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(ABSTRACT) 

The objective of this thesis is to analyze the operational requirements of aircraft during the 

runway exiting maneuvers and the economic feasibility of high-speed runway exits. The 

motion of the aircraft is simulated by a computer program based on the appropriate 

equations of motion and steering inputs. The economic analysis of high-speed runway exits 

is based on a life cycle cost approach. Historical data of airline operating costs are also used 

in the cost estimations. The results show that high-speed runway exits are operationally 

feasible and economically profitable. The results are also presented graphically to show the 

effect of various steering commands on the vehicle turning maneuvering requirements and 

the effect of different economic parameters to the evaluation of high-speed exit utilizations.
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1.0 Introduction 

I.1. Background 

Airport congestion has long been recognized as one of the major problems in air 

transportation. Demand increases for air transportation services and loses caused by air 

traffic congestion and delay have lead the Federal Aviation Administration (FAA) and the 

National Aeronautics and Space Administration (NASA) to investigate better ways to 

increase airport capacity. 

Previous projects have concentrated at increasing the airport capacity, reducing aircraft 

delay, and improving airport facilities’ efficiency. There are several ways to accommodate 

demand increases in demand of the air transportation. One of the approaches is to increase 

the existing runway capacity that could become the most critical element in the air 

transportation system in the near future. A major program aimed at increasing runway 

capacity is the installation of strategically located high-speed runway turnoffs to reduce 

runway service times. With such type of turnoffs on a runway, the pilot need not slow to 

essentially zero speed before he leaves the runway, but rather, can leave it while moving as 

fast as 35 meters per second, thus appreciably reducing runway-occupancy time. 

Efforts have been made to improve the runway's efficiency by designing the high-speed 

turnoffs and optimizing their locations. The installation of these turnoffs has long been 

promoted. In the recent research at the Center for Transportation Research at Virginia Tech 

sponsored by FAA, a computer program for high-speed runway exit simulation and 

optimization, REDIM, was developed to locate high-speed exits. Also, a computer 
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and departures and to estimate delay of simple runway configurations. It was concluded in 

a previous effort that the results of these models recommend a high-speed geometry that 

will minimize the runway occupancy time under realistic airport scenarios. The reduced 

runway occupancy time resulting from the implementation of high-speed turnoffs seems 

advantageous in improving operation rates by permitting more frequent departures in a near 

saturated aircraft landing sequence. REDIM is able to predict turnoff locations and 

geometries that optimize the weighted average runway occupancy time (ROT) for a given 

set of airport conditions and an aircraft mix index. Comparing the existing data on runway 

occupancy times [Runl, 1990; Keonig, 1978], REDIM predicts, in a realistic fashion, the 

weighted average ROT for multitude of scenarios. In several case studies, the differences 

between the output of REDIM and the observed data are below 5% from each other. 

Results from previous research studies suggest that it is operationally feasible to increase 

the runway capacity by high-speed exits with optimized locations. [Barrer, 1978; Diehl, 

1988] 

1.2. Subject Description 

Although runway landing/departure operations can be easily simulated on a computer, 

future implementations of the new high-speed geometries lead to two operational/economic 

constraints that have not been fully investigated as they do not pose problems in current 

moderate speed turnoffs. These are the physical turning capabilities of the aircraft to 

negotiate standardized high-speed turnoffs safely and the potential economic benefit of 

these turnoffs over a life cycle. Since the philosophy of the application of high-speed exit is 

to reduce the congestion and increase the runway capacity, efforts are made to let aircraft 
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leave the runway quickly. It is desired to quantify the economic gains obtained from 

improved runway facilities and operations. 

1.3. Research Approach 

Based on the problems mentioned above, further research on the aircraft maneuvering 

requirements for high-speed runway turnoffs is needed. Also the new taxiway and runway 

operation costs need to be evaluated. This thesis attempts to develop a general methodology 

to quantify these two important issues. 

Two approaches have been introduced to enhance the research: 

1. For the aircraft/high-speed runway exit research, a three degrees of freedom aircraft 

computer simulation model is used to analyze the aircraft responses under different exit 

geometric configurations. 

2. An economic evaluation method of the high-speed exit's operation analysis is established 

for both the economic gain the airlines and the management cost of airport authority. 

The purpose of this thesis is to enhance the research on runway high-speed turnoffs at 

airports in two aspects: the detailed requirements of aircraft maneuvers for the runway- 

turnoff geometry and their potential economic benefit in a life cycle framework. 
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2.0 Literature Review 

2.1 Vehicle/Runway Operational Model 

Several methods exist to reduce runway occupancy time and its standard deviation. One 

approach is to change the aircraft operational characteristics that contribute to ROT 

indirectly. Since aircraft have to decelerate to relatively low speeds (i.e., 15-90 ft/sec.) to 

negotiate standardized turnoffs safely and high landing speeds contribute heavily to ROT, 

the aircraft turnoff maneuver is studied for the purpose of reducing turnoff time. 

A turnoff algorithm predicting the turnoff geometry of high-speed rolling aircraft was 

developed by Schoen et al. [Schoen et al., 1985] and modified by Trani et al. [Trani et al., 

1990] in a previous NASA research effort on this topic. This algorithm considers the 

aircraft as a point of mass with one rotation degree of freedom around the aircraft plane of 

symmetry (1.e., vertical plane). 

100/ 
iz R2 {m - 50 v25 CL} g wb Imj1- Im\ 

R= .-- _ __ 
100 Iz, V 2.1] 

where 

Uzz = the non-dimensional side force contribution to the nose gear due to the 

aircraft yaw inertia 

V = the aircraft speed 

m = the aircraft mass 

P = the air density 
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S = the aircraft gross wing area 

CL = the average lift coefficient in the ground roll configuration (i.e., low angle of 

attack and large flap deflections) 

Im = the landing mass supported by the main landing gear 

wb = the aircraft wheel base 

Izz = the aircraft moment of inertia around the vertical axis. 

The use of high speeds in a turnoff seems possible provided that a more refined aircraft 

model is available. To bridge the deficiencies of the previous first-order model, a three- 

degrees-of-freedom dynamic aircraft model is used to investigate the stability and control 

effects of the aircraft on the turnoff [Trani and Zhong, 1990]. A simple closed loop 

automatic control model for the turning operation is also employed in the simulation to 

perceive the effect of possible pilot time lags. 

The stability of a taxiing aircraft has been studied in the past to determine the effect of 

various parameters such as velocity, braking and physical dimensions of the aircraft. The 

directional stability of an aircraft with tricycle landing gear was studied by Gorechlad [A. J. 

Gorechlad, 1967], Crane [J. W. Crane, 1974], and Dieksmerier [D. D. Dieksmerier, 

1983]. However all these studies were dealing with the aircraft directional stability on a 

straight runway without regard to the geometry of a taxiway. The purpose of this study is 

to investigate the directional response of a tricycle-geared aircraft during the runway turnoff 

maneuver and its sensitivity to steering inputs about the nose gear using the non-linear 

equations of motion. This is done by giving the aircraft either a steering step command ora 

desired track to follow. 
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In this research, the following assumptions are made in order to facilitate the analysis: 

1. The aerodynamic coefficients used do not change with velocity. 

2. The cross products of inertia are zero. 

3. The pneumatic castor at the tires is neglected. 

4. The tire braking coefficients are assumed constant. 

5. The tire side force properties are valid up to a slip angle of 0.2 radians (12 degrees). 

6. Engine thrust is assumed to be zero. 

2.2. Economic Evaluation of Airport Facilities 

Traditional Evaluation Procedure 

The traditional economic evaluation method in transportation engineering is the cost/benefit 

analysis. The FAA in its airport master plan guideline gives a procedure to analyze the 

improvement evaluation on airport projects [AC 150/5070]. 

In the airport capacity cost/benefit analysis, the cost per minute of delay can be established 

for aircraft using the airfield based on the aircraft mix. The amount of annual savings to 

aircraft operations which will result from airfield improvements is obtained by multiplying 

the annual reduction in minutes of delay by the cost per minute of delay of aircraft. The cost 
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of an improvement is estimated and spread over a period of time. The cost per year of the 

improvement is then compared with savings per year and a cost benefit ratio is obtained. If 

the annual cost of a runway improvement is one million and the annual saving is 2 million 

dollars, the cost benefit ratio is | to 2. 

Generally an airport improvement plan should include the estimations on the basis of short, 

intermediate, and long-range forecasts of aeronautical demand (approximately 5, 10, and 

20 years). 

Time Value of Airline Operation 

Reducing service time at the gate between arrival and departure of an aircraft, “aircraft 

turnaround" time, can have dramatic impact on airline operations. By estimates, one hour 

of ground time saved per flight can add up to savings of as much as $50 million dollars 

over the serving life of a single medium size transport aircraft. Savings result primarily 

from greater efficiency of aircraft utilization. Scheduled turnaround times typically are 30 to 

120 minutes. It is reasonable to expect that the time value of departures and arrivals can be 

factored in the same fashion as the turnaround delay. 

Landing Fee Policies 

Some economic enforcements have tried to release the operation load at airports during the 

peak period. At some airports, attempts have been made to vary landing and aircraft-related 

fees in order to either use a pricing policy to spread peaking or recoup extra finance for 

operations carried out in the economical night hours. For example the British Airport 
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Authority (BAA) used to adopt punitive peak tariffs at London Heathrow to encourage 

airlines to transfer operations away from Heathrow to Gatwick airport and to move 

operations from peak periods. Under this policy, a typical turnaround of a long range 

Boeing 747 at Heathrow during the peak hour was 2.8 times the cost for an operation 

outside the peak hour tariffs' times and 183 percent of cost that would have been involved 

in the operation taking place at the less popular London Gatwick airport during the same 

peak period. However the effect of this peak tariff rate has not been large. Generally, there 

is little evidence to indicate that airlines do reschedule significantly to avoid such tariffs 

| Ashford, 1986]. Airline operators claim that there are far too many other constraints 

precluding massive rescheduling outside peak demand periods and that therefore such 

tariffs are almost entirely ineffective in achieving their proclaimed purpose. 

