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PREFACE

The continued development of air transportation is of major
importance to the United States. LIf present transportation problems
are to be eliminated and future problems prevented, investigations
must be made today of desirable systems for future years. The fol-~
lowing report consizders an "optimum design' for a commercial air

transportation system to be used within the United States in the
1980's, Tt considers, on a national scéle, the definltion of opti~
mum design, the passenger demand, the passenger routing model, the
optimuﬁ fleet of aircraft and their characteristics, the effects of
the aireraft terminals, and the potential social and economic
constraints.

The 'system 1s proposed by the eighteen- participants of the
National Aeronautics and Space Administration - West Virginia
University Summer- Pre-Doctoral Fellowship Frogram in Engineering
Systems Design as a result of their eleven week study performed at
the NASA Langley Research Center. In addition to attaining this
design, the purposes of the program were to give the participants a
systems design experience and a better awareness of NASA's
activities in aeronautics and astronautics.

Eﬁglneering Systems Design Programs have become well recognized
for the many benefits they give the participants. They obtain an

appreciation of and exper:ience with the overall problems which are

involved 1n preparing a preliminary design. At the same time, each



participant has the opporﬁunity to investigate in considerable
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detail and become expert in one or two aspects of the system, A
participant learns that he must understand the concepts of other
disciplines and how these disciplines relate with his own, he must
be able to talk and work with others as a design team, and he must
be able to handle systems design problems where often the questions
cannot even be properly asked until they are at least partially
answered,

The National Aeronautics and Space Administration has encour-
aged the development of university engineering systems design pro-
grameé by sponsoring summer faculty training programs at NASA Centers
and student pre-doctoral fellowships at selected universities. As a
result, the number of institutions offering systems design courses
continues to grow; however, the total number remains small. Not all
students have the opportunity to take such a course because of the
limited curriculum of their institutions. Recognizing this, NASA
and West Virginia University agreed to present a summer program in
engineering systems design for which all pre-doctoral students in
the nation would be eligible to apply The participants would
recerve academic credit from West Virginia University which could be
transferred to their home 1institution, The eighteen participants
who prepared the following air transportation report represent four-
teen institutions from across the United States. The NASA and West
Virginia University also agreed that there would be added benefit by
presenting the program at the Langley Research Center where advan-~

tage could be made of the professional staff, facilities, and

environment.
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Every design team hopes that it§ d?sign will contribute to the
advancement of society. It is felttthat the following design, in
addition to the experzence it has given the participants, is signif-
icant in many respects., It approaches the alr transportation problem
within the United States on a national scale rather than on a
regronal basis as done in most studies, 1t seeks to optimize the
systems based not only on the costs involved, but also on the wait-
ing time and travel time of the passengers; it determines the pas-
senger demand for specific routes rather than only total demand at a
terminal as done in previous studies; it optimizes wvehicle charac-
teristic based on the specific demands and routes anticipated in the
1980's, it considers the constraints of present and future airplane
terminals, and 1t considers the needs and desires of society in
addition to the purely technical aspects of the system. It is hoped
that the following design will aid both the system design engineer
locking at the overall air tramsportation problem in the 1980's and
also the component engineer who is looking at a single aspect of

the system.

Em1l Steinhardt

Program Director and
Associate Professor
West Virginia Universaity
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ORGANTIZATTON

The participants in the National Aeronautics and Space
Admanistration - West Virginia University Summer Pre-Doctoral
Fellowship Program in Engineering Systems Design worked as a team to
prepare the air tramsportation -systems design They divided their
team into four interrelated working groups, each with an elected
group leader and a definite area of responsibility. The groups were:

1, Wetwork Analysis

2. Vehicle Design

3. Terminal Design

4, Social and Economic Considerations

For each phase of the study, the participants elected one of
their own as project manager to be in overall charge of the study.

The phases of the program were:

1. Information Gathering - 4 weeks
2. Preliminary Design - 3 weeks
3. Fainal Design - 4 weeks

During the first phase of the program, the participants were
aided by background lectures provided by the staff of the Langley
Research Center as well as by other experts from govermnment and
industry, By the end of this phase, the participants wexre able to
define the scope of their owverall design, i1ts major objectaves, and

the major alternatives.
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During phase two, the team engaged in detailed evaluation of
the alternatives and prepared a preliminary design.

Overall system inrtegration and organization of the final report
formed the major effort during the final phase, The design was

arded by preliminary briefings given at the Langley Research Center

3 ’

and at NASA Headquarters, Washington, D. C., where comments of the

]
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audience were reviewed and minor modifications and additions to the

design were made whenever necessary.
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LIBRARY .CARD ABSTRACT
UNITED STATES AIR TRANSPORTATION 1980

"United States Air Transportation 1980% 1s a report covering a
preliminary design developed by the participants 1in the NASA Langley
Research Center. - West Virginia University Summer (1969) Pre-
Doctoral Fellowship Program in Engineering Systems Design. The
proposed system is designed to minimize passenger cost and time 1n
transit.

Included in this report, in addition to the technical descrip-
tion of the system, are such considerations as passenger demand,

costs and funding, vehicle routing, and socioeconomic implications.

X11l



TABLE QF CONTENTS

PREFACE . . .

PROGRAM PARTTCIPANTS

ORGANIZATION

ACKNOWLEDGMENTS . . .. .

LIBRARY CARD ABSTRACT .o Pe e e

I. SUMMARY, CONCLUSIONS, RECOMMENDATIONS

TOTAL SYSTEM STUDIES .

APPROACH

THE TOTAL SYSTEM OPERATING COST CONCEPT

CONCLUSTIONS AND RECOMMENDATIONS

IT. SYSTEM DESCRIPTION

INTRODUCTION . . . TN ..

PROBLEM DEFINITION AND SOLUTION PROCEDURES .

Network Selection

Demand Determination
System Simulation ., .
Optimization Procedures .

SIS I IO
M ON RN
W fwre

’

DIRECT VS, INDIRECT ROUTING
PASSENGER DEMAND BETWEEN THE MAJOR HUBS
CARGO DEMAND . . ., s e e e e e e e

5.1 Model Used
5.2

2.
2. Conclusions

ALLOCATION, SCHEDULING, AND CONGESTION .

2.6 1 Introduction .
2.6.2 Scheduling Problems .

x11i

Scheduling, Congestion, and,Allocatlon

Page
111

V1L

X1

. xii

1-1

1-2

. 2-42

. 2=42
. 244

. 2-45

2u45
2-46



2.7

2.8

3.1
3.2

3.3

3.4

3.5

TABLE OF CONTENTS (Continued)

SYSTEM STIMULATION .

Purpose e e e e
General Approach . . .
Simulation Algorithms
Computer Implementation
Conclusions . . . . . .

SYSTEM OPTIMIZATION . . . . .

The Optimization Problem . .
System Cost Functions
Minimization Technique .
Computer Implementation

COMPUTATIONAL RESULTS

IITI. VEHICLE DESIGN

INTRODUCTTION . .

TECHNOLOGY FORECAST .

PARAMETRIC DESIGN PROGRAM

3 3.1 Cost Besults . . . .

VEHICLE DESIGN ., . . . . .

34,1 CTOL Aireraft
3.4.1.1 Aerxodynamics .
34,12 Weight apalysis . ,
3.4.1.3 Propulsion . . . .
3.4 1.4 Performahce .

34,2 STOL Airecraft
3.4.2.1 Aerodynamics
34.2 2 Weight analysis .
3.4.2.3 Propulsion .
3.4.2.4 Performance .

3 4.3 VIOL Aircraft

COST ANALYSIS . . . . . s

3 5,1 Estimation of Airframe Costs

3.5.2 Direct Operating Costs

xiv

'

3-1

33
3-12
3-16
3-26
3-29
3-29
342
3-47
3-51
3-58
3-58
3-67
367
367
3-68
368

3-68
374



TABLE OF CONTENTS (Continued)

Page

VEHICLES SELECTED . ., . e 0 e e e e s e e ¢ ¢ ¢+ « . 3-82
IV. TERMINAL PLANNING

DOOR TO AIRPLANE . . . . . . . C e e e e e e e e e 42
COSTS . e .. . f e e e e e e e e e e e e e e e e 4-9
INDIRECT OPERATING COSTS e e e e e e e s e . . G=10
4.3 1 Passengers e e e e . e e e e e e e s e e e .. G-10
4.3,2 Cargo . . . . e e e e e e e Y T
4,.3.3 fTotal Indirect Operating Cost . .. B T

COMPARISONS OF DIRECT AND INDIRECT OPERATING COSTS . . . . 4-15

TICKETING FROGCEDURES e e e e e e e e e e e e e e e e . Ge21
CARGO AND BAGGAGE HANDLING . . e e e e e e e e e .. 4=24
ATIR TRAFFIC CONIROL . . . . . . . . e e e e v e .. G-26
4,7.1 1Introduction ., . . e e e e e e e . A=26
4,7 2 Single Operation Runway Landlng Analy51s . e e e o« 4=27
4.7.2.1 Runway capacity constraint . . . . . . . . 4=27
4 7 2,2 Variation of ATC minimum separation . . . . 4=29
4.7 2,3 Landing only analysis - SUMMARY . . . . . . &-32
4 7.2 4 Take-off analysis . . . . .« « . « « o« « « . &=32
4.7.3 Mixed Runway Operation Analysis . . . . . . . . . . 4-34
4,7.4 Recommendations e e e e . e e e e 4« o . 4=-38
RESULTS AND COMCLUSIONS . - Ve e e e . . oo« 4-39

V. IMPACT OF SOCIOECONOMIC TRENDS ON AIR TRANSPORTATION

INTRODUGGTION . . - . e s . . . o . . 5~1
SOCIETY CONSTRAINT MOBEL . . . ¢ ¢ & o v v o o o o o . 5-1
DEMOGRAPHIC TREND AND ECONOMIC GROWTH e i e e e e e e e 5-6

.1 Population . .. 5
.2 Disposable Income and Lelsure Time e e e e . . 5-

v



TABLE OF CONTENTS (Continued)

5.4 THE ROLE OF THE FEDERAL GOVERNMENT IN FINANCING .

5.4.1 Airlime Financial Picture .

5.4,2 Airport and Airrway Finaneing . . . . . .

5.4.3 Govermment Financial Participation in
Research and Development . ., . . . 0 e s

5 5 GOVERNMENT POWERS, POLICIES, AND PRACTICES

5.5 1. Thez=Federal Level . . . .« x e
5.5 2 The State and Regional Levels
5.5.3 The Local Level
5.5.4 Conclusions . . . e e e e e
5 5.5 Recommendations
5.6 ENVIRONMENTAL POLLUTION ., . e e e e e
5 6.1 Air Pollution . e e e e e . e ..
5 6.2 ILand Use . .
5 6.3 WNoxse and the Sonic Boom
5.6 4 Conclusions
5 6.5 Recommendations

5.7 COST PENALTY ON THE SYSTEM . . . +« + & « « v + + =«

APPENDICES

A.2,1 MULTIMODE GRAVITY MODEL . . e e e e e e

A.2.1.1 Calibration .
A,2.1.2 Data For Models e 4 e a s e e e e e s
A.2,1.3 Travel Tame And Cost . . . . . . .
A.2 1.4 Populations . . . e e e e e e .
A 2,1.5 Terminal Time . . + 4 4+ o « v « 4 ¢ ¢ 4
A.2,1 & Results And Conclusions . .

A.2.2 ALLOCATION ALGORITHMS . e e e e

A.2.2.1 General Discussion . . e e v e e s e .
A.2.2.2 Transportation And Transhipment Problems,
The Classical Transportation Problem .
A 2,2,3 The Transhipment Problem ., . . .
A.2.3 PROJECTED CARGO DEMANDS
A,2.9 VEHICLE AND TERMINAL, ATTLOCATIONS - 1980 . . . . .

A 3.1 1980 ENGINE TECHNOLOGY . . e e e

Xvi

Page
5=8

5-8
5-10

5«21
5-23

5-24
5-31
5~34
5-36
5=-37

5-38

5-41
5«45
5«47
5-50
5«51

5«52



AL.1
A.5.1
A.6.1

A,6.2

TABLE OF CONTENTS (Continued)

Page
TERMINAL CAPITOL COSTS . . . « « v 4 o ¢ o s o o« « « « » - A=56
ATRPORT AND ATRWAY FINANCING , . . . .. v e s o« . . . A-Bl
GUEST LECTURERS . . . e . e 4 s e e e e v« . . A-68
TOURS . . e . e e s e e e e e e e , . e . . . . A-T0

XV1L



I. SUMMARY, CONCLUSIONS, RECOMMENDATIONS
1.1 TOTAL SYSTEM STUDIES

In order that the United States Air Transportation System may
continue as a highly desirable and effective mode of tramsportation,
much care 1n planning for the future must be taken now. One must
plan, or design, the system with emphasis on the interactions among
the various components to insure that the result is not a grouping
of highly efficient subsystems which do not function together well
as a system, This type of plamnning 15 called systems design.
Approaching a design in this manner introduces a whole new problem
in terms of added constraints and trade-offs, The planning i1s further
complicated by the fact that wvarious interest groups are often repre-
sented on opposing sides of a tradeoff. The groups involved include
airlines, aircraft manufacturers, gemeral public, and users or cus-
tomers, Tradeoffs may involve pollution (noise and particle),
financing, quality of service and innumerable others., The designer
must not only be aware of the interactions and trade~0dffs, “but must
also attempt to measure their significance and to weigh properly the
more significant aspects in a study of the system. This project
which investigated a 1980 United States Axrr Transportation System
has accounted for the influences of air pollution, aircraft noise,
passenger time delays, air terminal congestion and system economics

as well as the technolegy limitations in a "total %&stemﬂ study,
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1.2 APPROACH

The approach taken 1n this investigation was to represent the
United States Air Transportation System in analytic form., Very
basically, the form used was a total system operating cost equation
consisting of four terms. The four terms are considered to account
for all significant cost factors. These terms are as follows: a.
Direct Operation Gost (D.0.C.), b, Imdirect Operating Cost (I.0.C.),
c. Terminal Cost, and d. Waiting Time Cost. Further discussion of
these cost considerations is given in the following section.

The object was to minimize this total system operating cost for
the United States by manipulating the vehicle characteristics of the
system, 1.e., the optimum fleet and type of aircraft were determined.
This was accomplished by a computer program simulation of the United
States Air Transportation System. The simulation represented the 21
major air transportation hubs across the nation and was assumed to
be a representative, though not complete, model of the actual system.
The results are considered to be valid for the entire United States
system in the 1980's,

The results sgpecify the best system for the 1980's in terms of
the vehicles required. ZKnowing the vehicle configurations, one way
then determine the necessary terminal fac:ilities required for the
expected demands. Care has been taken to determine the passenger
and cargo demand for the 1980's, Forecasts are given for the 420
ma jor air routes in the 1975, 1980, 1985, and 1990 time periods.

Terminal saturation 1s considered, both in passenger handling
capacity, and in runway/airway congestion. An investigation of the

the social constraints upon the system is also given.
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1.3 THE TOTAL SYSTEM OPERATING COST CONCEPT

In any attempt to design a "best" or optimum system one must
first answer the question, "Best in terms of what?". That 15, ome
must establish some criteria to weigh the various alternatives One
means is to look at an 1deal or ultimate system and attempt to
determine 1ts desirable characteristics. The ideal transportation
system would be one which transports its passengers and cargo nstan~
taneously, and at no cost to anyone. The essence of the ideal system
is 1ts low time and cost. These factors are considered in deter-
mining the "best" system for the 198G's The total system operating
cost equation mentioned accounts,for the user's "time spent 1in the
system," as well as the dollar cost to him. The costs to non-users,
airlines, and local and federal govermments are also included. The
terms of the equation are further discussed below:

Direct Operating Cost: (D.0.C.)

Calculated by standard A.T.A. method. (Includes paying
off initial investment).

Indirect Operating Cost (I.0.GC.)

The methed used to calculate I.0.C 1is a modification of
the Research Analysis Corporation method. The items considered
are airrline ground property, servicing, and administration,
along with air traffic control and general airport
administration.

Terminal Cost

This 1s a cost assigned to each pasgenger enplanement and
deplanement in order to pay for terminal facilities not

considered in the Indirect Operating Cost,
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Waiting Time Cost

Here a dollar value 1s given for each hour of time spent

by the passenger in "using' the system. The typical wairting

time

between scheduled flights 1s considered, as 1s the time

.

in flaight.

By manipulating the vehicle configurations the sum of the four

above terms are forced to a minimum. It 1s felt that this defines

the best

system in terms of cost to society.

1.4 CONCLUSIONS AND RECOMMENDATIONS

Regarding air transportation within the United States in the

1980's, this investigation draws the following principal conclusions

and recommendations which are discussed in detail in the following

sections:

1.

The rapid growth of air transportation will necessitate

the accurate prediction of passenger and cargo demand not
only for terminal activity, but alse for activity on each
air route, This report inecludes, what are believed to be,
the first published predictions for the demand by routes in
the 1975, 1980, 1985, and 1990 time periods.

The large passenger and cargo demands for the 1980's will
be best satisfied by the following airrcraft

Vehicle Range(miles) Capacity (passengers)

A 500 200
B 1500 400
C 3000 800

When this fleet of aircraft 1is compared to today's arrcraft

(overestimated as)
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Vehicle - Range(miles) Capacity(passengers) -

A 500 200
B 1500 200
C 3000 400

The following daily saving in total system operating cost

are anticipated,

Year Daily Savings

1980 51,213,000

1985 $3,680,000 ‘
1990 $7,603,000

The supercritical wing, permittang flight at Mach No. = 1.0,
will yield a significant economic advantage For example,
in 1980, use of the supercritical wing will yield a saving
of $680,000 per day om total system operating cest compared
to a system using conventional (Mach No. = 0.8) wings.

The supersonic transport will be banned from overland
supersonic flight,

The maximum allowable community noise level from aircraft
in the 1980 time period will not be permitted to exceed 90
decibel.

A smoke density reading of 20 percent (based on the Van
Brand scale) will be the maximum acceptable level for
engines by 1980, This will result in smokeless aircraft
operation.

The air traffic control should segregate aircraft by
approach speeds and assign different runways for different
speed aircraft, On-board aircraft control equipment will
be used, by 1980, to separate aircraft thus increasing the

number of landings per hour.
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10.

i1.

12,

i3.

14

To speed up the passengers travel within the terminal the
buildings should be designed to separate the passenger
traffic through the ticketing areas from the visitor and
greater traffic in the concession areas.

Automated and computer-controlled baggage and cargo han-
dling systems must be used to speed the loading and unload-
ing of aircraft at the airport terminals and minimize
personnel costs.

Ticketing and baggage processing should be handled through
a computer-controlled system that will answer queries ahout
schedules and connections, make resexrvations, compute
fares, and 1;sue tickets and baggage checks. Discounts for
off-peak hour travel should be incorporated to encourage
travelers to level out the traffic flow,

Satellite terminals in central business districts should be
used to process some passengers and baggage, which could
then be taken directly to the plane for boarding.

The Nations airways, airports, and terminals will become
supersaturated in the next 10 years unless a comprehensive,
national planning effort s undertaken by industry, the
airlines and govermment - local, state, and national,
Federal aid to the airlines can be expected by the 1980's,
This aid will most likely be in the form of an investment
tax credit rather than an outright subsidy.

Federal involvement in airport financing will require the
establishment of a trust fund, similar to the highway trust
fund, financial through a system of user charges, Money

will be dispensed from this and trust fund by matching
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15,

grants and loan subsidization.

NASA's role 1im research and development should expand to
involve not only flight vehicles and propulsion systems but
all aspects of R & D of importance to the national air

transportation system.
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II. SYSTEM DESCRIPTION

2.1 INTRODUCTIOW

Of major importance in the system design of a 1980 air trans-
portation system 18 the development of an optimal network of routes
and flows between terminals within the Continental United States,

As such, 1t was necessary to formulate, design, and analyze various
possible system network configurations in order to arrive at an
optimum commercial air transportation system. It has been necessary
to determine not only the scope and complexity of the proposed
transportation system but also the reliability, effectiveness, and

optimality of the systems under consideration as a whole.

2,2 PROBLEM DEFINITION AND SOLUTION PROCEDURES

After carefully examining previous efforts im transportation
systems design stundies, it was decided to subdivide network analysis
into five areas of investigation. These areas of analysis are as
follows:

a) Selection of a transportation network representative of
the Continental United States.

b) Determination of the demand for travel on the system in
the 1980-1990 time period.

¢) Simulation of a nmational transportation system.
d) Determinatiod of procedures for optimization of the system,

e) Determination of the factors affecting congestion and
scheduling,
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2.2.1 Network Selection

Ford and Fulkerson define a directed Network, G=(N,A) as con-
sisting of a "collection N of elements x, v, . . ., together with a
subset A of the ordered pairs (x, y) of elements taken from N." The

elements of N are varicusly called nodes, vertices, junction points,

or points, members of A are referred to as arcs, links, branches, or

gggg_,l With this concept of a network in mind, a real-world net-
work must be selected which fits the above definition vet adequately
described the commercial air transportation system as it will exist
in the 1980-1990 time period. After comsidering several possibil-
itzes, it was decided that a network comsisting of 21 nodes and 420
arcs would satisfactorily describe the system. These nodes and
arcs, however, were not chosen haphazardly, nor were they selected
randomly, Rather, after careful examination of the air transporta-
tion system in the United States today, the 21 largest air traffic
hubs were chosen as the system network nodes., The FAA defines a
large hub as a metropolitan area which generates one percent (1%) or
more of the Nation's scheduled air carrier domestic enplaned passen-
gers. Based on 1965 data, 22 large hubs existed in the United
States., However, because of their proximity, the New York and Newark
large hubs have been combined intc a single large hub for the pur-
poses of this report and i1n order to keep in line with FAA data
collection procedures.

Once the 21 network nodes were determined, 420 arcs connecting
these nodes were chosen. That i1s, each node was linked to every
other node by a separate arc, thus generating 420 or (n) (n-1) arcs.
On a real-world basis, these arcs represent all possible non-stop

routes between the major continental United States air hubs.
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Non~-stop routes only were considered since it was felt that this
type of routing offered the greatest convenience and shortest over-

all travel time to the potential system users (see Section 2.2),

2,2,2 Demand Determination

Once a system network was chosen it was necessary to develop it,
i.e., determine in what manner the network would be utilized. As
this i1nvestigation was to ;onSLder all aspects of commercial air
transportation, it was necessary to forecast the potential demand on
the system network in terms of both passenger and cargo requirements,

The primary and most obvious reason for forecasting demand upon
the system 1s that i1t is impossible to plan a mnational air transpor-
tation system for the 1980-1990 time period without a knowledge of
how many people and how much cargo will be carried in any given time
period. Obviously, one cannot use present data to determine future
system requirements, Hence, a measure of this demand is essential
for successful planning.

Several of the more important areas in which demand forecasting
is a useful and necessary input are as follows:

(1) transportation system simulation efforts

(2) future airport facility requirement planning

(3) personnel, comstruction, and equipment purchasing
requirements planning

(4) financial planning
(5) route potentials and applications

(6) development of comprehensive, long-range airport master
planning on a regional and/or national basis

(7) scheduling and congestion requirements

Several possible methods of forecasting demand for the 1980's
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were examined and comnsidered. Each has been used in the past by the
airlines, industry, and govermment agencies with various degrees of
success, Those.methods examined include:

(1) surveys of anticipations or expectations

(2) judgment forecasts

&3) correlation and regression analysis

(4) ratio analysais

(5) analogy

(6) fixed percentage extrapolation

(7) modeling-gravity, i1nteractance, etc.
After considering all possible avenues, it was decided to use modi-
fred gravity modeling in order to forecast future system demand
requirements. Gravity models are the most useful method of

forecasting for several reasons:

1 - Modeling is better suited for city-pair demand analysis
than other forecasting methods.

2 ~ Modeling appeared to give the best approximation of the
real-world situation.

3 - Social and Economic factors affecting air travel could be
considered.

4 - Demand modeling on a nationwide scale 1s in 1ts infancy,
1f not in the embroyonic stage, and much work needs to be

done in this area.

The demand models are examined in greater detail in Section 2.3,

2.2,3 System Simulation

Given demand requirements, terminal characteristics, and vehicle
configuration information, 1t was necegsary to determine the best
possible allocation of air vehicles on the network arcs. Several

methods of investigation into this problem were examined 1n the

-~

early stages of the program with the eventual result of the use of
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simulation techniques to describe the system. Early allocation pro-
cedures including the simplex algorithm and the classical transporta-
tion and transhipment algorithme are deseribed in Appendix A.2.2.

The actual simulation model used 1s described in detail in Section 2.4.

2.2.4 Optimization Procedures

It was decided upon early an the project that the optimum system
would be the one that minimized svstem total operating cost (STOC)
while satisfying system demand requirements over each network arc.
(The STOC includes a cost penalty assessed because of time delays and
travel time for the passenger). The procedures used in minimizing

STOC are described in detail in Section 2.6,

2.2.5 Scheduling, Congestion, and Allocation

Some time wasz spent in attempting to determine solutions to the
congestion problem faced i1n air transportation at most airports in
the United States by recommending changes in scheduling procedures,

This 1s examined in greater detail in Section 2.5.

2.3 DIRECT VERSUS INDIRECT ROUTING

The system simulation that was used to f£ind the optimum fleet
of vehicles considered all passenger and cargo demands on a direct
route basis, thar is, enough vehicles wexe assigned to each city-
pair route to satisfy the demands, and no attempt was made to divert
some of the traffic to indirect flights. Advantages which could
have been gained by indirect routing are higher aircraft (4/C) load
factors, more frequent service schedules, and possibly less terminal
congestion at some points, The cost analysis, however, shows a

high -- $6,.50/passenger ~-- cost of emplaning or deplaning a passenger
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in terms of baggage handling, air traffic control, ground crews, etc.
While this figure may be lower for a stopover in an indirect flight,
1t 1s still a dominating factor 1in the cost analysis and the cost
advantages of indirect routing, mainly passenger waiting time, are
not enough to offset 1t, Another obvious disadvantage of indirect
routes 18 the longer distance i1nvolved which enters the amalysis both
as flight time and direct operating cost,

Passenger demands which have been used as inputs to the system
simulation must be examined at this point. Since all direct flaights
are being simulated, one must examine '"What happens to that portion
of the demand that does travel by an indirect route?" The demand
models were calibrated to past data which included people traveling
between city pairs whether this was the persom's total trip, or just
a "leg" in a multistop journey. Since the real-world's portion of
indirectly routed passengers are accounted for in the data input,
any attempt to account for them in the szmulation program would be
redundant and indeed erroneous.

In short, it 1s believed that the 21-hub, direct~route network
that was used in this study is truly representative of the actual
real-world situation, and thus the results of this study should be

applicable to the entire United States.
2.4 PASSENGER DEMAND BETWEEN THE MAJOR HUBS

The purpose of forecasting intercity demand for this study was
twofold. TFarst, while studies have been made of passenger demand
for specific regions, e.g., the Northeast Corridor and the California
Corridor, little information 1s read:ily available on nationwide

demand predictions. Such information would thus be of interest to

2-6



those involved in long-range transportation planming. Future air
travel demand forecasts are necessary for successfully determining
such things as aircraft Eype and number and termi;al size and con-
figuration Second, the information is a necessary input to the
aireraft allocation algorithm discussed in detail in a following
section.

Among the different methods used for predicting city-pair pas-
senger demand, two methods tend to appear most often. In one method
city-pair demand data for previcus years is compiled and the fraction
of total traffic demand that this city-pair route carried is
obtalned.l Estizmates of total traffic demand for the future are
then made and these percentages of total traffic demand (or some
modification thereof) are used to prediet city-pair demand in the
future. The other conmon method is to assume a mathematical form
with arbitrary constants (often called a gravity model) and then use
previous demand data to determine the constants., These mathematical
expressions for predicting city-palr demand are commonly functions
of such things as city populations, distances between cities, air-
port activity, population earning over $10,000, cost, time, etc.,
all of which are assumed to have significant effect on traffic
demand, Because the first method requires a considerable amount of
vearly demand data for which ready access, was not available, the
second method was employed, Predictions were made for round trip
and one-way demand for 1975, 80, 85, and 90. The following gravity

models were studied:

. ap
T (1, J) = ay & (;L)(I ?;ﬁ;) o)

where,
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Tl(Ia J)

E(D)

D(IL, J)

a1, 22, a3

i

T, (I, )

where

Ty (I, J)

D(I, J) =

yearly one way arrline passenger demand for city I
to city J.

total domestic enplanements at city (1)
distance between city I and city J
are constants determined from known ecity-pair data

b, LE(D) - E(g))bz (1 - e7PaD(T, J)y )
D(I, H"3

one way yearly airline passenger demand from city I
to eity J

distance between city I and city J

bl’ b2, b3, b, are constants determined from known city-pair

data

1

T4 (T, J)

where

To(I, J)
P(I) =
€12 €95 Cg

data

1

TA(I’ J)

where

T4(I: J)

AT

Cl, 02, 83

ELRWPM) ;. o-(e30 (L, 7y 3)
2 p(I, D2

number of yearly round trip passengers from city I to
city J and return

population of city I

are constants to be determined from known city-pair

e ! ay ZRED o | -(ep (T, MY @)

2 D(I, 5)°2

number of yearly round trip passengers from city T
to exty J and return

attractiveness factor for destination city

are the same as those in equation (3)



To (I, J) = Sl 1macy BDED R Ted J))?') (5)
2 D(L,. D2

where

T5(I, J) = number of yearly round trip passengers from city I
to city J and return

I(I) = income factor for orrgin city

Cqys Cy, Cq are the same as those in Equation (3)

d d - 2
Te(1, 3 = = 1a@) ERIUD 2 o 4PE DT (g
D(T, 32

where

Tg (T, J) number of round trip passengers from city T to city

J and return

dy, do, d3, d4 are constants determined from known city-pair

data. . i
K1 ks ke (BDPE))%
To (L, J) = — I(I) 5 AQ3) 6 (P(PCI))
2 D(I, H¥2
-(k.D(I, )2 ‘
(1 - 3 ? ) (7)
where
T7(I, J) = number of round trip passengers from city I to city

J and return

kl’ ko, k3, kq, ks, k6 are constants determined from known

city-pair demand data

Wk(Is J)

T, (I, J) = T(I, J) ©

. 2 W (T, 0
k
where
Tk(f, J) = one-way average daily demand from I to J using mode k
b b
T(L, J) = by b, {Y_F(I)XIO'S] - [F(J)XIO“S]} 2\ 2y, 1, ») P3
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a

)

Wy (I, J) lr_'az ™23 (£")%4

number of families earning more than $10,000 in city
I

F(I)

]

t = total travel time from I te J including access,
egress, and line haul time

¢ = total travel cost from I to J in current dollars
f = l-exp(-kf)

f = average daily frequeney of service for mode k on
trips from I to J.

bO = a scale factor depending on its year for which the
cost 1s normalized

a1, ap, 24, &, bl’ b2, b3 are constants determined from actual

demand data,.

Equation (1) 18 of the type used previously by Belmont in predicting
city-pair demand.? The FAA publishes yearly hub activity which,
along with distances, are used 1n this gravity model, Since the FAA
has predictions for 1980 hub act1v1ty,3 this equation could be used
to predict future crty-pair demand., Tables 2,4-1 and 2,4-2 show
past hub enplanements and airline distances between hubs., In this
study, the cities of Baltimore and Washington, D. C. are combined
into one hub as are Miami and Fort Lauderdale, Detroit and Ann Arbor;
Dallas and Fort Worth, San Francisco and Qzkland, and Newark and New
York City. The area included in each city 1s that used by the
Bureau of Census 1n defining Standard Metropolitan Statistical Areas
(5MSA). For example, by Chicago it 18 meant the Chicago SMSA. The
counties i1ncluded in the SMSA's are included in Table 2.4-1.

An equation of the form given by equation (1) has the dis-
advantage that as distance between cities becomes very small, the

demand becomes very large, Intuitively this would not be expected
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TABLE 2.4=1%

HUB ENPLANEMENTS

SCHEDULED SCHEDULED SCHEDULED % pA
AREA INCLUDED PASSENGER PASSENGER PASSENGER INCREASE  INCREASE
HUB IN HUB> ENPLANFMENT 19644 ENPLANEMENT 19654 ENPLANEMENT 1966 1964~1965 1965-1966

Nassau Co.
Suffolk Co.
Richmond Co

New Bronx Co.

York/ New York Co.

Newark Queens Co 8,764,205 9,947,561 10,850,832 13,50 9.08
Rockland Co.
Weschester Co.
Kings Co.
Essex Co.
Morris Co.
Union Co,

McHenry Co.
Cook Co.
Chicago Dupage Co. 7,897,510 9,080,706 10,253, 604 14,98 12.92
W1ll Co
Kane Co.
Lake Co.

Los

Angeles/ Los Angeles Co.

Long Orange Co. 4,349,815 5,088,836 5,952,352 16.99 16.97
Beach

Clayton Co.
Fulton Co.
Atlanta  Gwinnett Co. 3,026,662 3,760,891 4,647,706 24,26 23.58
Cobb Co.
Dekalb Co.

Washaington, D. C.

Falls Church City, Va.
Wash- Fairfax Co, Va.
ington Prince Georges Co., Md.
b.C / Alexandria Caty, Va.
Balti- Arlington Co., Va.
more Montgomery Co., Md

Baltimore City

(Cont. next page)
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TABLE 2.4~-1% (Continued)

SCHEDULED SCHEDULED SCHEDULED % A
AREA INCLUDED PASSENGER PASSENGER PASSENGER INCREASE  INCREASE
HUB IN HUBS ENPLANEMENT 1964% ENPLANEMENT 1965% ENPLANEMENT 19664 1964-1965 1965-1966
(Cont ) (cont.)
Baltimore Co., Md. 3,995,345 4,625,986 5,246,527 15.78 13.41
- Howard Co., Md.
Anne Arundel Co., Md.
Carroll Co,, Md.
San Mateo Co.
San Alexandria Co.
FRan~ Maren Co. 2,858,764 3,507,644 4,003,189 22.70 14,13
ecisco/ Soland Co.
Oakland Contra Costa Co.
San Francisco Co.
Collin Co.
Dallas/ Denton Co.
Fort Dallas Co. 2,330,931 2,782,010 3,534,651 19.35 27.05
Worth Ellas Co.
Johnson Co.
Tarrant Co.
Suffolk Co
Boston Essex Co. (Part)
Middlesex Co. 2,321,510 2,621,799 2,944,293 12.94 12.30
Norfolk Co. (Part)
Mrami/ Miam1i City
Fort Cutside Central City
Lauder—  Fort Lauderdale 1,903,060 2,343,183 2,568,945 23.13 9.63
dale Hollywood
Qutside Central Cities
Wayne Co.
Detroit/ Macomb Co.
Ann Oakland Co. 1,742,723 1,984,466 2,336,970 13.87 17.76
Arbor Ann Arbor Caty
Qutside Central City
Allegheny Co.
Pitts- Washington Co.
burgh BeavergCo. 1,559,832 1,779,9%4 1,891,310 14.11 6.26

Westmoreland Co.

~ T



TABLE 2.4~1% (Continued)

SCHEDULED SCHEDULED SCHEDULED % yA
ARZA INCLUDED PASSENGER PASSENGER PASSENGER INCREASE  INCREASE

HUB IN HUB? ENPLANEMENT 19644 ENPLANEMENT 1965% ENPLANEMENT 19664 1964-1965 1965-1966

£1-2

Buck's Co., Pa,
Delaware Co., Pa

Phila- Chester Co., Pa.
delphia  Philadelphia Co , Pa. 1,484,707 1,719,665 1,938,625 15.83 12.73
Montgomery Co., Pa.
Camden Co., N. J.
Burlington Co., W, J.
Gloucester Co , N J
Jefferson Co.
Denver Denver Co,.
Arapahoe Co. 1,426,464 1,674,778 2,014,976 17.41 20,31
Boulder Co.
Adams Co,
St. Louis Caty
Jefferson Co., Mo,
St.Louis St. Charles Co , Mo, 1,355,448 1,599,706 1,847,772 18.02 15.51
St. Louis Co., Mo.
Madison Co., Ill.
St. Clair Co., TI11.
Cleve- Cuyahoga Co.
land Lake Co 1,425,854 1,654,110 1,818,764 16.01 9.95
Anoka Co.
Minne— Dakota Co.
apolis/  Henmepin Co. 1,222,052 1,446,005 1,602,029 18.33 10.79
St, Ramsey Co
Paul Washington Co.
Clay Co., Mo.
Kansas Jackson Co , Mo,
City Johnson Co., Kan 1,134,427 1,295,052 1,494,058 14,16 15.37
Wyandotte Co., Kan,
Houston  Harris Co. 1,067,106 1,269,658 1,464,134 18.98 15,32
New St. Bernard Parish
Orleans Jefferson Parish 934,436 1,125,458 1,343,815 20.44 19.40

Orleans Parish
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TABLE 2 4~1% (Continued)

~

SCHEDULED SCHEDULED SCHEDULED % A
AREA INCLUDED PASSENGER PASSENGER PASSENGER INCREASE INCREASE
HUB N HUBS ENPLANEMENT 19644 ENPLANEMENT 1965% ENPLANEMENT 1966* 1964~1965 1965-1966
Seattle/ KXing Co.
Tacoma Snokomish Co. 863,471 996,813 1,232,021 15.44 23.60
Pierce Co.
Hamilton Co., Ohio
Cincin- Cambell Co., Ky. 744,851 904,742 1,074,502 21.47 18.76

nati Kenton Co., Ky.

—~

*Source of Hub Enplanements:

Source of SMSA In?ormatlon

FAA Statastical Handbook of Aviation, 1965,66, 67.

Census of Population 1960.
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N Y.
CHI
LA
ATL
W DC
SF
DAL
BOX,
MIA
DET
PIT
PHI
DEN
CLE
S L
MLN
KC
HOU
N O
SEA
CIN.

N-Y.

