),
B-727 (30.5%), B-737 (37%), B-757 (2.5%), B-767 (1%), DC-8 (2%), DC-9 (17.5%),
DC-10 (4%) and A-300 (1%). CV-580 is substituted by a category B aircraft, EMB-120,
representing commuter aircraft operating at thisfacility.

Suppose three high speed exits with 25 m/s design exit speed will be built on the runway in
addition to a 90° angled exit at the end of the runway. REDIM recommends [1125 m -
1225 m], [1350 m - 1425 m] and [1675 m - 1800m] as the optimal ranges for the exits,
resulting in WAROT of 42.8 seconds. Table 4.9 shows the exit utilization and individual
aircraft ROT values with these optimally located exits. If four high speed exits are built,
WAROT will be 41.8 seconds. By comparing WAROT values of three exit scenario and
four exit scenario, it isfound that adding more exits will not be paid off. Another way to
reduce ROT further isto increase the design exit speed. With four high speed exits
designed for 30 m/s exit speed, WARQOT of 38.0 secondsis possible.

43



REDIM 2.0 User's Manual

Table 4.9 Exit Utilization and ROT (DV X airport)

ROT in sec.(Usagein %)

Exit # 1 2 3 4
Location 1200 m 1400 m 1750 m 3450 m
Type Var Var Var 900

C-208D | 53.9 (100%)
C-208 W | 53.8 (100%)
EMB120D [ 41.0(99%) | 455 (1%)
EMB120 W | 41.1 (81%) 0
BAel46 D | 41.8 (100%) 46.0 (19%)
BAel46 W | 41.6 (100%)
B-727D | 41.0 (74%)
B-727W | 41.4(34%) | 44-5(26%) | 533 (139%)
B-737D | 40.2(98%) | 45.1(53%)
B-737W | 40.4(76%) | 43.2(2%)
B-757D | 41.3(93%) | 43.6 (24%)
B-757W | 41.5(56%) | 44.7 (7%) | 52.8 (1%)
B-767D | 41.5(40%) | 45.1(43%) | 53.9 (2%)
B-767W | 42.2(8%) | 45.2 (49%) | 54.1(43%)
MD-83D | 41.1(68%) | 46.2 (49%) 52.7 ( 1%)
MD-83W | 418 (44%) | 443 (3196) | 527 (8%)
DC-10D | 41.8(40%) | 455 (1505 | 53:8(1%)
DC-10W | 42.1(11%) | =4 (50%) 54.1 (28%)
DC-8D | 435(6%) | 22 10/0 56.5 (43%) | 158 (1%)
DC-8W 9( 00) 56.8(88%) | 155 (2%)
A-300D | 41.4(74%) | 47:6(50%) | 532 (206
A-300W | 41.9(33%) | 48.7(10%) | 53.7 (12%)
45.2 (24%)
45.3 (55%)
Average ROT = 42.8 seconds
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