The Peak Period Value to Airlines 

In the airline industry, competition is on the basis of the service rather than the price. This 

implies that the punctual departure and arrival in the competition of peak period service are 

competitive scheduling. The airlines tend to add flights to the same destination at roughly 

the same until the load factors are forced down toward break-even levels. This may result 

in a situation in which three flights are scheduled by different airlines when two would be 

adequate to handling passenger loads most of the time.[RAND, 1969] 

Conclusion 

According to the recent research in air transportation demand, with the current capacity of 

airports, congestion at airports will be inevitable. Systematic solutions through diverging 
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peaking seem not to be effective especially to busy airports [Asford, 1986]. Without 

considering the possibility of building new runways and new airports, probable 

improvements will only be possible through increases in capacity of existing facilities. 

Thus using the high-speed turnoffs to enhance runway capacities is economically desirable. 
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3.0 Methodology 

3.1 Simulation Language and Software 

Two computer simulation languages and three application programs were used in this 

research. They are STELLA, which is a simulation software for Macintosh, and 

SIMSCRIPT IL.S., which is a simulation language for IBM PC. STELLA is used for the 

three degrees of freedom aircraft simulation model and the airport facilities cost-benefit 

analysis simulation. SIMSCRIPT ILS. is used in the simulation program RUNSIM to 

calculate delays of arriving and departing aircraft. RUNSIM is an application/simulation 

program developed at the Center for Transportation in Virginia Tech [Nunna, 1991]. The 

required inputs to this model are existing runway exits, aircraft mix and characteristics, 

airfield operation data, and environmental data; the outputs are aircraft assignment/ROT 

table, arrival and departure times, and delays. REDIM--Runway Exit Design Interactive 

Model is another application/simulation program used to optimize runway exit locations and 

was also developed at the CTR [Trani, Hobeika et al., 1992]. The required inputs are type 

of runway analysis, data of existing exists, aircraft mix and characteristics, airfield 

operational data, environmental data, and runway gradients; the outputs are average runway 

occupancy time, aircraft assignment/ROT table and turnoff centerline geometries. Finally, 

AIRFRAME 1.2 is a computer software for runway capacity estimation developed from the 

FAA modified airport capacity model. The inputs to it are aircraft mix, runway occupancy 

times, and other airport operational data; the outputs are runway capacities. 
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3.2 Landing Aircraft Modeling 

The basic concepts for the aircraft turnoff maneuver model are derived from the theories of 

aerodynamics, and vehicle dynamics and control. Some of these issues are discussed in the 

vehicle model description in Chapter 4. 

3.3 Economic Evaluation Concepts and Methodologies 

Fix Cost and Variable Cost: 

In the transportation economic theory the total cost can be divided in to two components: 

fixed cost and variable cost. As the name implies, the fixed cost remains the same 

regardless of the total amount of output service provided, denoted x, which is the output 

variable. The total and the variable costs are mathematically expressed as follows: 

TC(x) = FC + VC(x) [3.1] 

where 

TC(x) = total cost 

FC = fix cost 

VC(x) = variable cost 
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Average Cost 

The average cost is 

AC(x) = TC(x)/x = FC/x + VC(x)/x [3.2] 

where 

AC(x) = average cost. 

Marginal Cost 

Marginal cost is defined as the additional cost associated with the production of an 

additional unit of output. 

The marginal cost of the xth unit of output is 

MC(x) = TC(x) - TC(x-L) [3.3] 

Economic Evaluation Methods 

Three basic methods are traditionally used in economic evaluation of a transportation 

project: 1) net present worth (NPW), 2) equivalent uniform annual cost (EUAC), and 3) 

benefit-cost ratio (BCR). 

Although these methods have different calculation procedures, each method will produce 

somewhat similar results according to the preferences of the analyst. 
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Present Worth Method 

Present worth is the most straight forward of the methods. It represents the current value of 

all the costs that will be incurred over the lifetime of the project. When two or more 

alternatives are capable of performing the same functions, the superior alternative will have 

the largest present worth. This present worth method is restricted to evaluating alternatives 

that are mutually exclusive and which have the same lives. 

Net present worth (NPW) is the present worth of a given cash flow that has both receipts 

and disbursements. The general expression for present worth (PW) is 

~ Cc PW= n 
x (i+i)" [3.4] 
  

where 

Ch = facility and user costs incurred in year n 

N = service life of the facility 

i= rate of interest 

P = present worth factor of a future amount F 

F = future amount 

Theterm |! - is called NPW factor 
(1l+i)? 
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Net present worth (NPW) is the present worth of a given cash flow that has both receipts 

and disbursements. 
N N 

NpwW=Yy ——Ra_ +S. -- y My + On + Un _¢ 
wo (1 ti (14a po (itil 13.5] 

where 

Co = initial construction cost 

M = maintenance cost 

O = operating cost 

U = user cost 

S = salvage value 

R = revenues 

Equivalent Uniform Annual Cost Method 

Equivalent uniform annual worth (EUAW) is a conversion of a given cash flow to a series 

of equal annual amounts. Alternatives that accomplish the same purpose but that have 

unequal lives must be compared by the Annual Cost Method. The annual cost method 

assumes that each alternative will be replaced by an identical twin at the end of its useful 

life(infinite renewal). This method, which may also be used to rank alternatives according 

to their desirability, is also called the Annual Return Method and Capital Recovery Method. 

7 an 

EUAW = NPW | i(i+ | 

(1+i)N-1 [3.6] 
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Restrictions are that the alternatives must be mutually exclusive and infinitely renewed up to 

the duration of the longest-lived alternative. The calculated annual cost is known as the 

Equivalent Uniform Annual Cost, EUAC. 

Benefit-Cost Ratio Method 

The benefit cost ratio (BCR) is a ratio of the present worth of net project benefits and net 

project costs. This method is used in situations where it is desired to show the extent to 

which an investment in a transportation project will result in a benefit to the society. With 

this method, the present worth of all benefits is divided by the present worth of all costs. 

the project is considered acceptable if the ratio exceeds one. 

Regardless of where the cash flow is placed, an acceptable project will always have a 

benefit-cost ratio greater than one, although the actual numerical result will depend on the 

placement of cash flows. 

The benefit-cost ratio method may be used to rank alternative proposals only if an 

increment analysis is used. First, determine that the ratio is greater than one for each 

alternative. Then, calculate the ratio of benefits to costs: 

(B2-B1)(C2-C1) [3.7] 

for each possible pair of alternatives. If the ratio exceeds one, alternative 2 is superior to 

alternative |. Otherwise, alternative | is superior. 
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There are other evaluation methods such as rating and ranking, and cost effectiveness. 

However these methods need more detail information and they are used in the specific 

projects. 
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4.0 Model Analyses 

4.1 Aircraft Turnoff Model Analysis 

To simulate the aircraft turnoff maneuver, a flight vehicle can be represented as a ground 

vehicle moving on a plane. 

General Equations of Motion 

The general equations of motion with respect to a set of body axes for an airplane are 

[Etkin, 1975]: 

“Fy =m(u + wq- vr) [4.1.1] 

XY Fy=m(v + ur- wp) [4.1.2] 

2 F,=m(w +vp-up) [4.1.3] 

EY L= Ixxp -Ty2( q?-r?) - |e (fF + pq) - Ixy (Q-tp) - Clyy - Le Dar [4.1.4] 

EM = lyyq - Ix 12-p2) - Ixy (Pt rq) - yz (t -pq) - (lez - Ixx )rp [4.1.5] 

XN = [gt - Ixy( p-q?) - Lyz (GQ + rp) - kz (PB -ar) - (lax -Tyy )pa [4.1.6] 

where 
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u, Vv, Ww = linear velocities in x-, y, and x-axes direction respectively, ft/sec ( m/sec ) 

p =roll rate, rad/sec 

q = pitch rate, rad/sec 

r= yaw rate, rad/sec 

Ixx, I 7 oo, . 2 
yy lz, = moments of inertia about the x-, y-, and z-axes, respectively, slugs ft" (kg m7) 

L, M, N = rolling, pitching, and yawing moments about x, y, and z axes, respectively, 1D itt 

  

  

  

(N m) 

q 

Y 

S LE | 

xX 
u 

r   
  

Figure 4.1 Six Degrees of Freedom Aircraft Model. 

The left handside forces and moments may be separated into the following groups: 
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|. Wheel and landing gear forces 

2. Aerodynamic forces 

3. Aerodynamic moments 

4, Gravity forces 

5. Thrust 

These forces and moments are shown in Figure 4.1 through 4.5. A number of forces are 

defined as being positive when oriented in the negative axial direction. 

Aerodynamic forces 

The aerodynamic forces are defined relative to the aircraft stability axis reference frame 

| Etkin, 1975]. The standard definition of lift is 

L=5 CLpSV2 14.1.7] 

where 

CL = lift coefficient 

L = litt, 1bf (Ny 

S = wing area, ft? (m?) 