0
713
2451
748
205
2571
1374
188
1092
482
317
83
1631
405
875
1018
1097
1420
1171
2408
370

CHI L.A. ATL WASH S F. DAL

713
0
1745
587
597
1858
803
851
1188
238
410
666
920
308
262
355
414
940
833
1737
252

2451
1475
0
1936
2300
347
1240
2596
2339
1983
2136
2394
831
2049
1589
1524
1356
1374
1673
959
1897

748
587
1936
0
543
2139
721
937
604
596
521
666
1212
554
467
907
676
701
424
2182
369

205
597
2300
543
0
2442
1185
393
923
396
192
123
1494
306
712
934
945
1220
966
2329
404

2571
1858
347
2139
2442
0
1483
2699
2594
2091
2264
2523
949
2166
1744
1584
1506
1645
1926
678
2043

1374
803
1240
721
1185
1483
0
1551
1111
999
1670
1299
663
1025
547
862
451
225
443
1681
814

DISTANCES BETWEEN CITY PAIRS

TA.BLE 2 ‘ 4"2

(IN MILES)

B0S MIAMI DPET PITT PHIL., DEN. CLEV S.L MINN K.C. HOUS. N.O,

188
851
2596
937
393
2699
1551
0
1255
613
483
271
1769
351
1038
1123
1251
1605
1359
2493
740

1092 482
1188 238
2339 1983
604 596
923 396
2594 2091
1111 999
1255 613
0 1152
1152 0
1010 205
1019 443
1726 1156
1087 90
1061 455
1511 543
1241 645
968 1105
669 939
2934 1938
992 235

317
410
2136
521
192
2264
1070
483
1010
205
0
259
1320
115
559
743
781
1137
a19
2138
257

83
666
2394
666
123
2523
1299
271
1019
443
259
0
1579
360
811
985
1038
1341
1089
2380
503

1631
920
831

1212

1494
949
663

1769

1726

1156

1320

1579

0

1227
796
700
558
879

1082

1021

1094

405
308
2049
554
306
2166
1025
551
1087
90
115
360
1227
0
492
630
700
1114
924
2026
222

875
262
1589
- 467
712
1744
347
1038
1061
455
559
811
796
492
0
466
238
679
598
1724
309

1018
355
1524
907
934
1584
862
1123
1511
543
743
985
700
630
466
0
413
10586
1051
1395
605

1097
414
1356
676
945
1506
451
1251
1241
645
781
1038
558
700
238
413
0
644
680
1506
541

1420
940
1374
701
1220
1645
225
1605
968
11035
1137
1341
879
1114
679
1056
644
G
318
1891
892

1171
833
1673
424
966
1926
443
1359
669
939
919
1089
1082
924
598
1051
680
318
0
2101
706

SEA. CINN,
2408 570
1737 252
959~ 1897
2182 369
2329 404
678 2043
1681 814
2493 740
2934 992
1938 235
2138 - 257
2380 503
1021 1094
2026 222
1724 309
1395 605
1506 541
1891 892
2101 706
0 1972
1972 0



since at very short distances most people travel sconer by auto than
by airplane, &Equation (2) is a modification to correct this, Since
the exponent by in equation (2) turns out to be less than one,

after ealibration, then lim T5(I, J) = 0 rather than infinity as

given by equation (1). b, 3 =0

Equations (3) - (7) are of the type used by the Lockheed-Georgia
Company in their Noxrtheast Corridor study. Equation (4) differs from
equation (3) in that 1t has an additional multiplication factor
called an attractiveness faector of the destination  The purpose 1in
using this factor 1s that certain cities, for example, Miami, attract
more round trips than other hubs based on more tham just a popula-
tion and distance basis, Cities that have more recreation and enter-
tainment facilities are expected to have more travel demand than
those that do not,

Airline passengers tend to earn a higher income than those that
use other modes of transportation. Equation (5) ~ (7) take this
into account by assigning more round trip traffic to those cities
having a large number of pecople earning over $10,000. This is
refiected in the income factor, IL(I).

Equations (6) and (7) have additional modifications by the addi-
tion of more constants which provided a better fit to the actual
demand data for which they were calibrated. Equation (8) is a model
of the type used by the Department of Transportation for the
Northeast Corridor which takes 1nto account competition between
various modes of transportation  This model is discussed in detail
in the Appendix.

The first attempt for predicting city-pair demand was to use
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TABLE 2 4-3

POPULATION OF MAJOR HUBS™

HUB
New York/Newark

Chicago

L.os Angeles/Long Beach

Atlanta

Washington, D. C./Baltimore

San Francisco/Qakland

Dallas/Fort Worth

Boston

Miami/Fort Lauderdale

Detroit/Ann Arbor
Pittshurgh
Philadelphia
Denver

Cleveland

5t Louis
Minneapolis/St. Paul
Kansas City
Houston

New Orleans
Seattle/Tacoma

Cincinnati

*Source-

1960
12,384,000
6,221,000

6,039,000
1,017,000
3,716,000
2,649,000
1,657,000
3,110,000
1,269,000
3,934,000
2,405,000
4,343,000

929,000
1,909,000
2,105,000
1,482,000
1,093,000
1,418,000

907,000

142,900

1,268,000

1965
13,217,000
6,689,000
6,765,000
1,216,000
4,262,000
2,918,000
1,916,000
3,205,000
1,502,000
4,174,000
2,372,000
4,664,000
1,073,000
2,000,000
2,249,000
1,612,000
1,183,000
1,696,000
1,027,000
1,522,000

1,347,000
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INCREASE

%

1960~65

6.7

7.5

12,0

19.6

14.7

10.2

15.

6

3.1

18 4

6.1

1.4

7.4

15.5

4.7

6.8

8.8

8.3

19.6

13.2

6.5

6.

Statistical Abstract of the United States 1967.

Z



equation (5) with the constants €15 Co, €4 derive for the Northeast
Corridor study by the Lockheed-Georgia Company. To use this eguation
1t was necessary to determine the 1ncome and attractiveness factors
for the 21 hubs used in this study. The attractiveness factor, A(J)
was found by using the number of people employed in eating and
drinking places, hotels and motels, and recreation and entertainment
places for each hub. Such information 1s given in the 1960 Census

of Population. This number of employees was divided by the total
population of the hub Similarly, the total number of employees in
these businesses for all 21 hubs was divided by the total _ population
of the 21 hubs to obtain an average value Each of the previously
found 21 quantities was divided by the average number to obtain the
attractiveness factor, The income factor was found in a similar
fashion using the number of people earming over $10,000, This
information is presented in Table 2.4-4, The cities previously
studied in the Northeast Corridoxr have a wide range of populations
and relatively short airline distances between cities. However,
cities studied in this report all have populations over one million
and a wide range of distances between cities (83 miles from New York
to Philadelphia and 2934 miles from Miami to Seattle). Thus con-
stants used in the Northeast Corridor might not be expected to
acecurately predict demand outside the Northeast Corridor. The values
of these constants along with others derived later are given-1in
Table 2.4~5, To determine the accuracy of this equation in pre-
dicting demand for the 21 hubs, forecasts for 1966 were made and
compared to available 1966 demand data., As explained in the Lockheed-
Georgia report, equation (5) is calibrated for the year 1960, and to

determine the demand six years later, equation (5) 1is modified to give
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61-2

INGOME AND ATTRACTIVENESS FACTOR DATA

POPULATION POPULATION POPULATTON
EMPLOYED 1IN EMPLOYED IN EMPLOYED IN  ATTRACTIVE- POPULATION INCOME
HUB EATTNG AND ENTERTAINMENT & HOTELS & NESS EARNING FACTOR
DRINKING PLACES RECREATION PLACES LODGING FACTOR OVER
PLACES 510,000
New York/Newark 154,168 53,521 46,317 1.128 441,205 1 128
Chicago 64,925 18,511 21,416 .927 210,895 1,073
Los Angeles/

Long Beach 78,946 50,738 18,265 1.206 258,267 1 213
Atlanta 7,105 ° 2,375 2,907 669 26,649 829
Washington, D.C /

Baltimore 36,462 10,942 11,509 869 130,760 1 110
San Francisco/

Qakland 34,825 11,284 12,135 1.150 98,799 1,124
Dallas/Forth Worth 17,066 6,174 6,466 986 46,410 887
Boston 27,386 6,871 7,526 .887 75,995 929
Miami/

Fort Lauderdale 20,553 7,695 21,174 2 141 33,686 840
Detroit/Ann Arbor 38,088 10,441 6,7998 773 118,243 951
Pittsburgh 21,118 7,602 5,697 787 55,092 725
Philadelphia 48,218 10,404 7,505 .837 110,066 802
Denver 10,866 3,293 5,070 1.137 25,963 884
Cleveland 19,149 5,205 4,361 879 54,476 960
St Louis 16,405 4,439 5,860 .713 49,771 765
Minneapolis/

St., Paul 15,876 5,160 5,045 . 967 40,245 .860
Kansas City 10,482 3,286 3,874 933 28,313 832
Houston 12,425 3,536 4,050 . 885 35,083 893
New Orleans 10,464 2,697 4,166 1 097 18,005 .656
Seattle/Tacoma 15,739 4,470 4,504 951 40,787 . 904
Cincainnaty 11,716 3,685 3,147 .952 28,789 851

Table 125 of the Census of Population 1960 lists employment in hotels and lodging places only for SMSA's

with populations over 250,000 of which Ann Arbor was not in 1960,
capita employment in hotels and lodming vlaces edual to the lowest value of all the SMBA's stndred.

Ann Arbor was assigned a value of per



p<-¢

TABLE 2.4-5

CONSTANTS USED IN DEMAND ANALYSIS

STANDARD  ABSOLUTE
ERROR AVERAGE
EQUATTON VALUE OF CONSTANTS OF PERCENTAGE
PREDICTION ERROR
cl(O)=l.x10"7 (1960)
¢y (6)=1.55x10~7 (1966) 0 420 o6
— ca=.4 .
To(I,3)=cy (m)T(D)AQT) By (TP, (I) (1“3—(c3D(I,J)>2 c§='007
2 D(I,J)02 ) (Lockheed-Georgia for
Northeast Corridor)
al=4.033x10“6
a as=.8974 345 60.5
Ty (1,0)=a, (E(D)EJ)?2 ay=.4747
D(I,J323
Ty (I,T)=bq (E(I)EW))P 1m0
2(L,J)=by (E(I1)E{J))"2 -b,D(T,] bo=.68445
! DL, N3 dmes (T, b§=.6070 339 ———
b,,=.01042
Yo (T, Tymer 2 (DB (3 ¢q=2,323x10"/
o :lD(I J)Ezcl“e_(c3D(I’J))2) S osars e -2
[ 3=
c,=2.323x10~7
T4(I,J)f§l§(J) EE%)§§g;(l“e_(c3D(I’J))2) gzj.géé278 286 43.2
> 3—'.
c1=2.323x10“/
Te(I,T)=c1I(I)A(T) P(I)P(J) 9 co=.5115 276 42.3
° 2 D(I_J)Cz(l‘e—(CBD(I’J)) ) c§=.006478
d1=1.973x10‘4
Tg(1,0)=d1I(I)AT) (P(DP(I))% .5848 257 S

2 D(I,7)42

(1oe=(dgD (T,30)*

s’

d2=
d3=.006289
d4= . 8000
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TABLE 2.4-5 (CONTINUED)

STANDARD ABSOLUTE

ERROR AVERAGE
EQUATION VALUT OF CONSTANTS OF PERCENTAGE
PREDICTION ERROR
kq=3.2024x107%
ko=.685
ks kb ky k3=.00625
T7(1,d)=k, I(1) A(3) (F(DIPWI) ,(k3D(I,J))2 ky=.8000 197 40.3
2 DI, TyFz" e ) ks=2.6368 :
kg=2.3461

As shown by equation (9), cy(n) 1s different in general for each city pair.
value for three routes for purposes of comparison

The value shown 1s an average



n P _ 2
2 B(L, )2
- .5 x 1077 E L 12,5 _Ar@ _ AP T
100 100 100
P_(I)P () _ 2
I(DAW) Z R T -e 1.007D (T, I )
D(z, J)-%
where
T (I, J) = yearly round trip passenger demand from city I to
,}9 city J and return
=1, 1 -7 1, + 12,5 P(I) P(.J) ks
cl(n) # 20 X;_ 100 100 100

12,5 = assumed vearly growth rate of demand in percent
ﬁSP(I) = yearly percent change in population of city I
PL(D = population of city I, n years after base year
n==~6
For purposes of checking results obtained by using Equation (9),
actual demand data as given by the Civil Aeronautics Board for the
year 1966 was chosen. The demand figures given by the CAB are for
yearly passenger demand moving in both directions between the city-
pairs on an origin-destination basis, regardless of the number of
airlines used and with round trip journeys counted twice  This was
divided by two and by 365 to obtain average daily one-way demand.
(The number of passengers flying from I to J was assumed to be equal
to the same number flying from J to I on the average., Assuming all
trips were round trips would fulfill this criterion ) Equation (9),
however, is for round trip demand from city I to city J and return.
Again using the above assumptions, the one-way demand from city I to
city J, T, (I, J) 1s given by

T (I, ) =T (I, 3 +T_(J, D) (10)
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where ’
T,(I, J) is given by Equation (9) and

12.5  AR@ _ apr|®
160 100 100

T,(J, I) = .5 x 1077 ‘i. +

Pn(I)Pn(i) a - o~ (.007D(I, 1))
D(I, J)°

I(IA(D)

Thus, the one-way demand 1s the sum of the round trip demand

from city I to city J and return, and the round trip demand from
city J to city I and return.

To determine the accuracy of these predictions, two criteria

were chosen. The first criterion is called the Standard Error of

Prediction (SEP) and the second 1s called the Average Absolute

Percentage Error (AAPE). These are defined as

21 21

1

SEP = 5 :E > (T(I, J) - T (I, D)2 (11)
I=1 J=1
where
T(I, J) = actual one-way daily passenger demand
Tk(I, J) = predicted daily cne-way demand as given by Equation

(10)

N = number of data points for which actual demand data
could be found. This was 80 routes or 160 data
polnts

21 21
mrE= 15 S IT(I, ) - Te® | x 100 (12)
N =1 J=1 (I, J)

For both the SEP and the AAPE the summations were taken only
over those city-pairs for which actual data was known, i.e., over
160 data points rather than the whole matrix of 420 data points. The
SEP 1s analogous to the simple standard deviation in statisties

where the actual demand 1s used instead of the mean. As Table 2.4-5
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shows the results of these computations give a SEP = 420 and a AAPE =
83.6 percent. In an attempt to reduce these measures of error the
constants given in Equations X1) -~ (7) WéreOE¥éluated usipg the .1966
data., The values of these constants are also given in Table 2.4-35.

In the case of Equation (1), the c¢riterion.used for minimization was

21 21
L = Z Z [T(I, n - a]_(E(I) . E(J))aZ] 9 (13)
I=1 J=1 D(I, 7)%3

where

T(I, J) = actual 1966 one-way demand

Thus, a search procedure was' used to minimize the sum of the
square of the difference between the actual data and the gravity
model where the summation is over all routes where true demand data
was known The search procedure varies the comstants a;, as, az in
guch a manner as to produce a relative minimum for L. The constants
bi, by, by, by 1n Equation (2) were determined 1n a similar manner.
The results in Table 2,4-5 show a significant decrease in both
measures of error. The constants ¢y, Cg, Cq 1u Equation (3) were
also determined in a similar fashion with the result that both the
SEP and the AAPE both decreased. The attractiveness factor as
determined previousgly was then added as shown 1n Equation (4) and
the one-way demand Ty (I, J) was found in a manner similar to that
discussed earlier, 1.e.

T (T, ) =T (T, ) + T4, D) (i4)

As shown in Table 2.4-5 some improvement was obtained. The
income factor was then added as shown in Equation (5) and resulted
1n a small reduction in error. Equation (5) corresponds to the

model used by the Lockheed-Georgia Company 2n making their
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predictions for the Northeagt Corraidor.

Further refinements in Equation (5) were then tried. The first
change as shown by Equation (6) was to have the search procedure
determine the best values in dy, d,, d3, dy, that is, it was no
longer assumed that the demand was to be a funection of the direct
product of the populations In this case the constants were deter-
mined with the attractiveness and income factors in place, i.e., the

search procedure found a relative minimum for the following

expression:
21 21
L=2 ¥ @@ D -1 D - T, D)2
I=1 J=1
21 21
=2 3 [t » -4 @aOI@ +A@IE)
1=1 J=1 2

@@ra% o o -@pe, mA ]2
p(z, 1)%2

where

T(I, J) = actual 1966 one-way demand
As shown by the SEP a small reduction in error was obtained. The
final refinements as shown by Equation (7) were to add addition con-~
stants as exponents to the attractiveness and income factors. The
search procedure then determined a new set of constants so as to

minimize the following expression.

21 21
L=2 2 @@ ) -1 D - 10, D)2
I=1 J=1
21 21
= Ei ZE. [?(I, J) -<EL (I(I)kS AP %6
I=1 J=1 2
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, k ' 2
+ 155 amkey - E@D T PANE Sy (T, D)) )]

D(I, a)*2 )
A significant reduction.in the standard error of prediction was
obtained. The results are shown 1in Table 2.4-5;

For basis of comparison, Tables 2.4-6, 2.4-7, 2,4-8, and 2.4-9
present demand figures for 1966 based on Equatioms (1), (3), (7) and
actual average daily onerway demand,, Comparing tables, one sees
that the Philadelphia to New York route and the New York to Miama
route are among those that are most poorly predicted by the above -
equations. The final demand model (Equation (7)) does provide a
much better fit on the Wew York to Miami route but only a slight
improvement on the NMew York to Philadelphia route. The large error
in the New York to Philadelphia route 15 probably caused by the
relatively short distances (83 miles) getween the cities. At this
short distance the automobile would probably be used to a much
greater extent,

Predictions for 1975, 1980, 1985 and 1990 were made using a
modification of Equation (7). These figures of demand were used as
input to the allocation algorithm discussed in a later secflon. For

purposes of making prediction beyond the base year, the following

modification of Equation (7) was made:

T, (I, J) _ M 1+ 61, H/io0)H™

2 P(T P(J nky,
La + 28 q + 20, ]

100

A% (s (- @)
- p(I, HE2

(@ - e~ (3D (T, )2 (15)

where
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TABLE 2.4-6

PREDICTED AVERAGE 1966 DAILY ONE~WAY AIRLINE PASSENGER DEMAND (USING EQUATION (1))

. Nu¥. CHI. _LeAs _ATL. WASH. So.F._ DAL. BOS. MIAMI DET. PITT. PHIL, _DEN. CLEV, S.(, MINN._ K.C. HOUS._ N,0. SEA._ CINN.
o Ma¥a Q1976 6Tk . 950 1956 __ 463 SST_ 1214 __ 466 631 __ $37_1229 _ 310, _547_ 385 316 286249 252 166__ 290 __
TTTCHI. . 1975 .. O 754 _ 1013 1120 513 _ 683 564 _ 426 838 536 __ 435 _ 38T __ 592 649 __494_ 432 287 _ 282 1847 _ 106
LeA,_  6T6  1%% 0. 353 | 363 698 _ 341 204 190 188  150_ 146__ 249 _ 148 _ 169 _ 152 _ 151 _147_ 124 _ 150 _ 96
ATL, . _ 950 1013 353 0._.576 236 __353 265 _ 288 26T 235 __214 __167_ 220 _ 242 _156__ 168  le2 191 _ 81 __ 167
W.NC . 1976 L120__ 363 ___576_  © _ 26T___3YL._ 645 _ 203__ 35) __ 421 | ®3)1____168 _ 326 _ 221 _ 171 _160___139 144 _ 8B_ 178 _
SFs 463 . 513 . 698 _ 236 247 __ O _219 . 14D___ 126 _ 129 _ 102 100 _ 164 _ 101 _114 105 __ 101 _ _95 81 _124__ 65 _
o DALe.._. 537 . &83 __341__ 3E3 __311__ 219 __ ©._163 _ 169 163 _ 131 122_ 174 __129_ _176 __12%__159__ 218 _ 146_ . 72___ 9G
ROS. 1214 564 . 204 . 265_ 446 _ 14D 163 . 0 135 175_ 162 . 218 _ 93 _147_ 110___93. _ 83 13 73" " 8517 89
MIA, (66 426 _ 190 __288_. 263_ _125_ 169 135 __ 0 115 _ 101 __103_ __83_ __of_ _ 9T_ 72 _ 74 . 827 90 _ 43 . &2
DET. _ 531 838 _188 _ 2674 °'361 __129 _ 163 _ 175 _115 __ O 197 _ 140____ 92 _ 282 _ 132 _107__ 93 _71__ 71 "_ e 111
PIT. . 637 536 150 23% 421 _ 102 __ 131 _ 162 101 197 . o " 149 _ 71 __207. _99___ T4 710" 58 _b9 37 T a8
PHI. 1229 435 146 214 __F31 . 100 _122 218 _ 103 _ 140 149 _ 0 _ 67 123 _ 85 _ 68 _ &3 54 £é 3% X2
PEN, . 310 . 3A8T._.269___ 167 _168. _164 _.174_. 93 _ 83___92___ 71 _ &7 O___ F1__89__ 83 __ 87 _ .59  58__ 553 &7 _
CLE. bu7 562  _14B  _220 __ 326. _ 101 _ 129 _ _147. 94 _ 282 _207_ _L23___71 __ O 102 __ 80___ 71 56 £7 36 91
Sels 385 669 169 __ 242 _ 221 114 176 110 97 ~ 132 . 99 __85__ 89__102 __ O._ .. 93 121_ 72 71 . 40 79
MIN, 316 49 152 186 171 _10% 125 93 . 72 107 76 68 ‘83 80 _93_. 0 B2 51 ____ 48 . 39_ 851
KaCo 286 432 151 168 160 101 159 B3.. _ T4 93 70 63 87 71 121 .82z _ 0. 61 55 35 £0
HOU, 249 287 147 162 129 9% . 218 @ Tez o __m %8 b4 69 r6_ T2 €1__ &1 o ___ 78 _ 31 _ 39
CNeDeo _ 252 282 _ _124.. .19} ._14& 8L __146.____ T3 _ _90.__ 7l..__59 ___ 56 __58._ __57 71 "8 56___.TB___ 0._ _. 27  _ 40 _
SEA, 166 184 150 81 . A8 _124. 12 _ &1 43 te 3T __ 36 _ 55 _36___ 40 _ 39 ___ 35 31 27 0 723
CIN. 290 406 96 . 167.. 178 65 _ 90  _80 _ &2 111 88 &b 47 91 " "we. . 51 50 39 0. 23 0
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TABLE 2.4-7

PREDICTFD AVERAGE 1966 ONE-WAY AIRLINE PASSENGER DEMAND (USING EQUATION (3))

NeYe _CHI. L.Ae ATL. WASH. _S.F.  DAL. _BOS. MIAMI DET. PITT. PHIL. DEN. CLEV. S.Le _MINN. _K.Coe HOUS. N.O._ SEA. _CINN._

“NeYao_... 0_2009_1090.. . 365..203& 457 419__1459_ _ 371 __1527._1047._ 1Q56_ _214 __ 797 __60T__405__ _285__ 367 _ 242 245 ___452

. CH1. 2009 ] 658_ . 209___T21_ _274__ 28D _ 442 __ 180 _1008___ &72 _ T35 ___ 146 _ _45T7_ 539 __ 350 __ 238 ____230 __ l46 _ 18T 324
LeAe . 1090 658 D__116 _369__06%5 _ 228 285 130 _ 383 207 . 390_ _1%7 _1ap 232 _ 170 133 __ 193 __104_ _203 127
ATL. 365 209 114 n. 14 47 6 _ 78 .. &T__ 129 __ .78 _ 13T _ 2&4_. Gk ___ 79 __ 4Hl__ 35 50 _ 3B__ 24& _ 43
WeDC 2036 721 359 ._ _161 0 154 __148__ 424_ _132__ 553 _3%4__ 530___ Th__ 296__221 __139__ 101 _ 130_ __ 88 _ 82 ___ 177 _
S.F. 4%7 274 455 47 154 6. 90 .107T..._53 . 160 ._._.B8B6_ . 163 _ __ 63, _ 75 _95__ _ T2 _ .54 ____T6__ 42 _l04%4 __cE2,
_DALe___ t19 . 280 _228.___5%__ 148 _ .90 __ O.__ _93____ 54 _ 156, __ B4___152_._.. 50 ___ T3I__ A&k _.__65__ _HT___ 122 59 __ 44 _ _ 56_
BOS. 1459 442 255 ____ TR _ _424___AINT __ 95 _ O___ B3 _ 32% ___206_ 528 __ 50 __lé4__ _134__ 93 6% _ B3 ___ 5S4 __ S58___ 95
MTA. 371 .180 _130 _._47 . 132 __ 53 __ S4 _ _B3 _ 0 114 __ 58 __ 1386 _ .24 L&_ _ &A _ 38 3} B2 __ 38 __ 27, __ 41
DET. 1527 1008 383 _ _129 L2583 160 _ 186 _ 325 . 114 0__ 347 _ _56¢ 8B _ 1%7 _ 268 __176_ _118___ 132 __ 85 ___8B&_ __203
PIT., 19T 472 207 _ _78_ 384 _ 85. B4 205 _ 68 _ 34T __ 0 392 __ 42 __ 115 _ 13% __ 8% _ 60 __ T3 _ 49 _ &6 113
PHI. 10%s 735 390 _137 930 _ 163 _ 152  S§28.__134 _ 564 . 392 0 _7T_ _298_ 223 __ 1¢5 _ 104 _. 133 _ .89 _B8T _1T1
NEN,_ 210, 19 NFT 24 T4 __ 6% ___FO_._ BO ____ 26 _ Bl.___42. _FT_.__.0__ . 3BT___. 83 ___40 ___ 73 39 21 at___ 27
rLE, T97 457 __1A0 ___ 64 __296_ __T5 __ T3 __16%_ .56 __ 157115 __298.___3T___ ©O__123___ T8 ___5%4__ _&3___ 41 _ A0 _97
Sals ACT 339 _ 232 _ T9__221__ 95 _ 114 134_ _6% ___268 135 _ 223 53 _ 123 0__103_ _ 9o _91_ 58 _ 49 _ 193
MIN, A0S 350 17¢ . 41 139 T2 &35 93 _ a8 176 _ _ G4 145 40 _. 78 _ 103 __ __0 ___58 .52 . 31 40 5&
K.C. 295 238 _ 133 __ 3T 101 54 8T 64 a1 118 . B0 _ 10/ _ 33 _ w& 96 _ ®e._ . O _49_ 29 _ 28 _ &2
HoU, 367 230 _ 193 __ %0 _130. 7146 _ l22 83 52 132 _ T3 133 39 __ _83_ 91 52 49 0 &l 36 . 47
NeQa 2¢2 ...146 __10%._. 3B . 88 __._ 42 »Y___54._ . 3B____ 8BS _49___ 89 23 t1 58 31 29 61___ O___21__ 32 _
SEA. 2¢3 147, 203 .24 _. B2 104.._ 4% .58 _27._ 86 46___ BT _ 31 __ &0 . %9 _40 . _28___ 3o 21 0 28
CIN. L52  3234 127 83 177 52 .58 9% L1 203 _ 113 ATl _ 27.. 91 03 84 42 4T _ 32 2a n
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TABLE 2.4-8

PREDICTED 1966 AVERAGE AIRLINE PASSENGER DEMAND (USING EQUATION (7))

CNaY. TCHIW LAl ATLY WASH, S.F. DALY AOS. MIAMI DT, PUTT. PHIL. DEN, CLEV. _S.t. MINN. ~K,C. HOUS.  N.O. SEA. CINN.

o LN Y9ep” 135d 242 29IR_TSTY. _A9Y 1367 __1#87 1224 712 _909 ] 268 _"880___331 __ 389_ _265_ 306 246 _ 212 __ 483
cHI. 1964 O _T%4_ . 321 _ #23 313 2F4_ 324 0896  ThT__ 273 _ 412 _ 182 448 307 3T8 232 _ 178 149 118 38
LeAo 1354 Tée 70 TR9  4LT. 1LeT 296 243 429 32%. 139 © 271 300 206 _ 155 _ 208 161 220 137 _ 281 149
ATL. .. 242 121 _ 89 _ o©_ B3 34 _ 3% 9 14 Ss 39 53 19 39 28 24 21 28 31 13 37

W NC 2718 7} 417 B3___ o 1TT 13» . 370 62n_ 3BS  2%3 <N 93  30r 112 129 | 92 101 99 65 191
SeFe » ®TL _313 _ihe7 . 4. 177 A 113 _ 303 veé_ 138 58 113 118 Bu 83 87 _ 6% A5 _53 _155 &1

Lo PALe o 39N __ %A 296 37 13 113 0 &8 MTE 105 42 79 64 __ &5 &3 ___ 58 ___e% __l27 __ 89 37 8%
RYS. 1507 574 /3 30 7370 103 &8 & 248 193 in2 3ce3 48" 133 535 _ &R 45 53 4z 39 7A
MIAL 1747 69 _ 629 B4 &2 Pém 17 _ 2%8 0 __3%w) 127 282 AL 212 132 113 92 173 g3 B 130
NeTe 1224  7¢7 __325 _ _ af __ 38% 134 105 103 35} 9. 170 200 T6 137 198 129 82 18 67 52 IL9
Pl 712 . 2m3_ 139 0 30 a2 3 42 w2 12T LT u_ 18D 27 70 42 ea 30 "7 33 24 71 70
PHI. 909 12 _ 27Y_ 83 4pl 113 79 _ 3p3 0 282 260 130 0 vz 1898 . &9 _ 17 53 &2 & 42 107
I FoY L WMP__ P00 19 93 A'R___AHs_ 4R 8% T6_ 27 Sz 0 _&a 31 __ €0 __ 42 k4 _ 22 3y 3
[ ER T T 39 3N as &G 1133 212 137 _ 79 188 &b 0 oh _ T3 49 &g L4 32 105
“ala 3L 307 Ian 28 112, A% L3 3 L32] 108 2 &9 _ 31 6y 0 57 8T _ 431 _ 34 23 &1
MIM. 3119 TR XA 7 129 87 53 FR 113 129 4fy 77 50 3 57 e 55 41 26 34 50

ol s 2+ _2%2 __1sY_ _ 2?1 .. 92 €5 e 45 92 82 37 %3 42 49 57 5. Q. &1 _ 2?5 23 2y

HOL . 1 _ 18 229 2R_ 101 _ 8% 12T _ 53 173 76 __ 33 _ &2 46 g 43 &1 41 0_ 63 21T 139

o Mede "t 19 137 31 w9 =3 R9_ 73 a3 a7 2 48 22__ KO _ 326 24 _ 6% _0_ 1717 29
L4, 217 1ld 291 13 & 186 37 39 84 52 71 472 Y 32 23 34 23 27 17 o 27

CiN. 483 _ 3/8 149 371 191 61~ a0 18 130 169 0. 1o2 [ 31 106 _ A&t 50 _ 38 _39 29 22 0



TABLE 2 4-9

ACTUAL AVERAGE 1966 DAILY ONE-WAY AIRLINE PASSENGER DEMAND

NeYo. Cly LaoAs. ATLe WASHa _ S.Fe _DAL._ BOS. MIAMI _ DEY,. PITT. PHIL. DEN. CLEV. SobL. MINN. K.Ce HOUS. MN.O._ SEA._ CINN. _

R VPN P U AU PR VP U AR . T - — — -

NoY¥a_ o ... 0_1923_ 2089 __236B_ 2318 __793___ 315 2596 1727 914._ T34 _ 164 _ 212 ___736__ 375__270__ 188__ 230___210___173__ 296
rHI, 1923 O, _ 763__ 182, 05 __, 464 __ 212 381 __S38_ _S89__ 289 395 . 24T 414 __459__ 563 _ 318 _ 126 _ - _ 134 219__

LeA,. 1089 763 0 L T8 __39Q.. 2033 249 _ 225 116247 100 _ 201 311 _ 152 __ 160 158 _ 155 175 ! 6456

ATL. . Fob 182, .18 [ + O SN - : S-S S B 1 T S e e T T e T Tl T - . -
WeDG _L 2318 _ 60F  390. . — . O 303t T T T e e T e T T T T
S.F. T93 .. 664 2033 _ _63 _ 303_.._ 0O.___123 .. 1463 . 60 ...129 __ 68_ 149 _ 201 _...70.___ 93___\05_ _8l_ - __ -_. ST1_ -~ |
DAL... 315 _212... 249 _ _ - ____ - ___ 133 O ot T e e T T - e T - N e T T
808, 2394 381 _ 225. .. e e~ Y63~ =D __ 295 __ e _&Q0_ - - - - - - -

- — o am e mm e s e e s s s - - -

MIA, 1727 538 116 _._ 195 . ____29%. 0 __253

-__.. 680 __ - TN 1= - 1 . S . S, SN N, e T M.
DET. 9léH 589 _ 247 -t o~ 129 = =~ __28B3___ 0Q_ =~ _ 2085 = === e e -
PIr, T34 __ 289 wy___ .- —....68___ =~ _._™ 159 I ¢ I T A S S e e O
PHI, 164 EL 201. e L™ la9 o~ &0QQ__ 289 _ 207 361 _ a___~__ 115 __ . T e -
DINa .~ 212 247 30 =m0l e e T e e e
CLE. . T34 414 152 o am e VD ™ T XTS =m0 = o e i ML
S+l 375 459 A0 _ - em o 93_ .=~ = . - - e = O AB2 . -
MIN,_ 270 263 158 _ & . o=__ 15 - - - I .. - . - = - ... © - . . - T -
L 18R 318 1585 - - a1 - .. - - .- bl - - 182 - . oo = e -
HOw. . . 230 12¢ _ 1718 __. ~._ -~ - - . - e e e D -_ . 0 _e2t - -
NeQuaee 210 e = e B4 T T e T e e e~ - = e ol el ikl 221 - Q = I
StA. 173 136G L 856 e T BT T T T e e T e T T e T T T S LT o _ -
CIN, 296 219 .- R - - e e o e e U S - - 0

]
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n = number of years beyond the base year (1966)

T (I, J) = yearly round trip demand for city I to city J and
return
(I, I = annual growth rate of demand from city I t6 city J
in percent
P(I) = yearly population growth rate of c¢ity I in percent

The one-way demand is given by

T(I, J) = T,(I, J) +T,J, I) (16)

Thus, T, (I, J) is 2 nonsymmetrical demand while T(I, J) 1s sym-
metrical, This says that the number of round trip passengers from
New York to Miami 1s not the same as the number of round trip pas~
sengers from Miami to New York, but the total number of passengers
flying from New York to Miami is the same as that flying from Miam:
to Wew York over a one-year period. The modification of Equation
(7) is essentially a modification of the constant kl for increasing
time, It 1s obtained by assuming a constant growth rate for airline

traffic, that is

Tp(T, 3 = T (T, J) - {1 + 6(1, Jy/100)n an
where
T,(I, J) = round trip demand at base year n = 0
Tn(I, J) = round trip demand n years past base year
G(I, J) = annual growth rate in demand on route I-J

It 1s then assumed that Equation (7) can be written as

. kg
(1, 3) = kl(n)[lI(I)kS . a¥e @, D - P00
2 (L, H¥2
(1 - e~ (k3D (T, J))zy] (18)

Where kl 18 now 4 funetion of time

Thus
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k() (P (DP (N

-k, (0) (P (DP_ (J))k

T, (I, = T (I, ) (19)

Where P (I) 1s the population of hub I at the base year. Using

Equations (17) and (19), we obtain

- k
P ()4
ki(n) = (P (DFo (1)) (1 + G(I, J)/100)"
(B, (DB, () ¥4
Using
Po(D) = Po (1) (1 + A P(D)/100)7

Po(J) = P(J) (L + AP(I)/100)0
we obtain

(D) - P_(1)%

o e, d + 82Dy iy + A2 ™
@+ 6(I, J)/L00)n
or
K, (n) = 1+ 6@, J) /100" = (20)
la+ él_g%l) S+ él%il)l

Substituting Equation (20) into Equation (18) we obtain Equation (15)
as desired

S8ince information for determining the route growth rate G(I, J)
for all routes was not awvailable, the following approximation was
used The yearly growth rates of each of the 21 hubs were found for
the years 1964-66, and the yearly average growth for each hub com-
puted For each route the origin and destination growth rates were
averaged to give the route growth rate G(I, J). The data used for
these computations 1s given in Table 2.4-1 and the values of G(I, J)

are given in Table 2.4-10. Populations of the hubs for the years
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TABLE 2,4~10

ESTIMATED AVERAGE CITY-PAIR PERCENTAGE GROWTH RATES FOR 1964-66

T TTTTNY. CHi.  L.As  ATL. WASHa S.F. DAL, _BOS. MUAMI _ PET. PITT, PAIL. DEN, CLEV. S,L. MINN, K, Ce HOUS, "N.O. SEAs_ CINN,
NoY e T rnd Aol Tl ATeb 12.9 1%:9 i7s7 1220 13.8 13.6 1047 12.8 1ba1 12,1 14,0 12,5 13,0 152 1_5__6_ 18:% 153
T CHIe 1246 13,9, 10e5. 18,9 143 _ 15.2 18,6 13.3_ 15,2 _14.9. 1241 _14.1 _15.4_ 1345 15,4 1643 _l4,4 _15.5_ 1629 16,7 17.07 _
o LAl Y41 1,8 17,0 2044  15.8 1T.7__ 2041 16,8 16,7 1t.4 13,6 TT15.6_17.9_15.0 _ 16, 9 15.8 15,9 17.1__18.5 _18.2_ 18.5
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TABLE 2.4~11

PREDICTED 1975 DAILY ROUND IRIP AIRLINE PASSENGER DEMAND (USING EQUATION (15))

.. NGYJ U CHTLT LAY TATL. %ASH. | SoF. | CAL. BOS. MIAMI QET. PITT. PHIL. OCNe CLEV.
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LeA. 2059 1051 _ . 0 __ 163 468 31&& _ 779 _ 387 1960 4686 _ 241 546 767 308 283 _ 416 _ 32T 432 __ 442 &40 374
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Hod, | £32 232 370 47T o4 159 3tz _ 18 519 iGt sS4 1%% 107 &8 73 T, T . L. 196 59 an
—Male __X6T _85 M9 _ 22 4\ 48 TT. 29 _225__ 38 ___ 2% _ _42___ 3% ___ 26 ___27____ 26 .26 S2__ 6 _ta_ 36
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TABLE 2.4-12

PREDICTED 1980 AVERAGE DAILY ROUND TRIP AIRLINE PASSENGER DEMAND (USING EQUATION (15))
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. CLE. _ 2181 _ 1103 __ 678 __154 ___594 _ 328___35)___358 __1122_  36n__ _21G6 _ &0g _ 212 __ © __221 __2%52 271 _ 160 246 _ 143
Sele 972 __ 885 __605____129 257 265 _402 ___17% 856 _ 329_ 139 264 _ 213 __ 198 n__ 233  zaff 148  ag 119
. MIN, 788 _690_ 563 _ T4 ___ 193 276 _ 267 . 149  60F . 263 103 2rg 217 Is51 _ 1S5 4 166 0 142 152 125
. Keloe _ 544 __ 654 443 66 _ 139 _ 297 __ 302 _ 101, 504 _ 170 . 72 Y45 178 102 159 __veéd n 1Y4 __ 149 ___ 86
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TABLE 2.4~13

PREDICTED 1985 AVERAGE DAILY ROUND TRIP AIRLINE PASSENGER DEMAND (USING EQUATION (15))
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o BENG__INT6 _ F19_2783___d44__ 277__ B4E__ T49___ 213, 2130 324 _ 129 __ 301 __ .0 __ 187 __ 226 ___319 _ 273 __263 ' 331 __ 243
ClE, _ 3782 2726 _1319 3421091 . &6% _772 _ 645 2125 491 376 1124 %25 . O . 432 448 319 337 500 206
*.Sele  28B24 1757 _1271 __ 208_ _510__ 620 _ 954 _ 340 _175Y _ _6%] _ 258 _ 527__ 462 388 __ O _ _468B _ 48B4 249  ES3 257
PINa_ L1433 1301 1123 _ 169 _ 363 565 603 276 1180 618 | 181 _ 395 434 280 312 | 0 319 . 22y 123 266
KeCo _ 973 . 862 _ BR& _ 151 _263 430 .. 685 187 985 336 128 279. 3710 190 | 321 318 oo 227 318 184
HOU. _ 3475 885 _1581 . 262 __ 397_ _72& 1702 _ 284 _ 2102 418 373 421 486 250 316 301 310 & ..942 292
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TABLE 2.4-14

PREDICTED 1990 AVERAGE DAXLY ROUND TRIP AIRLINE PASSENGER DEMAND (USING EQUATION (15))
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TABLE 2.4-15

PREDICTED 1975 AVERAGE DAILY ONE-WAY AIRLINE PASSENGER DEMAND (USING EQUATION (16))
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KaCw 738 JLe 55T 93 279 _ 735 271 | 13» 294 _ 275 83 __14f _ 149 146, 198 173 0 135 _ 96 88 17
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TABLE 2.4-16

PREDICTED 1980 AVERAGE DATILY ONE-WAY AIRLINE PASSENGER DEMAND (USING EQUATION (16))

 NaYJ TTHIZTTUVAST ATI WASHS T SoF. TLALS TB0SYT MIAMI T DETSPITT. "PHILI “DENe CLEV. ~SSLT7 MINNGT KJCYHOUST NoOZ™ SEA. ~CINN,
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TABLE 2.4~17

PREDICTED 1985 AVERAGE DAILY ONE-WAY AIRLINE PASSENGER DEMAND (USING EQUATION (16))
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TABLE 2.4-18

PREDICTED 1990 AVERAGE DAILY ONE-WAY ATRLINE PASSENGER DEMAND (USING EQUATION (16))
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1960 and 1965 and growth rates are given in Table 2,4-3, Using thais
1nformation and Equations (15) and (16) predictions for round trip
and one-way demand were made for 1975, 1980, 1985 and 1990, This
data is given in Tables 2.4-11 to 2.4-18,

A general indication of the increased passenger demand for air
transportation is shown in Table 2.4-18, Based on the demands pre-
dzeted by this investigation, the total passenger demand and the
percentage demand, as a function of distance are shown., It 1s noted
that the total demand doubles approximately each five years, but that
the percentage demand over a fixed distance remains relatively

constant.