V = velocity, ft/sec ( m/sec) 

Pp. atmospheric density, slugs/tt? ( kg/m3 ) 

CL=Cyt Pe (q) + CL(a@) + CLip,, (OB) 14.1.8] 

where 

Cy = steady state lift coefficient 
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aC 

oq 

CL, = variation of lift coefficient with angle of attack, 1/rad 

C 

q = pitch rate, rad/sec 

& = angle of attack, rad 

Oe = elevator deflection, rad 

the drag force is defined in a similar fashion, 

where 

where 

Model 

D= 5 CoP 2 

D = drag force, 1D¢ (N) 

Cp = drag coefficient 

S = wing area, ft? ( m2) 

V = velocity, ft/sec ( m/sec) 

P. atmospheric density, slugs/ft? (kg/m? ) 

Cp= Cp, + Cp, (a) + CDp,(5B) 

Ch, = steady state drag coefficient 

Ch, = variation of drag with angle of attack, I/rad 

CDp, = variation of drag with elevator deflection, 1/rad 

Analyses 

= variation of lift coefficient with pitch rate, sec/rad 

“La. = variation of lift coefficient with elevator deflection, 1I/rad 

[4.1.9] 

[4.1.10] 
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QO = angle of attack, rad 

Se = elevator deflection, rad 

and the side force acting on the vehicle is 

where 

where 

Model 

Y = 5CypSbV? 

Y = aerodynamic side force, jb; (N) 

b = wing span, ft ( m ) 

Cy = side force coefficient 

S = wing area, ft2 ( m2) 

V = velocity, ft/sec ( m/sec) 

Pp. atmospheric density, slugs/ft (kg/m? ) 

oc oC 
Cy = - ap (p) + 3 + Cy,(B) + Cy,,(8a) + Cyg(SR) 

OC, 

Op = variation of side force coefficient with roll rate, sec/rad 

aCy 
Cr 

™ 

‘Y6 = variation of side force coefficient with sideslip angle, I/rad 

= variation of side force coefficient with yaw rate, sec/rad 

Ysa = variation of side force coefficient with aileron deflection, 1/rad 

Cyan = variation of side force coefficient with rudder deflection, 1/rad 

Analyses 

[4.1.11] 

[4.1.12] 
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p =roll rate, rad/sec 

r= yaw rate, rad/sec 

B sideslip angle, rad 

Oa = aileron deflection, rad 

; = rudder deflection, rad 

Since the lift and drag forces act with respect to the stability reference frame, it is necessary 

to transform these forces to the body-fixed reference frame [Etkin, 1975]. The forces about 

the body-fixed reference frame are 

F,x =(-cos@) D +(sin0)L [4.1.13] 

Fay=Y [4.1.14] 

Faz = (-sin 8 ) D - (cos 8 )L [4.1.15] 

Aerodynamic Moments 

The aerodynamic moments are defined relative to the body-fixed axis system. 

The rolling moment is given by 

_ 1 Nv 2 La = 5 CipSbV [4.1.16] 

where 
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where 

L, = rolling moments about x axis, respectively, bet (N m) 

C; = rolling moment coefficient 

b = wing span, ft (m ) 

S = wing area, ft2 ( m2) 

V = velocity, ft/sec ( m/sec) 

Pp. atmospheric density, slugs/ft? (kg/m? ) 

- on (p) + EN (r) + Cy(B) + Ciag(Ba) + Cing(BR) C1 Or [4.1.17] 

C) = rolling moment coefficient 

acy 
OP - variation of rolling moment coefficient with roll rate, sec/rad 

6C| 

Or = variation of rolling moment coefficient with yaw rate, sec/rad 

Ciy = variation of rolling moment coefficient with sideslip angle, 1/rad 

Ci, = variation of rolling moment coefficient with aileron deflection, 1/rad 

or = variation of rolling moment coefficient with nidder deflection, 1/rad 

p =roll rate, rad/sec 

r= yaw rate, rad/sec 

B = sideslip angle, rad 

Oa = atleron deflection, rad 

Or = rudder deflection, rad 

The pitching moment is 
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where 

where 

Mz = 5 CmpSeV? [4.1.18] 

M, = pitching, and moment about y axis, respectively, iDeFt (N m) 

C = mean chord length, ft ( m ) 

S = wing area, ft? (m7?) 

V = velocity, ft/sec ( m/sec) 

Pp. atmospheric density, slugs/fP (kg/m? ) 

0c 
Cun = m + Cn, a + C, 5 aq (q) (a) + Cm,,(O8) [4.1.19] 

Cn = pitching moment coefficient 

Cm 

oq = variation of pitching moment coefficient with pitch rate, sec/rad 

Cina = variation of pitching moment coefficient with angle of attack, I/rad 

Cing, = variation of pitching moment coefficient with elevator deflection, 1/rad 

q = pitch rate, rad/sec 

= angle of attack, rad 

de = elevator deflection, rad 

The yawing moment is 

Model 

Na =2C,pSbV? 7 [4.1.20] 
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where 

where 

Model 

Ch = yawing moment coefficient 

N = yawing moment about z- axis, respectively, bere (N m) 

S = wing area, ft2 (m2) 

V = velocity, ft/sec ( m/sec) 

Pp atmospheric density, slugs/ft? (kg/m? ) 

b = wing span, ft (m ) 

= ©n (yy 4 On Cu = “5 (P) + SMO) + Cag(B) + Cng,Ba) + Cry Or) [4.1.21] 

Cie yawing moment coefficient 

Cn 

Op . variation of yawing moment coefficient with roll rate, sec/rad 

OC 
Or variation of yawing moment coefficient with yaw rate, sec /rad 

"6 = variation of yawing moment coefficient with sideslip angle, I/rad 

Cs, = variation of yawing moment coefficient with aileron deflection, 1/rad 

Crop = variation of yawing moment coefficient with rudder deflection, 1/rad 

p = roll rate, rad/sec 

r= yaw rate, rad/sec 

B sideslip angle, rad 

Oa = aileron deflection, rad 

Se = elevator deflection, md 

d; = nuidder deflection, rad 
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Figure 4.2 Aircraft Model (Top View). 
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Tire Forces 

The forces on the aircraft due to tire-runway interaction are shown in Figures.4.2 though 

4.5. The tire forces are defined with respect to the tire-fixed system as shown in Figure. 

4.2. The tire braking force is a function of the tire normal force and coefficient of braking 

friction. This relationship is given by 

Bi = Hb Nt [4.1.22] 

  

  

  

    

  

  a
 

ja
s 

pa
y 

po
r 

  
  

Figure 4.3 Aircraft Model (Front View). 
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Figure 4.4 Aircraft Model (Side View). 

where 

B, = tire braking force, by N) 

N, = tire normal force, iby (N) 

Ub — coefficient of braking friction 

For unbraked rolling, the value of the braking coefficient will be set equal to that of the 

rolling resistance. 

The tire side force is dependent on the tire slip angle and the normal force. The relative tire 

slip angle is given by: 
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= tan -1 ¢ Yt 
Pr tan [4.1.23] 

stant Cv tT dip eos ® -Cwh dex typ) sin 
(u-yr+dq)cos6 +(vtxr -dp)sin sin 6 + (wt d,- xq + yp )cos®sin 6 

14.1.24| 

where 

B, =sideslip angle, rad 

_ roll angle, rad 

0 = pitch attitude, rad 

u. v, w = linear velocities in x-, y, and x-axes direction respectively, ft/sec ( m/sec ) 

p = roll rate, rad/sec 

q = pitch rate, rad/sec 

r= yaw rate, rad/sec 

Xt, Yt, = tire locations on coordinate system 

d, = strut length, ft ( m ) 

The relationship for the tire slip force is assumed as 

S, =K BN [4.1.25] 

where 

6: = slipping angle (rad) 

N = normal force 

K = constant when p, < 0.2 
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The tire normal force is a function of the strut deflection and deflection rate. The strut 

length is 

- Zep + x,Sin 8 - y,sin ®cos O 
d, = 

cos Mcos 8 [4.1.26] 

where 

B, = sideslip angle, rad 

D = roll angle, rad 

0 = pitch attitude, rad 

u, V, W = linear velocities in x-, y, and x-axes direction respectively, ft/sec ( m/sec ) 

p =roll rate, rad/sec 

q = pitch rate, rad/sec 

r= yaw rate, rad/sec 

Xt, Yt. = tire locations on global coordinate system 

d, = strut length, ft (m ) 

where X1 and Yt are the body coordinates of the tire. The deflection rate is given as 

q (u+yr+dq)sin6O-(vt+xr-d&p) sin Scos8 -( w-qx + py, )cos cos 8 
{ —_—— - vt ee nee - - eee eee wee wos . . - eee - 

cos cos 8 

[4.1.27] 

where 

® roll angle, rad 

Q@ = pitch attitude, rad 

u, V, W = linear velocities in x-, y, and x-axes direction respectively, ft/sec ( m/sec ) 
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p =roll rate, rad/sec 

q = pitch rate, rad/sec 

r= yaw rate, rad/sec 

Xt, Yt. = tire locations on coordinate system 

The normal force of the tire is 

Ni = kg (dio - d ) - cot [4.1.28] 

where 

k, = linear strut spring constant, ibs/fe ( N/m ) 

di, = strut length, ft (m ) 

Cy = linear strut damping coefficient, 1Df sec/ft (IN sec/m ) 

The pneumatic castor, or self-aligning torque, will be assumed zero since its effect on the 

motion of the aircraft is negligible. The tire forces must also be transformed into the body- 

fixed reference frame for analysis [Etkin, 1975; Goretchlab, 1969] The tire forces in the 

body-fixed axis are 

Fix =(- cos0 )B, +(sin8 )N, [4.1.29] 

Fry =(- sin sin® ) Bi -( cos @ ) S,- (sin cos 0) Ny [4.1.30] 

Fi,=(- cos sin@ )B, + (sin @ )S,- (cos cos O ) Nt [4.1.31] 
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where 

= roll angle, rad 

0 = pitch attitude, rad 

B, = tire braking force, by N) 

S; = side force 

N; = normal force 

Gravity Forces 

The gravity force acts in the positive z direction in the vehicle-carried axis system. The 

gravity forces are 

Fox = (-sin 0 ) mg, [4.1.32] 

Fey= ( sin @ cosO ) mg, [4.1.33] 

Fe,= ( cos ® cos ) mg [4.1.34] 

where 

&c = gravitational constant, ft/sec” (m/sec? ) 

m = mass, slugs ( kg ) 

@ = roll angle, rad 

0 = pitch attitude, rad 
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Thrust Forces 

These forces result from an idling engine (or engines) turnoff maneuver, in practice idle 

thrust for transport type aircraft is usually less than 15% of the full power level and thus 

can be neglected. 

Collected Forces and Moments 

Summing the forces and moments acting on the aircraft relative to the body-fixed reference 

frame gives the left hand side terms in equations: 

LFy = Fax + Fox + Fixn + Fixpm + Ftxim [4.1.35] 

LFy = Fay + Fey + Fryn + Fiyrm + Fiytm [4.1.36] 

LF, = Faz, + Fez + Fun + Fizrm + Foto [4.1.37] 

XYL= La- Fryndn- Fryrm dram - Fryomdim + Fizrmyro + Fim Yim 

[4.1.38] 

2M= M,- Funxn+ Fisn dn + Fixrmdrm + Fixumdim - (Firm +Fuim ) Xm 

[4.1.39] 

XN= Na+ ( Firm + Frytm) Xm + Fiyn XN -FixeMyrM - FrxtMyLM 

[4.1.40] 
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In order to simplify the model, the following assumptions are made: 

1) no translation the z-direction: w=0, w=0 

2) no rotation about the roll axis: p=0, P =0 

3) no rotation about the pitch axis: q=0, 4 =0 

4) Axz equal zero 

Thus the equations of motion are reduced to four degrees of freedom: three force equations 

and a moment equation about the aircraft plane of symmetry. 

YF, =m(u - vr) [4.1.41] 

> Fy=m(v +ur) [4.1.42] 

x F,=0 [4.1.43] 

x N=Lt [4.1.44] 

Steering Control 

When the nose wheel is allowed to swivel freely about its steering axis, its skidding angle 

is no longer equal to the 
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Figure 4.5 Nose Gear Tire Force Definition. 

airplane's angle of sideslip (By. Therefore, there is an effective skidding angle for an 

unlocked nose gear, given by 

En = 5n - B [4.1.45] 

where 

En = effective skidding angle 

On = Steering angle 

6 = slip angle 

During the turnoff maneuver, some form of control is needed to keep the airplane aligned 

on the taxiway geometric centerline. It is assumed that below certain speed, the 
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aerodynamic force, is much less effective, and the nose gear provides the usual means of 

control during the taxiing maneuver. 

If a control analysis of airplane motion during the landing roll is to be performed, a 

mathematical control equation must be considered in addition to the aircraft equations of 

motion. This thesis will employ a control function of the form. 

5=8(e) | [4.1.46] 

Where 

5 = the control deflection 

e = the error angle between the aircraft yaw angle and the exit angles. 

The equation [4.1.46] represents the reaction of the pilot to a change of curvature condition; 

this type of closed-loop control function was used as a simple human transfer function. 

As an example of previous the equation, suppose that the nose wheel is used to keep the 

airplane pointed in the direction of the runway ( = 0 ). Thus, the nose gear is used to 

correct for directional displacement in ? with ? =0, corresponding to the correct condition 

(see Figure 4.5). A simple control function for this situation is 

On=- f(y) [4.1.47] 

As shown in Figure 4.5, The nose gear is reacting according to equation above and is 

attempting to return vehicle to its proper direction. According to the aircraft landing 
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directional stability analysis done by Goretchlad [Goretchlad, 1967], The airplane's control 

mechanism was required to react according to the error signal given by 

ARCTAN(derivnyx)-Zagl [4.1.50] 

and the steering rate (SR, radian/second) of the nose wheel is 

SR = DERIVN((ARCTAN(derivnyx)-Zagl)*K, 1) [4.1.51] 

where 

ARCTAN(derivnyx) 

= angular difference between the exit heading and the runway down range (radian) 

Zagl = the yaw angle of the aircraft (radians) 

K = acontrol gain constant 

DERIVN(x, 1) = the first order derivative of x 

This control schedule follows the principles of a derivative control law with a fixed gain. 

Wet Runway conditions 

The wet runways would be the critical scenario for the high- speed turnoff. Due to 

inconsistencies in the depth of the fluid covering the runway and the existence of 

hydrodynamic pressures such as the hydrodynamic lift, which can cause tire hydroplaning 

at high speeds the motion of a wheel over a wet runway surface is more complicated. 
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When a tire moves over a fluid-covered runway, as the tire moves forward at a velocity V, 

a wedge of fluid is forced under the tire. Thus only apart of the load on the tire is supported 

by the runway. The remainder of the load is supported by the fluid. This hydrodynamic lift 

results in lower friction coefficients on wet surface when this wedge of fluid is forced all 

the way to the rear edge of the tire's supporting surface, the tire is lifted from the runway 

surface and is supported fully by hydrodynamic pressure. This phenomena is called 

dynamic hydroplaning where a tire is supported by fluid. 

The relationship of the hydroplane speed and the tire pressure is 

V=10* VP 

where 

P = tire inflation pressure (Ib/in”) 

V = speed where hydroplaning develops (mi/h) 

For example, a typical Boeing 747B tire pressure is 185 psi and the critical velocity is 136 

mish. So the design speed (68 mi/h) is significantly below the hydroplaning speed limit. 

4.2 Human Factor Problems in High-Speed Exit Design 

The introduction of high-speed exit geometry would certainly have some impacts on the 

pilot perception when he is landing under poor visibility condition. 
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Assuming that under VFR condition the pilot will have full control to his vehicle, it is 

reasonable to believe that a large proportion of the information that the pilot uses arrives 

from the visual cueing system. Therefore, both the quantity and the quality of the visual 

information are decisive for a safe landing and exiting maneuver. 

Many studies on driver's perceptual behavior assume that the size of the driver's visual 

field depends on driving speed in the sense that the area from which the driver acquires 

visual information increasingly narrows as speed increases. For example, in the automobile 

tests, researchers found that the horizontal visual field range is 150 degrees at 50 km/h, but 

only 50 degrees at 100 km/h. And, if the speed is faster than 100 km/h, the visual 

performance reduces to half, compared to when a stationary car is [Bartmann et, al, 1989]. 

These concepts of effect of speed on field of vision would mean that at a higher driving 

speed the pilot would not be able to perceive the relevant information in the periphery of his 

field of vision, when the density of information increases. It is believed that peripheral 

vision is of great importance for visual information pick-up, because it directs the foveal 

attention to relevant “place” of the scenery [Bartmann et al, 1989]. 

As high-speed exits will change the turn-off speed from 28 km/h to 126 km/h when 

compared to the low speed, right angle turnoffs, it might be necessary to measure how the 

field of vision is reduced and how much it would affect the pilot's behavior. Based on the 

suggestion of Senders [1983], An “optimal load" is achieved, when a balance occurs 

between the rate of information input and information processing. The pilot is likely to 

choose a speed to keep this balance. A measurement of the chosen turnoff speed and the 

design speed at the turn-off will give more confidence to both the designers and pilots in 
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the correct attributes necessary to achieve a good design balance. It is also believed that the 

perception of the high-speed exit would affect or change the behavior of the pilot when he 

is landing. Thus ,the aircraft velocity profile would probably be affected by the pilot's 

perception of the turnoff peripheral cues as well as by its location. A research is under way 

at the Center for Transportation Research to establish an exit choice model so that pilots’ 

perception can be fedback into the turnoff location optimization procedure. 

According to the previous discussion, future research on two issues would be helpful. The 

first issue is that it is necessary to add specific runway/taxiway markings and lights to the 

proposed high-speed exits and to their location with respect to a runway. The second issue 

is that how much information should be added in order to maximize the probability of exit 

choice without imposing added visual workload on the pilot or even creating visual 

confusion. 

4.3 Economic Model Analysis 

4.3.1 General Analysis 

In the economic evaluation of transportation engineering two concepts are usually used in 

the analysis. These concepts are costs and benefits: 

Costs Analysis 

Several cost categories should be considered in the evaluation of high-speed turnoffs 

facility investments: 1) construction, 2) land acquisition, 3) maintenance and operation, 4) 
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administration, 5) user and 6) airline costs. The following paragraphs describe briefly each 

one of these cost categories and point out some of the most important parameters to 

ascertain each one in this thesis. 

1. Construction and Land Acquisition Costs 

Since many high-speed turnoffs will be located between an existing runway and a taxiway, 

there is no extra requirement of land use. Therefore, the land acquisition costs are 

eliminated in this study. The construction costs and the operation breakdown loss during 

the construction would be consider in this category. 

Mean construction costs per unit area for runways and taxiways can be ascertained from 

construction manuals. According to the practices of the construction contract administrative 

authorities, the actual cost could be the reasonable estimated with the historical data and the 

geographical location. Therefore the cost will be different from area to area and also varied 

according to construction firms. Technically speaking, an excess cost is reserved based on 

the cost from the cost-benefit analysis by the planner. To simplify matters, this study will 

only use a break even cost to evaluate the facility construction cost. 