TABLE 2.4-18

1

PASSENGER DEMAND FOR AIR TRAWSPORTATION

1966 1975 1980 1985 Typical
Total Passenger
Demand Per Day 85,770 275,063 518,908 1,042,445 =-----=~
Distance (miles) Percentage Demand
0 - 500 36.7 36.3 35.9 38.2 36.8
500 - 1000 28.4 24 .4 26,0 26.0 26.2
1000 - 1500 17.9 18.1 18.3 17.6 18.0
1500 - 2000 7.8 9.0 9.7 9.0 8.9
2000 - 2500 9.0 11.8 9.8 8.8 9.9
2500 - 3000 .3 .3 .3 .3 .3

2.5 GCARGO DEMAND

2.5.1 Model Used

Perhaps the most difficult problem one faces when making
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city«pair cargo projections 1s the lack .of past data to evaluate the
results, There 1s also a lack of data about specific factors influ-

encing cargo demand. This leads to questions as to what are the

factors influencing cargo demand, %haﬁA&ata are available, and how
can it be used to predict city-pair cargo demand?

As to the factors that influence air cargo demand; the most
obvious factor i1s the cost of shlpplng. Presently the cost of air
cargo is too high to be competitive with ground transportation
except for high value cargo.7 The advent of the JumbovJet will
enable the airline to reduce the cost éf air cargo, but the industry
will be reluctant to 1nvest in cargo aircraft unless their return on
investment is essentially equal to that of similar new passenger
aircraft.’ Nevertheless, the air cargo demand 1s increasing more
rapidly than the air passenger demand.

The problem with including cost in a cargo demand model 1is that
it is.difficult to get a uniform charge per unit of measure. With
the lack of a variety of data, a simple approach to cargo demand was
decided upon In any model formulation some assumptions have to be
made, First, 1t was assumed that the cargo demand between any two
hubs 1s a percentage of the total .cargo and that the percentage
would remain relatively constant with time Second, the cargo
demand 1s related to the manufacturing activity of the hub. . Third,
the manufacturing activity is directly proportional to the number of
people employed in manufacturing in the hub., Fourth, the cargo
demand between any city-pair 1s symmetrical, -

The reasons for relating cargo demand .to. manufacturing was

twofold., Farst, the number of people.employed in manufacturing is

readily available on both the nationwide scale and on a metropolitan
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basis, - Second, there appears to be a logical relation between

manufacturing and cargo. The relationship derived was

]I.‘r]._J = Sgiqf—gll (Total Air Cargo)
where
M, = the number of people employed 1n manufacturing in c:ity :
MJ = the number of people emploved ?n manufacturing in city j
M = the total number of people employed in manufacturing in
the United States
D13 = the two-way air cargo between city 1 and city j

2.5.2 Conclusion

Although there was a lack of city-pair data to prove that the
correct model was correct, the model is considered to provide a good
first approximation as to the city-pair air cargo demand., Hopefully,
as more agencies become aware of the importance of air cargo a
greater attempt will be made to collect the valuable data needed to
formulate and evaluate more sophisticated models.

A quick.look at the cargo projections reveals that the New
York-Newark hub handles over 6 6 percent of the total United States
domestic air cargo and that Chicago handles approximately 2.6
percent,, - . " . -

Lower costs for air cargo will greatly increase the demand.
This could be brought about by a better handling system or larger
airplanes, There 15 also an advantage to customers of air cargo
since quicker air cargo service reduces the necessary inventory and
storage space,

The projected cargo demand obtained from this investigation is

given in Appendix A,2.3,
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2.6 ALLOCATION, SCHEDULING AND CONGESTION

2.6.1 Introduction

Along with the allocation of aircraft over a system network, a
necessary and often simultaneous p%ocedure 18 the scheduling of
flights between network nodes in such a way as to satisfy demand
requirements over each network arc As detailed in Appendix A.2.2,
allocation 1s the process of assigning the various types of aircraft
available in the system to the 420 routes in order to minimize
total system operating cost. Scheduling, then, can be defined as
the sequencing of flights for each aircraft over a definite route
structure to provide an optimum load-factor/frequency-mix which will
erther minimize costs or maximize earnings or profits.

In this tramsportation system design, a comprehensive sched«
uling model for the proposed system has not been developed. Such
a model was not undertaken for several reasons First, the com-
plexity and sime of a model of this type were considered to be
beyond the capability of the investigation in such a short period
of time. Secondly, since the proposed system does not take com=-
petition among airlines into consideration and since competition
will undoubtedly exist in the 1980-1990 time period, a scheduling
model did not appear to be realistic enough to be worked on. And,
thirdly, one of the main problems faced by the United States is
not the airline scheduling procedures, per se, but rather the
effect of this scheduling on the passengers, the airports, and
the areas around the airports It was felt that suggestions con-
cerning the alleviation of the problems partially, 1f not wholly,

caused by scheduling-traffic tie-ups, airport terminal congestion,
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equipment and manpower overlaoding, and airplane delays--would be
more beneficial than a general scheduling model. Thus, Section 2.6.2

“

will discuss in greater detail the preoblems arising from scheduling

[y €

and the possible methods of attacking these problems.

I

2,6.2 Scheduling Problems

At the present, the prime factor in the airlines' determination
of aircraft schedules is the public's demand for convenient, and
oftentimes, frequent service. The air passenger expects, and almost
always gets, both convenient departure and arrival times for most
flights., Hence, the airlines, in their attempt to win the public's
dollar, have kowtowed to this demand. As a result, there is usually
a bimodal demand distribution for service with one peak occurring in
the morning and the second peak occurring in the late afternoon,
Using surveys of passenger's time-of-day preference Warren Hyman and
Larry Gordon of Lockheed-CallfornlaS“have determined a Combined
Route Preference (CRP) function, "This function weighs a combination
of convemient arrival and departure times more heavily than either a
convenient arrival time with an undesirable departure time or a con-
venient departure time with an undesirable arrival t1me."8 Each
network route has a dafferent CRP function which varies for different
days of the week, The curve represents the density function of the
total potential passenger market which would patronize a flight at a
spec1fic time. The problems arising from scheduling procedures are
primarily caused by these two daily buildups. If they could be elim-
inated, 1.e., flattened out somewhat, several important results would
occur. One,’ since terminals must be built for some peak time

capacity, the lowering of all peaks would bring about a considerable
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reduction in terminal space required and, hence 1n terminal comstruc-
tion costs, Two, 1n terms of access to and egress from the termi-
nals, a much smoother and more even flow of traffic would result if
the peak were flattened. As it 1s now, airport flight demand coin-
cides almost perfectly with rush-hour traffic. The mixing of these
two types of traffic slows everyone concerned up and causes great
system cost both to the user and nom-user. Third, the peak daily
travel demand causes congestion problems in the air as well as on
the ground, The even spacing of flights throughout the day would
greatly reduce both the time spent in holding patterns, and taxiing
and take-off time. Thus, 1f these peaks could be eliminated, the
benefits that would acerue to the system would indeed be substantial,
Although, an equal or nearly equal distribution of flights over
the day would greatly reduce congestion and lower system cost, the
system is then faced with the problem of user acceptance--will the
traveler fly at 6:00 in the moxrning instead of at 9:00? Thas is
presently the major obstacle that must be overcome in striving for a
rectangular distribution of flights per day. This problem, however,
can be overcome by the 1980-1990 time period by a thorough education
of the system user as to the benefits of flying at odd hours and
through a system of penalties and incentives. That 1s, charge sub-
stantially lower fares for early morning and late evening arrival
and departures, Make it cost the user more to fly during present
peak hours. TIn this way, the system can attempt to alleviate peak
hour congestion in the skies, at the airports, and on the highways

to the airports.
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2.7 SYSTEM SIMULATION

2.7.1 Purpose
§

In the context cof this design study, system simulation 1s the
process of det;rmlnlng the behavior of the transportation system
when a gaven set of vehicles are allocated to a given network of
routes in order to satisfy a given passenger demand. Behavior of
the system 15 measured by the through-flow requirements imposed on
the nodes of the network (i.e., terminals), the size of the fleet
required, and the dollar cost to the i1ndividuals using and operating
the system. Knowing the behavior of the system to various vehicle

configurations and demand levels, one could determine the 'best"

system.

2.7.2 General Approach

As discussed in previous sections, Continental Un:zted States
interurban transportation may be represented by a network connect-
ing the major urban areas. As a matter of convenlence to potential
users, 1t was decided that non-stop travel should be offered between
each city-pair as the primary traffic mode, furthermore, 1t was
decided that air would be the principle travel medium.

The resulting arr transportation system can thus be viewed as
one national air-carrier attempting to offer non-stop travel between
each major city. This concept of "one national' transportation ser-
vice does not eliminate individual competitive carriers; on the con-
trary, 1t extracts the essence of the system from the citizen-user's
point of view and leads to a system which 1s best for the nation as
a whole. The assignment of routes to competing carriers by the CAB

or ICC will continue as in the past,
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Finally, the specifications and availability of the air vehi-
cles used in the system are not comsadered .to be initially given,
rather they are to be‘determined as part of system optimization;
thus, the approach to simulation usually taken in the literature 1is
not directly applicable and 15 i1n fact too specific 2,10 1n this
design project arbitrary vehicles in unlimited quantities were
considered. i

The most representative measure of the dollar cost of a national
alr transportation System 18 1ts operating cost per unit time, The
following operating costs are distinguaished-

DOC = Direct Operating Cost to all air-carriers operating the

system.

£OC = Tndirect Operating Cost to all air-carriers operating the
system,

COC = Citizens Operating Cost - the cost to the general publ:ic
for facilities and services not paid for from the
operating revenues of the air-carriers.

UIC = Users Time Cost - the dollar value of time to users for

= time lost while waiting for aircraft and while flying on
aircraft,
The System Total Operating Cost is defined as:
STOC = DOC + IOC + COC + UTC, .

For the purpose of system simulation, an aircraft vehicle is
considered to be the composite concept consisting of a passenger
capacity, a maxamum range and a vehicle type: VTOL, STOL, oxr CTOL.
Given these two parameters and the type, both the DOC and IOC are
considered uniquely determined. This information and estimates for
UTC and COC were determined as required

Any reasonable system simulation requires the following input

and should produce the following output:.
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System Simulation
INPUT: 1. TRoute Wetwork
2, City-parr travel demand forecasts per unit time for a
given time period.
3. A mix of aircraft specified by capacity, range, and
type.
4. Cost.estimates for DOC, IOC, COC, UTC as functioms of
their required input parameters.
QUTPUT: 1. Per Route - Types and numbers of vehicles used; Route
operating costs.
2. Per Vehicle - Route usage, numbers required
3. Per Terminal - Passengers to be handled; Aircraft to
be handled.

4 Overall

System-Total QOperating Cost

Schematically the data flow required shown 1n Figure 2.7.2.1.

2.7.3 Simulation Algorithms

All that remains to determine a simulation algorithm is a crite-
rion for assigning particular vehicles to specific routes. In this
design project, it was considered sufficient to simply assign only
one type of vehiecle to each route Based on this, two algorithms
were developed. -

An algorithm called ALOCAT (for Allocate) was {irst devised
which, given a mix of aircraft, assigns each type to a route based on
the aircraft's design range only. A second algorithm called NTSS

(for National Transportation System Simulation) was then developed

which takes & more realistic view and assigns that vehicle to a
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route which has the lowest STOC. The flow chart in Figure 2,.7.3-1
describes NTSS, the flow of data for ALOCAT 1s identical except for
the vehicle choice criterion.
Both algorithms require a vehicle design routine for determining
POC and flight characteristics This was supplied in the form of a
parametric aircraft design program and 1s described in Section 3 0.
ALOCAT and NTSS perform the same computations based on the
following relations For each route, say from 1 to ], using the
vehicle k
Block Time = Computed by ATC method
Block Speed. = Distance (1 to J)/Block Time

Demand (1 to 3)
Capacity; x Load Factor

Number of Flights Required =

Hours of Vehicle k Required = Block Time x Number of
flaghts

Number of vehicles required in fleet =
Number of Vehicle Hours Reguired
Utalization (hrs /day)

DOC per flight = Determined from a function of distance
via the vehicle design routine based on ATA standard
method,

10C per flight = Determined by estimation formulas (see
Section 4)

COC = Estimated (see Section 3.) to be $1 00 for STOL and
$1.50 for CTOL for each enplaned or deplaned
passenger,

UIC = Estimated (see Section 4.6.3) to be $11.5/(Number
of flights) + $.96 x Block Time.

Theoretical Fare =
total (DOC + TOC) x (1.11) x Distance (1 to 3)
total seat miles flown x load factor

For any route, the number of flights i1s that integral number which
allows a certain load facteor while, satisfying demand. A load factor

of 60 percent was chosen to allow for peak demand loadings. The
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number of hours of each aircraft required is accumulated to indicate
the size of the fleet required; this number divided by a Utilization
factor (12 hrs./day for CTOL) gives a rough idea of the number of
aircraft required, The Theoretical Fare is simply an indicatox
which allows the operating air carriers a 10 percent operating mar-
gin of profit (i.e.,, operating profit/sales), In the past the Big
Four 1in demestic operations have managed just under 9 percent (3).
fares were tncluded as a check on the effect of ULC during system
optimization (see Section 1 6).

Finally, the remark that two simulation algorithms were pro-
vided to allow different approaches to various problems in the

design effort, ALOCAT was used 1in preliminary studies while NTISS

was used exclusively to produce final results

2.7.4 Computer Implementation

The algorithms ALOCAT and NTSS were both programmed as subrou-
tines in FORTRAN. Subroutines have been discussed elsewhere in this
study (see Sectiom 2 7.2) which supply all dependent vehicle specifi~
cations and DOC's as required for the parametric design of VTOL,
STOL and CTOL.

This approach of designing each vehicle as required was chosen
for local reasons* these programs were run on a bank of CDC 6000
series computers which are extremely fast but with moderate storage
capability. Thus, 1t was "cheaper" to repeatedly compute everything

rather than store large quantities of data.

2,7 5 Conclusions
Both simulation algorithms fa:l to take into account indarect

routing and rely heavily on supplied cost estimates, however, it s
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felt that the output of ALOCAT and NTSS was sufficiently representa-
tive of the total system. More importantly, the-simulator NTSS was
used successfully to determine STOC for system optimization and to

judge the cost effectiveness of various vehicle mixes. The results

of these efforts are discussed in Section 2.8.

2.8 SYSTEM OPTIMIZATION

2.8.1 The Optimization Problem

The optimum system is considered to be that system which has
the minimum total system operating cost (defined in Section 2,7 -~
on which this section relies heavily) vet satisfies the system con-
straint: passenger demand., The only variables that one has the
ability to adjust are the vehicle or aircraft specifications them~
selves and the only independent aircraft parameters are capacity,
design range and type  Hence, the optimization problem is: given
several types of aircraft, find the capacity and design range of
each type so that the total operating cost of the entire system is

a minimum,

2,8.2 System Cost Functions

The system's total operating cost is considered to be STOC =

DOC + IOC + COC + UTC. For a given set of aircrafi, STOC may be
calculated using either of the system simulation algorithms or one
may attempt to formulate an anglytical expression., This requires a
great deal éf approximation and estimation, and, in the case of this

transportation system analysis, found little success, It was

decided to use direct simulation to compute STOC.
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2.8.3 Minimization Technique .

In order to better envision the optimization problem it may be
expressed i1n a more abstract form. Given N types of vehieles,- let
c; and ry denote, respectively, the capacity and design range of
vehicle type 1. Essentially, there 1s a vehicle vector v =
(15 T{s €y Tos « + « Oy rN)ERZN *, The function f:R2N — R with
values £(v = STOC 1s well defined (e.g., by the algorithms of

Section 2,53).

Because of physical limitations, the parameters v are con-

N consisting of realizable

strained to belong to a constraint set AcR
seating capacities and design ranges, 1.e., a set of admissible
vehicles. '

The Optimization Problem is then, find a vehicle wvector e
R%N such that-

a. ¥ £ A

b. for all v € 4, £(®%) & f().

A vehicle vector satisfying a and b will be called the optimum
vehicles.

Under certain continuity conditions on the cost function £,
this problem is simply the "Basic Problem" of nonlinear programming
with no constraint equatlon.12’13 However, for a given vehicle
vector v, the value of STOC 1s only computable by onme of the simula-
tion algorithms: no analytical expression is known  Thus, the

standard indirect methods known from the nonlinear programming

literature are not applicable and a direct approach must be

“We denote by R® the usual Euclidean space of real n-tuples which we
represent for typographical ease as row vectors.
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http:equation.12

attempted.lz’13"14’15

The well known Method of Steepest Decent was chosen based on
the fact that the gradient of a function at any point, "'points" in
the direction of greatest increase of the function from that point.
Thus, following the negative direction of the gradient leads to a
point where the function is a minimum., More specifically, let

f : R® —>R and denote the gradient of f at x® € RD by

[~

?;F_ ® = (Qi ua—.c éc
x(X\ ax,\on ax,_‘x e ‘:;X"\\xa)

where ( ‘ag/axt ) X, denotes the 1th partial derivative of

£(xq, %5, " * °, %) evaluated at x° = (xi, x°

57 ., x;). Then,

*

1f £ has a minimum value at a point in a region ¢ € R® and x° € C;

the sequence:

Xk-»r _ . >\1< ( ") )\K>o

has the property that it converges to the point x* € C where f has
its m1n1mum.5’6
The magnitude assigned to the step size }\k 18 critical for

rapid convergence, any value for which f (x kH‘) < f(xk) 18

sufficient. The optimum value 1s given by-

(% A/ CERE),
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where T denotes transpose and H is the so~called Hessian Matrix of

f evaluated at xk:
O
H = [( éz—‘éxj{xk)']

In practice, because of computational difficulties, a less
sophisticated method for computing )‘k must be employed,

Finally, the set of admissible vehicles "A" could be represented
as a set of linear inequalities and the Optimization Problém solved
using the Gradient Pro;ection'Method,13’l4 however, the exact nature
of A was not known initirally and in fact was dependent on the engi-
neering judgment of the anticipated vehzecles. Furthermore, the
wmportant question of the existence of optimal vehicles was unan-
swerable; the same situatlon prevailed as to the comtinuity pro-
perties of the cost function. Therefore, the Optimization Problem
was attacked by applying the method of Steepest Descent guided by
human i1nternal and external control. An algorithm called MINTOC was
devised to solve the problem, a flow chart is shown 1n Figure 2.8.3-1.

In order to:compute the gradient we claim the approximation:

[ . K K
é.'.c_ ~ Jc'(x}f) XLK"'JX&. '!'AX'-'-J' th “—FCX)
2 &K

xk

for some "sufficiently"” small X .

At each step the norm of the gradient is calculated as:

\\ 2 (xY \\ = %\ 95?3“»\"3\

L=l
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the step size 15 then computed to be:
- 2€ K\\
A = CK/“ c>7<(x>

where ¢ is a positive number whose value is determined from
“"ecomputational experience.” The remaining details are discussed

below.

2.8.4 Computer Implementation

The algorithm MINTOC was programmed in FORTRAN in conjunction
with the subroutine NTSS described in Section 2.7.3.

After some computational experzence had been gained, perturba-
tions of 100 for range and 100 for capacity were found to give suf-
*ficiently consistent gradient values. (Perturbations of as low as
20 were tried for capacity; however, too many "local minimums"
occurred which prevented attainment of a true minimum.) In addition,
the scheme shown in Figure 2.8.2 was found to properly guide the
process to an optimal value. At various stages in the program,
logical statements were inserted to insure that at each step the
vehicles were admissible (i.e., X A). As shown in Figure 2.8.4-1,
iteration was terminated when the gradients norm was small.

Sample runs and final results may be found below.

2.9 COMPUTATTONAL RESULTS

Several schemes were employed in order to search for an optimum
set of vehicles. A series of computations of System Total Operating
Cost (STOC) as a function of the vehicle parameters was first run in

order to determine the nature of the cost surface. It was found to
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be sufficiently well behaved to justify using a gradient search.
These computations also indicated that a mix of three aircraft with
short, medium, ard long design ranges was sufficient to obtain a low
STOC. As the cost function was found to be rather insensitive to
degign range and more dependent upon design capacity, the vehicles
were arbitrarily assigned the following design ranges:
short range : 500 miles
medium range: 1500 miles - -
long range : 3000 miles
Using MINTOC (see Sectionm 2.8) with three CTQL vehicles of the
above ranges, the vehicle capacities were determined which would best
satisfy the passenger demands of 1975, 1980, 1985, and 1990. The
fipal results are summarized in Table 2.9-1.
The 1975, 1980, 1985, and 1990 time perlods were investigated
sc that a judgment could be made as to the phasing out of present
day (1969) aircraft, the initiation and use of the proposed 1980

aircraft, and the possible phasing out of the 1980 aircraft in the

1990's.,

TABLE 2,9-1

VEHICLE SELECTION YIELDING MINIMUM TOTAL SYSTEM QPERATING COST

Alrcraft Range
A 500 miles
B 1500 mzles
C «~ 3000 miles
Daily
Capacity (Seats) Total System Qperating
Year Aircraft Aircraft ‘AircFaft Cost (§ x-106)
A B c
1975 400 200 400 11.855
1980 600 400 300 21,362
1985 1000 1000 ) 300 40,436
1990 1000 1000 1000 79 140
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Although, for each time period investigated, a specific set of
vehicles was found that produced the lowest STOC, the wvariation in
STOC with capacity was not drastic it was felt that a fipal selec=
tion made by society would.consider additional factors, The effect
of passenger capacity upon STOC 1s shown in Table 2.9-2a, b, e, d.

The vehicles selected for use in the 1980's as a result of

this i1nvestigation, are

Vehicle Range(miles) Capacity(seats)

A 500 200 -
B 1500 400
C 3000 800

A capacity of 200 for the short range aircraft was selected
because the TSOC was least sensitive to the capacity of the short
range aircraft, It was observed that this plane 1s essentially
forced out of the systim (few are required), in the fmid 1980's. It
was felt this aireraft could be a carry over from today's aircraft.

A capacity of 400 was selected for the middle range aircraft,
It was anticipated that the newly introduced long range aircraft of
today (1969) with capacities of 400 would be used. This would be
éﬁused by therr availability and also the necessity of introducing
a new long range, very high capacity aircraft in order to reduce
anticipated 1980 TS0C.

A capacity of 800 was selected for the long range aircraft, It
was felt that its lower Flrect operating cost and STOC compared to
present day aircraft would make 1t attractive to airlines and
society, It was also noted that the TS0OC, as defined, has a bias to
increase the frequency of service through a passenger wairting cost
penalty, 1In spite of this pemalty, the higher capacity aircraft,

which decreases the frequency of service, was determined as the
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TABLE 2.9-2a

EFFECT OF AIRCRAFT CAPACITY UPON
TOTAL SYSTEM OPERATING COST

1975
Short Range Medium Range Long Range
Alrcraft Arrcraft Airreraft TS0C
Capacity (seats) Capacity (seats) Capacity (seats) (%) Rank
Minimum Cost 400 200 400 11,854,813 1
System
Alternate 400 200 200 12,666,905 13
Systems " " 400 11,854,813 1
" " 600 11,872,785 3
" n 800 12,101,018 11
" " 1000 12,458,422 12
400 200 400 11,854,813 1
n 400 n 11,928,557 6
" 600 n 11,962,761 8
" 800 n 12,063,742 10
" 1.000 n 12,023,160 9
200 200 400 11,930,544 7
400 n n 11,854,813 1
600 " 1 11,867,611 2
800 " " 11,909,266 5
1000 n " 11,884,930 4

*The lower the "rank", the lower the cost of the system. Rank 5 implies the fifth lowest
system 1n total system operating cost.
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TABLE 2,9-2b

EFFECT OF AIRCRAFT CAPACITY UPON
TOTAL SYSTEM OPERATING COST

1980
Short Range Medium Range Long Range
Aircraft Aircraft Aircraft TSOC
Capacity (seats) Capacity (seats) Capacaity (seats) %) Ranlk#*
Minimum 600 400 800 21,361,831 1
System
Alternate 600 400 200 23,482,200 13
Systems " n 400 21,938,576 12
" n 600 21,467,300 6
t i 800 21,361,831 1
" 1" 1000 21,504,264 7
600 - 200 800 21,832,881 9
" -400 v 21,361,831 1
" 600 " 21,559,003 8
" 800 " 21,932,532 11
" 1000 " 21,920,569 10
200 400 800 21,464,538 5
400 " " 21,408,214 4
600 " " 21,361,831 1
800 " " 21,368,699 3
1000 " " 21,366,906 2

*The lower the "rank', the lower the cost of the system., Rank 5 1mplies the fifth lowest
system in total system operating cost,
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Minimum Cost
System

Alternate
Systems

%The lower the "rank', the lower the cost of the system.

Short Range
Arrcraft
Capacity (seats)

1000

1000

"
1

200
400
600
800
1000

TABLE 2.9-2c

EFFECT OF AIRCRAFT CAPACITY UFON
TOTAL SYSTEM OPERATING COST

Medium Range
Arrcraft
Capacity (seats)

1000

1000

n
L}
n
n

200
400
600
800
1000

1000

system in total system operating cost.

Long Range
Arrcraft
Capacity (seats)

800

200
400
600
800
1000

Rank 5 implies the fifth lowest

TSOC
(%)

40,435,59

45,624,991
42,302,796
41,163,526
40,435, 5%
40,534,705

41,732,132
40,841,788
40,470,857
40,771,929
40,435,59%

40,605,284
40,487,870
40,469,892
40,508,892
40,435,59%

Rank¥

=00 WO =

= b
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Short Range
Arrcraft
Capacity (seats)

Minimum Cost 1000
System
Alternate 1000
Systems "
1"t
it
111
1000
n
"
1
1]
200
400
600
800
1000

%The lower the "rank', the lower the co&t of the system.

TABLE 2.9-2d

EFFECT OF ALRCRAFT CAPACITY UPON

TOTAL SYSTEM OPERATING COST

1990
Medium Range Long Range
Aircraft Aircraft
Capacity (seats) Capacity (seats)
1000 1000
1000 200
" 400
n 600
" 800
t 1000
200 1000
400 "
600 "
800 n
1000 n
10060 1000

1
1
(£}
1

system in total system operating cost,

TSOC
(%)

79,140,445

90,495, 346
83,423,454
80,920,582
79,549,116
79,140,445

81,918,085
80,746,380
79,829,413
79,616,088
79,140,445

79,619,600
79,464,925
79,375,782
79,306,339
79,140,445

Rank 5 mmplies the f£fifth lowest

Rank*

= QoW

R P



optimum

As the TSOC was most sensitive to the capacity of the long
range aircraft, the recommendation of an 800 passenger capacity,
long range aircraft 1s considered a principle result of this
rnvestigation.

The advantages of imitiating the proposed vehicles and the
schedule of their initiation may be obtained for the proposed
system, an optimum system, and a system using today's aircraft,
For purposes of comparison, today's aircraft are defined to be
capacities of 200 (short range), 200 (medium range) and 400 (long
range), however, the costs presented are those obtained using the
vehicle design method of this 1investigation and may not, necessarily,
represent true present day aircraft  The costs are shown in Table 2-9.3.

It 15 noted that the proposed system, when compared to the
present system, would have a daily TSOC savings of $1.21 million 1n
1980, $3 68 million in 1985, and $7 54 million in 1990. Tt 1s also
noted that the present system would be better than the proposed
system in 1975; consequently, the proposed system is suggested for
initiation between 1975 and 1980, Although-in the early 1990's the
proposed system would be losing $3.,1 million per day, compared to
an ideal system, it is difficult to make a judgment that the proposed
system will need to be altered

The number of vehicles needed and the number of routes they use
1s shown in Table 2.9-4 Results are given for a system using
present day vehicles and for a system using the proposed vehicles.
Direct and indirect operating costs for each aircraft are also
shown, A comparison-of direct operating costs, indirect operating

costs, user time costs, terminal costs, and total system operating
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TABLE 2.9-3

COST ESTIMATES FOR 1980 UNITED STATES ATR TRANSPORTATION SYSTEM

1975
IDEAT, SYSTEM
Capacaty (Short, medium,
long range aircraft) 400,200,400
Dairly Total System
Operating Cost (TSOC) $ 11,855,000
FRESENT SYSTEM
Capacities:
200, 200, 400
TSOC $ 11,931,000
NS from IDEAL 8 76,000
PROPOSED SYSTEM
Capacitres:
200,400,800
750C $'12,086,000
4N $§ from IDEAT $ 231,000

2N § from PRESENT $ 155,000

1980

1985

1990

,600,400,800 1000,1000,800 1000,1000;1000

$ 21,362,000

$ 22,677,000

$ 1,315,000

$ 21,465,000
$ 103,000

$ 1,212,000

$ 40,436,000

$ 44,903,000

$ 4,467,000

$ 41,223,000
$ 787,000

$ 3,680,000

$ 79,140,000

$ 89,831,000

$ 10,691,000

$ 82,288,000
$ 3,148,000

$ 7,543,000



TARIE 2.9-4

VEHICLE AND ROUTE ALLOCATTIONS
DIRECT AND INDIRECT OPERATING COSTS

YEAR PRESENT SYSTEM PROPOSED SYSTEM
Range (miles) 500 1500 3000 500 1500 3000
Capacity (seats) 200 200 400 200 400 800
Design DOC

(cents/seat-mile) 1.01 .78 69 1 01 .61 .62

1975
Hours Required 609 711 1641 246 1141 644
Vehicles Required 51 59 137 21 95 54
Routes Used On 41 80 89 31 118 61
Average Route

Length (miles) 318 882 1590 332 856 1867
Daily DOC ($109) 066 061l 271 0.24 1.64 1,91
Daily IOC ($10%) 106 088 3.8l 0.39 276  2.59

1980
Hours Required 1178 1059 3404 224 2044 1219
Vehicles Required 98 88 284 19 170 101
Routes Used On 38 57 115 18 119 73
Average Route

Length (miles) 307 893 1a4l4 331 769 1748
Daily DOC ($10%) 1.27 091 5.63 0.23 3,01 361
Daily I0C ($109) 203 1.31 78 0.37 5.06 4.91

1985
Hours Required 2649 1239 7395 259 4464 2281
Vehicles Required 204 103 616 21 372 190
Routes Used On 41 42 127 13 119 78
Average Route

Length (miles) 311 832 1397 322 758 1676
Daily DOC ($106) 2.57 107 12.25 0.28 6 50  6.76
Daily IoC ($100) 411 153 17 01 0.45 10 93  9.20

1990
Hours Required 4870 853 15927 68 9709 4536
Vehicles Required 406 71 1327 6 809 378
Routes Used On 42 17 151 2 138 70
Average Route

Length (mllgS) 313 841 1309 479 733 1756
Daily DOC($107) 5 04 L7426 44 0,05 14,14 13.42
Daily I0C($109) §.06 1.04 36.53 0 08 23,77 18.25
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costs for the proposed system and the "present'" system 1s shown 1in
Table 2,9-5

All of the wehicles investigation, including "present day air-
craft", were considered to have the "supercritical .wung' by 1975.
permitting Mach No. = 1.0 operation, The economic impact of this
airfoil 1s shown in Table 2 9-6 where comparison i1s made to a
similar system using conventional airfoils (Mach No. = 0.8). It 1s
obs‘erved that for the proposed sysi;em a daily STOC savings of
approximately $0 5 million is obtaln?d.

For the proposed system, the daily terminal requirements in
the year 1980 are contained in Appendix A-2.9. Examples of the
vehicle allocation by terminal and route are also given for Wew
York, Chicage, and Los Angeles. As a result of this investigation
these data are available for 1975, 1980, 1985, and 1990 for all
twenty-one major hubs,

As a matter of interest, the total system operating cost for a
STOL vehicle or a VIOL vehicle operating on routes less than 500

mrles was investigated., The results are shown in Table 2,9-7 and

Table 2,9-8
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TABLE 2.9-5

COST COMPARISON:; PROPOSED SYSTEM - "PRESENT SYSTEM"

YEAR COST PRESENT SYSTEM PROPOSED SYSTEM

$106/day $10%/day

1975 DOC 3.982 3.795
I0C 5.750 5.741

UIC ‘1 361 1.712

TC 837 837

T50C 11.931 12,086

1980 DOC 7 811 6.854
10C 11 200 10.339

UTC 2.013 2,618

TC 1 654 1.654

TS0C 22.677 21.465

1985 DOGC 15 890 13.548
10C 22.639 20,581

UTC 3.078 3 798

TC 3.296 3.296

TS0OC &4 903 41,223

_ 1990 DOC 32,221 27 613
10C 45 635 42.106

UTC 5 347 5 941

TC 6.628 6 628

TSOC 89,831 82 288

DOC - Direct Operating Costs

I0C - Indirect QOperating Costs
UTC - User Time Costs

TC - Terminal Costs
TSOC - Total System Qperating Costs
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TABLE 2.9-6

ECONOMIC IMPACT OF SUPERCRITICAL WING

Year Mach No. Capacities Daily STOC Daily Savings Using
Supercritical Wing
1975 0.8 200,200,400 $12,586,000
1.0 200,200,400 $11,930,000 $656,000
0.8 200,400,800 $12,494,000
1.0 200,400,800 $12,086,000 $408,000
1980 08 200,200,400 $23,915,000
1.0 200,200,400 $22,677,000 $1,238,000
0.8 200,400,800 $22,148,000
10 200,400,800 621,465,000 $683,000

2-73



TABLE 2.9-7

TOTAL SYSTEM OPERATING COSTS
STOL VEHICLE - 1985

Range: 500 miles
Number of Routes: 44
Average Route: 320 miles

Capacity Daily TS0C
(Seats) ($10)
50 14.725
70 12,637
20 11.440
. 110 10 721
130 10 466
150 10.031
170 9.910
190 9.692
210 9.638
230 9.484
250 9,264
270 9 160
290 9.250
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TABLE 2.9-8

TOTAL SYSTEM OPERATING COSTS
VTOL - 1990

Range, 500 miles
Number of Routes: (<Y1
Average Route; 320 miles

Capacity baily STOC
(Seats) g$106)
50 30.282
70 26,602
90 24 827
110 23.452
130 23.266
150 22.332
170 22,100
190 21,693
210 21.890
230 21.677
250 21 148
270 20.964
290 21.247
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III. VEHICLE DESIGN
3.1 INTRODUCTION

The systems design approach was followed in attacking the prob-
lem of designing vehicles suitable for the.1980-1990 time period.
The. desired output was not a detailed vehicle design, but rather a
set of feasible vehicles which could be analyzed and optimized. )
Thus, this investigation's primary effort was a vehiecle feasibility
study. This feasibility study was conducted in four steps. .

The first step in the feasibility study was the need analysis.
That there 1s a need for a study of a 1980 air transportation system
has been established in a preceding part of the report, That the
transportation system of the 1980's shall be air is dictated by the
prohibitive expense of acquiring right of way or of tumneling for
necessary expansion of ground systems. Also, sufficient need does
not presently exist to justify the tremendous expenditure necessary
for the research and development of a high speed ground transporta-
tion system which would be competitive with air transportation over
similar routes 1in the 1980's,

The second step in the feasibility study was the ldentlfic;tlon
of the design problem. The system to be analyzed was chosen to he
the network of 21 major hubs across the United States. Proposed

»

vehicles must service this network, - - ) i}

The third step in the feasibility study invelved the synthesis

of design concepts., The 1980 technology and innovations had to be
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predicted. Evolutionary trends can be extrapolated from the present
whereas revolutionary changes may be impossible to predict or at best
predicted on the basis of an educated guess. Considering the magni-
tude of the system under study and the time needed to put revolution~
ary concepts ainto production, 1t was assumed that unless the concept
existed presently, i1t would not be a part of the vehicles of the
1980's. The vehicles flying in the 1980's will not appear very dif~
ferent from those flying or on drawing boards now. At present the
state of the art suggest:ions for 1980 aircraft include supercratical
wings, variable bypass ratio turbofans, and high lift blown flaps,
After establishing the 1980 levels of technology, the new concepts
were synthesized into vehicles., The choice of vehicles was the
result of considering a wide variety of proposed wehicles and e€lim-
inating all but the most practical from a technical and economic
standpoint. This was done after a broad literature survey with the
state of the art, A description of the vehicles will be given in
the actual Vehicle Design Section (3.4). After establishing the
configuration of the aircraft it was necessary to formulate a com-
puter program to design the aircraft caused by the complexity of
the weight, l:ft, drag, thrust, and capacity relationships. Suffi-
cient design criteria were specified to parametrically design an
aircraft. This 1s covered in the Parametric Design Program Section
(3.3).

The fourth step of the feasibility study was the economic
analysis. The system was optimized with respect to the cost and
time. By varying parameters of the design program-the optimum

system' could be found.
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3.2 TECHNOLOGY FQRECAST

Realistic results for a 1980 air transportation system will be
obtained only 1f the vehicles reflect a 1960 technology. The tech-
nology available from 1975 to 1990 was predicted in increments of
five years. The estimated technologicéi levels arrived at are

presented as follows:

1975;
CTOL
maximun weight = 800,000 1bs.
S¥C = 0.70
1980:
STOL
first generation
wing loading = 90 ib/ft2
maximum passengers = 175
cruise Mach number = 0.60
blown flap system
CTOoL
maximum weight = 1,000,000 1lbs.
supercritical wing
5% amprovement in structural efficiency
SFC = 0.65
1985:
STOL
wing loading = 100 1b/ft2
maximum passengers = 225
cruise Mach number = 0,70
CTOL

maximum weight = 1,100,000 1bs,
SFC = 0.60
5% improvement in structural efficiency
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1990:

VIOL
first generation
wing loading = 95 1b/ft2
cruise Mach number = 0,60
STOL
wing loading = 110 1b/ft2
maximum passengers = 300
cruise Mach pumber = 0.80
CTOL

maximum weight = 1,200,000 lbs,
SFC = 0,55
5% 1increase in structural efficiency

The technological preojection made was based on extrapolation of
existing technologies, expected improvement trends, and judgments on
future vehicular types (VTOL, STCL).

CTOL technology in the period 1980-1990 will not differ appre-
crably from CTOL technology of the 1970%'s. This 1s true in light of
projected developments i1f no startling technological breakthroughs,
a new type of engine, for example, occur.

A review of current and past commercial aireraft indicates
wncreased weight with time, Figure 3,2-1 illustrates dramat:ically
the established trend of increased aircraft weight. The dashed line
in the figure represents the allowable gross aircraft weight for the
time period of interest, This figure does not indicate the weight
that the post 1980 aircraft must have but merely the maximum weight
that an air vehicle of the time period can logically have.

Jet engine technology has shown dramatic and significant
increases since the end of World War II. Turbojet technology has

r

progressed from the expensive, troublesome, and relatively low
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thrust of the early 1940's to the economical, troublefree, high
thrust engines of today. Engine weaght per pound of thrust and
engine specific fuel comsumption (SFG) has shown marked deereases,
especially since the introduction of the turbofan engines. How-
ever, it was felt that this progress could not continue and that
with the exception of the variable bypass turbofan engine, the
performance increases of the engines would not be as great. Even
the introduction of the variable bypass engine would not be revolu-
tionary in the performance sense. Thus, specific fuel consumption
is projected to show a slow but steady decrease throughout the
1980's, Figure 3.2~2 graphically depicts the decrease in SFC. 2
This figure is in general agreement with other projections.

In addition to specific fuel consumption the engine specific
weight 1s also of interest. Figure 3.2-5 indicates 1969 technology
levels for engine thrust and engine weight.3 The crosshatched por-
tion of the figure indicates expected technology improvements
through the period of interest.

Structural technology is expected to show slow but significant
gaing throughout the 1980's. Figure 3.2-3 best represents the
magnitude and sources of increased technology in aircraft structures
(as taken from Schriever and Se1fert).2 A five percent improvement
every five years in structural efficiency was forecast, Although
Figure 3,2-3 indicates somewhat more improvement tc be avazrlable,
the combined problems of development and certification preclude
realizing all of the potential by the 1980's.

With one exception aderodynamic efficiencies are not expected to
increase appreciably. The one exception is the supercritical

Wlng.4=5 Prag considerations limit the subsonic cruise velocity of
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a vehicle equipped with conventional wings tc a nominal Mach number

= (.85, By proper wing design the cruise Mach number can be raised
to unity. An arrfoil with a cruise Mach number near unity 1s called
supercritical airfoil or wing (the supercritical wing is discussed

in detail in the Aerodynamics Section of CTOL, Section 3.4.1.1). The
higher cruise Mach number permits a greater productivity at rela-
tively little cost. Hence, 1t 1s postulated that the supercritical
wing will be in general use on long range aircraft of the 1980's.

The introduction of STOL and VTOL aircraft is anticipated in the
1980's, This investigation predicted that a commercial STOL vehacle
will be available in the early 1980's and a commercial VTOL will
become available in the later 1980's, This seemingly arbitrary
judgment was prompted by several factors: (1) The lack of an ade-
guate technological base for commercial VTOL's by 1980, (2) The
need for short and/or vertical takeoff and landing aircraft in the
1980's, (3) The existence of the McDonnell/Douglas 188, the first
feasible (but not acceptable) STOL or VTOL vehicle, and (4) No
acceptable STOL will be available by 1975,

Numerous propulsion schemes are available for STOL and VTOQL,
Figure 3.2-4 illustrates a number of lift/thrust concepts. It is
felt that the blown flap system--not illustrated in Figure 3,2-4--
will be the most likely lift/thrust scheme, especially for the early
1980's. Because of structural and aeroelastic problems, the rotor
designs appear in a very unfavorable light. Deflected thrust or
fan-in-wing designs represent a relatively expensive means of obtain-
ing STOL 1lift capability. The turboprop deflected thrust scheme
represented a cheap, simple means of obtaining high 1lift. But,

because of the proeclivity of the traveling public for jet powered
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aircraft and because of the ease of construction this investigation
chose the blown flap system for the STOL vehicle. The blown flap
system 1s examined in detail in the Aerodynamic Section of the STOL
program development.

Documents by leading aircraft companies tend to limit the pas-
senger capacity of STOLs. Thus, a maximum load limit of 176 pas-
sengers was chosen for 1980 with a gradual increase to 300 by
1985‘,6’7’8 Wing loadings for first generation blown flap STOLs are
expected to be around 90 psf with a slight increase as operational
experience 1s gained. This accounts for the gradual increase in
wing loading through the 1980's,

VTOL will be available and needed by 1990. At this point in
time the lift/thrust scheme that will be used for the first genera-
tion VIOL is not evident. With the exception of the XC-142A, a
turboprop tilt-wing aireraft, no experience with large VIOLs 18
available. A fan-in-wing vehicle was used for the VTOL simulation
program used in this investigation but only to generate cost fig-
ures.9 No hypothesis was made as to the thrust/1ift., The VIOL pro-~
gram was used for comparative purposes only and represented a cost

simulation rather than a design program,
3.3 PARAMETRIC DESIGN PROGRAM

The parametric design program was a computer design of the air-
craft to be used in the system From design data inputs the physical
dimensions, thrust, weight, performance, and direct operating costs
were generated for the vehicles. A block diagram of the computer
program and a synopsis of the direct operating costs are contained

in this section.
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The Parametric Design Program 18 shown in Figure 3.3~1 as a sim-
plified flow diagram. In reality, there were three programs; one
each for CTOL, STOL, and VTQL vehicles. The flow diagram applies to
all three with the individual differences discussed in the respective
sections.

Inputs to the program were the cruise speed, cruise altitude,
design range, and the number of passengers. For the CTOL vehicle,
the cruise altitude was 36,000 feet and cruise Mach number ranged
from 0.8 to 1.0 The STOL and VTQL wvehicles were flown at 15,000
feet and at a Mach number of 0.6, Many different vehicles were
designed by varying design ranges and passenger capacities. For the

different vehicles, the ranges and capacities were:*

Range (mi ) Capacity
CTOL 50 - 32,000 50 - 1,000
STOL 50 - 500 50 - 500
VTOL 50 - 500 50 ~ 500

The second step was to calculate the number of lavatories,
doors, and galleys required for the number of passengers. Then, the
number of seats across the aisles are set equal to one, The seats
across are incremented by one and the fuselage dimensions calculated,
In these caleculations, a circular fuselage was used with the seats
positioned in the most efficient way and at least eight feet head-
room maintained at the center., On the CTOL vehicle, provision 18
made for double decking If the seats across are more than ten, a
double deck 1s used and a vehicle with more than twenty seats across
18 not considered. For this number of seats across, a triple deck

should be used for more efficiency. The V/STOL vehicles were not
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double decked and more than ten seats across was not considered.
Consideration of cargo was limited 1n the program to calculating
available volume leftover when the airplane 1s designed for maximum
passengers, The passenger compartment was considered rectangular and
any extra space above, below, or on the sides was calculated and con-
51dereé available for cargo. 1In calculating the volume for cargo,
the total extra volume was divided by two since all volume cannot be
used., The circular fuselage was used for simplicity and ease in cal-
culating aerodynamics. The actual fuselage design, particularly for
double decked wvehicles, may be improved by using another cross sec-
tion. The best cross section should not have appreciable dif-
ferences in aerodynmamics but would adapt to cargo more efficiently.
¥rom the fuselage dimensions, the ratic of iength to diameter
was calculated. The program was made to consider only vehicles with
a fuselage length to diameter ratio between eight and fifteen. These
numbers were selected from data on existing and projected aireraft.
The ratio starts high with a configuration of two seats across and a
design capacity of 50 passengers or more. If the ratio is above
fifteen, the program loops and adds one seat acrosé, then continues

through the fuselage dimensions again. When the ratio becomes less

than fifteen, the program continues to the next step.

A total wvehicle weight was estimated from a simple linear expres-
sion obtained by plotting weight versus passenger capacity for exist-

ing airplanes., The wing area was calculated from the weight using a

wing loading or 120 psf for CTOL and 90 pounds per square foot for

STOL and VIOL. The other wing dimensions were calculated using an

aspect ratio of eight for CTOL and seven for S5TOL and VIOL. Next,

- 3

the drag buildup, thrust calculations, performance envelope, and
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total weight were calculated. These are discussed 1n later sections,

The total weight and estimated weight, on which the calcula-
tions were made, were compared. If there was no more than five per-
cent error, the calculations were assumed reasonable and the vehicle
designed, If the weights had more than five percent error, the cal-
culated weight was taken as a new estimate and the vehicle rede-
signed. This continues until the error 1s less than five percent,
When the error i1s five percent or less, the program continues and
caleulates airframe costs and direct operating costs.

After the costs are calculated, the program loops and incre-
ments the number of seats across by one. The entire calculaticns
are repeated for the new arrangement and then seats are incremented
again, This will continue until either the length to diameter ratio
becomes less than eight or the number of seats across becomes more
than twenty for CTOL or ten for STOL and VIOL. The procedure for
designing vehicles with different numbers of seats across allows the

best 1interior configuration to be selected in terms of costs.

3.3.1 Gost Results

The results presented in this section represent the cost anal-
vs1s of the parametric vehicles., Cost data is shown for four basic
types of arrcraft: long range conventional (CTOL), medium range
conventional (CTOL), short takeoff or landing (STOL), and vertical
takeoff or landing (VIOL). Design ranges for the long range conven-
tional and the medium range conventional were arbitrarily chosen for
the data presented here as 3000 miles and 1500 miles, respectively.

Figure 3.3.1-1 represents direct operating cost (DOC) as it

varies with distance flown for a 3000 mile design range CTOL
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2

airrcraft, There are two main points of interest shown 1n the figure.
First, as the passenger capacity is increased from 600 to 800 pas-
sengers, the reduction of DOC is very small compared to that of the
200 to 600 passenger aircraft, This indicates a possible disad-
vantage of using an 800 passenger aircraft where one carrying 600
travelers 1s almost as cheap. Also, the initial cost for anm 800 pas-~
senger aircraft is much greater than for a plane that carries 600.
Secondly, the curve for the 1000 passenger plane 1s markedly above
those curves foxr the 600 and 800 capacity planes. The somewhat
startling conclusion results from a fuselage weight-fuselage drag
interaction. A 1000 passenger aircraft will be designed double-
decked. Structural weight per passenger for large aireraft will
exhibit a downward trend with increasing passenger loads, fuselage
weight 18 proportional to fuselage length/diameter ratio, But

drag 18 essentially proporticnal to the square of the cross-
sectional area. Thus.the drag of the fuselage for double-decked
aircraft can become so severe that any advantage gained by increased
passenger capacity is lost. This point 1s seen to occur at about
800 passengers for the current design parameters.

Direct operating cost versus distance flown for the medium
range GTOL aircraft and the STOL aircraft is shown in Figure 3.3.1-2.
The STOL aircraft has a maximum design range of 500 mailes

The STOL aircraft has higher DOC's than the CTOL aircraft for
the same distance flown. Higher STQL DOC's are the result of
inereased engine requirements for short takeoffs and landings. How~
ever, lower terminal costs and 1ncreased passenger convenience may
cause the STOL to be more desirable than the CTOL airecraft.

Cost data shown for the medrum range CTOL shows, as 1n Figure
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3.3.1-2, that the reduction in DOC between a 600 and 1000 passenger
aircraft 1s very small., In the medium range CTOL, 1t may be less
costly to use a 600 passenger aircraft than those having higher
seating capacities.

The family of curves presented in Figure 3.3.1-3 shows DOC
versus distance flown for aircraft of different design ranges.

A different method of presenting direct operating cost 1s shown
in Figure 3.3.1-4, Here DOC 1n dollars per trip versus aircraft
design range 1s plotted. The three curves represent different pas-
senger capacities. As would be expected, the larger the aircraft,
the more 1t costs to operate over a given distance. Ewen though it
costs more to fly a 1000 passenger plane 3000 miles than to fly a
200 passenger craft the same distance, the operating cost per seat
will be less on the larger capacity wvehicle,

Figure 3.3.1~5 1s a non-dimensionalized form of the DOC versus
distance flown curves. The curves represent different design
ranges. As is shown in the figure, 1t 1s cheaper to fly a 3000 mile
design range aircraft over a fraction of 1ts range than to do so for
the shorter design range vehicles. The shape of these curves is
sengsitive to design range,

A similar non-dimensionalized curve is shown in Figure 3,.3.1-6
for STOL aircraft. 1In this case the two curves shown represent dif-
ferent passenger capacities and a fixed design ra;nge. Seating
capacity variation was found to have a small influence on the shape
of these curves,

As would be expected, VTOL aircraft are more expensive to oper-
ate over a given distance than either CTOL or STOL vehicles. Figure

3.3.1-7 demonstrates this difference in cost, Caused by the added
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engine performance and weight required, the VIQL is noticeably more
expensive to run than the STOL. However, VIQL aircraft have many
advantages that cannot be reflected in direct operating costs. Lower
terminal costs and close-in operation are only two of these.

Total vehiecle cost versus gross vehicle weight 1s shown in
Figure 3.3.1«8, After the parametric design program calculates the
welght of an aircraft, the cost analysis module calculates the total
vehicle cost using the gross weight and maximum aircraft speed as
inputs. This figure shows the results of these computations. As an
example, a Boeing 747 weighs approximately 680,000 pounds. Figure
3.3.1-8 shows that the total production vehicle cost would be $22
million dollars. The actual cost of the Boeing 747 is about $20
million dollars.

Figure 3.3.1~9 shows direct operating cost for a CIOL long range
aireraft with the supereritical wing. When compared to the CTOL long
range vehicle with conventional wings the cost 1s shown to be less.
For the 200 passenger vehicle, the cost savings with the Mach one
airecraft is shown to be as high as three to four percent., The sav-
ings decreased as passenger capacity was increased., Drag due to the
cylindrical fuselage for high capacity aircraft had a detrimental
effect on DOC. A more refined fuselage may prove the supereritieal

wing configuration to be even more economical than shown in this

analysis.
3.4 VEHICLE DESIGN

Design programs were written for two categories of veh:cles,
CTOL and STOL, and a simulation program was written for a VIOL type

aircraft, The CTOL and STOL programs contained relatively detailed
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information concerning aerodynamics, structures, performance, and
propulsion. ZEach of the topics 15 discussed i1n detail in the follow-
ing sections., The VIOL simulation program used characteristics

typical of VTOL aircraft.

3.4.1 CTOL Aircraft

CTOL aircraft of the 1980's will differ only slightly from the
CTOL aircraft currently being used by common commercial carriers.
The aircrafts will utilize turb;fan engines: the Mach 0 8 aircraft
is projected to have a 12 1 bypass ratio engine while Mach 1.0 air-
craft are expected to possess 4:1 bypass ratio engines, All CTOL
airrcraft designs were low wing--the conventional wing was swept 30°,

the supercritical wing had a 45° sweep. The number of engines each

different design utilized was based upon aircraft gross weight:

Aircraft gross weight

0 - 200,000 2 engines
200,000 - 500,000 3 engines
above - 500,000 4 engines

Double-decked passenger seating was used 1f a lower overall vehicle
cost was achieved using a double-decked arrangement. Figure 3.4,1-1
1llustrates schematically the external appearance of the i1ntermediate

range CTOL aircraft equipped with a supereraitical wing planform.

3.4,1.1 Aerodynamics

The aerodynamic characteristics of the conventional vehicle
were estimated using a drag buildup for the profile drag coefficient
and a parabolic drag polar for the vehicle in a lifting condition,

A survey of contemporary passenger aircraft was made and the coarse
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physical characteristics (wing loading, aspect ratio, sweep angle,

taper ratioc, fuselage fineness ratio, control surface areas, ete.)

were noted for each vehicle,? Typical values of these characteristics
were then chosen and used throughout the study in parametrically

designing CTOL vehicles, The values typifying turbofan passenger

CTEOL aircraft are:

Wing loading 120 1b,/ft2
Aspect ratio, wing 3
Sweep angle 30°
Taper ratio 1/2
Fuselage fineness ratio 8 ¢ ratio £ 15
Aele/AW1ng -085
Arud/Awlng .180
Aspect ratioc, rudder 2.5
Aspect ratio, elevator 6.0 ‘

LOW WINGS

The assumption of a parabolic drag polar, while not entirely
correct, 1s consistent with the usual performance analysis of sub-
sonic aircraft operating below the drag divergence Mach number . 10

Following accepted procedures the lift and drag coefficient are

defined respectively as:

G D

D 1/2 gvzs
L

CL = e 2

1/2‘?‘)’5
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The drag coefficient for a lifting vehicle can then be written as:

Cp = Cp_+ Gl
0 AR e
where:
Cpo = profile drag coefficient
AR = aspect ratio = Eﬁ%%a
e = wing efficiency factor, 0.90 nominally

The above equation provides a reasonable functional relation between
11ft and drag Another parameter, L/D ratio, 18 also of 1nterest.
The lift-to-drag ratio represents the aerodynamic efficiency of the
aircraft--a high ratio (15~18 for commercial aircraft) denoting a
relatively efficient vehicle, For an aircraft with a parabolic polar
the (L/D) max 1s given by:

max
DO

The drag coefficient of an object (1n a subsonic flow completely
immersed 1n a fluid) 1s often envisioned to consist of two compo-
nents* pressure drag, the drag resulting from the body shape, and
friction drag, the drag resulting from the shear at the surface/fluid
interface. The profile drag coefficient of the aircraft was con-
structed by summing the contributions of the vehicle components and
estimating the skin friction drag coefficients,

In addition to the aforementioned pressure and skin friction com-

ponents of drag, a new contribution i1s found when two aireraft
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components, such as the wings and fuselage, are joined so as to
affect each other's flow field. This new contribution has been
labeled interference drag., Interference drag cam either imcrease or
decrease the drag of individual items, but generally a small increase
is noted, In computing the drag coefficient buildup the interfer-
ence drag was inecluded in the drag coefficient of the individual com-
ponents., The fuselage, wings, engine nacelles, and empennage were

the compeonents of the aircraft inmcluded i1n the drag buildup.

FUSELAGE:
Pressure Drag Coefficient
1) fuselage nosell
Cp = 0.1 based on fuselage cross-sectional area
2) fuselage aft closurell

Gy = 0.02 based on fuselage cross-sectional area
Skin Friction Drag
1} Laminar
Transition to turbulent flow was assumed to cccur at a
Reynolds number (based on length) of 13000, Foxr the
portion of the nose in laminar flow the skin friction

coefficient 1s:

Cy = 0,01164 (based on areas in laminar flow)

2) Turbulent
Transition location was computed on the basis of a
transition Reynold's pumber of 13000. Aft of the

transition point the entire fuselage was considered to

be in turbulent flow. The turbulent skin friction
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WINGS:

coefficient (after referencel?) was given by

Cf - 0.074
0.2 0.348
T L]
Rﬁ] fus ( /To)
where*
Ty 2
Rn] ¢ = Reynold's number evaluated using the fuselage
us

length,

Pressure Drag

Conventional

Any aircraft flying 1n the high subscnic regime
requires a thin airfoil for efficient cruise flight, The
NASA airfoil section 66-208 is typical of the airfoils on
high subsonic aireraft.l3 Because thérCTOL arrcraft will
possess high wing loading and since low landing speeds are
necessary for commercral operations, the projected wing
design 1s equipped with both leading edge slats and triple
slotted flaps. The pressure and interference drag coeffi-

cient for the projected airfoil was estimated to bes 13

Cp) wing = 0-0055

The combination of leading edge slots and slqtted flaps
permits a maximum lift coefficient of three to be attained

from the wings.l4
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A conventional airfoil section possesses good drag
characteristics up to the drag divergence Mach number (see
Figure 3,4,1.1-1a).5 Sweeping the wing allows some
increase in the drag divergence Mach number but structural
considerations 1limit the sweep to about 30 degrees., This
degree of sweep allows a Mach number of 0.85 to be reached
before drag divergence. This Mach number represents the
highest economic cruise velocity available for conventional

airfoil sections.

Supercritical

Recent research in aerodynamics has led to the super-
critical wing. This wing through three~dimensional con-
touring can increase the drag divergence Mach number to a
Mach number of near unity., Figure 3.4.1.1-1la illustrates
the sect:ion geometry of a supercritical airfoil and graph-
ically indicates the increase 1n Mach number at drag diver-
gence.5 Figure 3.4.1.1~1lb 1llustrates a typical planform
for a supercritical wing.

In conventional airfoil sectioms the drag rise results
from the formation of shock waves on the wing surface as
the Mach number increases. The shock waves, which are
located at about the 0.5 chord position, induce flow sepa-
ration at a position on the wing considerably ahead of the
usual separation point. This shock wave induced separation
results 1n two performance degrading effect: the earlier
separation point results in a larger drag coefficient due

to the increased wake and the earlier separation point
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drastically reduces the laft, thus giving rise to an
1nereased drag coefficient, i.e., drag divergence, at some
high subsonic Mach number, The effects combine to preclude
economically cruxsing at Mach numbers above the drag
divergence Mach number.

Figure 3.4.1.1-1a 1nfers that no appreciable increase
1n profile drag coefficient 1s expected from the supercrit-
1cal wing over the conventional wing.” Therefore, the 1ift-
drag ratio of an aircraft equipped with the supercritical
wing should be approximately the same as the lift-drag ratio
of a conventionally equipped aireraft. Whence, the Breguet
range equation 1ndicates a higher productivity for the
supercritical airfoil than for the conventional airfoil.

As with any mechanical system, improvement will cost.
The supercritical wang exacts 1ts toll 1in increased struc-
tural weight and a higher sweep angle. Current estimates
are for an increase 1n wing weight of about 10%., The
supercritical wing does not impede the installation of high
1l1ft devices (slots, flaps, etec.)}.

All of the above combane to make the concept appear
favorable., Thus this rnvestigation postulated the use of

the supercritical wing on aircraft of the 1980's.

Skin Fraiction Drag

The wing flow was considered as turbulent over the
entire wing surface. The Reynolds number of the wing was
computed using the average wing chord. The skin friction

coefficient was calculated using:
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0.074

- 0.2
Rn] wing (T/To)

0.348

Empennage

Pressure Drag

The profile and interference drag for the empennage was
estimated on the assumption that both the vertical and horizon-
tal surfaces were NAGCA 66-208 airfoil sections. To a good
approximation the drag coefficient used for the wing can also
be used for the empennage.

Normally in the course of arrcraft design the areas of the
two empennage components are "sized" so as to result in a sta-
ble aircraft. This technique, however, requires a rather exten-
sive structural and air leads analysis. Tt was felt that time
was not available for such a detailed analysis. Hence, the sim~
ple expedient of sizing the empennage surfaces according to
some fixed percentages of wing area was used. The vertical
gtabilizer area (rudder) was taken as 0.085 of the wing area
while the horizontal stabilizer area (elevator) was taken as
0.18 of the wing area. These numbers reflect current CTOL
technology. TFor the empennage components the reference area
for the drag coefficient was taken as the rudder or elevator

ared.

Skin Friction Drag

The skin friction drag coefficients for the empennage were
computed using Reynold's number based upon the average chords

of the rudder and elevator. Once again, the flow around both
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empennage components was considered te be in a totally turbulent

state, The skin friction then becomes:

cf] rud = . 20.074 —T5
S5 Radria /T
or
ele

Nacelle
The engines were considered to be contained in nacelles,
mounted below the wings. The pressure and interference drag

coefficient (based on engine frontal area) was taken as:

CD] n:celleo.l
Engine frontal area was estimated using Figure 3.4.1.1-2, The
crosshatched area represents the projected technological
developments for the post 1980 time period

The flow around the engine nacelle was assumed to be turbu-
lent and the Reynold's number computed on the basis of nacelle

diameter, and the skin friction coefficient estimated using.

0.074

C =
0.2
Rl jac (/T

£ 0.348

The profile drag coefficient of the aircraft is obtained
by adding the drag coefficients of the individual components.
However, before adding the coefficients they must be referenced
to the same area. For a given component, ¢, the drag

coefficient CD ¢ 18 referenced to the AC. Then:

3-40



%0

80

710

60 1

50 1
40 -
30

d3L3WVIAQ  3INTON3

3-41

20 7

0 -

0

THRUST
THOUSANDS

50
ENGINE DIAMETER AS A FUNCTION OF SEA LEVEL STATIC THRUST

20 30 40

10

FIGURE 3 4,1.1-2



references the drag coefficient to the wing area,

3.4,1.2 Weights

The total weights of the airceraft were calculated in the design
programsg from individuval component weights., For the component
weights, simplified equations were used, These were selected from
the various references shown at the end of the weight section. In
the simplified design used, only a few parameters were known for a
certain vehicle and therefore, the weight equation had to be of the
simplified form.

Component welghts i1ncluded were:

Fuselage H&draullcs
Wing Electronics
Tazl Electrical
Landing Gear Controls
01l Payload
Furnishings Fuel

Floox Fuel Tank
Air Conditioning Engines

The equations used for the individual weights are as follows:

Fuselage Weight

1, 0.5 M
_ £ 0.75 0.40 0.30
g = Oeq (50 (D %72 (151040 (o)
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L_ - fuselage length
D., - equivalent fuselage diameter

Ny1¢ - ultimate design load factor

ﬁg - aircraft gross weight
Mo - Mach number at sea level
K., - cutout factor

C - comnstant

For the program designing a commercial type vehicle, an ultimate
design load factor (Nult) of 4,0 and a constant factor Keo) of 1.0
were used, The constant (C) was calibrated from existing vehicles
to be 0,090, The equation was taken from reference 15 in the list
of weight references. In the fuselage weight equation, the weight
effects caused by Mach number and size are accounted fbr, the Mach
number 1s to the 0.30 power and size 18 to the 1 15 power. The size
exponent for a dimensional increase is theoretically 1.5; but with
increased size, the structure can be made more efficiently thus low-

ering non-optimum weight and the effect of size increase.

Wing Weight

0.009 °-82°

=
1l

B = Wl .S @31+ 0.51) £ (fq)1'5/chosl°5__/\_

W, - aircraft design gross weight
N - ultimate design load factor
S - wing area

AR - aspect ratio

r - planform tapes ratio
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fR - bending relief factor
ﬁ 4
fq - 1+ 68.5 9 stiffness factor
3
Nate

fp - wing section thickness factor

:

sweep angle

For the program, a bending relief factor (fR) of 1.0, a wing section
thickness factor (fT) of 15.0, approximately equal to thickness
divided by cord, and sweep angle of 409, were used. The equation was
taken from Feference 16 1n the weight references. The effect of size
1ncrease using this equation 15 to the 1.312 power, again less than
the 1.5 theoretircal. Wwhen adapted to conventional vehicles with Mach
numbers more than .8 and therefore the supercritical wing, the wing
weight was increased by 10 percent., On the V/STOL vehicles the wing
welght was multiplied by 1 2 to compensate for the extra equipment

required

Tai1l Wezght

The weight of the tail section was calculated as 2.5 percent of
the gross weight for the conventional aircraft. For V/STOL vehicles,
this was multiplied by 3.0 because of much higher control surface

requirements.

Landlﬁé Gear Weight

The landing gear weight was calculated as 3.0 percent of the

gross weight.

0Ll Weight

The o1l weight was assumed constant.
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Furnishings Weight

The weight of the furnishings (seats, galleys, lavatories, etc.)

was calculated wusing-
YeoRN = 550 + 40 (number passengers)

Floor Weight

To calculate the weight of the floors, the width was caleculated
and multiplied by the fuselage length to give the area. The floor
area was multiplied by a density of 2.0 1b per square ft. to give
the weight. Reference 17 suggests 1.6 - 1.8 1b. per square ft. for

density of passenger vehicles.

Air Conditioning Weight

Air conditioning equipment weight was calculated using:

Wye = 200 + 13 (number passengers)

Hydraulics Weight

The werght of the hydraulics was calculated using*

= 1.28
WHYDR = 0.0005 (gross weight)

Electronics Weight

The electronics weight was assumed constant.

Electrical Weight :

The electriecal systems and components weight was calculated as

one percent of the gross weight,

Controls Weight

i

The weight of the controls was calculated as two percent of the
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gross weight, This was raised 10 percent for V/STOL vehicles.

Payload Weight

Pavload weight was calculated using:

W = 200 (number passenger + 3) -+ 3 "volume"

load

Where "volume" is half of the volume in the fuselage not taken up by
passengers, etc, It was taken as half since all of the volume 1s

not usable, particularly wixth containerized cargo. The cargo demsity

used was 3.0 1b/ft3.

Fuel Weight

The fuel weight was calculated by summing the various parts
(fuel for c¢limb, fuel for cruise, etc.) caleculated 1in the performance

part of the program,

Fuel Tank Weight

The fuel tank weight was assumed constant.

Engine Weight

The engine weight was calculated by multiplying the number of
engines by an empirical expression derived from data on existing

engine, The expression is:

WENG = 1500 + 1333 THRUST

The program has been run inputing data equivalent to a Boeing
707 and 747. The resulting weights calculated compared well (less
than 10 percent error) with data for these planes. It is felt that
the program gives a good i1ndication of the trends in the wvehicles

used.
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3.4.1.3 Propulsion

The parameter which relates aerodynamics to engine characteris-
tics of an aireraft i1s thrust. Supplied with information pertaining
to the wehicle flaght envelope, the propulsion data module generated
information concerning engine weight, specific fuel consumption, and
engine diameter.

Two figures 1llustrating parametric, propulsion relationships
are incorporated in the computer program. The first (Figure 3.2-5),

'

a plot of existing engines, shows correspondence of engine weight to
engine thrust; the second (Figure 3.4.1.1-2) correlates current
engine diameter to thrust, These graphs both contain projections
predicting 1980 technology.

Conclusions in propulsion were obtained through the following
procedures

1, Obtain information concerning turbofan essentials.

2. Develop relationships that parametrically size the engine
for diameter, weight, and specific fuel consumption.

Figure 3.4.1.3-1 shows lines which closely approximate present-
day JT90 performance characteristics-~these relationships are used
in the computer program. They are obtained from the following

equatlonglo

nt (P/p*)x §E§I = (B/P¥)Y
Foew SFC*

where:

¥ and y are dimensionless exponents
* represents values at the tropopause

F = total net thrust
nt
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SFC = specific fuel consumption

Tropespheric Flight Stratospheric Flaght
X 0.7 1.0
y 0.2 0

Theoretical engine design involves a complex, iterative analysis
of many parameters, Many less 1mportant engine parameters can be
neglected and very good approximations can result., The six most
wmportant parameters are:

(1) Maximum Turbine Inlet Temperature (Tmax)

(2) Bypass Ratio (p)--flow of air through fan/mass flow
through basic ‘gas generator

(3) Specific Fuel Consumption (SFC)--fuel flow/unit thrust
(&) Specific Thrust (s,t.)--thrust/unit mass flow
(5) Total Overall Engine Efficiency (%)

(6) Compressor Pressure Ratio (r)

Technological innovation will give rise to materials capable of
attaining greater temperature extremes As a result, the maximum
possibie turbine entry temperature will increase in future engines.
Figure 3.4.1.3-2 is a graph showing the relationship of this turbine
maximum inlet temperature for engines representing various .2 °
technologies.

Certain technological improvements are also forecasted in
engine compressors, This will be accomplished, not by adding on addi-
tional "stages', but by inereasing the compression of each i1ndividual
stage,

The higher bypass turbofans of the future will employ rela-

tively smaller specific thrusts, this implies a bulkier engine;

3-50



however, the portion of the engine which accommodates the higher
bypass ratio is substantially lighter than the basic gas generator,
The net result 1s that future engines will deliver a small upward ~
drift in specific weight (engine weight/thrust)°21

Since future compressors will produce relatively greater com-
pression and since maximum entry turbine temperatures will attain
higher values, 1980 engines of approximately the same diameter and
length of those representing 1968 technology will dellve; relatively
greater thrusts. The small upward drift in specific weight is
indicative of the total increase in engine welght.

Variable bypass ratio will probably nét be employed by 1980,
Strong competition and requests for this type of an engine might

accelerate its development, but technical problems preclude realizing

the advantages of these engines by the 1990's.

3.4.1.4 Performance

An aircraft, or any other transportation mode, 1s physically
determined by three factors: (1) the payload and the range over
which it 1s to be carried, {2) the path the vehicle describes in
delivering the payload, and (3) constraints imposed by cargo, eco=-
nomics, society, etc. This sectien delineates the effects of the
path the vehicle describes in delivering the payleocad on the design
of the wvehicle. :

Since this study 1s concerned with-air transportation in the
common carrier as opposed to the military sense, climb rates,
descent rates and accelerations must lie within tolerances deter-
mined by acceptable standards of passehger ride comfort, Addition-

ally, sufficient reserve fuel must be carried to meet current FAA
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requirements,

The flight path used in this design program comnsisted of four
segments: (1) takeoff, (2) ascent (climb-out), (3) cruise, and
(4) descent,

In order to insure sufficient engine thrust the power required
for takeoff in less than 12,000 feet was computed as was power
required for cruise, and power required for stall with a maximum
1ift coefficient of 3,0. The maximum of the three conditions was
taken as the design thrust. Tacit to all the performance calcula-
tions 1s the assumption that thrust i1s wvariable and, hence, can
assume any value less than design thrust,

Takeoff distance for GTOL aircraft was computed assuming a con-
stant li1ft coefficient during the takeoff roll. Since a short take-
off roll is desirable, the 11ft coefficient selected for takeoff
represents the shortest roll for a constant lift coefficient con-

stant thrust mode, Analytically this was determined to be: 12

CL T.0. = M

2
where-
M= coefficient of friction, nominally 0,02

An i1teration scheme in the computer program augmented sea level
thrust until sufficient thrust was available for takeoff in less
than 12,000 feet.

After determining that a conventional (CTOL) aircraft design
pregram was needed, 1t was recognized that the design program would

be realistic only 1f 1t reflected reasonable flight characteristics
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and typrecal flaight paths., Thus, rnformation about actual f£light
paths was needed, A flight recorder which had been placed on board
a turbofan passenger aircraft was obtained from FMID Arrworthiness
Branch, NASA/Langley Research Center.

Altitude and indicated airspeed, both recorded with respect to
time, were recovered from the recorder. Tndicated airspeed was

converted to true airspeed by the equation:

v =V

true \Psea level/ fat .sllt:n_f:udel/2

indicated

1

i

Discrete integration of true airspeed with respect to time gave
altitude and velocity as a funection of distance,

Several elimb-out profiles were examined and plotted. The pro-
files were then used to define an ascent corridor that was taken as
typreal aircraft, Figure 3.4.1.4-1 represents the defined ascent
corridor used in this study.

Since economy is one of the prime criterion of commercial car-
riers the aircraft was assumed to use the most economic climb £light
mode, For turbojet powered aircraft the most economical climb and
the fastest climb modes are very nearly the same., As presented by

Mlelel0 the fastest climb 1s given by-

1
v = L Z + 22 + 3
VRel l 3

where:

4 1
v _ 2W 1
Re1l ys CDO AR e

T (@/D) max
W
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and corresponding to the fastest climb 1s the c¢limb angie ‘%’ which

1s defined by:-

Y = arc sin 2 Z + Zz+3 2z - 22+3 ]}
{(L/D)ma}f’ B \/ v L

The above equations are sufficient to permit the time, fuel consump-

tion, and range for ascent to be computed. The thrust level, T, how-
ever, must be specified as thrust determines the shape of the pro-
file for ascending flight., Tor the fastest climb mode 1t was found
that 0.667 of the available thrust yielded an ascent profile which
approximated the profile corridors obtained from the flight recorder
data. Figure 3.4.1.4-1 1llustrates an ascent profile obtained from
the design program. A realistic climb-out 1s thus obtained.

The cruise portion of flight represents the next portion of the
flight path to be examined. An analysis of the data from the flight
recorder indicated that constant airspeed and comstant altitude are
characteristic of cruise flight for turbofan passenger aircraft, As
with the ascent computational procedure, cruise flight was computed
using the development of MieTe.l® Within the framework of Miele's

assumptions range at cruise 18 given by

Vpy (L/D £ ou,?
Range = —o= (L/D) max 2u, arctan ot
SFC 1-f+u?
where:
Vei = VRei at beginning of climb-out

V/V, .

=
It
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and f represents the fraction of vehicle weight, at the beginning of
cruise, allocated to fuel, Thus for a given range a simple iteration
wi1ll yield the fraction of fuel that must be carried, TFor commercial
carriers, however, the FAA specifies the fuel reserve which must be
carried. Currently the FAA specified fuel reserves are:

1} fuel for anm additional hour of flying at cruise velocity

and altitude.
2) sufficient fuel for descent from cruise altitude, execution
of a missed approach at the original terminal, eclimb-out
and landing at a terminal 200 miles from the original
destination,
The FAA requirements were approximated by allotting sufficient fuel
for one hour at cruise plus an additional 200 miles at cruise, two
ascents to cruise altitude, and a descent from cruise altitude, The
above requirements were used in computing the fuel requirements for
an aireraft with a given design range.

As with the previous flight regimes examined, flight recorder
data was inspected in an effort to ascertain a realistic descent pro-
file, Figure 3.4.1.4-2 represents a descent corridor compiled from
several flights. Further examination of f£light data showed a con-
stant indicated airspeed during an appreciable portion of the vehicle
descent, Moreover, examination of descent profile suggested that a
constant descent angle was maintained (see Figure 3.4.1.4-2), Thus,
1t was felt that little error would be introduced by descending in a
constant indicated airspeed/constant descent angle mode. A summation
of forces on a free body diagram yields two equations, the equations
are sufficient, in conjunction with the airspeed, to define the

thrust required for a constant descent flight path. An integration
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with respect to time yields the pertinent descent parameters, time
and fuel consumed during descent.
Fuel consumed during ground handling, taxi, and other non-flying

engine-coperation activities was estimated as 0.25 hours at 10 percent

engilne power.