2. Maintenance, Operation, and Administration Costs of New High-Speed 

Exits 

Operation, maintenance, and administration costs cover the annual costs of operating the 

facility. It seems that it is difficult to estimate the exact costs of this category for the facility 

as there are usually many unknowns. These costs will include such items as maintenance, 
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signing, pavement markings, runway/taxiway surface repairs. In the improved airport 

facility, the number of exits will be changed depending on the aircraft mix and other aircraft 

parameters. Besides the runway delay cost due to this construction, costs are also due to 

increase corresponding the taxiway/turnoff areas. Compared to the operation and 

maintenance cost of a complete airport, the marginal cost for this facility is rather small but 

could be considered as an entity 

Administrative costs are somewhat more difficult to estimate, particularly in the case of 

small projects where increases will not appear as increased staff requirements, but only in 

marginal increases in workload on the existing staff [Stopher et al, 1976]. The 

administrative function cost of airport is usually so large compared to the small increase in 

the numbers of landings and departures that will not increase the cost on the airport 

administration significantly. 

3. User Travel Costs 

Users costs are somewhat more complex and include several items. The first one is the 

direct and indirect airline operating costs, including operating mileage-related maintenance. 

The second item is time lost costs to passengers. 

Airline Operating Cost 

Direct operating costs to the airlines due to delay include the cost of fuel, crew time, 

maintenance, and depreciation. These cost differ by aircraft, type, with larger aircraft 

costing more to fly. Aircraft operating costs usually were determined by considering direct 

42 Model Analyses



operating costs but excluding depreciation and insurance costs. These costs were tien 

increase by 25% to account for indirect operating costs. | Milton et, al., 1967] 

Historical data on operating cost of aircraft was collected from various sources. Looking at 

actual operating cost data, it was found that for aircraft classified in category C and D, the 

operating cost is correlated with the maximum takeoff weight and was applicable to US. 

airlines | Aviation Week, 1988], including American, Delta, United, USAir, and Northwest 

Airlines. The data is nonetheless representative of real operations as these megacarriers 

dominate the air transport market in United States. 

The relationship of block hour expenses and maximum take off weight is: 

Y = 0.0058 X + 1253.93 [4.3.1] 

with r=0.9821 

where 

Y = hourly operation cost dollar. 

X = maximum take off weight. (1000 Ibs) 

Passenger Costs 

Passenger costs are associated with passengers being delayed. There are at least three 

approaches to determine the passenger time value: |) The first method is to value the time 

according to the travelers willingness to pay to avoid delay. 2) The second method is to put 

the value of passengers travel time as a function of his wage. 3) A more sophisticated 
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approach is the use of derived elasticity of demand function for air travel to compare the 

value air travelers place on their time. 

Each of the three methods above can be used to calculate the passenger time value. 

However it should be understood that there is a threshold of the passenger time delay. 

Passenger delay loss will be of concern only if the delay is above this threshold. According 

to ATA, the Air Transportation Association,[ATA, 1987] the flight delay statistics show 

that delays of less than 15 minutes were chronic and widespread, representing 60% of all 

behind-schedule arrivals. This implies that passenger's delay threshold could be 15 

minutes. 

Rate of Discount 

The appropriated rate of interest or rate of discount is the necessary instrument in present 

value and capital recovery criteria. A rate of 7 percent is used as the average annual 

discount rate. 

4.3.2 Peak Hour Operation Cost Analysis 

The high-speed exit will reduce the average runway occupancy time. The cost of airside 

operations could be reduced by decreasing the airside maneuvering time and benefits could 

be obtained by letting more aircraft depart during the inter arrivals time gaps resulting from 

lower runway service times. Thus, the cost analysis should consider the following three 

categories respectively: 
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Figure 4.6 Regression of Aircraft Operating Costs. 

|. More departures and arrivals will be allowed 

2. Airside land maneuver time will be reduced 

3. Passenger travel time will be saved 

Both landing and departure changes are only considered with regard to the benefit of the 

more departures. However, it is not easy to compare the costs between the runways with 

high-speed exit and those having normal exits. For simplicity, it is assumed that the 

Model Analyses



demands to the use of runway are the same. Base on this assumption, it is easy to compare 

the trade-off of cost increases between two equality saturated facilities. 

With the same saturated demand, in the do-nothing case, the delay will be increased both 

for departures and arrivals; in the improved case, the delay of departure and arrivals will 

decrease and the capacities increase conditionally, In the improvement case, a certain 

amount of investments are required for research and development and facility construction 

purposes. Obviously, the airside maneuver time and the passenger travel time saving can 

also be analyzed in a similar way as the previous. Two difficulties arise in this analysis: the 

first one is that, since to the airlines the operation costs/benefits for arrivals and departures 

in the peak-hours and non-peak-hours are completely different, it is necessary to know 

how sensitively time delays affect the cost/(benefit) during peak hours and non peak hours. 

The other one is to know that in what way the passenger's value of time should be 

considered. It seems that time delays within 15 minutes are tolerated. However, more than 

15 minutes in delay would certainly cost the passenger and the people of greeters in terms 

of holding delay time and parking cost. 

The airport authority would certainly get more benefit from more airlines’ operations, if the 

direct benefit to the airport authority are justified through more landing fee revenues. 

However, the indirect benefit is more complicated and not easy to estimate. 

The major problems in peak hours are capacity related. The utilization of high-speed exits 

will reduce the runway occupancy time and hence increase the runway capacity under VMC 

conditions and mix operations. By far, the research is concentrated on the reduction of 

runway occupancy time and delays. It is easy to understand the benefit of this new facility 
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if we can convert the time savings into monetary values. Conceptually, the savings will fall 

into two categories:. The first one is the landing fee revenue increase because of the 

increase of capacity allows more arrivals under VMC or an advance ATC system. The 

second one is a possible reduction in taxiing time and delay reductions of departures 

because as the high-speed exits will open more gaps between arriving aircraft. 

It is recommended by Roskam that the landing fee could be correlated to the aircraft take off 

weight [Roskam, 1985]. The landing fee is estimated as follow: 

CLanding Fee = k x WATOW [4.3.2] 

where 

k= rate of landing fee. (dollar/lb) 

WTOW = weighted take off weight (Ib) 

and 
n 

WATOW = y nx TOW; 
i=1 [4.3.3] 

where 

ni = the percentage of the ith type of aircraft 

TOW = the take off weight of the ith type of aircraft. 

Mathematically the departure cost could be expressed as: 

Cpo=NZA PT; [4.3.4] 

where 
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Cp = total operation cost 

i = ith type of aircraft 

A; = a cost factor related to the ground operation ith type of aircraft 

N = total number of departing aircraft 

P; = the percentage of the aircraft of the ith type 

Ti = the delay of the ith type of aircraft 

Considering the effect of runway capacity, it is desired to analyze the sensitivity of 

departure cost for various aircraft mix indices. As we know, different airports will be 

associated with different air transport activities, and these differences can be expressed in 

terms of aircraft mix indices. Thus the aircraft mix index is a major input to the model. The 

taxiing time cost model is a little more complicate and the data flow is shown in Figure 4.8 

The calculation of runway capacity is very straight forward. A computer software called 

Airframe 1.2 is used to calculated the runway capacity for various aircraft mix indices and 

runway occupancy times for each aircraft class or category as the inputs. The causal 

diagram of this cost estimation process is shown in Figure 4.7 
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4.4 Systematic Analysis of High-Speed Exit Optimization. 

According to the design procedure of high-speed exit design, a typical high-speed cost 

evaluation analysis consists of the following four steps: 

|. Estimation of aircraft mix for the peak hour 

2. Specification of level of service standard and estimation of the gap between demand 

and supply 

3. Optimization of exit locations and numbers of exits to accommodate the expected 

aeronautical demand 

4. Cost/benefit evaluation 

According to these four steps, we can see that there is a defined trade off between the level 

of service, including capacity and delay, and the cost of infrastructure construction. By 

converting the reductions of weighted average runway occupancy time (WAROT) into 

runway capacity and delay, we can know how much capacity gain could be obtained. This 

capacity gain is further converted to a monetary value by estimating the landing fee 

increases and airline operation cost reductions caused by the reduced taxiing time. It is 

obvious that a balance can be reached. The causal diagram of high speed turnoff 

optimization procedure is in Figure 4.9. 
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The runway occupancy time ROT is an important factor to estimate runway capacity under 

VMC conditions. The ROT and the aircraft mix conditionally influence the runway capacity 

and delay. The landing fee increases and operating cost reductions are derived from the 

increased capacity and departure delay reduction, and also depended on the aircraft mix. 

Construction cost is also another constrain in the high-speed exit implementation. For a 

given set of airport and aircraft mix conditions, the optimal number exist. If more exits are 

build, the economic gain is less significant. Therefore the planning high-speed requires a 

system dynamic approach to balance the construction costs with delay and capacity 

benefits. This is illustrated in Figure 4.9 , 
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5.0 Model Results and Analysis 

To illustrate the ideas expressed in this research, both the mechanical and economic models 

have been quantitatively analyzed for a variety of conditions. 

5.1 Vehicle Operational Analysis 

Several parameters of the model were varied to analyze the capabilities under different 

speeds, control gain setting values and turnoff geometries. To show the simulation results, 

a typical high-speed geometry was considered as shown in Figure 5.1. The aircraft chosen 

in this simulation was a Lockheed Jetstar, a four-engine business aircraft with 

characteristics described by Crane [Crane, 1974]. 

  

  

  

t
y
t
a
 tb 

  

    

  

pe
 

  A
 

‘A
 

    
  

Figure 5.1 Proposed High-Speed Exit Configuration. 

The turnoff velocities tested varied from 50 ft/sec to 90 ft/sec, representing typical design 

exit speeds for medium and high-speed turnoffs. In the open loop simulation, given a 
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certain initial steering step command of steering input to the nose wheel, the aircraft was 

capable to negotiate sharper turns as those suggested in the research. The comparison of 

these geometries is shown in Figure 5.2. Figure 5.3 gives the real and desired turnoff 

tracks, and Figure 5.4 gives the yaw angle history of the aircraft and steering input to the 

nose gear. The side forces observed in the simulations also were kept within reasonable 

limits as illustrated in Figure 5.5. In the closed loop simulation, the offset distances 

observed were kept within 5 ft of the centerline under all initial exiting speed. 

In order to test the validity of the three degrees of freedom model, a second set of 

simulations was carried out using mechanical characteristics of a vehicle similar to a Boeing 

747-200. By giving discrete step command to the nose wheel, the aircraft model was 

simulated up to the turnoff tangent point (see Figure 5.1). During the turnoff maneuver, the 

offset distances in the open loop simulation were also within 5 ft. Figure 5.6 gives the 

comparison of the desired tracks and real tracks. The side force coefficients of the nose 

and main gears were within 0.14, less than the wet pavement skidding requirement (i.e., < 

0.2). Figures 5.7 and 5.8 give the side force coefficient the histories for the landing gear 

the steering input. 
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Figure 5.2. Comparison of Allowed and Desired Tracks (for Lockheed Jetstar). 

Model Results and Analyses 

 



  

  

  606 

    

Turnoff Entry Speed = 80 ft/s . 

——+—— Desired Track 

—+—— Real Track 

  

    

506 
“~ 
~ 

= 40} 
a 
an 
& 

a 306) 

r-) 

ae a 20 
La 
od 

100 

| 

-106 T T 

0 500 
i , t 

1000 1500 

Downrange (ft.) 

ms T 
2000 2500 

  

Figure 5.3 Comparison of Desired and Real Turnoff Tracks (Lockheed Jetstar). 
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Steering Input Shown in Figure 5.8 (Boeing 747). 
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Shown in Figure 5.6 (Boeing 747). 
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5.2 Economic Analysis 

To make comparisons in the cost analysis, a baseline scenario was selected with a 

configuration similar to that shown in Figure 5.9. The baseline configuration has one 

runway and six 90 degree exits. Several input parameters were varied in the baseline 

scenario to test the sensitivities of cost/benefit results for various exit speed turnoff 

configurations. The following model parameters were investigated: 

1). Scenario 1----- aircraft mix index 

2). Scenario 2-----landing fee rate 

3). Scenario 3-----taxing time and operating cost 

4). Scenario 4-----break even cost analysis. 

5.2.1 Baseline Scenario 

The runway labeled 24 (shown in Figure 5.9) was chosen as to test the proposed 

methodology. The major input parameters used for the analysis were discussed below: 

1. Arrival /Departure Ratio 

In the analysis 50 percent of arrivals and 50 percent of departures were assumed for most 

of the scenarios. This implies that aircraft mixed operations apply. 

2. Landing Weight Factors 

This group of data is applied to landings only. The aircraft weight factor is a 

nondimentional parameter that indicates the percentage of the useful load carried by the 
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aircraft at landing. A weight factor can vary from 0 to |. The zero means the minimum 

landing weight and one means maximum landing weight. The mean and standard deviation 

of these two parameters are shown in Appendix.B 

3. In-trail Separations: 

The current FAA set ATC separations under VFR conditions were used and shown in 

Appendix B. 

4. Airport Data 

Data containing airport environment and runway exit characteristics for this baseline 

analysis are shown in Appendix B. 

5.2.2 Scenario 1 

In a previous research, it was tested that how the runway exit locations and configurations 

would affect the weighted runway occupancy time (WAROT) and hence the capacity of the 

runway to a specified aircraft mix index. However, it would be more helpful to have results 

for different aircraft mix indices so that the behavior of capacity changing with the aircraft 

mix could be readily ascertained. It is obvious that the hourly capacities for sixty general 

aviation aircraft and for sixty transport type aircraft are viewed differently by the airport 

managers. 
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Figure 5.9 Baseline Scenario Runway Configuration. 

Five aircraft mix indices were chosen to evaluate the capability of high-speed turnoff to 

increase the runway capacity. These data represent the aircraft mix comprising different 

aircraft categories as defined by current ATC standards (i.e., TERP categories) and are 

shown in Table 5, 1. The simulation results indicated that when the aircraft mix index 

increases, as shown in Figure 5.10, the capacity decreases. This is reasonable because it is 

imaginable that when the runway has to operate with higher percentages of large aircraft, 

the runway occupancy times increase and the capacity decreases. However, if the increased 

capacities were converted into percent increments of the baseline capacities in Figure 5.11, 

we can see that the capacity gain does not increase monotonically. When the aircraft mix 

index is low, as low as 57, the percentage of the increased capacity is relatively high, 11 

percents; when the aircraft mix is near 72, the percentage of the increased capacity 

decreased and then this percent increases again for higher mix indices. These results 
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suggest that high-speed exits are capable of increasing the runway capacity under different 

aircraft mix indices; the percentage of the increase caused by the high-speed exits is 

sensitive to the aircraft mix specified. Also, we should notice that the lowest gain among 

the capacity values is not always associated with a fixed aircraft mix index. Results would 

be different from case to case depending upon the mix used in the analysis. 

§.2.3 Scenario 2 

Although high-speed exit can increase the capacity of a runway under certain conditions 

(i.e, WMC, mixed aircraft operations), it is difficult to evaluate the benefit of this 

improvement. Conceptually, the increase in capacity can allow more aircraft to land during 

the peak hours. The airport would therefore have more revenue from landing fees. Because 

landing fee depends on the take-off weight of aircraft, and the mean takeoff weights vary 

with the aircraft mix index, the landing fees are sensitive to both of the aircraft mix and the 

runway Capacity which could be increased. Landing fees are also a function of the landing 

fee rate. To analyze the sensitivity of landing fee rate, values were varied from 0.001 

dollar/lb to 0.003 dollars/Ib, which are the lower and upper limits of landing fee rates 

among current airports. Besides landing fee rates, the total operations per day in the 

baseline scenario were also considered as shown in Figure 5.12. 
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Fable 5.1 Aircraft Fleet Mix. 

    

  

  

  

  

              

Fleet Mix % A B C D 

57 3 40 57 0) 

72 3 35 57 5 

103 () 23 64 13 

117 0) 23 57 20 

135 () 17 57 26       
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Figure 5.10 Behavior of Runway Capacity vs Aircraft Mix Index. 
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Figure 5.11 Capacity Increments for Different Aircraft Mixes. 
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Figure 5.12 Landing Fee Variations vs. Operations (20 Year Life Cycle). 
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From the results shown in Figure 5.11 depicting the increased capacity, a certain 

percentage of capacity gain could be obtained by installing several high-speed exits with 

optimal locations along the runway. This means that the more operations per day (duration 

of peak hours) the baseline scenario has, the more new operations will be accommodated 

by high-speed taxiing. Thus, the number of operations during peak hours is also a sensitive 

parameter. Figure 5,13 illustrates the behavior of landing fee with aircraft mix along the life 

cycle. Figure 5.13 shows the behavior for a baseline scenario with 250 operations per day, 

landing fee rates of 0.001 dollar/Ib, 0.002 dollars/lb, and 0.003 dollars/Ib were used. 

Contrary to the behavior of runway capacity, which indicates that capacity decreases when 

aircraft mix index increases, the total landing fee income increases if more transport or 

heavy aircraft are operated. Assuming an high value of demand, high-speed exit 

infrastructure seems to have benefits to the airlines, to the airport managers, and to 

passengers. 
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Figure 5.14 Taxing Reductions. 
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Figure 5.15 Total Airline Operating Cost Reductions Along Life Cycle. 
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Table 5.2 Seatac Airport Mix Index and Aircraft Landing Weight Factors. 

  
  

  

  

  

  

  

  

  

  

  

  

    
  

  

  

  

  

        

Aircraft Name Aircraft Mix Weight Factor 

A-300-600 2 0.7 

B-727-200 19 0.7 

B-737-300 16 0.7 

B-747-400 3 0.7 

B-767-300 1 0.7 

BAe-31 10 0.7 

CE-208 1 0.8 

CE-421 4 0.8 

CE-550 3 0.8 

DC-8-73 3 0.7 

DHC-7 4 0.7 

DHC-8-100 3 0.7 

EMB-120 3 0.8 

L-f011 3 0.7 

MD-83 12 0.7 

PA-38-112 l 0.8 

SA-227-AT 12 0.8     
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§.2.4 Scenario 3 

Besides that high-speed exits are able to accommodate more landings and departures; 

taxiing time of the landing aircraft can also be reduced. Obviously, the saved taxiing time 

would reduce the airline operating cost. This was discussed in Chapter 4. 

To get a quantitative perception of this idea, a typical aircraft mix was run by using 

RUNSIM to simulate the taxiing maneuver time saving due to the use of high-speed 

tumoff. This analysis used a configuration similar to SEATAC International Airport for the 

sake of illustration. and the aircraft mix is shown in Table 5.2. The taxiing optimal 

locations were generated from REDIM and put as parts of the input parameter in RUNSIM. 

Both of the saturation arrival and departure rates are 28 operations per hour which are the 

most expected operation rate under VFR condition (28 arrivals and 28 departures). 

Figure 5.14 gives the taxiing times of baseline and improvement scenarios. From the figure 

we can see that, if four high-speed exits with optimal Locations are constructed eight types 

of aircraft will have significant reductions in taxing times. The highest reduction of taxiing 

time was 30 seconds for medium size transport aircraft. Also we can perceive from the data 

that the amount of taxiing time savings is associated with the proportion of a specified 

aircraft to some extent. For example, in the improved scenario, B 727 with the largest 

proportion in the mix, 19 percent, obtained 29.98 seconds of taxiing time saving, B 737, 

with the second largest proportion, 16 percent, obtained 19.41 seconds of taxiing time 

savings, and MD-83, with the third percentage, 12 percent, obtained 29.89 seconds of 

taxiing time savings per operation. Another important result from the simulation was that 

no aircraft had the taxiing time increases caused the relocation of the exits. This speaks well 
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of the capabilities of REDIM 2.0 as an optimization/allocation design tool. Figure 5.15 

gives the total airline operation cost saving due to delay and taxiing time reduction. Figure 

5.16 and 5.17 represent the cost savings from arrival and departure operations. 