3.4.2 STOL Aircraft

The STOL aircraft of the 1980 was wvisualized as being a high
wing, blown flap STOL., All STOL aircraft designed utilized four
engines, clustered 1n pods of two and mounted relatively close to the
fuselage, As with the CTOL aircraft, the 3TOL vehicle was powered
by turbofan engines. Because of the high thrust-to-weight ratios
necessary in a4 STQOL aircraft, the aircraft seating capacity was
maintained at less than 300. All STOL aircraft designed possessed
sufficient power for a 1500 foot takeoff roll, A schematic of the

STOL vehicle 1s illustrated in Figure 3.4,2-1,

3.4.2,1 Aerodynamics ’

With the exception of the haigh lift system--a blown £lap--and
the empennage surfaces the aerodynamic considerations for the STOL
aircraft differ very little from the aerodymamic consideration of
the CTOL vehicle. The blown flap was selected as the most likely
high 1lift system for a first generation STOL aircraft. The large
tail structure 1s a result of insuring sufficient static and dynamic
stability, particularly in roll and yaw, during an engine out
51tuat10n.22

Figure 3.4,2.1-~1 schematically i1llustrates the cross section of

a blown flap wing. Because high 1lift 1s required a double, or

perhaps triple, slotted flap will be used. A high lift coefficient

3-58



6s-¢

STOL

FIGURE 3.4.2~1

STOL ATRCRAFT SCHEMATIC




09-¢

FIGURE 3.4.2.1-1

BLOWN FLAP SCHEMATIC




in the absence of blowing 1s desired--hence, the leading edge slots.
An airfoil with slotted flaps and leading edge slots is capable of
producing a maximum unblown lift coefficient of 3.1 Byt the blow-
ing generates more lift, primarily by momentum deflection and
inereased circulation.

Figure 3.4.2.1-2 1llustrates the origin and relative magnitude

of the constituents of 11ft.%3 The component (CL) = () repre=

Ya
sents the lift gemeration available from a flapped but unblown air-
foil. Conventional airfoil data or coaventional airfoil theory may
be used to compute the lift coefficient obtained i1n the absence of
blowing the flap. Since air 1s blown over the flap system and since
the air stream 1s deflected through an angle § , the momentum of the
air stream is alsc deflected, The reaction to this deflection is a
1i1ft component, q”4 sin § . ka is a dimensionless coefficient

characteristic of the momentum of the air acting on the flap and 1s

defined as:

where-

mJ -~ mass flow rate of blown air

v, - velocity of the jet

A two-to-five degree upward cant to the engine has been suggested in
order to insure as much interception of the engine exhaust by the
flap system as possible, Assuming 90 percent momentum interception
by the flap system and an engine thrust coefficient of CT the

blowing coefficient 9/¢ becomes:
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q/L = 0.90 Cp (per engine)

The essential results of this effect 15 hence seen to be merely a
thrust deflection through an angle $%

The massive afflux of air (momentum) across the flap system
induces an additional circulation around the airforl. Since lift s
proportional to circulation, the added cairculation results in an addi-
tional lift term, (GL)r1 . Then for a blown flap system the 1lift

coefficient becomes:

Cy, = (C sin § + (C

L)C/u.=0 * Op L

The effect of a wing configuration and thrust coefficient are rela-

tively simple to evaluate. Thus (C remains the only unknown.

vp

Figure 3.4.2,.1-3 a and p23 contain sufficient information to evaluate

(acL/ag )P ‘AR from which (CL)rI can be evaluated (since the

relationship between $ and CL is linear):

_ (2%

The li1ft coefficient for a blown flap system can, therefore, be
evaluated.

The induced drag for a blown flap system differs slightly from
the induced drag of a conventional wing. The blown flap induced drag

term 15.24

2
CL

- AR e + 2 Q}A

Cpi

The formulation of the induced drag term for the blown £flap system
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reflects the effects of the thrust deflect l1ft term for which the
induced drag 1s small--1.e., blown flap lift is relatively cheap 1n
terms of induced drag.

From an aerodynamic standpoint, the blown flap system 1s now
defined, but the effect of the flap on the recoverable engine thrust
has not been evaluated. Several thrust degradation schemes were
examined and evaluated but none were used Since anomalies between the
various procedures were large. Instead the results of NACA TN 3898
were used.25 Their observation was that thrust losses were never
more than 25 percent and usually much less, A thrust loss of 12.5
percent was considered to be a representative number and was used
throughout the design program. The coefficient of the recovered

thrust per engine then becomes:

Cpg = (0.9) ©) (.875) + 0.1 .

The thrust per engine after traversing a blown flap system can thus

be computed.

Empennage:

Because of the large yaw and roll moments that would be expe-
rienced by a blown flap STOL operating under engine out condition,
the horizontal and vertical tail surfaces must be large in order to
insure a stable aircraft, _

Typrcal STOL blown flap aircraft possess a vertical stabilizer

and horizontal stabilizer area of approximately 30 percent of the

wing area. These areas were used in the STOL design program.
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3.4,2,2 Weaght analysis
The weight analysis used. in the STOL design-program was the same

as the weight analysis used in the CTOL design program.

3.4.2.3 Propulsion
The propulsion analysis used in the STOL design program was the

same as the propulsion analysis used 1n the CTOL design program,

3.4.2.4 Performance N

The STOL aircraft's.operating envelope differs drastically from
the CTOL's operating envelope 1in only one respect--the short takeoff
and landing capability. Except for minor changes 1n climb-out and
descent profiles the typical STOL flight 1s expected to differ very
little from the typical CTOL flight. Thus takeoff, approach, and
landing are the only portions of the flight envelope of the STOL
that will be considered different than GCTOL. .

It was considered that a STOL capable of a 1500 foot takeoff
represented in a realistic first generation STOL. The same takeoff
routing was used for STéL as for CTOL except that sufficient thrust
was provided the STOL for a 1500 foot takeoff roll,

The same climb-out, cruise, and descent routines were used for
STOL as for CTOL.

FAA engine-out approach requirements were checked in order to
insure enough power. The FAA requires on an engine-out approach
sufficient power and 1ift to climb at 1.5° with a velocity not more
than 1.5 times the full-power stall speed.

The design thrust of the STOL was chosen as the maximum of

takeoff, sea-level stall, cruise, or engine-out approach as described

above. -
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3,4,3 VTOL Aircraft

The long period of time from 1969 to 1990 and the lack of defin-
itive VTOL technology precluided choosing a specific 1ift/thrust mode
for the VTOL vehicle. As a result the computer program written for
VTOL 1s a simulation program rather than a design program.

A_thrust to weight ratio of 1.1, characteristic of vehicles with
VTOL ,capabilities, was utilized in specifying engine design thrust at
sea 1eve1.26 A turbofan-powered fan-in-wing lift/thrust mode was
used for coarse physical characteristics--aspect ratio, wing-loading,

ete, A summary of the pertinent physical characteristics used in

the VIOL simulation program 1s presented below:

Aspect ratio - 5
Wing loadlhg - S0
T/W ratio - 1.1
No. of engines - 4
Cruis; Mach number - 0.6
Design Range f - SOOH

The STOL aircraft performance computation procedures were used to

compute the performance envelope of the VTOL aircraft:

3.5 COST ANALYSIS

3.5.1° Estimation-of Airframe Costs

After reviewing the literature for methods of airframe cost
analysis, an analysig using airframe.weight and maximum speed was
found to give realistic airframe costs.

The method described in reference 27 shows the computation of

labor costs, material costs, engineering costs, tooling costs,
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overhead costs, general administrative and engineering costs per air-
frame 1n a lot of 100 aircraft. Originally these equations were used
to generate costs for military vehicles, however, after applying the
equations using modern commercial transport input data, 1t was found
that the cost calculated agreed reasonably well with the actual
costs.

The airframe cost equat:ions used in this analysis are.as
follows:

1) Direct ILabor Cost (millions of dollars)

log DL = -0.9346 + 0.6435 log VMAX + ,.77811 log WIC

where: DL i1is the direct labor i1n thousands of man-hours Ffor
the 100th unit

VMAY 1s the maxzmum aircraft speed in knots

WIG 1s the airframe weight in thousands of pounds,

DLC = (DL) (HC)

where: DLC is the direct labor cost.

HC 1s the 1967 hourly labor rate.
CAC = DLG/.6781
where: CAC is the cumulative average cost per airframe based

on an 80 percent learning curve.

2) Overhead Costs (millzons &f ‘dollars)

Overhead costs shown in reference (L) can vary from 85 per-

cent up to 234 percent. An average value of 175 percent 1s

used 1n this analysis,

OHC -~ 1.75 CAC
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3) Materials Cost (millions of dollars)

1.012
WIG :
MC = .1082 (10.
CAMC = MC/.9260

where: CAMC is the cumulative average materials cost based on
a 95 percent cost reduction curve,

4) Engineering Costs {(millions:of dollars)

log ENGC = ~4 35530 4+ 1.74831 log VMAX + 0.83263 log WIG
ENGC 1s the total engineering costs for the first 100 air-
frames, OQut of the total cost 60 percent 1s used in the initial

engineering and 40 percent 18 used as susStaining engineering,

SENGC = (ENGC) (.4)

Engineering cost per airframe produced 1s then:

USENGC = SENGC/100

5) ECP = Engineering Charges (millions of dollars)

ECP's are estimated to be approximately 10 percent of

labor, overhead and material costs.
ECPC = .1 (CAC + CAMC + OHC)

6) Tooling Costs (millions of dollars)

log TC = -2.78057 + 1.09854 log VMAX + 0.997 log WIG
TC 1s the total tooling costs for the first 100 airframes.
The total 1s split up into 67 percent for initial toeling and

33 percent for sustaining costs

STC = .33 TC
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Tooling cost per airframe produced is:
USTC = STC/100

7) General and Administrative Costs (millions of dollars)

3
~

This cost 15 estimated to be six percent of all other

recurring costs,
GAC = .06 (CAMC -+ CAC + OHC + USENGC + USTC + ECPC)

The total cost then:becomes the sum of all the_ recurring
costs and the GAC.

This represents the total airframe cost. The total air-
craft cost also includes the cost of engines, avionics and
furnishing equipment.

In most modern transport planes both commercial and military
the airframe cost 1s approximately 69 percent of the total cost
of the aircraft. This was shown in reference 27 for military
transports, )

Engine costs amount to 15 percent of the total aircraft
cost for many commerciral turbofan aircraft such as the Boeing
747, 707, and 737.

This leaves 16 percent of the aircraft cost which is spent
for in avionics and furnishing equipment.

As a result, the total aircraft cost will be approximately

1.43 times the airframe cost.

Sample Calculation of Airframe Cost Estimation

The airframe cost of the Boeing 737-200 will be estimated in

this example,

3-711



It

Maximum Speed 518. knots

46500. lbs.

1l

Airframe Weight

Direct Labor Man=houns

log DL = -.93496 + .6435 log 518, + .77811 log 46.5

|

log DL = 2.102

or DL 126.5 thousands of man=hours

Cumulative Average Cost

CAC = DLy g7g1 = 186.5 (man:hcurshx_lbs)
DLC = (HC) (CAC)
DLC = 3.49 (186.5) = $.651 (m1llions of dollars)

QOverhead Cost

OHC - 1.75 (.651) = $1.14 (mrllions of dollars)

Materials Cost

46.5 1.012

MC = ,1082 -iﬁ—) = $.515 (millions)

Cumulative Average Materials Cost

log Enge = -4 3553 + 1.74831 log 518. + .83263 log 46.5

1.7727

il

log Engc

$59.4 (mrllions of dollars)

Enge

Sustaining Engineering Costs

SENGC = (.4) (59.4) = $23.75 (millions)

Engineering Charges Cost

TLabor $ .651
OHC 1 140
MC . 540

$ 2.331 (million)
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ECPC = (.1) (2.331) = $.2331 mallion

Tooling Costs

[}

log TC = ~-2.78057 + 1.09854 log 518 + .997 log 46.5

log TG

L[}

$72.3 (milliouns)

Sustaining Tool Costs

STC =-(.33) (72.3) = $23.82 (m1llioms)

General and Administrative Costs

DLC, DHC, MC = § 2 3310
ECPC = .2331
USENGC = .2375
costs at the 100th
USTC = 2382 production unit

$ 3.0398 (millions)

GAC = (.06) (3.0398) = $.1821 million

Total Airrframe Cost

TOTC = 3.0398 + .1821 = $3.2219 millions

The total aireraft cost is as follows:

Arrframe $ 3.2219 697
Engines .675 15%-
Avionics .350
, 167
Furnishings .353
TOTM 8 4,6000 (m1llions of dollars)

In general the airframe cost for commerczal airrcraft and for
military transports and cargo planes 1s 69 percent of the total air-

craft cost. Actual cost of a 737-200 is approxuimately $4.5 mallion,
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3.5.2 Direct Operating Costs
The standard version of computing direct operating costs pub-

lished by the Air Transport Association of America in 1967 was used
to compute costs for the parametric vehicles, 0

Block speed and block fuel are calculated waithin the DOC pro-
gram. An average fuel consumption is computed in the vehicle design
portion of the program in addition to time to climb and descend and

distance to climb and descend.

The formula to compute block time is as follows:

Typ = Tgm+ Top * Tqa+ Top + Tap
where
Tgm = ,25 hours (ground maneuver time at both ends of
the trip)
Tcl = ti1me to reach cruise altitude from lift-off
Td = time from cruise altitude to touchdown
Tom = .1l hours air maneuver time

_ (1.015D + 27) - (D¢ + Dq)

cr
Vcr

1f D 1400 mi: T

(1.02D + 20) - (D, + Dg)
.V

cr

if D 1400 mi: Ty =

D = trip distance (mi.)
D, = climb distance (m1.)
D; = descend distance (mi,)
V.r = cruise speed (mph)
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Block speed is then:
V =D
bl = P/,
Block fuel required for a given trip of distance D i1s given by:

Fb}_=F +Fam+Fcl+Fd+Fcr

gm

where: Fgm = (.Z)Fconigm = .OSFcon(lbs)

Foon = avg. fuel consumption (1b/hr)

Here it 18 assumed that the fuel consumption on the ground

will be 20 percent of that at cruise altitude and speed.

Fam = TamFcon (1PS)

Fo1 = Fuel to climb (1bs)
Fq = Fuel to descend (1bs)
For = Foonler (108)

Flight Crew Costs

All parametric aircraft are assumed to have three members in

therr flight erew. The cost per airplane mile then becomes:

FCC = (.05(WIC/looo.) + 135.)-%
b1

Where, FCC = Flight crew costs/airplane mile(8)

WIC = Maximum gross takeoff weight.

The cost of additional crew members such as stewardesses is
1ncluded with the use of the formula shown below,

1

ACC = (35.00) ¢
bi

where, ACC = additional crew costs ($/arrplane mile)
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Fuel and 0il Costs

The fuel used in the parametric vehicles 1s to be JP-4 at 6.4

at 6.4 1lbs,/gallon and at a cost of $.01493/1b. The fuel and oil

costs are given by:

Fp1Cee + Ne(,135) CotThl

FQC = 1,02 5

where, FOC = Fuel and oil costs (R/airplane mile)
Cgr = Cost of fuel or $.01493/1b
Cot = Cost of oil or $.926/1b
N, = Number of engines

Hull Insurance Costs

The insurance costs will be a maximem when & new aircraft is
introduced but will go down as the aircraft 1s used The average
rate will be approximately two percent per year of the 1nitial price
of each aircraft. The insurance will cover all of the initial price

of the airplane,

IR,Cy

HIC = =
U Vi

Where HIC = hull insurance costs ($/airplane mile)

IR, = insurance rate two percent -
C. = total cost of one airplane %)
U = annual utilazation (Block hours/year)

Utilizatrion per year was assumed to be 4000. hours per year.

Direct Maintenance on Flight Equipment

Maintenance on flight equipment will include the following
i1tems: labor and material costs for inspection, serviecing, and

¥
overhaul of the airframe and i1ts accessories, engines, instruments,
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radio, etc, This method also included a two percent non-revenue

flying factor.

Labor on the Airplane (Excluding Engines)

Ry Te =
_ Kpma Tg = Xpoa 172

LAC
Vb1Th1
Where: TAC = Airframe Tabor Costs (§/airplane mile)
Kega = .59 Kggp Labor man=hours, per flight, hour
W 630
Koy = -05 T + 6.
CcA 1000. W, 190
+ .
1000
W, = Basic empty weight 1bs. of the airplane less the
engine
Ty = Flight time (hours) or Tyy - Tgm
Ry = $4,00 labor rate (§$/hr.)
M = cruise Mach number

Airplane Material Costs (Excluding Engines)

Cema Tg ¥ Cpca

AMC =

Vb1Tb1
Where, AMC = Airplane Material Cost ($/airplane mile)
Cgpua = 3.08 CA/IO6 = Materral Cost (§/flight hour)
Cpoa = 6.24 C/100 = Material Cost ($/flight cycle)
Cp = Total cost of airplane (excluding engines)

Engine Labor Costs

The only type of engine considered was the turbojet,

Kege Te + Kpeg Rp
LEC = T
b1lh1

Where LEC = Enélne,labor cosgts
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Kpgg = 0.6 + ,027 T/103)Ne = Labor man-hours per flight
hour
Kpop = (013 + 0103T/10%)NE = Labor man-hours per flight
T = Maximum certified takeoff thrust

Labor rate = $4,00/hr.

i

Engine lahor costs cover the following items: bare engine,
engine fuel control, thrust reverses, exhaust nozzle systems and

augmenter systems.

Engine Material Costs

These formulas will predict enginme material costs on the same

items which are serviced under engine labor costs,

Coup Tg * Cpeg
V51 h1

MEC =

Where, MEC = Engine materials cost ($/airplane mile)

Material Cost ($/airplane mile)

: = 5

Material Cost ($/flight cycle)

= 5
Cpeg = 2.0 Ng(Cp/107)

Cp = Cost of one engine ($)

Maintenance Burden Cost

The maintenance burden 1s described as 1.8 times the direct
airrplane and engine labor cost,

MBC = 1.8 (LEC + LAC) = Maintenance Burden Cost ($/Airplane mile)

Depreciation of Flight Equipment

Depreciation of the airplane 1s assumed to be straight line

with the residual value of the airplane to be zero after 12 years.

This formula also includes apare parts depreciation.
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1 Ct + .]-O(Ct‘NeCe) + .40 NeCe

Vi1 DaU

where DG = Depreciation Cost ($/airplane mile)

Ct = Total cost of one airplane including engines ($)
Dy = Depreciation period = 12 years
U = Annual utilization (block hours/year)

Total Direct Operating Cost

The total DOC is simply the sum of the flight crew costs, fuel
and o1l costs, hull insurance costs, direct maintenance on flight
equipment including labor and materials, and depreciation costs.,

TbOC = DC + MBC -+ MEC = LEC + AMC + LAC + HIC + FCC + ACC + FCC

(6/a1rplane mile)

Sample Cost Calculation For DOC

Aircraft Characteristics

Design Range = 3000. mile
Capacity = 500. passengers

Fuel required to climb = 4525. lbs.
Gross Weight = 340161. 1bs.
Engine Cost = $1.599 milliomns
Aircraft Cost = $10.654 millions
Total Fuel = 92945, 1bs.
Distance to Glimb = 55.43 ma,
Distance to Descend = 150. mz.
Cruise speed = 549 m,p.h,

Time to descent = .25 hrs,

Time to elimb = .12 hrs.

The direct operating cost will be computed at design range,.
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(3000, + 60. + 20.) ~ 55.43 - 150)

Cruise time; TCR (
ui ime 549

TCR = 5,24 hours

5,96 hours,

i

Block Time: TBL 254+ 12 4+ .14 .25+ 5324

Flight Time: TF = 5,96 = .25 + 5.7l hours,

i

(92945. - 2. (4525.)) (549.)  _ )
(3000. ¥ 200. & 549 + 55.4) ~ L1900 1bs/hr.

Fuel Consumption:

Block Speed: VBL = 3000.5/5.96 = 503 m.p.h.

Air Maneuver Fuel: TFyy = (.1) 11900. = 1190. 1bs.

Cruise Fuel; FCR = (5.24 (11900.) = 62300, 1lbs.

Ground Maneuver Fuel: Tgy = (.05) (11900) = 595 1bs.

Block ¥uel: FB = 1190, + 4525. + 62300. + 4250. + 595

FB = 72860, 1bs,

Sample DOC Calculations

Flight Crew Costs:

roe - (-05) (340.161) + 135,

=53 = $0.302/mz.

Additional Crew Costs:

ACC = 35./503. = $.0696/ma.

Puel and 01l Costs:

Foc = 1.02 (72860.) ( 01493) + (8.) (.135) (.926)(5.96)
3000.

FOC = $.3715/m,

Aireraft Labor Costs:

Empty A/C weight less engines WTE = 340161. - (92945. + 100600,

+ 19839)
WIE = 126777 1lbs.
XKFCA = (.05)(126.777) + 6. -630. - 9.79 Labor man-hrs,
126.777 + 120. flight cycle

3-80


http:3.)(.135)(.926)(5.96
http:3000.5/5.96

XKFEA = (.59) (9.79) = 5,76 Labor man-hrs,
(.59) (9.79) 7 flight hour
xac = G760 (5.71) + 9.79 . y _ $.057/mi

(5.96) (503)

Aircraft Material Costs:

AMC = (3,08)(10.6511)(55533 + (6.25) (10.6511) _ 3.0846/m

Engine Labor Costs:

Engine Thrust = 28370, 1ibs,

XEFHE = (.6 + (.027)¢28.37)(3.) = 4.1 Labor man-hrs,
¢ ¢ )< )32 Flight hour
XKFCE = (.3 .03) (28, . = 3,45 Labor man-hrs,
E (.3 + (.03)(28.37) 3 3.4 Flight hour
YLEC = (4.;?(5.71) + 3.45 4. = $.0358/m1.

3000.

Engine Materials Cost:

Cost of one engine = $532,000.

CIFHE

(2.5) ¢3.) (.532) (10,) = $40,/Flight hour

1

CFCE = 2.(3.)(.532) (10.) = $31.99/Flight cycle

_ (40.)(5.71) + 31.99 _ X
XMEC T $.1087/mi.

Depreciation Cost:

e < 10651100, + .1(10651100. - (3.)(532000.)) + (.4) (3.) (532000.)

(503.) (12.) (4000.)

DC = $.505/mi

[}

Hull Tnsurance Costs:

_ (.02) (10651100.)
XHIC = (4000.) (503.)

= $.106/m1
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Mazntenance Burden Costs:

MBC = 1.8(.0358 + .0509) = $.156/mz1.

Total Direct QOperating Cost at Design Range

Amount ($/m1) % of Total

Flight Crew Costs $.3020 . 17.00
Additional Crew Costs .0696 3.92
Fuel & 0il Cost 3715 21.00
Aireraft Labor Cost L0570 3.21
A/C Material Costs .0846 4.77
Engine Labor Cost .0358 2.02
Engine Material Cost .0870 4.90
Depreciation Cost . 5056 28.45
Hull Insurance Gost .1060 5.97
Maintenance Burden Cost .1560 8.79

TOTAL 51.7745 100.00

As 1s shown above, the biggest single cost is depreciation,

second is fuel and oil costs and third 1s flléht crew costs,

3.6 VEHICLES SELECTED

As stated in Section 2, the optimum air transportation vehi-
cles for the 1980's are those which produce the minimum total system
operating cost. Total system operating cost includes direct oper-
ating costs, indirect operating costs, added terminal costs not
included in the indirect operating costs, and penalty costs associ-
ated with the value of the passengers' time while flying and waiting
for his flight to leave.

Based upon a minimum total system operating cost the aircraft

selected for the 1980's are

Aircraft Range (miles) GCapacity (seats)
A 500 200
B 1500 400
C 3000 800
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The physical characteristics of these aircraft are shown in
Table 3.6-1.

As a matter of curiosity, a separate investigation was made
regarding STOL vehicles and VTOL vehicles being used on the major
routes having lengths less than 500 miles. As indicated in Section
2, the total system operating costs over these routes was rela-
tively insensitive to the capacity gf the aircrafts, Based on this
fact and the technology forecasts for the 1980's, the character-
istics for a STOL to be used 1n"1980 and a VIOL to be used in 1990
are given in Table 3.6-2 (It 1s emphasized that these vehicles
would have a larger total system operating cost than the 500 mile

CTOL aircraft selected in this investigation).
TABLE 3.6-2

CHARACTERISTICS OF STOL AND VTOL WHICH
COULD ‘BE USED ON ROUTES LESS THAN 500 MILES

Characteristic STOL VTOL

Year Used 1985 1990
Range (miles) 500 500
Capacity (seats) 100 100
Cruise Velocity (Mach No.) 0.6 0.6
Length (ft.) 149,25 128,85
Span (ft.) 90.17 101.57
Fuselage Drameter (£t.) 10.76 11.82
Weight (1bs.) 104,000 140,000
Number of Engines 4 4
Thrust/Engine (1bs.) 15,033 38,500
Fuel (1bs.) 25,000 29,590
Cost ($109) 4,52 5.23
Seating Arrangement

decks 1 1

aisles L 1

seats abreast 3 4
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TABLE 3.6-1

CHARACTERISTICS OF AIR TRANSPORTATION VEHICLES
SELECTED FOR 1980"s

Characteristic Airecraft A  Aircraft B Aircraft C

Range (miles) 500 1500 3000
Capacity (seats) 200 400 800
Cruise Velocity (Mach No.) 1.0 1.0 10
Length (£ft.) 159,62 174,34 260.8
Span (ft.) . 108.22 157.79 255. 96
Fuselage Diameter (ft.) 15.08 21,68 24,17
Weight (1bs.) 175,683 373,970 982,738
Number of Engines 2 3 4
Thrust/Engine {lbs ) 29,000 42,000 82,000
Fuel (Ibs.) 24,775 81,785 299,389
Cost ($109) 7.93 14,03 31.95
Seating Arrangement

decks 1 2 2

aisles 1 2 2

seats abreast 6 12 14
Time to Climb and

Descend (hr.) .60 .62 .63
Distance to Climb

and Descend {miles) 279.4 283.3 286.3
Desrgn Direct Operating

Cost (cents/seat-mile) 1.01 .61 .62
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IV, TERMINAL PLANNING

The terminals for the 1980's must optimize the entire air trans-

port system by optimizing the flow of passengers and cargo to and

from the aircraft at a minimum cost and optimizing the aircraft move-
PR

ment 1n the airport vicinity  The indirect operating cost of arrcraft

1s affected by passenger traffic flow, cargo, and air traffic con-

trol, therefore these three areas are investigated The flow of pas-

sengers, cargo, and aircraft needs fo be i1ncreased in and around
terminals to accommodate the predicted traffic flow in the 1980's.

The cost of the terminal and the time required for a passenger
to pass through the terminal are studied. The indirect operating
cost 18 estimated by three methods and an airport terminal cross-
section 18 suggested,

The time vrequired for a passenger to obtain a ticket, check bag-
gage and board the aircraft under present-day procedures 1s a signiLf-
tcant portion of the customer's total travel time A centralized
computerized reservation system 1s investigated to provide faster
service to the customer. A mechanized baggase checking and handling
process is proposed that will code-mark baggage for automatic sorting
to delivery points.

The air traffic control procedures an the local vicimity of the
airport are analyzed using simple kimematic equations of motion. The
effect of the aircraft approach speed, aircraft deceleration while on

H

the runway, minimum ATC separation between aircraft, mixing of



aircraft with different approach speeds, and new landing and taking

off procedures utilizing the "Brandt Drift-off Runway' are investigated

to determine their effect on the possible number of landings per hour

per runway

4.1 DOOR TO AIRPLANE

The airports and associated terminal facilities at a large air

travel hub affect the total time required for a trip involving air

travel. The time required for obtaining a ticket, checking baggage,

£

and boarding the plane at the origin of the air trip together with the

time required to claim baggage at the end of the trip make up a sub-

-
i

stantial portion of the total time required for a point-to-point trip

which includes surface transport to the airport and from the final

aLrport

Figure 4 1-1 showing the pony traveling from the central business

district (CBD) to the airport, the turtle traveling through the air-

port terminal, the goose flying from airport to airport, the turtle

- »

through the second airport, and the pony traveling from the airport of

- s

arrival to the CBD of the destination city can be considered repre-

sentative of current 1969 travel times and distances covered This

E

figure gives approximate proportions for airline distances of 200 to

- % N -

300 miles. The average vehicle speeds 1n large metropolitan areas

approach 17-20 miles per hour or approximately the same as the pony.

The turtle analogy applies to the passenger's arrival at the airport
30 minutes to one hour before departure of the flight i1n oxrder to

S

purchase or confirm passage, check i1n baggage and board the aircraft,

The average airecraft flight speed 13 slowed down by takeoff and land-

1

l5

1ng delays. The claiming of baggage at the destination airport
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requires considerable time at the large hubs and the turtle amalogy 1is
repeated.

The lack of urban mass transportation systems in most areas and
the congested auto traffic problems cause the relatively low average
speeds from central business districts to airports. The accessibility
of the airports needs to be improved in each individual hub area, The
access to the airports can be improved by additional mass transit sys-
tems and by increased highway capacity.

Two airports that currently have mass transit links connecting
them with the central business district are the Cleveland-Hopkins air-
port (using an interurban line) and the Newark airport (using buses).
The local interurban transport problems are complex with many politie
cal and economic problems beyond the scope of this study

The cost of furnishing services and processing the passenger at
the airrport and terminal 1s difficult to determine, however the cost
can be estimated from data available to the gemeral public

This study will suggest the improvement of terminal and airport
layout and procedures to speed up the processing of passengers and
cargo as well as reducing the current costs associated with airport
and terminal activities. More efficient methods should reduce the
cost of processing passengers and cargo and the passenger time should
be reduced by speedier processing

The terminal arrangement must be improved, The problem of the
slow motion process through the terminal to the aircraft 15 a major
problem at the present time and the future terminal must be stream-
lined to permit the passenger to move more easily and rapidly through

the terminal.



Currently the passenger is required to arrive at the airport at
least 30 minutes before flight departure time for some airports and up
to ome hour for other airports., This period 1s used for traveling
from the parking or unloading area, purchasing or confirming tickets,
checking baggage, and walking or traveling to the plane. The passen-
ger has enough time to get processed with very slight chance of caus-
ing a costly delay in departure of the aircraft

The period before flight departure should be minimized by reduc-
ing the distance the passenger must walk and reducing the queueing
for ticketing and other services. According to Lee, about three min-
utes 15 the maximum time that should be required to obtain a ticket
and about eight minutes of time 1s required for a checked bag to get
aboard the plane after 1t 1s passed into the check-in process.2

The passenger also requires some time to walk or travel from the
point of arrival to the ticketing area. A person walking two miles
per hour or slightly faster covers about three feet per second or
about 175 to 200 feet per minute The average person can be expected
to require a minimum of about five minutes of walking and ten minutes
of waiting in ticket and restroom areas for a compact and well-
organlzed terminal If the person 1s in a larger terminal, the person
w1ll require more time to travel greater distances within the terminal,
The average person will also be slowed somewhat by the confusion
caused by the larger number of people

A terminal can be made more compact, without sacrificing zts
utility, in several ways. One way 15 to separate the ticket sales and
baggage check-in area from the concession, ge&eral office, and restau-

rant area thus discouraging visitor and well-wisher traffic in the

ticketing area  This separation of facilities could be arranged such
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that the.ticket sales area would be onh a different floor level than
the concession floor level, or levels, The public transportation
access should be at the ticket sales floor with the private auto
passengers having access at the concession floor level,

Another way of making the dirport terminal compact could be
accomplished by having one or more downtown terminals. In these
downtown terminals the passengers could complete the ticketing pro-
cess and then board buses which go directly to planeside bypassing
the azrport terminal ticket facilities, Their baggage would be
placed aboard special buses that would go directly to a baggage
compartmentalization area,

The downtown terminal facilities could be used together with a
three~level airport terminal where the buses from the downtown ter-
minals pass through the airport terminal and discharge the passen-
gers at the apron and then travel to the cargo and baggage contain-
erization area on the ground floor Covered ramps could be used to
speed loading during windy and inclenent weather. Long sloping
ramps would permit the passengexs to walk rapidly and easily from
the bus to the plane,

The airport terminal could have the cargo and baggage process-
1ng facilities on the ground level, accessible to trucks and buses,
with the ticket sales and baggage check-in and claim areas on the
second floor. The concessions such as restaurants, giLft shops, car
rental booths and the general offices could be placed on the thixd
and higher floors. The additional warehousing required could be on
the ground level with auto parking on several levels above i1t to
connect to the terminal building. The airport terminal building

could be constructed in modular form in either rectangular or
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circular shape.

The airport terminal would be compact only 1f the aircraft could
be unloaded and loaded quickly. The unloading and loading can be
expedited if the passengers are unloaded through several doors and are
directed such that they can go to the downFown terminal 1f desired
The baggage for the passengers going through the airport terminal
should be unloaded from i1ts aircraft cargo containers to the baggage
claim system for the airport terminal while the baggage belonging to
the persons going to downtown terminals should be placed aboard the
correct buses The baggage destination within a terminal could be
color-coded or otherwise identified for the passenger so that.the
passenger could be easily and clearly directed to the proper baggage
carousel or other claim device  This method has been suggested by
Heinemann for current improvement of baggage handling 3

The cargo and baggage placed in containers to fit in the cargo
compartments of the aircraft could be used to speed the unloading
and loading process. The minimum number of planes should be unload-
ing and loading, with simultaneous servicing, at one taime in order to
minimize the length of the terminal and thus minimize the distance
the passengers have to walk. The longer distances within the termi-
nal may have to be served by a multi-stop bus service with a bus
departing every five minutes, or more often at busy times

Figure 4,1-2 shows the cross-section outline of a terminal with
capability of serving either a two- or three-deck aircraft.

Computer-assisted ticket sales and baggage checking procedures
should be used to expedite passenger processing but the passenger

should be tactfully and clearly directed into an easy and direct path

from the moment he steps out of his auto or other ground tramsport to
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the plane door. The people should be able to walk quickly and easily
between floor levels on ramps. The ramps would be reliable and

economical to construct and marntain
4.2 CQSTS

The total cost of air transportation cons.sts of the direct cost
of operation (DOG) such as fuel and o1l, cockpit crew, and mainte-
nance- of the aircraft together.with the indirect cost of operation
(I0C) which 1ncludes airport services, ground facilities, selling
expenses and other expenses not associated with a particular aircraft
but required to furnish air travel service to passengers. The direct

- cost of operation 18, 1n a sense, proportional to the time that the
individual Fircraft is in flight, and can be assigned to the specific
craft It does not include any services to passengers or expenses
assoclated with landing the aircraft,

The role of the federal government in supplying air trxaffic con-
trol, both persomnel and ground equipment, 18 expected to remain the
;ame as at present, however, the govermment financing of airports,
runways and lighting systems currently used may be changed. The local
state, community, and city financial role may also change

At the present time, the costs of air transportation are borne
by several groups of people: the passengers or shippers,, the federal
government, the state 1n which the airport is located, and the local
community which often operates the airport through an airport commis-

- s81on-0r other official body. The passenger pays for the direct oper-
ating expense and part or all of the indirect operating expense through
the ticket. Excise taxes on the ticket pay for a.portion of the

federal government air traffic control (ATC) expense and airport
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financing. The federal government, from excise tax receipts and other
tax income, pays for the air traffic control personnel and ground
equipment as well as,other air safety personnel. The state and local
community furnish most or all of the capital for the construction of
the airport and related facilities. The property owned by the offi-
c1al airport operating body 1s usually not on the tax rolls, however,
the local business generated by the airport activities contributes to
the community income so the overall result 1s considered a benefit to
the, community. As a consequence, the actual costs of airports are
difficult to determine accurately and are estimated,

Three different sopurces were compared to see 1f the estimates
could be consgidered wvalid The Research Analysis Corporation, McLean,
Virginia, (RAC) made a detailed breakdown of the direct operating
cost and the indirect operating cost as estimated from the CAB
required accounts.* A second breakdown of costs for an airline was
given in Holiday magazine, July 1969 ° A third estimate was pre-
pared from data presented by the Committee on Transportation To and
From Airports of the Technical Council on Urban Transportation CASCE).6

The RAC estimate of indirect operating costs 18 very detailed and
gives an insight to the changes in costs for different lengths of

flights.
4 3 INDIRECT OPERATION COST

4.3.1 Passengers

The formulas and coefficients developed by the Research Analysis
Corporation (RAC) were used in calculating the indirect operating cost
for the air tramsportation system. The use of the RAC method for

determining the indirect operating costs 1s representative of the
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user's cost for the system. Block time, flight distance and passen-
ger load factor are used for determining the user's cos; of the air~
port terminal ground facilities. The portion.of the termimal ground
facilities that 1s not taken into account in the 1ﬁdlrect operating
cost 18 assigned as a mon-user cost The non-user cost for the system
15 taken as $1 50 per passenger for conventicnal f&pe of airport
terminal facilities and as $1.00 per passenger for Sbe ports.

The 1ndirect cost i1tems are divided among (&) ground property and
equipment, (b) aircraft servicing, (¢) aircraft control, (d) cabin
attendants, (e) passenger food, (f) traffic servicing, (g) servicing
and administrative, (h) reservations and sales, and (1) general and
administration. - The 1ndirect operating cost and the non-user's termi~
nal cost are used in the allocation algorithm for determining total
systems cost,

The formulas and coefficients used in evaluating the indirect

operating cost are shown below:

Indirect Operating Cost

(a) Ground Property and Equipment--Direct maintenance, maintenance
burden and depreciration:

$/block-hour=0,597K

.Where

K = ( aircraft direct maintenance labor Y and
. block hour

for block-hour = 0 00-1,38, K = 131,50
for block~hour = 1 39-2,31, K= 324 00
for block-hour = 2,32-3,24, K = 595.06
for block~hour = 3,25-4,16, K = 944,00
for block-hour = 4.,17-5 09, K =1,370.00
for block-hour = 5,10-6.02 K =1,880.00
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()

(c)

@)

(e)

(£)

(8)

(r)

(1)

Arrcraft Servicing-~Aireraft servicing and service

administration
§/departure=0,00064 (maximum take off weight)
or $/departure=0.96 (number of seats)

Adircraft Control--Airecraft control and service administration

§/departure=16 13

Cabin Attendants--Passenger service

5/block~hour=7 65 ( numbe§9°f seats )

Passenger Food--Passenger service~food expense

§/departure = 0.00191 ((number of seats x .8 x L.F.) +
(2 06 x number of seals x 2 x L.F.)) x
(flight distance) x H

where H = 1 when bloeck-time 5.5 hours
- H = 2 when block-time 5.5~9 0 hours
H = 3 when block-time 9 0 hours

Passenger Handling=-=-Traffic servicing, service administration
and reservations and sales

$/departure = 4.09 x (number of seats x L F.)