All the results described above support the following explanation: The high-speed exit 

location optimization procedure is able to reduce the runway occupancy time and hence 

increase the runway capacity; because the high-speed exit geometry can allow the aircraft to 

exit at a relatively very high-speed, taxiing times of the aircraft are also be reduced even 

when the exits are relocated and make a few aircraft taxi longer distances. 

5.2.5 Scenario 4 

It has been proved in scenario three that the installation of high-speed exits could increase 

the runway capacity and reduce the taxiing operation cost of the airlines. However, we 

should notice that the construction of high-speed exit needs some investment for the 

installation of the infrastructure at first. A preliminary cost-benefit analysis is necessary 

before any implementation of this type at an airport. Because construction costs are varied 

among construction firms and regions, this research will compute the break even cost given 

the potential revenue increases. The break even cost in this thesis is a pseudo construction 

and maintenance cost value of the facilities in the life cycle that, if the actual cost could be 

lower than this value, the high-speed exit construction project will be beneficial to the 

airport, passenger and airline operators. Because this analysis is from the point of view of 

the complete system, and it does not deal with any money flow between the airport and the 

airlines, the airline operating costs and passengers’ savings were considered separately. It 
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is believed that the break even cost contains more information than any computed net 

benefit or cost-benefit ratio derived from a specified construction cost. 

Figure 5.18 gives results of the case study for SEATAC Airport Runway 16L including the 

limits of the construction and facility maintenance cost of the facilities in the life cycle per 

single high-speed exit. Total requirements are two high-speed exits. From the diagram, we 

know the relationship between investment upper limits and the total daily peak hour 

operations (50/50). This case study assumes no air traffic growth exists which would be a 

very pessimistic case. The benefits are mainly from the delay reduction and taxiing time 

reduction. Simulation results show that the upper limits of investments that can potentially 

be benefit. These values vary from 2 million dollars to 13 million dollars per exit depending 

on the daily peak hour operations. 

Figure 5.19 gives results for another case study (Greensboro Airport runway 23L). From 

the diagram and given a specified aircraft mix index, we can find the break even limit of the 

construction and maintenance costs for a single exit. This case study applies for the 

scenario that the airport manager is planning to expand the airport service which can bring 

more landing fee revenue due to increased runway capacity. The present value of break 

even costs vary from 6 to 13 million dollars per exit depending on the aircraft mix. 
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Figure 5.18 Present Value of Break Even Cost for Each Exit. (Landing Fee Considered 

Only; A 20 Year Life Cycle.) 
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Figure 5.19 Present Value of Break Even Cost for Each Exit (Airline Operation Cost 

Considered Only; 20 Year Life Cycle). 
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6.0 Conclusions and Recommendations 

The research approach taken in this research demonstrated that high-speed exits are 

operationally feasible and economically profitable. The conclusions could be divided into 

two parts: |) those dealing with the turnoff vehicle model and 2) those associated with the 

economic justification of high-speed turnoffs. 

6.1. Vehicle Aspects 

The simulation results support that large aircraft are able to negotiate high-speed turnoff. 

The side force coefficients observed in the simulations (0.02-0.15) are below the wet 

pavement skidding friction values (i.e. < 0.2). The offset distances of the aircraft are within 

a safe range to minimize potential track excursions beyond the turnoff centerline. Also open 

loop simulations indicated that the steering requirement to the aircraft nose gear are within 

mechanical limits.. Times to start the steering commands are critical to the aircraft turnoff 

maneuvers 

6.2 Economic Aspects 

The economic analysis approach in this research demonstrated several economic benefit 

associated with the construction of high-speed exits. The major benefits are described 

below: 

Conclusions and Recommendations



1. Under VFR conditions and aircraft mix operations, the construction of high-speed exit 

could increase the runway capacity by seven to eleven percent caused by the reduction of 

weighted runway occupancy time, WAROT. 

2. If the demand of landings and departures are sufficient, the construction of high speed 

exits with optimal locations, The airline operators can allow more aircraft to land and depart 

thus increase the landing fees revenue; this change in revenue is substantial if the medium 

size and heavy tranport aircraft dominate the aircraft mix. But it is very sensitive to the 

aircraft mix characteristics. The increase in revenue is not monotonic with changes in the 

aircraft mtx index. 

3. Since high-speed exits allow the landing aircraft exit at a higher speed up to 35 m/s, the 

taxiing maneuver times could also be reduced to some extent (about 14 seconds of the 

weight average time reduction in the case study). If the daily operations on the runway are 

substantial, say 250 operations per day in peak hours, The operational cost saving could 

result in more than 40 million dollars over a 20 year life cycle. 

4. The air traffic forecast is very critical to the economic evaluation of high-speed exits; 

even if the aircraft mix remains stable over time, the results of the evaluation methodology 

might be different for various airport runway/taxiway configurations and should be treated 

in a one to one case basis. 

5. Passengers’ travel time reductions are not considered numerically in the result 

discussion for the reason that in the simulated cases the passengers’ delay is below the 

threshold of delay. However, if the demand of arrivals and departures is high enough, 
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reductions of passengers’ travel delay should be in one of important entities to the benefit 

evaluation. 

6. The conditional capability of high-speed exits to increase the runway capacities implies 

that installations of high-speed exits can conditionally, under advanced air traffic control 

system or VMC, either improve the runway capacities with the same allowed delay limit or 

improve the level of service with the delay reductions. 

7, Although this research set the its condition boundary in a single runway, we can still 

prospect the systematic impacts of this new facility. From the stand point of the whole air 

transportation net work, a few minutes of delay reductions in one note or several notes 

would have significant improvement to the level of service of the whole air transport 

system. Thus the economic benefit of this facility is tremendous and this benefit can not be 

justified in a quantitative method. 

6.3 Recommendations 

It has been proved that high-speed exit cans increase the runway capacity and reduce the 

landing aircraft taxiing maneuver time under specific conditions. According to current 

research results, several recommendations are suggested: 

1. A more sophisticated human-vehicle model is required. By using this upgraded model, 

the turning maneuver landing gear forces on the aircraft can be analyzed in a more precise 

way. This kind of model will be able to analyze the feasibility of new configurations such 

as the utilization of superelevation to reduce the turnoff radii. The proposed human-vehicle 
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model can also be used to generate the turnoff tracks of different aircraft. These tracks will 

be used for the optimization of turnoff configurations. 

2. Aircraft exiting at high speeds will require longer tangent segments to stop the aircraft 

after the exit maneuver. If the runway-taxiway network is not as simple as that of the case 

study, there might be some conflicts between runway and taxiway operations. Therefore, 

further research should be done on the airport ground network operation analysis 

accommodating high-speed exits. 

3. Runway markings and lighting are very important to the taxiing maneuver safety, until 

now there is little research which has concentrated on the high-speed exit marking and 

lighting schemes. This is obviously an area requiring further research. 

4. Human controllers’ perception is another important aspect in high-speed turnoff 

maneuvers. More experiments are needed to assess the pilots’ behavior of turning 

maneuvers, landing deceleration and exit choice modeling. This analysis could enhance the 

optimization of exit locations as predicted by REDIM. 

5. REDIM is a powerful tool to optimize exit locations and reduce runway occupancy time; 

However it seems to be an open loop analysis. If the reduced runway occupancy time can 

be converted into runway capacity and taxiing time reduction gains, and furthermore this 

increased capacity can be measured in monetary units, an optimization between numbers of 

high-speed exits and their economic gains could be reached. 
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Appendices 

Appendix A: Three Degrees of Freedom Aircraft Model Source Code 

r(t) = r(t - dt) + (rdot) * dt 

INIT r = 0.0 

DOCUMENT: yaw rate 

INFLOWS: 

rdot = (sumN)/izz 

DOCUMENT: derivative of yaw rate 

rx(t) = rx(t - dt) + (rxdot) * dt 

INIT rx = 0.0 

DOCUMENT: real track in x direction 

INFLOWS: 

rxdot = speed*COS(Zagl) 

DOCUMENT: speed in x direction 

ry(t) =ry(t - dt) + (rydot) * dt 

INIT ry = 0.0 

INFLOWS: 

rydot = speed*SIN(Zagl) 

DOCUMENT: speed in y direction 

steering L(t) = steeringL{t - dt) + (srate) * dt 

INIT steeringL = 0.0 

DOCUMENT: steering on nose gear 

Appendix A 89



INFLOWS: 

srate = if TAN(Zagl)>0.60 AND SR>0 THEN 0 else SR 

DOCUMENT: steering rate 

u(t) = u(t - dt) + (udot) * dt 

INIT u = 80 

DOCUMENT: body velocity in x direction 

INFLOWS: 

udot = sumFx/m+v*r 

DOCUMENT: rate 

v(t) = v(t - dt) + (vdot) * dt 

INIT v =0.0 

DOCUMENT: body velocity in y direction 

INFLOWS: 

vdot = sumF y/m-u*r 

DOCUMENT: rate of v 

X(t) = X(t - dt) + (Xdot) * dt 

INIT X =0.0 

DOCUMENT: travel distance in x direction 

INFLOWS: 

Xdot =u 

DOCUMENT: Xdot equal to u 

Y(t) = Y(t - dt) + (Ydot) * dt 

INIT Y =0.0 

DOCUMENT: travel distance in y direction 

INFLOWS: 