Baggage Handling--Traffic servicing and service administration

58.71 (( number of seats x L.F. x 30 )

$/departure = 5650

Passengerx Service--Passenger service, reservation and sales,

advertising and publicity

$/departure = 0.00468 (number of seats x L.F.) (flight
distance)

General and Admainistrative

$/departure = 0.12 x 2 (I0C's of 8 items)
8 -

Non~Users Costs for Terminals

$1 50 per passenger for conventional airport terminals
$1.00 per passenger for STOL ports
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For the air transportation system, the cargo.handling :charges
and the freight expenses including.freight commissions and freight
advertising are not included in the indirect operating cost The gen-
eral and administrative costs were computed by taking twelve percent
of the total general services and administration. This value was

determined from the Income Statement from the Big Four Domestic

Carrier Operations for Years 1957-1966.7

4,3,2 Cargo

The RAC method for calculating indirect operating costs was
modified to reflect the indirect operating cost for the 1980 air cargo
demand The indirect operating cost 1s representative of the user's
cost for the system., Block time, flight distance and tong of freight
are used to determine the user's cost of the airport terminal ground
facilities, The portion of the terminal ground facilities that 1is not
taken into account in the andirect operating cost 1s assigned as a
non~user's cost. The non-user's cost takes.into account the local
funding and cost which i1s paid by the local community. The non-user's
cost for the system is taken as $500 per flight for conventional type
of airport terminal facilities and as $400 per flight for STOL ports.

The indirect cost items are divided among (a) ground property
and equipment, (b) alré}aft servicing, (c¢) aircraft control, (d)
cargo handling, (e) freight expenses, and (f):general and administra-
tive The indirect operating cost for air cargo and the non-user’'s
cost for terminal ground facilities are used in the allocation
algorithm for determining the total systems cost.

The formulas znd coefficients used in evaluating the indirect

operating cog&ts are shown below:
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Indirect Operating Cost - Cargo

{(a) Ground Property and Equipment

&/block=-hour = 0.597 x K
block-hour

for block-hour = 0.00-1.38 hrs., K= 131 50
for block-hour = 1 39-2 31 hrs , K= 324.00
for block-hour = 2.32-3 24 hrs., K = 595.00
for block-hour = 3 25-4.16 hrs,, K= 944.00
for block~hour = 4 17-5 09 hrs., K =1,370.00
for bloeck-hour = 5,10-6.02 hrs., K =1,880 00

(b) Aircraft Servicing

$/departure = 0.00064 x (maximum gross takeoff weight)

(¢) Arrcraft Control

$/departure = K=16.13

(d) Carge Handling

$/departure = 58.71 x tons of air cargo

(e) TFreight Expenses

$/departure = 0 0095 x (tons of air cargo) x (flight distance)

(f) General and Administrative

$/departure = 0 12 x 3  (IOC's of 5 items)
5

Non-User's Cost for Air Terminal Ground Facilities

$500 per flight for conventional airport terminals

$400 per flaght for STQL ports

The allocation algorithm will optimize the best routing system
selecting the most efficient air vehicle to satisfy the cargo demand,

The optimum air cargo transportation system will result from the

minimization of the direct and indirect operating costs,
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4,3.3 Total Imdirect Operating Cost

The RAC method was used in calculating the total indirect oper-
ating cost for the air transportation system.. The fo;mulas and coef-
ficients of the RAC method were modified to reflect only the passenger
demand and service and does not include cargo handllné charge, freight

expense including freight commission and freight advertising  The
modified method contains nine items of indirect oéeratlng costs,
while the RAC method includes ten 1tems  The modified RAC method for
calculating indirect operating costs was incorporated into the alloca-
tion algorithm from which the passenger demand and the air vehicle
design required to satisfy the passenger demand 1s used to determine
the minimum costs {(direct and indirect) for the air transportation
system

Table 4.3.3-1 indicates the total indirect operating costs com-
puted by the RAC and the modified RAC method used in the optimization
model The total imdirect operating costs is a function of block-
time, flight distance, the number of passengers and the passenger load
factor The largest items of the total indirect operating costs are
aircraft servicing, passenger handling and passenger service., These
three i1tems are 60 percent of the total indirect operating costs., The
table indicates the total indirect operating costs and the indirect

®

operating cost per passenger
4,4 COMPARISON OF DIRECT AND INDIRECT OPERATING COST

Table 4.4-1 1llustrates the relationship between direct and
indirect operating costs for commercial airlines Over a perrod of
ten years, the indirect costs have been increasing while the direct

operating costs of the airlines have been decreasing. Projecting the
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TABLE 4.3.3-1

COMPARISON OF TOTAL INDIRECT OPERATING COSTS

5 09

Block-Time (Hrs,) 1 38 2.31 3.24 4.16
Number of Seats 248 248 248 248 248
first class 30 30 30 30 30
coach 119 119 119 119 119
Load Factor (%) 60% 60% 60% 60% 60%
Flight Distance (m1les) 500 000 1500 2000 2500
ITEM RAC RAC* RAC RAG* RAC RAC* RAC RAC* RAC RAC*
1 58,30] 56.50| 84.13] 84.00| 109.96| 110.00| 135.52| 135.70| 161.35| 161.90
2 208 641 232.00| 208.641 232.00] 208.64| 232.00| 208.64] 232.00| 208.64 23F 00
3 16.13 16.13( 1316.13| 16.13 16.13] 16.13| 16.13 16.13 16.13 16.13
4 55.87| 55.87 83.52 93.52| 131.17| 131.17] 168.41| 168.41) 206.07| 206 07
5 100.15| 100.15| 200.00] 200.00| 300.44| 300.44| 400.58| 400.58] 500.73] 500 73
6 353.16| 354.00| 353.46( 354.00| 353.46| 354.00| 353.46| 354.00| 353.46| 354 00
7 171.80 76.00| 171.80 76.00] 161.80 76.00! 171.80 76.00} 171.80 76.00
8 202.22| 202.00| 404.45| 404,00 606.67| 606.00| 808,89} 808.00;1011.11(1000 0O
9 6.27 -_——— 12,54 —==- 18.81) --=- 25.09 ———— 31.36 -
10 08,03(.122.00(| 139.49] 163,00] 181,76| 224,00 223.45| 274.00| 265.74| 325.00
Total Cost (§) 1220.84 1214.65)1684.75(1622.65]2098.86(2050,7412511.97 |2464.8212926.38|2871.83
Cost/Passenger 8.54 8.16 11.31 10.90| 14.05 13.76 16.85 16.60 19. 60 19.25

*Modi1fred RAC Method (RAC Method excluding freaight expense,

freight commission and freight advertising)
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DoC's
10C'S
TOTALS
DoC (%)

I0C (%)

TABLE 4.4-1

DIRECT éND INDIRECT OPERATING COST OF DOMESTIC OPERATIONS OF THE BIG FOUR
(In thousands)

1957 | 1958 1959
530,357|512,509| 596,759
446,887| 465,751 552,100
977,244] 978,260/ 1,148,800
54.4]  52.2 51 9
45 61 47.6 48.1

1960 1961
663,117 745,047
627,894] 706,807

1,291,011| 1,451,854

51.4 51.3
48.6 48.7

1962

780,459

781,139
1,561,597
49 8

50.2

1963
828,758
836,335
1,665,094

49 7

50.3

1964
857,189
928,440
1,785,627
47.7

52.3

1965
961, 654
1,072,855
é,034,509
47 .4

52.6

1966
1,031,&26
1,199,959
2,231,385
46 .4

53.6



DOC's and I0C's into the 1980 time period, the allocation algorithm
indicates that the JI0C's will be three times as great as the DOC's
when cost of living and 1969 dollars are taken into account. The
variables used in computing the I0C's are block time, route distance
and passenger load factor. When using the routes between paired
cities, the distances remain constant. Alsc assuming a2 passenger

load factor of 60 percent the tendency when optimizing the system
would be to use the largest vehicle possible having the greatest
passenger capacity and using these air vehicles to obtain the smallest
block time between city palirs

It has been suggested in Section 4.1 that small satellite terma~
nals be located throughout the city so that passengers may make reser~
vations, ticketing and baggage arrangements. FPassengers may board a
ground vehiele and be transported directly to the runway for enplan-
ing. In this way the main terminal may be bypassed thereby alleviat-
ing passenger traffic congestion through the terminal and reduce the
penalty factor of time and inconvenience to the passenger With the
reluctance of the local comminifies to enlarge and expand terminal
facilities, a better and more efficient use of the terminal facilities
must be developed. Figure 4 4-1 indicates éhe trend between I0C and
DOC for a ten=-year period.

Comparison of indirect operating costs using three methods shown
in Table 4.4-2 below indicates the air carrier's method to be the
lowest cost  The RAC method and the RAC* (modified method) are
respectively higher than that indicated from airline carriers calcu-
lations 3 The expected tendency as shown in another section of the

report 1s for indirect operating costs to increase while the direct

operating costs will decrease. The RAC and the RAC* method lists the
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TABLE 4.4-2

COMPARISON QF INDIRECT OPERATING COST

Airlines RAC RAC* (Modified)

Axrport § 294.00 (a) $ 71.32 8 105.50
Inflight Service 215.00 (b) 208.64 232.00
A/C Operating Costs 117.00 (e) 16.13 16.13
Selling Expense 70.00 (@) 74,65 74.65
Advertising &

Reservations 131 00 {e) 150,00 150.00
Depreciration &

Insurance 246 00 (£) 353 00 353.00
General &

Administrative 180.00 () 171,50 76.00

TOTALS $ 1,252.00 (h) 303.00 303.00

Cost per

passenger $ 22.60 (i) 9.40 _——

(n 119 00 111.50

TOTALS $ 1,476.64 § 1,421.78

Cost per
passenger $ 26.60 § 25.80
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various operating costs making up the total indirect operating costs,
The cargo handling expense has been omitted from the RAC* since
the air transportation system will be used to carry only passengers
and their accompanying baggage. A direct comparison of the I0C's is
difficult to make since the .methods of accounting by various groups
of aircraft manufacturers, airline carriers and govermmental agencies
differ in classifying the operating costs  The, total indirect oper~
ating costs may be compared however,. as Well_as the cost per passen-
ger  The RAC and RAC* method indicates 17‘3 and 16 8 percent higher
operating costs than the airline carrier method for computing the
I0C's. In estimating the indirect operating costs for the proposed
1980 air transportation system, .the costs as computed by the RAC and
the RAC* would more nearly reflect the actual values for the IOC's.
Wage labor costs comprise 60 percent of the total IOC's which 1s
required for direct maintenance of aircraft servicing and passenger
handlxng and service. The trend of increased labor costs will

increase the I0C's to the 1980 period.
4 5 TICKETING PROCEDURES

The heart of the ticketing scheme 15 the central data bank (CDB).
In order to make the system versatile on a national basis, all major
airlines should be parties to the central data bank. The CDB has on
file the status of all flights scheduled by the participant arrlines
in addition to pertiment 1nformation om aircraft The CDB informs the
appropriate agencies of service they will be called upon to perform
and supplies the necessary data to these agencies concerning those

* services
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The most important product of the system 1s its output, which
includes the passenger's ticket It assigns the passenger to a flight
and i1nforms the CDB of the fact It establishes the procedure for
handling the passenger's baggage, Additionally 1t makes arrangements
for certain ground transportation-at both ends of the flaght as
desired by the passenger The passenger's fare 1s computed and pre~
sented to him before he approves the reservation. The passenger may
alter the reservation and get a new output When the passenger 1s
completely satisfied, he makes final approval and hard copy 1s pranted
Baggage handling information is disseminated to the agencies that will
be handling 1t., TIn order to level out peaks in the daily demand,
lower fares can be offered in slack hours

Hopefully, the customer should be able to get his complete
reservation within two minutes,

The hardware components most important from the customer's point
of view are the cathode ray tube and the keyboard. Through these two
devices, the customer or his ticket agent interact with the system to
produce a reservation for a flight and to select options on ground and
inflight service

The first step an operator takes at the keyboard 1s to input the
airpert of origin, the airport destination, and desired times of
departure and arrival, The CRT then displays, by calling on the CDB,
the flights from origin to destination, including connections, status
of the flights, costs, and available services.

The customer selects a flight number and service options. The
CRT displays any transfer options, if applicable, and the customer
makes his selection as before, He has now made his flight reservations

and selected in flight service options
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The next step 1s to outline ground sexvice' options., The customer
must decide whether or not he desires ground transportation from the
plane to his. final destination. If he 1s tdking care of himself after
leaving the aircraft, he must select one of several baggage handling
options, For example, he may elect to have his baggage loaded on a
bus going to & predetermined hotel, at a carousel, or put on a "hold
until called" basis, After these have been completed, the “reser%é”
button is selected and all reservations are completed.” At this time
the CDB makes a record of the fact,

After the reservation has been made, the CDB receives the reser-
vation information, 1t changes the status of the flight according to
the reservation  The CDB informs the agencies handling the passenger
and his baggage with the details of service which the person has
selected For example, if a person selected the limousine service,
the agency responsible for the limousine would be informed by the CDB
when and where to pick up the passenger

The central data bank 1s the heart of the ticketing scheme. 1In
1t 1s contained all scheduled airline flight information required for
handling passengers and baggage  Changes in the CDB are occurring
continually as reservations are being made, flights change or are
rescheduled, The CDB must have the capability to take the information
provided by the ticket purchaser and give output to many differemnt
people besides the purchaser., It must inform the limousine service
1f the passenger desires door to plane service. It must inform the
airport of the number of passengers using their facilities at any
given time It must provide detailéd baggage handling-information to

both the airline and the passenger.
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Physically, the data links could be rented phone lines or private
lines  The high Qemand for chanmnels in the air space requires that
any large system in the future must be occupred by older systems which
are made obsolete by the new system. i

Provisions for persons purchasing tickets after the latest time
for reservations are handled by eliminating some of the options avail-
able, The limousine service 1s difficult to provide after four houxrs
before flight time  However, tickets can §t111 be purchased and bag-
gage checked at remote terminals providing direct access to the air-
craft up to an hour before flight time. Between one hour and eight
minutes before flight time, baggage options remain open, but the
direct access optiomn 18 closed Between eight minutes and four min-
utes before flight time, baggage options are closed, and the passen-
ger must carry his bags through the terminal and onto the plane. Pre-
sumably, the passenger arriving at this time 1s making a "commuter"
type flight and 1s carrying only one small bag. After four minutes,

ticket sales should be closed, as the plane is now ready to commence

pre-flight operations
4.6 CARGO AND BAGGAGE HANDLING

The object of an efficient baggage handling system 1s to keep 1t
moving, allowing no bottlenecks to form. Ideally, the baggage should
not stop moving until 1t is loaded on an aircraft or 1t reaches its
final destination Actually, it must stop Several times 1n various
sub-staging areas, be loaded or unloaded 1n bins, be placed in the
aircraft or rqtrleyed by the passenger

A modern system, using an on-line computer in conjunction with

coded strips on the bags, should have the capability of handling
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large volumes of baggage Systems of belts and separators have a
large active storage. Baggage arrives at a predetermined location
after being "stored'" on a moving belt, At either end of the system
15 a passive storage system of sufficient capabirlity to keep the
active storage from backing up.

As demonstrated by the ZIP Code system, a numerical code can be
used by separate items of diverse sizes destined for a varirety of
locations. A coded system, operating electronically, can separate
a plane load of baggage, and, 1n conjunction with am error detecting
back up system, distribute the payload to predetermined locations.
The tickets on the bags can be scanned to provide the necessary infor-
mation available, the system makes the appropriate switches operate
to shift the piece on its proper route

The revenue generating potential of the giant jets depend
largely on being able "to turn the jet around™ in a very short time
{to shorten the ground time between flights), However, the cost of
purchasing and operating the equipment required to turm the aircraft
around swiftly increases as turn around time decreases. Somewhere,
an optimum turn around time may be found.

The cost of the handling equipment 1s a function of the amount
of cargo handled, the amount of time required to handle 1t, and the
amount of cargo actually in the system at-one time. The variables
refer to the maximum amount of cargo to be handled by the system,

The first theory 1s based on pricing of industrial equipment.
The assumption is that equipment costs two dollars per pound of

material handled per hour:

=(2) 2
c = (2 = (60)
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where C is the cost, P is the payload in pounds, and T is the time
required to handle one payload in minutes  The model predicts what
one would intuitively expect, that is, 1t has zero cost for infinite
turn around time, and infinite cost for zero turn around time,
Although this neglects research and development (R & D) costs,
1t 1s a reasonable estimate of the cost of industrial equipment,
Obviously, the R & D costs will increase as more sophisticated equip-
ment 18 called for  Therefore, judgment must be used when applying

the formula in the low turn-around time region.

4.7 ATIR TRAFFIC CONTROL

The terminal area 1s considered to be the biggest bottleneck to
the flow of traffic 1n the entire Air Traffic Control system  Because
of this feeling, the ATC analysis 1s limited to TFR traffic in the
airport control zone. While no actual equipment 1s designed, the
final conclusions and recommendations are based upon a realistic
advancement in the state of the art of electronic developments in
radar, aircraft collision avoidance equipment, and navigational
equipment.

The ATC analysis considered three types of single runway opera~-
tions alternation of take-off and landing operations, only landings,
and only take-offs. Whenever more than one active runway 1s 1in use
at a single instant, 1t 1s assumed that each runway could operate

independently, without interference from other runways.

ATIRPORT CONTROL ZONE

The airport control zone i1s defined by the Airman's Information

Manual as "Alrspace extending upward from the surface of the earth
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which may include one or more airports and 1is mnormally a circular area
of five statute miles in radius with extentions where necessary to

include instrument approach and departure paths.”17
INSTRUMENT TANDING SYSTEM (ILS)

The ILS currently used consists of two highly directional, ground
based, transmitters that give a visual display to the pilot of the
aircraft so that he may fly the aireraft to the runway One trans-
mitter gives lateral direction while the other transmitter emits a
vertical glide slope signal, Three or less marker beacons (low pow-
ered directional transmitters, aimed vertically upward) are located

on the glide slope to indicate horizontal distance from the end of

the runway.
4.,7.2 Single Operation Runway Landing Analysis

£,7.2,) Runway capacity constraint

The runway capacity or landing rate versus aircraft (A/C) final
approach speed as a function of two separate capacity constraints 1s
shown in Figure 4 7.2-1

The first constraint i1s imposed by the ATC minimum separation
regulation while on the ILS, It 1s assumed that the A/C maintains a
constant approach speed after entering the ILS, until 1t touches down
on the runway.

The second constraint 1s 1mposed by the time the A/C actually
spends on the runway. This time begins at the A/C touchdown point
and lasts until it exits from the runway. It rs assumed that a con-

2

stant deceleration equal to 9 £fps® would be maintained The A/C's

touchdown point 1s 2500 feet past the runway threshold and the A/C
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exits from the active runway at a speed of 60 kts. onto a high-speed
exit or taxiway,.

It can be seen that at approach speeds below 233 kts,, the mini~
mum A/C spacing or approach regulation is the active constraint, Air-
craft deceleration 1s the active constraint at speeds above‘233 kts,

Today's large commercial A/C have an approach speed of approxi-
mately 130 kts, This approach speed is well below 233 kts.,, which
indicates that under the present ATC 3-mile minimum separation, A/C
deceleration will not affect the runway landing rate

It can also be seen that, 1f 20 kts were added to the approach
speed, the landing rate would not be substantially increased. How-
ever, an 1increase 1in approach speed would create much greater wear on

the A/C's tires and brakes In addition, the A/C roll on the active

runway would i1uncrease

4.7.2,2 Variation of ATC minimum separation

Figure 4,7 2.2-1 shows the effects on the landing rate as a
function of the ATC wminimum A/C approach separation.

At an approach speed of 130 kts i1t can be seen that with the
three mile separation, 50 landings per hour (LPH) may be obtained;
at two miles, 75 LPH may be obtained, and at one mile, 150 LPH may

be obtained

VARTATION OF THE TOUCHDOWN POINT

The touchdown point 18 measured from the runway threshold to the
point where the landing A/C contacts the runway. Figure &4.7,2,2-2
shows the effect of the variation of the touchdown point on the land-

ing rate., LIt can be seen that the touchdown point has no effect
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upon the landing rate unless very high approach speeds are used and/

or the ATC minimum separation i1s reduced.
VARTATION OF DECELERATION

Figure 4 7 2 2-3 shows the effects of variation of deceleration
upon A/C exit location and the runway landing rate As would be
expected, actual time spent on the runway and exit location 1s
decreased when deceleration rate 1s increased. However, under the
three mile ATC separation minimum, and unless very high approach
speeds are used, variation of deceleration has no effect upon the

runway landing rate,

4.7.2,3 Landing only analysis--SUMMARY

It has been shown that the wariation of deceleration and touch-~
down point would have no effect on the runway landing rate under the
present ATC minimum separation of three miles. However, 1t 1s recom-
mended that the current ATC minimum be reduced

It is felt that the ATC minimums could be reduced to as close
as one mile with an improvement in air surverllance radar on the
ground and with the introduction of a reliable, onboard, A/C colli-
si1on avoidance system It should be realized, however, that pilot
and ATC ground control personnel must psychologically accept these
reduced minimums, Because of this reason, the separation minimums

must be reduced incrementally

4,7 2.4 Take-off analysis
The ATC separation rules that were used 1n the take-cff analysis

are as follows:
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1. An A/C waiting for departure 18 given an OK for brake
release after the preceding A/C has no further contact
with the active runway, and has-

2, Crossed the end of the runway, or

3. Turned away from the runway to avoid conflicts, or

4, Has a separation of at least 6000 feet

Characteristics of heavy commercial A/C, such as the Boeing
707-320B, were used 1n the take-off analysis A liftoff speed of
160 kts. and an average, constant, acceleration of 0.12 g or 3.86
fps2 were assumed The A/C will 1ift off in 9500 feet and will take
approximately 70 seconds to do so.

Rules 1 and 4 have automatically been satisfied under the above
assumptions If an A/C were cleared for take-off every 70 seconds,
a take-off rate of 51,5 take-offs per hour and a horizontal
separation of 2 91 miles may be obtained,

It 18 believed that with an improvement 1n air surveillance
radar and with the introduction of an onboard A/C collision avoirdance
system, the minimum ATC separations could be reduced with both pilot
and ATC personnel acceptance  However, pilots would not accept the
risk of imitiating -a take-off with another A/C on the runway  Since
the time to accelerate to lift-off speed 1s the governing constraint
on the take-off rate, only an increase in A/C acceleration or a

decrease in lift-off speed will raise the runway take-off rate.

4 7.3 Mixed Runway Operation Analysis
The mixed runway operation analysis required that the runway
would be used alternately for taking off and landing A/C.
Characteristics of heavy, commercial A/C, such as the Boeing

707-320B, were used in the analysis The following assumptions were
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used in this analysuis:

LANDING A/C
1 A/C approach speed is 130 kts.
2  A/fC deceleration 1s 9 fpsz.
3. The touchdown point 1s 2500 feet from the rumway threshold.

4, Exit speed onto a high-speed taxiway i1s 60 kts,

TARING OFF A/C
1. A/C acceleratiom 1s 0,12g or 3.86 fps?
2  Lift-off speed 135 160 kis
3. Time from brake release to lift-off i1s 70 seconds.

4  Distance from the runway threshold to lift-off point 1s 9500
feet.

In this analysis, at no time were two A/C allowed to conduct
operations simultaneously on the active runway. Departing A/C were
given clearance to taxi into take-off position, but not to take-off,
after the preceding landing A/C had past the runway threshold, After
the preceding landing A/C exited from the runway, the waiting A/C was
cleared for take-off,

The governing constraint on Eﬁe runway operations rate was the
time for the taking off A/C to accelerate to 1lift-off speed The
runway operation rate is indirectly proportional to the time 1t takes
the taking off A/C to accelerate to lift-off speed, The runway opera:
tion rate can be increased by decreasing the A/C lift-off speed or
increasing A/C acceleration., This constraint limited the runway
operation rate to 86.5 OP/HR or 43.25 LPH and 43 25 take-offs per

hour.

To conduct the mixed operations on one runway, it is recommended
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that the Brandt drift-off runway be adopted. The Brandt Drift-off
Runway was patented in 1962 by Captain Jay E Brandt of Trans World
Airlines.

The drift-off runway consists of a drift-off area, approximately
the width of the active runway, attached to one side of the active
runway The drift-off area would start from 500 feet to 1000 feet
from the ends of the runway as shown in Figure 4 7.3-1

The purpose of the drift-off runway 1s to allow a landing A/C
to exit from the active runway at a high-speed roll, thus allowing
the runway to be used for a departure. When a landing A/C crosses
the runway threshold, the A/C waiting for take-off 1s given
"elearance for departure " This clearance for take-~off means the
waiting A/C should taxi into position and hold until the landing A/C
haé rolled clear of the active runway. When the landing A/C has
exited from the runway, the departing A/C releases its brakes and
starts its take-off roll No further communication with the tower
18 necéééary after the initial clearance for departure, thus reduc=-

ing radio congestion. At no time are there more than ome A/C conduct-

ing a take-off or landing operation simultaneously on the active

runway.

The Brandt Drift-Qff Runway offers several advantages-

1 This type of runway 1s readily adaptable to airports now in
operation without large costs 1n additional land
acgquisitioning

2  Active runway occupancy time will be reduced substantially,

3. Wave-offs would be extremely rare.

4 Pirlots' confidence 1n a successful completion of a Category

II and Category III landing would be greater due to the
wider runway drift-off area.

-
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5. WMo additional pilot skill would be required by the average
private pilot to use the runway.

An analytical study initiated by the Federal Aviation Administra-
tion, in 1961, arrived at the following conc1u31ons:18
1. '"The Brandt Drift-0ff Runway will increase practical VFR
runway operating rates substantially beyond those obtainable
with other accepted turnoff layouts when the runway 1s used
for mixed operations."

2. "The drift-off technigque permits a considerable reduction in

effective runway occupancy time--even over a runway with four
high-speed turnoffs 1

An actual flight test conducted by the University of Kansas,19
has shown that active runway occupancy time was reduced by 50 percent.
Even though the test was conducted by A/C with an approach speed less

than 110 kts., it was felt that the results would be the same with

faster and larger A/C.

4.7.4 Recommendations

The single operation runway offers the advantage of being more
flexible than the mixed operation rumnway If an A/C 1s delayed 30
seconds from 1ts scheduled departure or arrival time, 1t 1s relatively
easy to resequence the A/C. If a delay 1s incurred on the mixed
operation runway, 1t will cause a delay to at least one of the
following A/C.

The mixed operation runway is more efficient than the single
operations runway. An average of 86.5 OP/HR may be obtained utilizing
only one runway. The single operations runway, conforming to our
present ATC minimum separations, will handle 51.5 TOPH and 50 LPH for
a total of 10l.5 OP/HR. The average OP/HR for each runway 1s 50.75
OP/HR, which is far below the OP/HR of the mixed operations runway.

Substantial improvement in LPH will occur with the improvement of
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air surveillance radar and onboard collision avoidance equipment,
This will increase the average OP/HR. However, the airport could
become saturated to the point where no parking area would be available
for landing A/C.

The following recommendations are suggested to ensure that the
future traffic projected by this report can be accommodated:

1, Utilize the mixed operations runway procedures,

2, Utilize the Brandt Drifi-0ff Runway or high-speed taxiways
and exits,

3. Where traffic demands 1t, use multiple runways, preferably
separating the runways such that their operations can be

conducted independently.

4. Segregate A/C according to approach speed (1.e., do not mix
slow and fast A/C).

5. Provide shorter runways for A/C that can land on runways
under 4500 feet,

4.8 RESULTS AND CONCLUSIONS

The terminal planning should separate the various traffic flows
to minimize interference between passengers and visitors or shoppers,
between people and cargo, between passengers using local transporta-
tion and those using mass transit conmecting to central business dis-
tricts, and between high-speed and lower-speed aircraft in the air-
craft areas. The use of satellite terminals 1n the central business
districts, with transportation directly to the boarding ramp from the
satellite terminal will reduce the area required at the terminal for
ticketing and related procedures

The ticketing procedures could be speeded through the use of a
central data bank containing pertinent information on all flights,

(This would require more cooperation among the airlines or might be
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possible through mergers.) A passenger should alsc have the option
of access to the aircraft via an airline limousine service which
would pick up the passenger at any predetermined location. The pas-
senger's baggage would be code-marked at the time the ticket was pur-
chased, Computed discounts could be used to encourage off-peak
traveling.

The cost of the passenger being processed through the terminal
and airport 1s estimated to be in the range of thirteen to nineteen
dollars., The cost in the 1980's should be reduced througﬁ more effi-
cient terminal plans, more efficient use of computer-aided ticket
machines and careful traffic separation.

Cargo and baggage handling cost may be approximated by the
relation:

c = (2 % (60)
where G 1s the cost, P is the payload in pounds to be handled, and‘T
18 the time in minutes required to handle the payload. Automated
baggage handling equipment utilizing an on-line computer and pre-
coded strips identify the baggage for sorting. A tilting conveyor
used by Braniff Air Lines in 1969, at Dallas, Texas, 1s an example of
such a system designed for cargo.

The ATC analysis indicates that the approach to landing or while
on the Instrument Landing System 1s the major restriction to traffic
flow and runway utilization in the airport control zone, the number
of runway operations per hour can be increased by decreasing the ATC
minimums for aircraft separation. Segregation of aircraft by approach
speeds yields some increase in the number of runway operations per

hour. The "Brandt Drift-Off Runway" may also be used to substantially
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increase the rate of runway operations. An increase in approach
speed does not substantially increase the number of landings per hour
and an increase in the rate of aircraft deceleration while on the
runway does’ not have any effect on landings per hour unless very high
approach speeds (in excess of 200 nautical miles per hour) are used.
The development of on-board collision avoidance equipment and
better resolution for ATC equipment is expected to reduce the minimum

arrcraft separation to less than the- present three-mile requirement.
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V. IMPACT OF SOCIOECONOMIC TRENDS ON AIR TRANSPORTATION

5.1 INTRCDUCTION

An air transportation system operates in a dynamic environment
consisting of people and their inherent sociral, economic, and polit~
1cal concerns, This environment influences and shapes the demands
that are made on the system, simultaneously offering both opportu-
nities and constraints. On the one hand, the rapid growth of popu-
lation, industry, leisure time, education, and disposable wincome
creates new and expanding markets for the air transportation indus-
try. On the other hand, limitations on noise, and pollution as well
as legal, financial, and jurisdictional problems act to restrain 1ts
growth., Thus the sociceconomic environment acts on the transporta~
tion industry as both an expanding and a limiting factor.

- The scociceconcmic study begins with a consideration of demeo-
graphic trends and economic growth, followed by an investigation of
government financing. 7Trends in governmental powers, policies and
practices are analyzed and possible impacts considered An analysis
of the governmental system for regulation and projection of limita-
tions on the air transportation system follows, The study is con-
cluded - with an investigation of cost penalty to the system for the

passenger havang to wait or be delayed in the system

5.2 SOCIETY CONSTRAINT MODEL

- The Society Constraint Model (SCM) is essentially a theoretical
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and analytical effort to show the relationship of the social and eco-
nomic factors to the other aspects of the system and identify the
approach for considering gemeral or abstract principles of transpor-
tation functions. Mathematical models have been developed that pre-
sent transportation in a Systematic picture, however, this is the
first time that such a comprehensive systems analysis of air
transportation has been undertaken,

The air transportation system analysis consists of three parts --
determination of requirements which the system must meet, formulation
of the system physical characteristics and definition of system con-
straints. All of these serve as inputs into evaluating the system
performance and formulating a general system concept.

+  There 1s a wide gap between a conceptual model and a transporta~
tion system 1n reality. It i1s important, however, to 1dentify the set
of alternatives to be used from the universe of alternatives in order
to provide a reasonable base from which the transportation decision-
maker can order his choices. The concern then, 1s to develop an
analytical tool mnot only to describe the demand for air transporta=-
tion, but also the manner in which transportation shall be supplied
and the satisfaction that will be gained by the use of it.

When people hear the phrase "air transportation for the 1980's"
many think about a fully automated system. Fully automated systems
require heavy public and praivate investments and 1t would be far too
costly to convert hundreds of already existing airports and thousands
of vehicles to automat:ic control overnight. Any new system involving
millions of people will have to evolve step-by-step. Because new
ideas 1n transportation must be integrated into our ex1sting system

1t is necessary that changes be compatible with what already exists.
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In order to justify the expenditure of billions of dollars, any radzi-
cal changes must offer radical improvements over our present system.
Just a little bit better will not be enough.

Even though it now seems like a long time until 1980, the length
of time required to complete studies, to acquire financial backing, to
carry out development programs and burld prototypes makes it necessary
that a model be developed to provide short cuts in conceptualizing
future systems. The SCM is in the form of four subsystems of opera-
tions and information generation, This 15 shown in Figure 5.2-1,

The functional apalysis for transportation, regardless of its
description as a derived activity, can be set into a socioeconomic

framework for the purpose of devising the price that amy society must

pay for a given system. The price is an aggregation of;

(1 the capital cost to the investor, whether public or
P
private;

(2) the fare or outlay cost to the user as he travels
or ships his goods, and

(3) the added cost that the public must pay in crder
to make certain that the system continues 1in
existence and provide reliable minimal services,

The physical system within this kind of funectional analysis 1s
not the full and complete description of exotic new vehicles or auto-
matlc airports, but a weighing of the feasibility of many advanced
1deas to determine which would be most practical to develop and test.
Because the expenditures for advanced technology are so high, the
expense would be prohibitive to develop and test every proposed sys-
tem Preliminary research 18 necessary to weed out "duds" before too
much 1s invested in them. The new devices incorporated into future

transportation must be flexible enough during their useful life spans

to grow and adapt both to unforeseen technical innovation and to
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changes 1n the living patterns of the people who use them

. The operational environment, of human, legal, political, econcmic,
and other man-made constraints, coupled with the natural envirommental
constraints set the limitations within which a desired system shall .
perform. At the same time, the demand for transportation must be
developed through the use of gquantitative descriptions of the society.

Societal descriptions are divided into two categorries, First,
the geographic and physical locations are enumerated, Second, 1t 18
necessary to interject the actual or proposed economic conditions in
terms of basic activities, population size and distribution factors,
industrial production, goods distribution, and agricultural activities.
These requirement characteristics in turn are mathematically con-
verted, along with those of the constraints limits, into a narrow
bank of statistics that will interact with a mathematically converted
description of the physical transportation system  These constitute
the necessary demographic variables for analyzing the system,

Because accurate data are not available, 1t was decided early in
the stages of this investigation that the SCM be a deterministic model
system For the purpose of this analysis, deterministic is construed to
mean deductive rather than inductive The two near-term expectations
for the SCM system are (1) outputs of technological aid and (2) infor-
mation expected to assist the public administrators in their decision-
making  The SCM cannot be considered the panacea for solving trans-
portation problems It 1s a foundation tool using systems analysis
that will provide the dogic which will result in better knowledge and
understanding of the physical process of movement within the total
social structure. It 1s not a substitute for the decision-maker, nor

does it take the place of the 1ingenious inventor. In fact, SCM and
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those who use it must rely upon both the inventive and decision pro-
cesses 1n order that viable alternatives may be analyzed. Ultimately
this system will reveal broader choices and greater nuwber of alterna-
tives from which administrators can select and judge the best solution

to current and future problems
5.3 DEMOGRAPHIC TREWDS AND ECONOMIC GROWTH

5.3.1 Population

The size of the population has so noticeable an effect on the
volume of travel performed that 1t 1s usually given initial considera«
tion in any attempt to develop quantitative descriptions of travel
behavior, It is logical to assume that larger numbers of people gen~
erate more occasgions for social and economic travel as well as greater
desires for recreational and wvacation travel.

While 1t is clear that the influence of population 18 an impor-
tant force in determining the volume of intercity travel, the precise
relationship between population and travel is not intuitively evzdent.
Travel that 1s the result of social and economic interaction would
appear to be closely related by cross~products of population.

Whereas, the population of the destination point has little or no
bearing on the volume of vacation and sightseeing travel. Rather
than speculate as to the exact relationship between population and
travel, a direct proportion has been assumed and several models have
been tested in this investigation.

The population of the United States has already exceeded 200
million people and 1s growing rapidly. The estimated rate of growth
for 1967 was 1.01%.° Growth projections 1in judgment models imply an

average anmual growth rate of 1,53% per year through the year 2000,
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The population of the U.S. by the year 2000 is estimated to be between
295 and 384 milliom.

4 logical question might be how this affects the growth of air
travel? The domestic revenue passengers enplanements will go from
74.4 million passengers to an estimated 420.0 million zn 1980.7 The
Federal Aviation Administration projects an -11% per year increase 1in
revenue passenger miles from 1970 through 1980, This will be an
increase from 81.6 billion in 1968 to 288 billion 1in 1980.7 One can
readily include from this that although population has a large

influence on air travel therxe are other things to consider.

5.3.2 Disposable Income and Leisure Time

The effects of disposable income and leisure time on air travel
18 not as discernable as the effect of population. It becomes more
obviocus when we look at the people who fly., '"The 1963-1964 domestie
survey (conducted by the Port of New York Authority) revealed that
almost eight out of ten passengers had attended college, that 63
percent of all passengers were 1in professiopal, technical, managerial
or official occupations, and that 63 percent of all passengers were
traveling for business purposes, The median family income of the
1963-1964 air passengers was $15,000 (as compared to $6,190 for the
pepulation as a Whole)."8 The aver;ge disposable income per household
will increase from $5,661 per year in 1948 to an estimated $10,350
per year in 1976 in constant 1959 dollars.6 Although)there has been
a marked 1increase in disposable income since 1948, there has also
been a marked increase in household expenditures. Income, therefore,
has an affect on demand and 1s used as an input in the demand models.

The average workweek will go from gbout 41 hours in 1965 to an
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estimated 35.4 hours in 1976_and 30.7 hours in 2000.6 This reduction
in work hours may be offset by wincreased commuting time. The major
effect will come from a change.in the use of one's leisure time. The
rising level of educational attainment produces an awareness of cul-
tural opportunities which could create a desire for travel. "It has
been estimated that by 1980 approximately 80 percent of the total at-
home free time will be occupied by activities such as games or sports,
politics, or cultural self—1mprovement.”8 “The trend in the reduction
of retirement age and the improved retirement plans being offered by
many companies coupled with the advent of the jumbo jets and reduced

arrline fares will greatly increase the demand for air travel.
5.4 THE ROLE OF THE FEDERAL GOVERNMENT IN FINANCING

Financizal matters can only be acknowledged as the vital 1link in
the chain of realizability for any system under consideration., Per-
taining directly to this area, it has been establighed that the fed-
eral govermment will be assuming an expanded role in the financial
concerns of the air transportation industry in the next several years.
As will be brought out in this section, almést every facet of the air
transportation industry 1s experiencing monetary difficulties which
encourage greater federal participation. From the airlines, faced
with the outlay of billions of dollars for mnew aircraft in a time of
declining profits, to the arrports, needing vast capital expenditures

to keep from falling further behind in their race with demand on their

facilities, the need for federal i1nvolvement 1s evident.

5,4,1 Airline Financial Picture

The airline financial.picture has progressively deteriorated 1in
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the last few years. Instead of maintaining a rate of return nean that
deemed '"'reasonable" by the Civil Aeronautics Board,9 as was achieved
in the peraod 1964-66,10 the airlines have experienced a declining
rate-of return. Sharing.the responsibility for this trend are enor-
mous investments in new eguipment, especially in the purchase of new
generations of aircraft, coupled with continuing inflation which
results in increased expenses, particularly for la.bor.".]']“’]‘25'13

Projections generally agree that the airlines will have to seek
outgide investment in the period under consideration in this

study, 10511

This gloomy forecast 1s even more universally adhered to
1f the industry is expected to contribute financially to airport
improvement programs,g’15 The problem here 1is mot that external

money 15 needed as much as where the money 1s to come from. The air-

lines glamour image in investment circles has been tarnished con-

siderably both by their recent drob in earnings and by their miserly
attitude toward stock leldends.14
If, as a result, outside money sources do begin to dry up, the
other alternatives are Civil Aeronautics Board (CAB) approved fare
increases or aid from the federal government., The latter option
ex1sts due to the govermment's historical concern with public safety

>

and the pation's economic welfare  The form of federal aid preferred

by the airlines is investment tax credit.16 Another possibaility zis

¢ -

pure subsidy, the historical precedents for which include air mail
subsidization and the existing arrangement providing aid to United

States sea-borne commerce,

CONCLUSIONS AND RECOMMENDATTIONS

1. Aairlaines will likely need some federal aid in the coming
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decade, probably in the form of investment tax credits rather than
outright subsidy.

2. TFederal involvement in airport and airway financing will
entail the establishment of a trust fund similar to the highway trust
fund and financed through a system of user charges., Matching grants
and loan subsidization is the most likely way money will be dispensed
from the trust fund.

3. Direct federal financial sponsorship of civil aviation
research and development will continue 1n the areas of financing
demonstration projects, funding programs concerned with public wel-
fare, and, sponsoring those projects too large for private industry

to handle,

5.4,2 Airport and Airway Financing

The 31tuétlon at airports has become increasingly bleak the last
several years as the demand on airport facilities by the airlines and
public alike has burgeoned overwhelmingly Rather than being a bon-
anza for arrports, the mass utilization of their facilities has
acted 1m conjunction with encroaching public land use and the con:
comitant introduction of society-oriented restrictions on operations
to overtax the system. As a result, airports and related airway sys-
tems have been shown to be far from showcases of efficiency. TInstead,
they ha@e become the major source of expensive delay - both in terms
of time and money. With the outlook for ever increasing air traffic
to handle the exéected snowballing passenger and cargoidemand, the
only solutions would appear to be 1in the areas of drastically altered

ATC procedures and/oxr a great 1nflux of investment funds for the pur-

pose of improving and expanding the existing airway and airport system,
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Since the early 1930's, the funds for airport-and airway devel-
opment have come from a combination of federal, state, and local
sources, Originally, the money for imvestment ipn airport facilities
had come from local sources, Traditionally, general obligation bonds
have been the mainstay of local funding. However, competition for
these funds from the whole gamut of public works projects - education,
sewers, streets, welfare - 1s combining with the usually present
statutory debt limits to put the squeeze on airport improvement pro-
grams. The other large source of local funds has been the revenue
bond issue, used extens;ve1§ for terminal financing. These bonds are
attractive to communities because they do not draw on tax money for
payment, leaving the tax money for use in other projects. In the
absence of past records of reliable earnings, however, revenue bonds
for new developments may be unmarketable unless excessively high
interest rates are guaranteed., Both of these bonds are susceptible
to voter rejection, C(learly, the pressure on these sources of rev-
enue from a myriad of new and growing community needs as well as
voter reluctance to passively accept ever increasing community
indebtedness i1s making the local money situation uncomfortably taight
and unpromlslng.17’18

With the advent of the antidepression programs of the 1930's,
Federal money became available, TFederal involvement continued through
the early 1940's as part of the World War II defense effort. 1In
1946, the PFederal Airport Act was passed under which a limited amount
of Federal matching funds have been provided through the Federal-Aid
Arrport Program (FAAP).l7 This continued Federal participation has

been justified mainly by Federal concern for both public safety and

airport system efficiency, The former 1s well established by
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17 The latter is a direct result

precedent and Congressional mandate.
of traditional Federal involvement in matters affecting the nation's
economic welfare. Both of these benefit from Federal involvement in
planning and by Federal encouragement of air system development
through financial aid,

Faederal financial programs are initiated with the premise that
direct aid acts as an inducement for making needed 1mprovements,19
with conditional aid resulting in overall system uniformity, and the
potential threat of withholding aid encouraging proper malntenance
and operation of an airport as required by overall system needs.l7
The main benefit of Federal aid has been its role as the ''prime stim-
ulant 1in achieving nationwide airfield development . . . . Federal
aid 1s the device, in the absence of regulatory action, which enables
the Federal Govermment to fulfill i1ts public responsibilities relat-
ing to airport safety while simultanecusly permitting the imposition
of many national objectives upon local government.l7

State aid in financing airport development has been compara-
tively meager i1n the past, As shown in Figure 5.4.2-1, which com~-
pares the relative contributions of state, local, and Federal fund
sources to airports of several activity levels, experience has shown
that the community burdem has not been lessened apprecirably by state
financial assistance, Although the consensus of airport management
15 for an increased role by the states in airport finanélng,zo the
state governors unanimously feel that the states cannot assume the
burden for airport system development nor should they be expected to
do so, at least totally, due to the interstate nature of air trans-

portation, Instead, state govermments "will and should give priority

to public works programs of direct benefit to the citizens within its
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1
/ such as schools, sewers, and so on.

boundaries!
With both state and local funds already at a premium, where is
the money going to come from for the airport and airway system devel-
opment required in the next several years? Self-financing of capital
development needs by the airports themselves 18 of limited potential-
1ty as 1ndicated in Figure 5.4,2-2 which shows the complete lack of
self-financing capability for the average small airport. Since air-
ports of lesser activity are much more numerous than those of the
profit~earning larger sizes, numerically few airports can help them-
selves. In fact, approximately 75 percent of the air carrier air-
ports in the United States have no appreciable revenue bonding
capab111ty.17
Greatest attention is focused on increased Federal financial
involvement coinciding with a program of nationwide system planning
and coordination., The additicnal Federal fimancial aid, however,
makes 1t necessary to develop new sources of revenue., The most
likely method is by the imposition of an augmented "user charge" sys-
tem on the air transportation industry. This is generally acknowl-
edged as perhaps the fairest way to apportion the financial burden
since those who benefit from the system improvements are those who
pay for system development 17,21,22 qp, term '"augmented" user charge
system was employed to emphasize that the i1dea 1s not a new inmnova-
tion. Already in use 1s a tax on fuels used by general aviation air-
craft as well as a percentage tax on domestic air passenger taickets,
Potential user charges include a percentage tax on charges paid for
air freight, a tax imposed on commercial jet aviation fuel, and a
passenger service charge or "head tax" as i1s currently in vogue in

8
Europe. Figure 5.4.2-3 shows the expected annual income over the
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next several years from a unit taxation of these alternative user
charges,

About the middle of June, 1969, the Administration of President
Nixon made public just such an expanded user charge plan in which a
combination of taxes - an eight percent tax on airline tickets for
domestic flights, a five percent tax on air-frerght waybills, a $3.00
tax on tickets for most international flights, and a nine cent/
gallon tax on all fuels used by general aviation - was proposed to
generate the income for an airport and airway improvement program cov-
ering the next decade.?3 of particular interest is the absence of
any tax on commercial jet aviation fuels in spite of the potential -
shown in Figure 5 4.2-3, This is most likely because the Federal
Government recognizes that the airlines' funding capacity, already
imperiled by the present declining return on 1nvestment (see Section
5.4.1), could become critically insufficient with the 1mposition of
a fuel tax Both direct and indirect harm to the airlines' financing
prcture would be 1ncurred, the former from immediate loss of avail-
able income, the latter through a declining investment attractiveness
to various fipancing imstitutions. It is justifiable to assume that
the airlines, in attempting to remain economically viable, would be
forced to pass the tax on to their customers in the form of increased
passenger fares or freight rates. The eventual result, as far as
both the consumer and Government are concerned, would be the same as
that gained by merely increasing the taxes on domestic and inter-
national passenger tickets and on freight waybills,

In choosing between alternative methods of administering the
money collected under the user charge system, the Federal trust fund

stands head and shoulders above the other possible choices, The
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similarity of needs during the inception period of the Federal haghway
program and the airport and airway development program indicates that
the advantages of the trust fund leading to its use in the former
program still apply to the latter
Among the most notable attributes of a Federally administered
trust fund are the following:
1. TUse of the funds is restricted to that purpose originally
1ntended.17 This alleviates the possibility of incurring
the enmity of fund contributors 1f, as 1s often the case
when money is deposited into Federal or state treasures as
a general fund, some of the funds are diverted to other
needs,
2., The trust fund provides a relatavely stable scurce of money
for a program of great longevity.
3. Federal adminmistration of funds with this system guarantees
a greater degree of control over system development accord-
ing to nationwide priorities and in accordance with specific
design criteria.
4, The need for a program capable of making up ground in an
area long neglected 1s best served by a trust fund for all
the above reasons.l7
There 1s a variety of possible ways to dispense the funds each
of which has 1ts advantages and disadvantages as enumerated below;
1, Low interest loans at rates below those on the open market
could be funded by using the user charge revenues to pay
the difference between Govermment borrowing and Government
loaning costs. This method is the least costly alternative

from the borrower's viewpoint, however, 1t merely provides
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a new source of debt rather than a means of relieving the
existing debt load and cannot avoird the limitations of
statutory debt ceilings

Loan principal payments or loan subsidy is attractive to the
borrower since it not only provides a means of debt payment,
but also makes borrowing easier due to Government subsidiza-
tion of the principal The debt incurred, however, 15 still
subject to debt ceilings and this method of dispensing money
would be subject to tight controls.

Guaranteed loans of the VA and FBA home financing types would
involve the least Federal funds and cost to the taxpayer.
Here, in return for a guaranteed interest rate ceiling, the
Government guarantees to pay the lender if the borrower
defaults, This type of arrangement 18 particularly useful

1f the credit rating of the borrower 1s questionable, Once
again, however, statutory debt ceilings are still applaicable.
Also, this method 1s not a source of debt payment, but merely
encourages additional indebtedness

Total grants are a boon for the recipient, but a bane for the
grantor. They induce unnecessary development projects due

to the lack of the sponsor's financial involvement and, zf
not controlled clesely, could strain the trust fund's capa~
city. Tts usefulness 1n projeets of high priority, however,
make it well worth censidering.

Matching grants, as used in the present FAAP program, have
distinct advantages, making them a most attractive alterna-
tive. Reecipients are encouraged to undertake needed devel-

opments, but unnecessary investments are discouraged by the

5-19



v

cost sharing feature. Also, 1t.is easy to include 1nducements
to meet certain design criteria established to provide for
system uniformity and eff].c::.ency.}‘7

The most practical method if dispensimg the trust fund money is
a combination of subsidized loans and matching grants where the latter
alternative 1s employed in situations where debt ceilings or some
other factor precludes the use of loan subsidization.

The current philosophy of the Federal Government as far as air-
poert financial aid is concerned is to avoid i1nvolvement with those
portions of the airport not directly related to public safety and sys-
tem efficiency In practice, this has-limited axd to the airfield
portion of the airport while funding for the terminal area has been
taboo due to the latter's potential as a revenue producing agent
While this capability is undeniable, Federal involvement in other than

just an advisory and technical' assistance role 1s becoming unques-

tionably necegsary, Clear justification for reasons of system effi-

_ciency exists where the lack of capacity in a terminal area jeopar-

dizes utilization of Federal investment in the airway and airfield
portions of the national air transportation system. Due to the
recognized backlog of needed terminal improvements requiring a new
caprtal funding source, at least a temporary suspension of the present
philosophy regarding Federal aid is required. A limited and indirect
role is probably the more acceptable degree of Government participa-
tion. Here 1t 18 suggested that the Federal CGovernment merely condone
a locally administered uniform passenger service charge imposed at

the optron of the local govermment with the concurrence of the air
carriers serving the area. The more direct role would result from

treating terminal areas in the same manner as the other portions of
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the airport already eligible for Federal ald.17

5.4.3 Government Financial Participation in Research and Development

The involvement of the federal government in aeronautical research

and development efforts has a long history. This, however, 1s a his-

- £ 13

tory consisting largely of indirect involvement with civil aviation.
Good examples of this indirect nature of federal involvement are the
innumerable developments in military aircraft that have found applica-
tion 1n civil aviation such as the jet engine and metallurgical
advances.

Today, however, direct federal sponsorship of civil av1at10£
research and development 1s becoming necessary We are living 1in a
world of intense international competiation in the air transportation
business putting pressure on a govermment traditionally concerned with
the nation's economic welfare. The air transportation industry of the
United States has become an important cog in our national economy.
This 1s particularly true where 1t interfaces with the international
market due to the unhealthy nature of the United States' balance of
payments in recent years. Thus, it 1s vital that the airlines repre-
senting the U. S. retain the position they enjoy in 1nternational
competition, It follows that they must necessarily take the lead in
adopting economically promising technological innovations  Thas
practice, however, may be injurious to the pation's economy if a
deficit 1n the balance of payments results from a considerable airline
investment in foreign technologically advanced equipment. This was
an important consideration in the recent govermment finamcial 1nvolve-
ment in the SST program.25 Knowing that the French and Braitish gov-

3

ernments were jointly financing the Concord's development, as was the
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Russian government with its TU-144, and also aware of the inabalaty
of any individual company or combination of companies to handle com-

Pletely the research and development costs alone, the federal govern-
ment found 1t ne;éssary to accept a portion of the financial burden.
However, the precedent setting arrangement for repayment of govern~
ment funds along with a reasonable return on this investment as the
SS8T 1s marketed makes the federal involvement less than a direct
subsidy.

In general, direct federal financial aid of civil aviation
research and development should serve the primary function of bearing
the "finanecial burden of advancing aeronautical technology to the
point where the private sector can see the opportunity for profit or
where user government agencies can procead to systems development.“26
This 1s best accomplished by:

1. "Funding applied research that exceeds the resources of

private industry but that serves as a stimulant to the
industry and provides a source of fundamental information,'

2, "Funding development programs when private economic
resources or motivation are inadequate for achieving
national objectives."

3. "Funding programs associated with the public welfare,"?

The first area mentiomned includes such things as sponsorship of spe-
c1fic demonstration projects 8 The federal involvement in the SST
program falls into the second area. Typical of the last area are FAA
tests conducted to develop techniques and materials for air passenger
safety in the event of aircraft crashes.

Federal financial involvement in the future will continue in

each of the areas above. It 18 likely, however, that direct sponsor-

ship of any individual project to the degree experienced in the SST

program will not become commonplace. Instead, this will remain
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dependent on the existence of‘a set of similarly motivating

circumstadces,
5.5 GOVERNMENT POWERS, POLICIES, AND PRAGTICES

The orderly planning and coordinated implementatiom of an over-

all transportation system and attendant facilities 1s complicated by

the diverse relationships between the federal govermment and the gov-

erning bodies of the states, regions, and municipalities., Basically,

s

only those functions enumerated in the Constitution and subsequent

implementing legislation are reserved for action at the federal

level, all other functions become the responsibility of the state or
local political jurisdiction (the "home rule" philosophy 1s still a
very potent force in our national political life).8 After consider-
1ng the multiplicity of factors affecting the air transportation
system, 1t was decided that three are of such critical importance

that they should receive special attention, They are:- a) airport

and support facilities, b) noise, and ¢) air-traffic control,

The structure of government in the United States has been

stable, Changes have been few, evolutionmary, and slow to develop.

There 18 no reason to expect any deviation from this pattern in the

8

future, It 1s assumed, therefore, that the benefits and structures

-

which flow from our present system of federal, state, county, city,

-

and regional govermmental units will continuve to apply to the air
transportation industry. Proposals which do not recognize the stat-

utory, constitutional, and sovereign rights of each governmental

¢ - -

jurisdiction are impractical. At the same time, changes in emphasis

-

can and must take place within the basic govermment structure so

il

that 1t can accommodate 1tself, to some extent, to the changing
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demands placed upon 1t by a rapidly expanding industry. 1In this sec~
tion, the relationship between the air transportation industry and

government at 1ts various levels will be considered.

5.5.1 The Federal Level

The federal govérnment should play an important role in the
orderly development of the national air transportation sfstem by
eierc151ng leadership in thé identification of important problem
areas and by financing key demonmstration projects. Carefully struc-
tured programs should be directed toward the development of various
means of transportation, some incorporating advanced technelogy, so
that the public will be able to select those systems which best meet

their requirements
ATR TRAFFIC CONTROL

The development, installation, and operation of the air traiffic
control system has been and should remain a federal responsibility.
The ability to efficiently handle the traffic, both en route and in
terminal areas, 18 decreasing rapidly, owing in large measure to the
fact that the funding for all phases of the airway system has fallen
behind the technology. An aggressive and energetic research and
development program 1s needed, followed by adequate procurement of

both the personnel to man the facilities and the required hardware.
ATRPORTS

The federal government participates in planning and i1n certain

regulatory functions with respect to the nation's airports through

the Federal Aviation Administration, limited federal funds have been

[
.
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disbursed to public airports under the Federal Aid to Airports Program
(FAAP), a grant-in-aid program.17 The federal government has also
attempted to improve the nation's airrport pattern by adopting a policy
of fostering the development of regional airport when such a facility
can conveniently serve two or more communities having insufficient
traffic to support full service individual airports. As congestion
increases at the principal airport serving major metropolitan areas,
the federal government, through the CAB and FAA, should induce the
diversion of both air carrier and general aviatzon traffic to periph-
eral airports., The success of this policy depends upon-the suxtabil-
ity of the peripheral airport and available tramsportation to final
destination. -

Although such federal policies may result in a more efficient
drstribution of traffic among airports, the problem of accommodating
traffic growth will:require & major additional effort., .Attention
must be focused on movement between point of origim and airport and
between airport and destination  The Department'of Transportation
should play a leading part in the overall effort, an cooperation with
state, regional, and local agencies.. DOT should also provide the
leadership in conducting systems studies to identify, analyze, and
rank arr transportation goals as well as the research and development

needed to attain these goals.

NOTISE

-

The federal government has become increasingly involved in the
aviation noise problem. The technical aspects of noise and 1ts con-
trol will be discussed 1n Section 5.6. Noise not only leads to the

imposition of restrictions on operations at present airports but also
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makes far more difficult the selection of sites for future airports.
Although the problem of noise in the vicinity of arrports manifests
1tself locally, proposed or actual remedizal measures frequently affect
matters within the jurisdiction of the federal goverpment. Thus,
takeoff or landing procedures and patterns to reduce noise i1n com-
munities adjacent to airports involve the FAA 29 Proposed limitations
on noise~generatlon characteristics of aircraft and engines would
become part of the FAA certification procedures Research efforts to
reduce noise at the source concern the Department of Transportation,
FAA, WASA, and other federal organizations. Programs for land use
can be within the scope of HUD and DOT programs.

The federal government should maintain an energetic leadership
in the government/industry study of £flight procedures and steep-glide
slope approaches i1n the interest of noise attenuation. Smoke emana-
tion from aircraft engines should also be the subject of study at the
federal level

Noise in relation to the use of land in the vicinity of airports
18 an additional aspect of the problem which requires federal atten-
tion Although basic determinations with respect to zoning are local
matters, there are federal programs which can contribute to the alle-
viation of norse.2? HUD 1n particular should be able to make worth-
while contributions in this area by arranging for proper location of
redevelopment projects

Similarly, the Department of Transportation and other government
agencies concerned can locate compatible projects (i.e., highway
access roads, transit facilities, railroad spurs, etec.) im airpert
neighborhoods so that they underlie frequently used flaight paths, 1in

a true transportation corridor. In addition, eligibility for land
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acquisition and eminent domain for noise protection under the Federal
Aid to Airports Program can be established wrth rights to administer
uniform laws for -the nation

In all of these efforts ¥t 1s important ‘to Trecognize that wrth-
out local support mo worthwhile gains will be made. Even a program
which would make federal funds available for the acquisition of pro-
perty and the conversion of such property to noise-compatfible use
would be of no econsequence unless the local government can be per-

suaded of the -value and acceptability of such a program and will

participate wholeheartedly.
RESEARCH AND DEVELOPMENT

In reviewing the progress made by air transportation during the
past decade randomness by which -new technologies found their way into
the total air transportation system and the dependence of these new
technologies on military Research and Development was noted. An
essential requirement of the future will be to undertake systems
studies of the total air transportation system with the objective of
identifying and ranking research and development goals. Such studies
would begin by relating air transportation to the nation's transporta-
tion system and national goals as has been attempted in this program.
They would end by identifying, analyzing and ranking R & D goals in
terms of safety, time, and economic advantages of penalties to the
system as a whole,

Although 1t has been traditional for most aeronautical R & D to
be carried out by industry, universities and nonprofit institutions,
strong government leadership will be required 1n the future 1in certain

areas, Federal involvement in- arr -tzansportation R & D will be required
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1n the following ways:29 -

(1) Setting R & D goals and priorities through studies of the
total transportation system.

(2) Funding applied research that exceeds the resources of
private industry‘but that serves as a stimulant to the
industry and provides a source of fundamental information.

(3) Funding development programs when private econcmic resources
or motivation are inadequate for achieving national
objectives.

(4) Funding progfams associated with the national welfare.

(5) Carrying out programs that require interaction among

governmental agencies.,

Participation and leadership must come from- both the legislative
and executive branches of the govermment through wise policies and
effective p01£cy implementation. With the creation of the DOT, the
federal agencies and their charters are now structured in such a way
that the govermment can exert 1ts proper leadership role, However,
all aviation legislation should be reviewed for consistency to elim-
inate unnecessary restrictions and duplication, and ensure that sound
economic development 1s fostered, ZLeadership should be provided by
the DOT 1in carrying out systems studies to 1dentify, analyze and rank
R & D goals. These goals should be formulated with reference to the
nation's total transportation system, including the increasing public
demand for air transportation as well as the various econcmic factors
that bear on this aspect Although an in-house government capability
should be developed and maintained by the DOT in transportation Sys-
tems analysis, industry and other private institutions should also be
encouraged to participate in carrying out these studies.

The long record of excellent performance by NASA and its prede-
cesgor, NACA, in research and dewvelopment clearly suggests that it

-should play an even greater role i1n this area, WNASA's role should be
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expanded to involve not only f£light vehicles and propulsion systems
but all aspects of R é D of importance to the national air transpor-
tation system, It will be important for NASA to adopt a policy of
directing 1ts attention to those R & D goals, including the develop-
ment and comnstruction of carefully selected experimental hardware,
that optimize the productivity of the total air transportation

syStEm.29

Such expanded activities would involve, for example, the devel-
opment of new technology relating to air-traffic control as well as
airports and their support facilities, This is not intended to insin-
uate that the responsibilities and authorities of DOT and the FAA be
diminished but only to allow for more effective operation and use of
capability. TUnlike NASA, which is oriented toward R & D, DOT and
FAA are oriented primarily toward regulatory and operational activ-
1ti1es., The FAA has been unusually effective as an instrument for the
construction, maintenance and operation of federal aids to maviga-
tion, However, the technologies that formed the basis for the devel-
opment of these aids were derived largely from military-supported
R & D, Although DOT and the FAA would continue their traditional
role of establishment and operation of air-navigation facilaties,
airways control, and traffic management, the new technologies that
will be required to support this difficult assignment are unlikely to

come from R & D sponsored by these agencies,

GENERAL AVTATTION

Before the airlines became the predominant mode of intercity
common carriage in the United States, the operatiomal conflicts

between general aviation and air carrier traffic were few, Now,

5-29


http:system.29

however, with larger and faster transport aircraft moving with greater
frequency along the airways and into and out of airports, there is
growing concern that there are basic incompatibilities between aircraft
performance factors of this traffic and those of general aviation., If
this_ concern 1s warranted, federal intervention will be necessary.28
Regulation of airway use 1s wholly within the control of the fed-
eral government, Somewhat more complicated is the question of where
the federal interest lies with respect to regulation or control of gen-
eral aviation use of nonfederal airports. It 1s frequently pointed
out that when a local sponsor accepts funds from the Federal Aid to
Arrport Program funds 1t agrees to "keep the airport open to all
types, kinds and classes of aeronautical use without discrimination
between such types, kinds and classes.”" Sometimes overlooked is the
proviso '"that the Sponsor may establish such fair, equal and not
unjustly discriminatory conditions to be met by all users of the air-
port, as may be necessary for the safe and efficient operation of the

v

arrport, and provided further, that the Spomsor may prohibit or limit
any given type, kind, or class of aeronautical Lse of the airport 1f
such action 15 necessary for the safe operation of the airport, or
necessary to serve the civil aviation needs of the public,"

It would seem that this language may well involve the federal
government in decisions on regulation, lamptation, or restriction of
use at congested metropolitan airports. Classification i1tself is an
area where federal effort would be worthwhile. Immediate attention
should be given to the develépment of a precise and practical method

by which the various segments of the gemeral aviation community can be

classified.
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DEMONSTRATION PROJECTS

As a part of the overall effort by the federal govermment to

effect a better transportation s&stem for the United States much work
15 being done in the use of’advanced technology. The expenditure of
federal funds in this connection 1s encouraged with respect to both
air and ground wehicles. Intercity short-haul t;ansportatlon may be
a fertile field for the use of STOL or VTOL aircraft. Airport-to-
city-center, and suburb-to-city-center travel might also benefit from

the use of this equipment. It 1s recommended that the Department of

Transportation conduct an intensified study in these areas,

5.5.2 The State and Regional Levels

For operations wholly within state boundaries, state governments
perform limited regulatory functions similar to those of the federal
government  Thus, for example, some state regulatory bodies certify

intrastate airlines and act on tariff proposals.
ATRPORT PLANNING

In many states an aviation department or bureau inspects,
licenses, and issues standards and regulations for airports. Appli-
cation for funds from the Federal Aid to Airport Programs (FAAP) by
local communities are frequently required by state law to conform
with state planning and to have the approval of the state department
concerned. States in many instances provide grants-in-aid to airports,
to supplement FAAP moneys.8 -

There 1s a growing trend toward the establishment of state

departments of transportation with the responsibility for overall

transportation planning, Such departments may well £111 a
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long~standing gap in planning, too often the plans for highways,
transit facilities, and azrports have originated with variocus uncoor-
dinated groups, State transportation departments, together with

regional planning groups established under state govermments, can

5

perform many essential functions In all of these activities, the

state governments must of necessity operate 1n a manpner which does

not conflict with federal activities.

REGIONAL AIRPORTS

State govermments have in some instances assumed direct respon-
sibility for airport operation. More often they have established,
either alone or by joint action with neighboring states, regional
bodies to operate arrports in defined areas which exceed the geo-
graphical limits of local Jurlsdlctlons,ZS The establishment of such
regional organizations is a healthy trend, more often than not, air-
ports serve extensive geographical areas rather than individual com-
munities By broadening the boundaries of the operating body, the
financial burden can be spread over the population served by the
facilaty. Conflicts between local jurisdictions with respect to
airport pelicies are lessened when all jurisdictions involved are
represented on the governing board.

Establishing broader areas for airport planning and operation
also facilitates the solution of problems arising from conflicts
between general aviation and air carrier traffic. The development
of "reliever" airports can be meshed with the development of a major
terminal, so that general aviation flights will have acceptable

facilities in the same area.

5-32


http:jurisdLctions.28

NOISE

Noise 15 a serious problem at the state and regional levels of
government,, as well as at the federal and local level, More than one
governor has had to heed the complaints of the people living in the
vicinity of an airport and use the power of his office to secure agree~
ment on noise~abatement measures, In the selection of a new airport
facility, complaints from those who might be exposed to aireraft noise
are probably the most significant obstacles faced by the developer,
State legislators, too, have been brought ainto the confliect through
the vigorous protests of their constituents. Although activity in
this field has so far been limited to the individual efforts of cer-
tain legislators, it 1s always possible that statutory action may be
taken, part:cularly with respect to airports controlled by state
governments.

Where regional bodies operate airports, noise 1s a very direct
problem; in some cases 1t has been dealt with directly through rules
or regulatiomns.

One of the problems faced regional authorities 1in coping with
the airport noise problem 1s their inability to control land use
beyond the confines of the a1rport.3 In most cases the regional air-
port body has no control over adjacent land use, and even where the
neighboring land is undeveloped the zoning power resides in local
jurisdiction. For the most part, in the vicinity of developed major
airports, zoning and existing land use 1s predetermined.

This situation is not likely to change in the near future. It
must be emphasized once again that proposed solutions which ignore

the pattern of govermmental organization in the United States are
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mmpractical,

5.5.3 The Local Level
Most of the publicly owned airports in the Un:ited States are the
responsibility of local municipalities, and the impact of policies
and decisions at the federal and state levels 1s felt at the local
level.8 It 1s 1mperative that local airport management keep 1tself
informed concerning proposals and possible actions of government avia-
tion bodies at higher levels, (route cases before the CAB, actions of
the FAA with respect to airways and airports, and, of course, policies
and actions of state bodies concerned with aviation matters).
Conversely, the hagher levels of government should give timely
advice to the local authority, so that there :s opportunity for

feedback. -
ATIRPORTS

In some cases, planning at the federal or regional level will
indicate that a local airport 1s not appropriate for air carrier
activity, and this presents difficult problems for local decision,

In most cases municipally operated airports will continue to serve
the traffic in the area. The forecast inerease 1in activity, however,
will necessitate capital expenditures far beyond the demand which -
have previously been made. °

There 1s grave doubt that all local communities will be able to
individually raise the needed funds through grants or loans., Some
federal action will be needed 1f funds are to be produced i1n time to

meet the demands of forecast traffic.
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NOTISE

The problem of jurisdiction with respect fo noise control has
already been discussed. Problems sometimes arise even when the air-
port is municipally operated, if 1t is physically located outside the
municipal boundaries, or adjacent to a neighboring municipality.
Zoning can be a useful device 1f both the arrport and the adjacent
areas are Githln the boundaries of the community, and provided the
adjacent lands are undeveloped.29 Unfortunately, such a situation
18 rare.

In some instances undeveloped lands near the dirport can be
acquired for buffer-zome purposes. Tax relief has also been sug-
gested as compensation for airport noise As airports become larger,
however, these remedies become more difficult to apply and

consequently are of limited value. g

- .

ADDITIONAL ATRPORTS

It 18 a rare community that has geographical boundaries large
enough so that when an existing airport has become congested another
facilaity can be located withan the community limats,

When a hew ;1rport mist be built by a municipality, it 1s most
likely that 1t will have to be located within another jurisdiction.
The consent of residents of the proposed area must be obtained 1in
most instances, and the need must therefore be expressed to the pub-~
lic 1n a convincing manner., Establishment of a regional board, dis-
trict, or authority may be helpful 1n overcoming public resistance
by giving the residents of the new location a voice in the

construction and operation of the faca,lity.28
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5.5.4 Conclusions

1.

There is an established structure of government in the United
States which fixes relationships between federal, state,
county, city, and regional goveénmental units. A change in
emphasis, markedly improving cooperation between political
entities, is increasingly evident and reflects the urgent
requirements of the air tramsport industry and associated

forms of transportatiom.

Federal level

(a) The capacity of the federal airways system is insuffi-
cient to handle the rapidly expanding requirements of
increasing air traffic.

(b) The federal govermment should play a major role in devel-~
oping the national transportation system by exercising
leadership in the identification of important problem
areas and by financing key demonstration projects,

(¢) The noise resulting from aircraft operations is an
increasingly serious problem., Noise-abatement require~
ments may well prevent realization of the full potent:al
of airport facilities,

(d) General aviation operations are increasing even more
rapidly than are air carrier activities,

(e} Carefully planned and programmed demonstration projects
provide an excellent means for the public to evaluate
and select the most suitable forms of transportatiomn.
Such projects are particularly important in the develop-
ment of mixed-mode solutions to the airport access
problem,

(£) NASA's role, in research and development, should expand
to involve not only flight vehicles and propulsion sys-
tems but all aspects of R & D of importance to the
national air transportation system,

State level TIncreasingly, regional organizations are being

set up to deal with various aspects of the transportation
problem, Section 204 of the Demonstration Cities Act encour-

ages the establishment of this type of authority. Such
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entities can prove effective in dealing with problems of air-
port .site selection, airport planning and financing, mixed-
mode transportation for access to and from airports, aircraft
noise, and compatible land use

Local level. A great many of the foregoing problems also
occur at the local level (county or municipality). Loecal
jurisdictions can make an important contribution to the solu-
tion of these preblems, Of serious concern~1s the imminent
loss- of a significant number of privately owned public-use
arrports in developed or developing areas, because they are
not eligible for grants-in-aid, This happens at a time when
additional "reliever! airports for use by smaller-aircraft

1n large metropolitan areas are a necessity.

5.5.5 Recommendations

1.

Additional appropriations are urgently needed for the neces-

sary research, development, procurement, and manning of U.

i

S. airway navigation and communications equipment. The 1mpo-~
sitzon of equitable charges on all users is needed to offset

the extensive appropriations required

2. Aggressive government/industry research programs to alleviate

aircraft noise should be continued under the direction of the

Department of Transportation, and NASA, with emphasis on the

following,

(a) Adoption of an accepted standard of measurement for
aircraft nolse,

(b) Development of an engine that will be both quieter and
more economical,

(c) Establishment of flight systems or procedures that will
result in necessary noise attenuation with no derogation
of safety.



3. The federal government should sponsor programs for the com-
patible use of land under the flight -path in the vicinity of
airrports. Government and regional agencies must play an
important part in such programs.

4, Adequate and equitable provision in the natiomnal air space
system must be made for gemeral aviation users. General
aviation must in turn accept prescribed standards of aireraft
equipment and pilot proficiency.’

5, The federal involvement of carefully planned demonstration
projects i1in various phases of the overall transportation
problem 1s necessary to enable the public to select those

systems which best meet their requirements.
5.6 ENVIRONMENTAL POLLUTION

Environmental Pollution is an undesirable change in the physical,

- F -

chemiczal, or bloloéical characteristics of air, land and water that
may harmfully affect human life or that of other desirable species,
our industrial processes, living conditions, and cultural assets; or
that may waste or deteriorate raw material resources, Pollutants are
the residues of the things we make, use, and throw away, Pollution
increases not only because as people multiply the space available to
each person becomes smaller, but alsoc because the demands per person
are continually increasing, so that each contributes more year by ;
year. As the earth becomes more crowded, one person's trash basket
is another's living:space. -

Many of the debilitating effects of a dirty enviromment on human
beings cannot be assessed, physiologically or psychologically. The

hidden costs of people's” lost time and the accompanying expenditure of
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resources~-traveling to work and returning to pleasant or perhaps only
bearable homes, or to find open spaces for recreation, are also
increasing. The problem i1s of the utmost urgency because many of the
effects of pollution on our enviropment may be irreversible or, at
least, may take generations to correct. ’

In considering the costs of environmental pollution, two aspects
are considered; the cost imposed on society by the mere existence of
pollution and the costs involved in eliminating the polluting agents.
These two costs can be related in such a way as to provide a rational
approach to determining at what level the cost of pollution is mini-
mum to society. Two lists representing the two categories of cost,
that of control and that of "malfits'" to society, would provide the
raw material, "Malfzts" as used in this discussion means negative
benefits or "robbery'" of public rights and resources

If the ztems in each list could be assigned realistic dollar
values ~ and for the moment assume that this 1s possible - they could
be conveniently represented as curves similar to those presented in
Figure 5.6-la. As the level of pollution rises above zero, the cost
of pollution (curve Cp) may remain at zero because our measurements
are not sensitive to the costs of very low pollution levels, At some

point the curve C_ can be expected to begin rising and to continue

p
rising at an lncreasing rate, eventually becoming vertical at
extremely high concentrations where all life would cease, The cost
of control (curve C.), on the other hand, is zero at the level of
pollution prevailing in the absence of controls, To reduce pollution
below this point costs must be imcreased. The C, curve eventually

becomes vertical as i1t rises to the left, indicating that at low

levels of pollution all our resources cannot further reduce the level
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of pollution

The curve shown in Figure 5,6-1b is the sum of the CP and Ca. Y
curves and presents theoretically the level of environmental pollu-
tion that presents the point where both the costs of pellution and
the costs of control, taken together, are minimum From a social
poxnt of view, this presents the minimum cost to society but 1t
will not be necessarily a level th%t,ls socially acceptable in the
1980's Society should and will demand that this '"'robbery" is
stopped and adopt a philosophy of preventing all environmental

pollution

5.6 1 Azir Pollution

Increased concern about the general problem of élr pollution has
focused attention on all possible sources, as well as mobile sources.
Mobile sources include air pollutant emissions from aircraft, auto-
mobiles, and diesel trucks and buses. Air éontamlnant emissions
from mobile sources are similar to those from other combustion
sources, but tend to emit larger quantities of carbon monoxide and
organic matter. They also emit significant quantities of oxides of
nitrogen and particulate matter.

Overall, aircraft cannot be considered a significant source of

air pollution but may present local nuisances or aggravate area pol-
-lutlon in the vicinity of airport operations. Hoﬁever, with the
increase in Size and number of aircraft that are projected for the
1980 time period, it 18 i1mportant that engine exhaust emissions and
the valid relationship of these to the overall pollution problem be
understood,

The first commercial jet arrcraft began regular passenger
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service in October of 1958 and its exhaust smoke attracted a great
deal of attention., By the late 1960's the smoke problem had become
serious’ at major airports in the U. 5. and Europe. The city of Los .
Angeles, already plagued by smog problems, requested the assistance
of the airlines in determining the nature. of the emissions from jet
aireraft. The results of. their studies are summarized in Figure -
5.6.1-1, 1In 1962-and again in 1967 emissions from aircraft jet"
engines were measured by engineers at Barttesville. In the-fall of
1964, the U. S, Public Health Service got into the act and undertook
a study of Kennedy International Airport.

Intense jet engine smoke was first assocrated with water injecs
tion used for power boost on takeoff, but dry engines, subsequently

)

developed, have retained the smoke problem, With experimental inves-

tigation continuing and technology advancements that are expected in

the future to provide thrust for the jumbo jets it is not considered

F

unrealistic to expect a smokeless engine. Particulates and dense
smoke on the basis of pounds per flight has been reduced to some
extent by the more powerful turbofan as shown in Table 5.6.1-1 whaich
relates emissions for the three major types of commercial aircraft

today* jet, turboprop, and piston-powered engines. The emissions

3

are presented on the basis of pounds per flight where a flight 1s a

combination of a landing and a takeoff that takés place below the
altitude of 3500 feet. Emissions at cruise altitude are not of
ma Jor concern,

For comparison purposes, the following table shows the emission
factors for aircrafé and automobiles. The levels for ;lrcraft are
based on Los Angeles work reported in 1960 on the Pratt & Whitney

arrcraft JI3E-6 turbojet engine,
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PROFILE OF FLIGHT PATTERNS AND
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INTAMINANT EMISSIONS FROM
S ANGELES INTERNATIONAL AIRPORT

ounds per Jet Aircraft

_ Approach and landing
(includes taxiing from ferminal)

Particulates 24
Aldehydes 3
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Carbon Monoxide 34
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Estimated Emission Factors

Pollutants Jet A/C w/o Automobiles
Water Injec. 1b/1000 gals.
1b/1000 gals.