Ydot =v 
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Zagl(t) = Zagl(t - dt) + (Zagldot) * dt 

INIT Zagl = 0.0 

DOCUMENT: yaw angle 

INFLOWS: 

Zagldot =r 

alfar = 0.0 

DOCUMENT: angle of attack 

b= 196 

DOCUMENT: wing span 

beta = ARCTAN(v/n) 

DOCUMENT: side slip angle of the body 

betaTL = ARCTAN(((v+XtLM*r)*COS(Xagl) 

DOCUMENT: side slip angle of left main gear 

betaTN = ARCTAN(v+XtN*r)*COS(Xagl)-steering 

DOCUMENT: side slip angle of nose gear 

betaTRM = ARCTAN(v+XtRM*r)*cos(Xagl) 

DOCUMENT: side slip angle of right main gear 

brakcf = 0.01 

DOCUMENT: braking coefficient 

BtL = NtL*brakcf 

DOCUMENT: braking force of left main gear 

BtN = brakcf*NtN 

DOCUMENT: braking force of nose gear 
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BtRM = brakcf*NtRM 

DOCUMENT: braking force of right main gear 

CD = CD1+CDaf*alfar+CDdE*Yagl 

DOCUMENT: drag coefficient 

CDI = 0.263 

DOCUMENT: steady state drag coefficient 

CDaf = 1.13 

DOCUMENT: variation of drag with angle of attack 

CDdE =0.0 

DOCUMENT: variation of drag with elevator deflection 

CLI = 1.76 

DOCUMENT: steady state lift coeffecient 

CLaf = 5.67 

DOCUMENT: variation of lift coefficient with angle of attack 

CLUE = 0.36 

DOCUMENT: vaniation of hft coefficient with elevator deflection 

CLf=CLI 

DOCUMENT: lift coeffiecient 

Cn =ptialCnr*r+Cnb*beta 

DOCUMENT: yawing moment coefficient 

Cnb = 0.137 

DOCUMENT: variation yawing moment coefficient with side slip angle 

compRx = rx+18.9*COS(Zagl)+speed*COS(Zagl)*judTime 
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DOCUMENT: desired track in x direction 

compRy = ry+18.9*sin(Zagl)+speed*SIN(Zagl)*judTime 

DOCUMENT: desired track in y direction 

Cy = ptialCyr*r+Cyb*beta 

DOCUMENT: side force coefficient 

Cyb = - 1.08 

CydA =0.0 

Cydr = 0.179 

DOCUMENT: variation of aerodynamic side forces coefficients 

D = 1/2*CD*row*S*speed*2 

DOCUMENT: drag force 

derivnyx = if DERIVN(compRx,1)=0 then 0.0 else DERIVN(Desired_Y_ Track, 1)/DERIVN(compRx,1) 

DOCUMENT: tangent of desired track 

Desired_Y _Track = IF compRx<1635.8 THEN -0.001*compRx+5.483E-6*compRx‘“2+5.610E- 

8*compRx*3+4.29 LE- 1 1*compRx*4-4.77 1 E-14*compRx*5+1.523E-17*compRx*6 ELSE 0.57*compRx- 

633.576 

DOCUMENT: desired track in y direction 

Fax =D 

Fay = Yf 

Faz =L 

DOCUMENT: aerodynamic forces 

Fgx = 0 

Fgy =0 

Fgz =m* gc 

DOCUMENT: gravity forces 
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FtxLM = Bt 

FtxN = BtN 

FtxRM = -BtRM 

FtyLM = -St 

FtyN = -StN 

FtyRM = -StRM 

FtzL.M = -Nt 

FtzN = -NtN 

FtzRM = -NtRM 

DOCUMENT: tire forces 

ge = 32.17 

DOCUMENT: gravity acceleration 

Izz = 43.1F6 

DOCUMENT: moment of inertia about the z axle 

judTime = 0.5 

K = if ABS(yoffset)<2 then 0.5*ABS(Yoffset) else if compRx>1635 then 0.9 else 2.8 

DOCUMENT: control gain 

L = 1/2*CLftrow*S*speed*2 

DOCUMENT: lift force 

m= 17532 

DOCUMENT: mass 

meancl = 27.3 

DOCUMENT: mean cord 

Na = 1/2*Cn*row*S *b*speed*2 

DOCUMENT: yawing moment 

Nt =32.17*mg*83.6/(83.6+4.4)/2+(meancl /(83.6+4.4))*L 
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NtN = 32.17*mg*4.4/(83.6+4.4)-(1+meancl /(83.6+4.4))*L 

NtRM = 32.17*mg*83.6/(83.6+4.4)/2+(meancl /(83.6+4.4))*L 

DOCUMENT: normal forces 

ptialCnr = -0.16 

DOCUMENT: yaw moment coefficient 

row = 0.002378 

DOCUMENT: atmospheric density 

S = 5500 

DOCUMENT: wing area 

speed = (v42 #11%2)0.5 

DOCUMENT: combined speed 

SR = DERIVN((ARCTAN(derivnyx)-Zagl)*K,1) 

DOCUMENT: steering rate 

St = 3*betaT*Nt 

StN = 1.5*betaTN*N 

StRM = 3*betaTRM*NtRM 

DOCUMENT: side forces 

sumFx = Fax+FtxN+Fgx+FtxRM+FtxLM 

sumFy = Fgy+FtyLM+FtyN+FtyRM+Fay 

sumFz = FtzRM+FtzLM+FtzN+Fgz+Faz 

sumN = Na+FtyRM*XtRM+FtyLM*XtLM+FtyN*XtN-Ftx RM* YtRM-Ftx LM*YtLM 

DOCUMENT: collections of forces 

XtLM = -4.4 

XtN = 83.6 

XtRM = -4.4 

DOCUMENT: gears’ positions in x direction 
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Yf= 1/2*Cy*row*S*speed*2 

DOCUMENT: aerodynamic side forces 

Yoffset = Desired_Y_Track-compRy 

DOCUMENT: difference of desired track and real track in y direction 

YtLM =-18 

YtN = 0.0 

YtRM = 18 

DOCUMENT: gears’ positions in y direction 

steering = GRAPH(TIME) 

(0.00, 0.00), (1.76, 0.0136), (3.53, 0.085), (5.29, 0.085), (7.06, 0.085), (8.82, 0.0674), (10.6, 0.0494), 

(12.4, 0.031), (14.1, 0.035), (15.9, 0.06), (17.6, 0.1), (19.4, 0.1), (21.2, 0.1), (22.9, 0.11), (24.7, 0.11), 

(26.5, 0.1), (28.2, 0.1), (30.0, 0.00) 

DOCUMENT: open loop steering input 
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Appendix B: Airport data 

Baseline Scenario Airport data 

Appendix B 

Elevation 

Mean T: 

Runwa 

Runway Width 

Final h 

Number of Exits 

  

  

  

  

  

  

  

  

  

          

Exit No. Exit Type Location (m) 

1 90° FAA 390 

2 90° FAA 1154 

90° FAA 1614 

4 90° FAA 2159 

5 90° FAA 2713 

6 90° FAA 3042     
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Aircraft Population | 

Aircraft Mix Index = 57 

Aircraft Name % of Total 

Armiv 

B-727-200 

B-737-300 

B-767-300 

BAe-146 

GLIS59C 

CE-550 

CE-208 

SAAB-340 

B-757-200 

EMB-120 

L-1011 

MD-83 

SA-227-AT 
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Weight Factor 
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Atcraft Population 2 

Aircraft Mix Index = 72 

  

  

      
  

  

  

  

    
  

    
  

  

  

  

  

Aircraft Name % of Total Weight Factor 

Arrival/Departure 

B-747-400 3 0.7 

B-727-200 15 0.7 

B-737-300 15 0.7 

B-767-300 2 0.7 

BAe- 146 5 0.7 

G1159C 3 0.7 

CE-550 5 0.8 

CE-208 3 0.8 

SAAB-340 10 0.8 

B-757-200 5 0.7 

EMB-120 8 0.8 | 

L-1011 2 0.7 | 

MD-83 12 0.7 

GL159C 3 0.7 

SA-227-AT 12 0.8             
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Aircraft Population 3 

Aircraft Mix Index = 103 

Aircraft Name % of Total Arrival/ Weight Factor 

B-747-400 

i
 

\o
 B-727-200 

—
 

A
 B-737-300 

B-767-300 

BAe-146 

G1159C 

CE-550 

DC-10-30 

SAAB-340 

B-757-200 

EMB-120 

2 

3 

3 

5 

3 

5 

3 

8 

2 L-1011 

po
i 

ta
n MD-83   wm SA-227-AT 
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Aircraft Population 4 

Aircraft Mtx Index = 117 

Aircraft Name % of Total Weight Factors 

B-747-400 0.7 

B-747-200B 0.7 

B-727-200 0.7 

B-737-300 0.7 

B-767-300 0.7 

DC-10-30 0.7 

BAc-146 0.7 

G1159C 0.7 | 

CE-550 0.8 

SAAB-340 0.7 

B-757-200 0.7 

EMB-120 0.8 

L-1011 0.7 

MD-83 0.7 

DC-8-73 0.7   SA-227-AT 0.8 
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Aircraft Population 5 

Aircraft Mix Index = 135 

Aircraft Name % of Total Arrival/ 

B-747-400 

B-74—200B 

—e
 

wn
 

B-727-200 

—
 

7)
 B-737-300 

B-767-300 

BAe-146 

GL159C 

CE-550 

SAAB-340 

B-757-200 

EMB-120 

Ha 
F
o
 
F
n
 
I
e
 

I
n
 
F
w
 
i
n
 

f
p
 

L-1011 

p
m
 

i)
 MD-83 

So
 G1159C 

SA-227-AT 
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