Aldehydes 6 4
Carbon Monoxide 56 2910
Bydrocarbon 15 524
Ox1des of Nitrogen 37 113
Particulate 34 11

The two significant comparisons are the relationship of the
gaseous contaminants (aldehydes, carbon monoxide, hydrocarbon, and
oxides of nitrogen) and the particulates emitted from this engine to
that emitted by automobile,

With the exception of particulate emissions, the jet aircraft
emissions are inmsignificant in comparison to automobile emissions,
It would appear that 1f the visible contaminants can be eliminated
then the air poilution contribution would be very small, From knowl-
edge gained of the design variables affecting the combustion process
and smoke generation the following items have been determined to
offer the largest gains 1n smoke elimipation: a) primary zone
changes (to provide a leaner fuel-air ratio at the head of the com-
bustor), b) wvaporizer burners, ¢) fuel injection techniques, and
d) fuel additives,

A smoke density reading of 20 percent (based on the Von Brand
scale) 1s considered to be the maximum acceptable level for engines
by 1980. This 1s just below the threshold of visibility and would
result in smokeless aircraft operation. Reductions in smoke density
of 50~70 percent would be required by the 1980's. Also, particulate
emissions per flight are expected to be reduced by over 50 percent

as a result,
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Several tests have been codnducted on JT & D engines to determine
effects of operation with one fuel additive approved for use during
test stand operation only. Under simulated commuter aireraft £light
operations smoke densities showed 15 percent and 19 pexcent reflec~
tance readings at takeoff and climb power settings respectively., How-
ever, due to adverse engine effects from the fuel additive, the use of
this additive as a means of reducing smoke density 18 not recommended.
In addition, use of this additive resulis in the emission of toxic
metallic oxide compounds. The long-term effect of these toxic com~
pounds on humans, animals and vegetation is unknown. Therefore,
emphasis must be placed on combustion chamber and fuel injection

design characteristics to minimize exhaust smoke

5.6.2 Land Use

Land use in and around airports should be compatible with air-
port operations from a standpoint of noise, obstructions and hazards.
The integration of airport and community plamning will encourage the
establishment of compatible land uses around the airport and in addi~
tion may offer a satisfactory airport location for community recrea-
tron and transportatzon facilities, municipal utilities and industry.

Land areas surrounding the airport often fall under the juris-
diction of several municipalities, districts, or counties often
making regulation of land uses difficult. From the standpoint of
regulation of land uses in respect to aircraft noise and hazards
there 1s an obvious need for an entity authorized by the state that
18 over and above the local Jurlgdlctlon. The choice of such an

approach 1s the responsibility of the jurisdiction involved in the

problem, and should be made only after a thorough investigation of



local requirements, Whatever the type of regulation and coordination
selected, it.should have the basic- power of self-sufficiency to insure
permanency, impartiality, and efficiency. Procedures related to the
regulation of land uses around airports which may be used- in conjunc-
tion with government programs include property acquisition through
outright purchase or by power of eminent domain, the enactment of
zoning legislation; the purchase of easement, the use of housing and
building codes, the reduction of property taxes, and land conversion.

An ailrport system study should be developed as part of the com-
prehensive metropolitan planning program. It should be the respon-
sibility of each metropolitan planning agency, 1in cooperation with
local airport sponsors, to prepare alrport system plans as soon as
possible, so that they will be reflected in future revisions of the
National Airport Plan (MAP). A proposed airport project, to recelve
federal aid, must be included 1n the NAP.

Congress, in 1954, authorized the Urban Planning Assistance
Program, which 15 supervised by the Department of Housing and Urban
Develbpment. This encouraged comprehensive land use planning at all
levels of government and provided a logical basis for the coordination
of various federal-aid programs.

Each and every airport, and its environs, 1s different from

+

every other airpoét and must be considered individually in solving

its problems of incompatible land uses in the airport area. The regu-
lation of land uses arocund an airport can be achieved with the least
cost to the community through zoning, the use of housing and building
codes and the reduction of taxes. The federal government apd several
of the states have developed programs to aid local govermments in

shaping their local environment by providing guidance, research,
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planning, technical assistance, and financial-aid, This service
should continué in the "future.

It 1s important that all technical resources be' used to the
fullest extent to xnsure compatible land use in apnd around airports

in the future. ;

5.6.3 Noise and the Sonic Boom

Basically, one may view the aircraft noise and sonic boom prob-
lems as a pollution or community environmental problem. The major
problems considered result from noise produced by flight operation
of aircraft. Tor most conventional aireraft, noise during takeoffs
and landing 1s of primary concern, although noise from cruise flight
1s of concern for some types of V/STOL aircraft operating at
relatively low altitudes,

Noise produced by ground-runup operations presents a problem in
a limited number of localities In general, however, means of limit-
ing noise for extended group~runup operations are available; thus, no
urgent technical problems appear to exist in th1; ared.

A survey of current and potential problems associated with air-
craft noise resulted in the general conclusion that, although empha-
s1s and funds for noise and sonic boom research and development are
increasing, the projected rate of progress 1s likely to fall short
of providing need?d solutions Two areas of cogcern for jet-noise
suppression are the high-speed jet as used by the 55T and the low-
speed jets generated by current turbofan engines. The SST has been
banned, in this study, from overland flight because of the sonic boom,

The approach to jet-noise suppression must be re-examined both

theoretically and experimentally and redirected towards a better
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understanding of noise generation. The major objectives in jet-noise
reSearch are an understanding of jet-noise-generating mechanisms and
quantitative descriptions of how radiated noise and aerodynamic mix-
ing characteristics of jets are related and how they are both depen-
dent on the geometrzc configuration and flow velocity of the nozzle
(or suppressor).

No method exists that completely identifies the physical prin-
ciples of noise production in a rotor-stator set  Until the aero~-
dynamic characteristics of the blades can be related to the noise gen-
eration, design of a quiet com%reSSOr w1ll be a mat%er of trial and
error, and predictions of engine noise output will be educated
guesses It is important that the noise-generating mechanisms be
identified so that the compressor and turbine can be designed to meet
minimum noise criteria.

Engineering d;ta have been gathered in the past eight years on
the design of acoustic liners for compressor-noise suppreQSLOn. But
the physics of the problem (such as the propagation of high-intensity
noise through the moving turbulent medium, and the energy dissipation
1n a porous material of high-intensity noise superposed on airflow)
has received little attention. The study of noise attenuation by
porous linings requlires extension t; include high-intensity sound
waves and the investigation of aerodynamic devices for improving the
absorptive properties of the linings in high-speed airflow.

The most 1dentifiable and most annoying feature of some types of
helicopter and V/STOL aircraft i1s the impulsive noise, commonly
referred to as blade slap, which can be generated under conditions of

blade-vortex interaction, critical Mach number, and severe blade

stall. A second problem sometimes 1involved with the conventicnal
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helicopter 1s the nonrmpulsive rotational (and vortex) noise generated
by the main and antitorque-producing tail rotor blades. As the disk
loading and top speed of either of these rotor systems 1s 1increased,
both types of noise (nonimpulsive rotational and vortex) -increase and
become more annoying and objectionable.

Much information has been gathered on the propagation of moise
through the atmosphere and along the surface of the earth, but only
the coarser parameters of the atmosphere affecting propagation have
been considered. Such parameters as surface temperature, humidity,
and wind velocity are certainly of prime importance, but consideration
of these parameters along greatly limits accuracy of predicting the
propagation characteristics of the atmosphere (particularly near the
ground) and the earth surface.42

The results of several series of NASA-FAA tests clearly show
that reasonable noise abatement takeoff procedures reduce noise over
important segments of the takeoff path.43 The resulting amount of
noise reduction will vary widely with the type of jet aircraft and
with operating conditions,

The increased-glide-angle appreoach during landing appears to
reduce aircraft noise levels moderately, However, the procedure tends
to create several other technical problems that may require
considerable Study.44

Over the past 10 years most of the work in "psycho-acoustics"
related to aircraft noise has been concerned with the application of

45,46 Tittle 1nitial consideration

the perceived-noise-level concept.
was given to such factors as structure of the sound wave in terms of

1ts time history, duration effects, presence of impulsive spectra,

and tonal components of the noise  Current work is being pursued to
]
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combine the effects of-level, duration, and spectural irregularity,
1.e., tone components into a measure that .i1s presently called
"effactive perceived noise level !

Operation of -V/STOL aircraft in the central business district
will have to be essentially noise free or at most, no noisier than
present day ground traffic, to be acceptable to the public in the
1980's-and therefore practical. It has been suggested that a suitable
provisional level for initial design of VTOL aircraft should not
exceed 95-100 PNdB measured 500 ft, in any direction at a point of
observation from the aircraft.#® It seems at this point that a pre-
diction of a maximum allowable noise level of 90 db would not be
unrealistic to expect by the 1980 time period, This noise standard

would be measured and administered according to FAA regulation on

48

nolse.

5.6.4 Conclusions
1, The public will reach a point where they 1nsist tnat

"robbery'" of envirommental resources from society as a

v

result of envirommental pollution be ended and that a
philosophy of total control of pollution be adopted.

2, Increased attention will be focused on aireraft pollutant

emissions in the future requiring increased R & D efforts

to cope with these problems

3. Improved technology will be required for design of an engine

which will result 1n smokeless aircraft operation in the

.

- 1980's.

- P ‘ -

4. There 15 a need for the development of model housing and

- T -

building codes that specify noise construction standards for
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building 1n airport -environs. Such codes could be made part
of zoning regulations around airports

Comprehensive plans should be developed using a systems
approach to insure compatible land use 1in airport environs.
The maximum allowable community noise level 1n the 1980 time
period 1s predicted to be 90 db,

Technology for suppression of the sonic boom will not be
advanced enough by the 1980 time period to allow overland

S8T flights.

5.6.5 Recommendations

1,

The atmospheric envirommental field should be surveyed and
R & D programs should be initiated that are aimed at the most
limiting environmental problems i1n the foreseeable future.
Develop criteria for land use categories, 1n terms of noise
exposure, suitable for zoning and plauning of residential,
commercial, industrial, public assembly and other functions.
Identify the noise-producing mechanism of jet noise in terms
of appropriate flow and geometric factors for wmean jet
velocities less than 1500 fps and mean jet velocities
greater than 2000 fps.

Pursue a noise suppressor development program based upon
knowledge gained from research.

Develop methods for accurately predictaing the noise produced
by vehicle 1n motion on the ground or in flight.

Extend present knowledge of the physical parameters of sound
that influence individual reactions to aircraft noise,

develop psycho-acoustic measures suitable for use 1n all
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aircraft/engine certification requirements, and develop more
accurate psychological and sociological techniques for
predicting community response to aircraft noise

7. Continue both government and industry design studies aimed
at mrnimizing sonic boom, with emphasis on unconventional as
well as conventicnal aircraft configurations.

8. Undertake and pursue a physical response research program to

further study the effects of sonic beoom

5.7 COST PENALTY ON THE SYSTEM

To force the system to handle a passenger with a minimum amount
of delay, a penalty factor was added to the total system operating
cost analysis, Essentially, the procedure amounted to paying the
customer at a fixed rate for the time spent waiting for his flight and
while actually en route. Almost identical methods have bﬁen used 1n

previous studies, but the "wage" to be used has always been a rather

nebulous, often completely unjustifiable quantlty.51’52’8

The value developed for this study is derived by calculating the
average family income of a typieal air traveler. This value 1s cor-
rected for the fact that this same typical air traveler 1s not
necessarily the family wage earner.

Approximately 60 percent of the total air passenger traffic for

U. 5. domestic flights was for business reasons in 1965 (increasing

~

slightly to about 63 percent by 1980).53 Assuming all these air

travelers to be the wage earners in their families, 1t is still neces~

s

sary to consider what portion of the remaining 40 percent of the air

passenger traffic consists of wage earmers. It 1s reasomable to

assume that these non-business flights, undertaken for personal

-
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JTABLE 5.7-1

CALCULATION OF FAMILY INCOME OF TYPICAL

ATR TRAVELER
Contribution to
Representative Typrcal Air
Family Income, Portion of All Income in Range, Traveler's Family
dollars=3 Air Travelers53 dollars#¥ Income, dollars
Under 2000 .01 1000 10.00
2000-2999 .01 2500 25.00
3000-399¢9 04 3500 140.00
4000-4999 .05 4500 225.00
5000-5999 .05 5500 275.00
6000-7499 .13 6750 877.50
7500-9999 .15 8750 1312.50
10000-14999 .30 12500 3750.00
Over 15000 .26 20000 5200.00
Annual family income of typical air traveler $ 11815.00

#*Taken as the midpoint of wage range except for $20000 figure which
was estimated.

f

Average hourly wage of typical air traveler

$11815 . year

vear - 2080 "Orking

hours

lij

$5.68 per workaing hour

Correction of "Wage" Due to Non-Wage Earnex Portion of Air Traveler
Population
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reasons such as vacations, family visits, and so on, are participated
in by the enftire family. Assuming only one wage earner per family,
the average size of which can be shown to approximate 3.7 people,55

calculation of a corrected hourly “wage" proceeds as follows,

*
- -

$5.68 x (.60 + .40/3.7) = $4.02 per hour

- The next major decasion 1s how best to apply this "wage'" in the

total system operating cost analysis For this it 1s necessary to

P

determine the passenger preflight wairting time. Then an equation 18

used to combine the hourly '"wage" and this waiting time to find the

Y

cost penalty imposed on the system.

\

The waiting time was obtained by assuming that the passenger

»

demand remains constant over the entire range of operational hours in

a day. This assumption relieves the difficulties i1n handling calcu=

latzons dealing with characteristically nonuniform air passengers

a
&

demand on the system. Justification of this assumption lies 1in the
viewpoint that at present demand i1s a function of the schedule being

Y

offered 1n contrast to the argument (adhered to particularly by the
airlines themselves) that scheduling 1s done to fit the existing
demand. Assuming the former, i1t follows that demand will adjust -

3

accordingly 1f a uniformly spaced flight schedule 15 used. Wl%h a
constant demand, 1t is easy to‘see that_the average waiting time
between the uniformly scheduled flights equals the number of
operational hours per day divided by twice the daily flight frequency.

One might think 1t logical to simply multiply this average wailt-
ing time by the already calculated "wage" to get the total cost,

First, however, 1t 1s necessary to modify the "wage' to get a value

more in line with i1ts ultimate purpose. It was calculated on the
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basis of a 40 hour week while the potential time over which it could
be applied against the system i1s the entire number of hours of arrline
operation .per week. Therefore, a multiplicative constant of .40
drvided by the total number of operatzonal hours per week 15 applied
to this '"wage'. This constant could be thought of as representing
the probability that the delay time encompasses some part of the air
traveler's working hours.

The final equation determining the cost penalty for waiting time
delay as:

hours of operation per day
2 x number of flights per day

Wartting cost per passenger =

40 work hours per week
7 x hours of operation per day

$11.49
number of flights per day

% "wage' =

This 1s the penalty factor added to the system cost analysis to
account for preflight waiting time.

To further influence the system to the benefit of the customer,
a penalty cost was imposed for en route flight time, The effect 1s
to force the system into determining the best trade-off between
decreasing block time and increasing vehicle cost, This is calculated
as simply the block time between cities times the corrected "wage"
determined earlier;

40 working hours per week
7 x hours of operation/day

Enroute cost per passenger = hours en route x

hours en route
hours of operation per day

x "wage' = $22.97 x

To decide the number of hours the system is to remain in opera-
tion per day, it is necessary to weigh the desired result against

present~day reality. Uniformly spacing flights around the clock

R-55



would be the best solution, but this assumes demand could, in turn,
be.assumed to readjust to a constant (or near: constant) value for the
full 24-hdur period. At present, there i1s a marked decrease 1in air-'
line activity in the early morning hours, raising a question whether
operations can realistically be scheduled uniformly throughout the
entire day.55 The system benefits from 24-hour service, however,
make it the more attractive alternative., Besides sumplifying the
analysis considerably, utilization of the system's components to the
fullest extent is the least expensive operational approach. An exam-
ple 1s the striving by the airlines to keep an airliner in the air
and earning mone; as much as possaible. " The savings which could be
realized by not having to design for, peak demands 1s a benefit of
unduestloned 1mportancej Hopefully, spacing flights uniformly
throughout the day would have the effect of evening out demand in

real life as well as 1n our hypothetical system. Accepting the

24~hour operational day, the cost penalty for flight time becomes.

En route cost per passenger = $.96 x hours en route

The passenger's disembarking time was also considered. For
instance, the incorporation of STQLports near the central business
district of a city would be preferable to the air traveler to land-
ing at a CTOLport on the outskirts of the metropolitan area., The
‘propéséd'élr transportation system, however, was not designed such
that 1t was responsive to inecreasing and decreasing disembarking
time. For this reason, no further consideration was given to
including a disembarking time cost penalty.

The total ‘cost per passenger imposed on the system to induce

increased efficiency of operation from the passenger's viewpdint is:
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$11.49
number of flights per day + $.96 x hours en route

Cost per passenger =

5=57



10.

11.
12,
13,

14,

REFERENCES

Dickey, John W., and Alan W, Steiss, "Programming Models in the
Systemic Planning Process," High Speed Ground Transportation

Journal, January, 1969,

Thomas, Edwin N, and Joseph L, Schofer, "Toward the Development
of More Responsive Urban and Transportation System Models,"
presented to the High Speed Ground Transportation Commission of
the International Society for Terrain-Vehicle Systems, Inec.,
Hamilton, Ontario, April 14, 1967,

Baker, Robert F., YA Practical View of the Systems Approach,”
Traffic Quarterly, October, 1967.

Simons, Wat, "Analysis and Functions of Transportation,* Qffice
of the Undersecretary of Commerce for Transportation

Leng, Luman H., ed.,, The 1969 World Almanac, (Newspaper
Enterprise Association, Inc., New York City, New York, 1969},
p. 592,

Projections to the Years 1976 and 2000: FEconomic Growth,
Population, Labor Force and Leisure, and Transportation, The
report of the OQutdoor Recreation Resources Review Commission to
the President and the Congress, U. S. Govermment Printing Office,
Washington, D. C., 1962, p 9.

Aviation Forecasts Fiscal Years 1969-1980, Federal Aviation
Administration, Department of Transportation, Washington, D. C.,
January, 1969, p. 23

Schriever, Berpmard A,, and William W. Seifert, Co-chairmen, Air
Transportation 1975 and Beyond: A Systems Approach, Report of
the Transportation Workshop, 1967, The M.I.T. Press, Cambridge,
Massachusetts, 1967, p 58.

Air Traffic Growth, Airline Finances, and Public Benefits in
Relation to the Cost of New Programs to Alleviate Jet Aircraft
Noise Near Airports, Cambridge, Massachusetts:; Systems Analysis
and Research Corporation, January, 1967, p 10,

William W, Seirfert, Assistant Dean of the Scheol of Engineering,
Massachusetts Institute of Technology, lecture at NASA Langley
Research Center, July 10, 1969,

The Times-Herald, Newport News, Virginia, August 1, 1969.

The Times-Herald, August 13, 1969, p. 3.

Washington Post, August 14, 1969,

Molloy, James F , Jr , "The $12-Billion Financing Problem of T.
8. Airlines, Astronautics & Aeronautics, October, 1968, p. 79.

5=-58



15.

1o,

17.

18,

19.

20,

21'

22,

23.

24,

25,

26,

27.

28,

29,

30.

31.

The Times-Herald, July 16, 1969, p. 3.

Robert W. Rummel, Vice President of Research and Planning, Trans
World Airlines, lecture at NASA Langley Research Center, July 11,
1969."

In-house report provided by Robert Bacon of the FAA Systems
Planning Division.

Sarames, George N., '"Urban Public Resources and VIOL Terminals,"
Presented at ATAA 4th Annual Meeting and Technical Display,
Anaheim, California, Cctober 23-27, 1967, pp. 1, 4

Bacon, Robert, FAA Systems Planning Division, lecture at NASA
Langley Research Center, July 9, 1969,

Schwartz, Adele, "Finance, Govermment Aid are Topic at AAAR,"
American Aviation, June 9, 1969, p. 27.

"The Airport Crisis," Flying, July, 1969, p. 76

Chatham, George Nathan, Program Analysis Branch, Resources and

Planning Division, NASA Office of Advanced Research and Technology,

lecture at NASA Langley Research Center, July 29, 1969.

The Times-Herald, Newport News, Virginia, June 17, 1969.

Harper, Clarke, Chairman, “Airway System Cost Allocation
Seminar," Attachment E, Fairst Annual Planning Review Conference,
Washington, D, C., April 23-25, 1969. p. 2.

"The United States Supersonic Transport,' Boeing Commerical
Alrplane Davisaion, Supersonic Transport Branch, May, 1969,

"Civil Aviation Research and Development, An Assessment of
Federal Government Involvement," Astronautics & Aeronautics,
August, 1968, p. 77

Sponsor's Assurances* FAA Form 1624(9-64), p. 5.

Boyd, Allan S., "National Transportation Policy and Planning,"
Astronautics and Aeronautics, November, 1966, p. 112-116,

"Civil Aviation Research and Development: An Assessment of
Federal Government Involvement," a report to NASA by the
Aeronautics and Space Engineer's Board of the National Academy
of Engineers, May, 1967.

Sallee, G, P., "A Status Report on Jet Exhaust Emissions,! The
Aixr Transport Association of America and The Aerospace Industries
Association of America, December, 1967,

il

Duprey, R. L., "Compirlations of Air Pollutant Emission Factors,"
Public Health Service. Publication No, 999-AP-4Z, National
Center for Air Pollution Control, Durham, North Carolina, 1968,

5-59



32,

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45,

Stern, A. C., ed., Air Pollution, Volume ITI, Academic Press,
New York, New York, 1968,

George, Ralph E., and Ralph M, Burke, "Air Pollution from
Commercial Jet Aircraft in Los Angeles County," Los Angeles
County Air Pollution Control District, Los Angeles, California,
Apral, 1960, ‘

Lozano, E. R., W. W. Melvin and S. Hockheiser, "Air Pollution
Emissions from Jet Engines," Presented at the 60th Annual Meeting
of APCA, Cleveland, Ohio, June, 1967.

Noland, M., "Air Pollution Around John F Kennedy International
Azrport," USDHEW, National Center for Air Pollution Control,
Cincimpnati, Ohio, April, 1966.

Haronjeff, Robert, "Planning and Design of Airports," McGraw-Hill
Book Company, New York, 1962,

Hennes, Robert G. and Martain Ekse, "Fundamentals of
Transportation Engineering," McGraw-Hi1ll Book Company, New York,
1969, .

"Compatible Land Use Planning On and Arcund Airports," prepared
for Airports Service of the FAA by Transportation Consultants,
Inc., June, 1966,

"A Study of Administrative, Economic, and Legal Factors Relating
to Optimum Use of Land Exposed to Noise from Commercial Aireraft
Landing and Takeoff Operations," prepared for NASA by Arde; Inc,
and Town and City Incorporated, August, 1965,

"Aids Avairlable for Compatible Land Use Planning Around
Aairports," prepared for the FAA by Transportation Consultants,
Inc,, June, 1966,

"Restoring the Quality of Qur Environment,” a report of the
Envirommental Pollution Panel, to the President's Science
Advisory Committee, November, 1965,

"Civil Aviation Research and Development- An Assessment of
Federal Govermment Involvement," a report to NASA by the
Aeronautics and Space Engineering Board of the National Academy
of Engineering, May, 1967,

Hubbard, H. H , D. J. Magliery and W. I Copeland, "Research
Approaches to Alleviation of Airport Community Noise,'" J. Sound
Vibrations 5, No. 2, pp. 377-390, 1967.

"Analysis of Community and Airport Relationships/Noise
Abatement," prepared for FAA Systems Research and Development
by Bolt Beranlk and Newman, Tnc., December, 1965,

Rosenblith, W, A., et. al,, "Handbook of Noise Control, Volume
II, Noise and Man,'" WADC Technical Report 52-204, June, 1954,

5-60



46, ZXKryter, K. D., '"Concepts of Perceived Noisiness, Their
Implementation and Application,' J. Acoust, Soc. Am. 43, No. 2,
p. 344-361,

47, "Noise of VTIOL Aircraft," J. Sound Vab, 4, No. 2, p. 378-87,
November, 1966,

48, Department of Transportation, Federal Aviation Administration,
Noise Standards: Aircraft Type Certification as published in
the Federal Register (34 F.R. 453) on January 11, 1969.

49, Hayes, Wallace D., "Brief Review of the Basic Theory," Sonic
Boom Research Proceedings, Conference held at NASA, Washington,
D. C., Apral 12, 1967, "5

50. Proceedings of the Sonic Boom Symposium sponsored by the
Acoustical Society of America, St. Louis, Missouri, November 3,
1965,

51. VNorling, A. H., Future Air Transportation Needs, Cambridge,
Massachusetts: United Research Corporation, 1964, p. IV-44.

52, The Glideway System:; A High-Speed Transportation System in the
Northeastern Corridor of the United States, M.I.T. Report No. 6,
Cambridge, Massachusetts The M,I.T. Press, 1965, p. 304,

53. Air Traffic Demand 1967-1990, Lockheed-California Company,
November, 1966, p. 15, p. 78.

54, Statistical Abstract of the United States, U, S Bureau of the
Census, 1968, 89th edition, Washington, D. C., 1968, p. 35,

55 Official Arrline Guide, New York: The Reuben H. Donnelly
Corporation, 1969,

5-61



APPENDICES



A,2,1 MULTIMODE GRAVITY MODEL

In this Appendix passenger demand predictions for air trans-
portation are determined as part of a multimode gravity model which
accounts for demands based on all forms of transportation (auto,
bus, train, ...). Although this model was not used in obtaining the
optimum air transportation system determined in this investigation,
the demand results are included to aid future investigations.

Early conversations with the Department of Transportation
vielded consideration of the demand model, cn~25.1 The formulation

as they use 1t is:

Tk(l’ J) =._.I£}S..£1_’_'_])_ T(]_, J)

Wz, 2D

where-

Tk(l, 1) = one-~way average daily demand from 1 to j using mode
k.

T(i, 3) = by bli\__(Fl)xlo"S][ (FJ)x10'5]}b2 E'z;_wk(l, J)} b3

and-

wo(x, 1) = ::11t"az c™83 (£'y24

F:; = Wumber of families earming more than $10,000 in 1,

t = total travel time from 2 to j including access,
egress, and line haul time.

¢ = total travel cost from i to ] in current dollars.

f! = l-exp(-kf).

f = average délly frequency of service for mode k on
traips from i to j

by = a scale factor depending on the year for which the
cost 15 normalized.

This model has several advantages. They are:



(L.) The model 18 cost and time sensitive.

(2.) The model allows for induced demand and model trade off
caused by service improvements; e.g., time and/or cost
reduetion,

(3.) The model 1s not mode specific. Four modes--air, rail,
bug, and aute are considered, but they could be changed

and new modes could be added and the model would still
be fupetional,

(4.) Some data for the Northeast and California corridors are
available 2,3
The disadvantages are*

(1.) Data for modes other than air are almost nonexistent for
areas other than the Northeast and California corridors.,

(2.) Calibration of the model is quite involved as there are
four modes to consider,
4.2.1,1 Calibration

There are several ways to estimate the constants of a predic-
ti1on model such as CN-25. Expressing the relationship in terms of
Logarithms forces the function to be linear so that a multiple
regression analysis can be used,

The models used in this study, however, were correlated using a
completely different method. Basically, the procedure employed is a
search technique on a squared error term to minimize the total
squared error (TSE). The total squared error is

Total Squared Error = zi {_Actual - Predicteé] 2

all
f Dlu“'-s

In the case of the D.0.T.'s CN-25 model:*

*Frequency was dropped from consideration as will be discussed in a
following section.
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-42.723
; : alt c
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A search procedure called Pattern Search was then applied to

-

this sum so that by adjusting aj, 45, ag, bl’ b2’ and b3 the term
could be minimized., The values for these comstants at which the
total squared error 1S a minimum are the correct values for the
expression,

The search procedure employed 1s an accelerated ridge climbing
{descending) technique Essentially the procedure finds the direc-
tion of improvement for each variable and moves in that direction
Each successful move 1s then followed by another larger step in the

same direction. (A more detailed discussion of the procedure can be

found in Foundations of Qptimization by Wilde and Beightler)

It 1s noted that there are other search procedures that have
produced faster results such as the Gaass-Levingburg method.4

The first decision made in the actual calibration was to drop
frequency from consideration as it was £felt that for longer dis-

tances, the effect of frequency on the demand becomes less.

A,2.1.2 Data for Models .

Data availability was an almost insurmountable problem for the
calibration of the model. There was little data available on modes
of travel other than air, outside of isolated corridor studies con-
ducted in thekpast. A decision was made then to disregard any

Origin-Destination pairs for calabration that did not have data
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avallable for all four modes, WNext i1t was decided to use the base
year 1960 for the calibration since 1960 was a census year and there
seemed to be some data available for that year on the various

modes,

Further research was made and the region of study was narrowed
down to the Northeast and California corridors as they had the best
data, This meant that most of the 0-D pairs used for calibration
would not be the ones used in actual predictions; but this was
unavoidable s¢ the study was continued. -

Finally, the study was condensed to include 30 0~D pairs com-
posed of 12 cities from the, Northeast corridor and nine cities from
the California corridor (See Tabl; A.2,1.2-1 for city-pairs con-
sidered). The data for these routes was readily available on all
four modes,2s3

It was then necessary to obtain reliable information on popu-
lations of the various cities i1n number of families earning more
than $10,000, access and egress times and costs for the various
modes of travel in each city, and finally, travel time and cost for

each of the routes considered The procedures used were the same

for both calibration and actual predictron data.

A.2,1.3 Travel Time and Cost

The basic source of data for travel time was Future U, 8.

Transportation Needs by A. H. Norllng.5 Table VI-30 on Page VI~-38

of that reference 1s reproduced below.
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TA.BLE A.2.1.2"'1

CITY~-PATRS USED FOR CALIBRATION OF
DEMAND MODEL

Boston - New York and Newark

Boston - Phailadelphia

Boston - Wilmington

Boston - Baltimore and Washington, D. C.
Providence - Philadelphia

New Haven - Baltimore and Washington, D. C.

New York and Newark - New Haven .
New York and Newark - Philadelphia
New York and Newark - Wilmington
New York and Newark - Baltimore and Washington, D, C.
Trenton - Wilmington
Baltimore and

Washington, D. G, - Bridgeport

Bakersfield - Los Angeles

Fresno - Los Angeles

Los Angeles - Sacramento B
Los Angeles ~ S8an Diego

Los Angeles - San Francisco

Los Angeles - San Jose

Los Angeles ~ Santa Barbara

Los Angeles ~ Stockton



AVERAGE CITY-CENTER TQ CITY-CENTER TRAVEL TIME BY MODE AND BY
STRAIGHT-LINE DISTANCE FOR SAMPLE CITY-PAIRS

Straight~Line

Distance Between Total Travel Time by Mode
City-Centers (in hours)
(in miles) Rail Bus Air Auto
50 1.7 1.8 2.2 1.7
100 3.0 31 2.3 3.3
250 7.4 7.6 2.6 8.2
500 13.3 14.9 3.2 24,9
1,000 25,1 29.6 4.3 49.6
1,500 36.9 44 3 5.4 74,3
2,500 60 6 73.6 7 6 123.6

A functional relationship 1s defined by this chart so that
intermediate figures of mileage can also be located. For the cali-
bration and actual prediction runs, .the travel time was obtained
from this chart,.

The same source was used for travel cost Table VI-33 on Page
VI-36 1s reproduced below.

TOTAL CITY-CENTER TO CITY-CENTER TRAVEL COSTS OVER
STRAIGHT-LINE DISTANCES FOR SAMPLE CITY-PAIRS

Straight-Line

Distance Between (In Dollars per Person)
City-Pairs Rail Air
(1in miles) Bus Coach 1st Class Auto Coach lst Class
50 $ 2.50 % 2,75 $ 4 $ 2 $§11 $11
100 4.50 4.75 7 3 14 15
250 10. 12,25 18 12 22 26
500 18. 24,50 36 27 37 44
1,600 34, 71. 59 65 81
1,500 49, 107. 91 94 118
2,500 80. 178. 154 151 195

The above charts were used for caleulations of travel time and
costs for most of the city-pairs. Some data was available, however,
on the pairs in the California Corridor from Reference 9, Whenever

such data was available directly, it was used,



A,2,1.3 Access-Egress Time and Cost

The first decision made here was to assume access time and cost
equal to egress time and cost. This is a controversial assumption
but relatively unimportant when the possible percentage error is
considered,

The next decision was to assume access and egress times and

~

costs to be equal for all cities for rail and bus, They are given

-

below:

TIME COST
RATL 12 .56
BUS 14 .35

The access and egress times and costs for air were estimated for
each of the cities from the Airlines Gu1de6 using weighted averages

for the various airports. These figures are given below:



TABLE A.2.1.3-1

ACCESS TIME AND COST

CITY (SMSA)

New York - Newark
Chicago

Los Angeles

Atlanta

Washington, D. C. - Baltimore
San Francisco - Oakland
Dallas - Fort Worth
Boston

Miami - Fort Lauderdale
Detroit « Ann Arbor
Prttsburgh
Philadelphia

Denver

Cleveland

S5t, Louis

Minneapolis - St. Paul
Kansas City

Houston

New Orleans

Seattle - Tacoma
Cincinnati

Providence

Hartford

New Haven

Bridgeport

Trenton

Wilmington
Bakersfield

Fresno

Sacramento

S5an Diego

San Jose

Santa Barbara

Stockton

ACCESS TIME
(Minutes)

65
60
40
60
37
40
43
25
38
60
60
50
50
60
50
50
10
45
60
43
25
45
25
11
1z
15
30
15
20
60
10
15
20
40

ACCESS COST
&y

5.10
6.10
3.83
3.50
8 43
4,10
7.20
1.90
5.00
710
6.70
3.50
3.10
4,30
4.30
3.30
1.10
4,30
5.90
2.70
5.50
3.10
6.70
1.70
1.90
2.70
3.50
1.50
310
6.30
1.50
1.50
4,30
2,70



A,2,1.4 7Populations
Another necessary input for calibration purposes was the number
of families in each city earning more than $10,000 in 1960, This

data was obtained from the City and County Data Book.7 To project

these population figures into the future, it was necessary to deter-
mine the percentage growth rate of each city and the percent growth
rate of the number of families earning more than $10,000.8 (This
rate 1s two percent for the entire country). The projected pepula-
tion for each city was then obtained by multiplying the compounded
growth rate of the general population in each city by the compounded
growth rate of the number of families earning above $10,000 1n the
country by the number of families earning more than $10,000 in 1960.

The projected numbers foe each city in 1980 are shown in Table

A,2.1.4-1,

A.2,1.5 Terminal Time

Terminal time, or the average ftime spent waiting in the termi-
nals for the four modes involved also needed to be determined.
Estimates of the times were obtained and are shown below. Two
assumptions were made concerning the terminal times considered
Fairst, waiting times at each end of the trip were considered to be
equal, and secondly, there 1s no terminal cost, i.e., there 18 no

cost associated with waiting.

-

TERMINAL WAITING TIME

Intercity Mode Time (Minutes)

Airx 60
Razl 40
Bus 35
Auto 0

A-10



TABLE A.2.1.4-1

NUMBER OF FAMILIES EARNING MORE THAN
$10,000 TN 1980

New York - Newark

Chicago
Los Angeles

Atlanta

Washington, D. C. - Baltimore

San Francisco - Qakland

Dallas - Fort Worth

Boston

Miami - Ft. Louderdale

Detroit ~ Ann Arbor

Pittsburgh
Philadelphia
Denver
Cleveland

St. Louis

Minneapolais - Sk,

Kansas City
Houston

New Orleans
Seattle - Tacoma

Cincinnata

Paul

A-11

6,215,224
3,140,457
4,077,455
778,286
2,345,242
1,549,318
1,195,579
1,075,412
1,013,981
1,849,573
924,668
2,150,048
617,434
826,400
1,026,387
758,179
559,071
961,351
515,232
690, 581

515,151



A.2,1.6 Results and Conclusions

Tn the calculation of the demand forecasts, three sets of
values for the constants were used. %These values were then used to
calculate the city-pair travel demand for 1966 and compared with
actual data for that year. A comparison involving air travel demand
only was made since the data was readily available and consideration
was only being given to am air transportation system in the program.
The three sets of values employed were:

(1) D.O.T.'s-actual figures used in the D.0O T 's Northeast
Corridor study were applied to the national model.

(2) Revised D.0.T.-all values except by were held constant and
a search procedure was applied on by. It was assumed that
time-cost relationships were correct but that the scaling
factox would change somewhat,

(3) Calibrated-all six walues were allowed to vary and the
resulting minimum point was used as the basis for
estimation,

In the calibration run, the following results were obtained

based on awvailable 1960 data.

MODEL SQUARED ERROR
D.O.T. 7.62 % 1010
Revised D.0.T. 7.76 % 102
Calibrated 1.05 x 109

From these results the decision was made to drop the D.0.T. set of
values and continue to work with the other two sets
The program was then set up with the following two sets of

values for the constants contained in the models-
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CONSTANT REVISED D,0.T. CALTBRATED

ay 1.1144 5.0000
ay 1 9102 2.0500
a, 0.9551 1.5000
by 4015.0000 8200.0000
by 0.8254 0 2000
b3 0.7655 0 4000

Population figures for 1966 were then fed into the program in order
to determipne 1966 demand figures (Travel time and travel cost esti-
mates were not altered, Better results could probably have been
obtained 1f the figures for time and cost were more accurate for the
date considered.)

Two measures of accuracy were applied to the output of the pro-
gram as compared with actual demand as reported by the cAB? on 160
of the 420 routes estimated. (This 1s only taking air tramnsportation
into consideration, For all four modes of travel 1680 demand fig-

ures were generated.) The two measures of accuracy employed were:

(1) Average Absolute Error

ABS ( ACTUAL-PREDICTED ) _* 444
ACTUAT *

{2) Average Error

( PREDICTED - ACTUAL ) = ;.o
PREDICTED >

The first measure, Average Absolute Error, 1s a gauge of the sensi-
tivity or actual reliability of the model. It shows whether or not
the model will predict figures within a given degree of certainty.
{One disadvantage, however, 1e that for low values of predictions,
this measure begins to fail since for all wvalues of the predicted
that are less than the actual, the error will be less than one (1).)

The second measure shows whether or not the first measure has a low
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value due to the condition mentioned above, This second measure
should stay approximately zero but may become either positive or
negative. A high positive value indicates that the model 1s over-
estimating on the average while a high negative value 1s 1ndicative
of underestimation on the average.

The table below gives the error measures for 1966 air demand

data,

. MODEL AAE AE
Revised D.O.T. 0.787 0 120
Calibrated 0.959 ~0.100

A look at the models shows that the average error values are approx-
imately equal for both models although one is positive and the other
1s negative. The Average Absolute Error, however, 1s significantly
lower for the revised D.0.T model The only way that this can be
justified is by recognition of the fact that the calibration data
did not encompass the same area as the calculations and that there
may not have been sufficient data to develop a sound model. Regard-
less of the cause, however, the revised D.0.T. model shows signifi-
cantly better results for 1966 air travel demand figures but does
not differ a great deal from the calibrated model in total squared
error, The decision was made, therefore, to continue to use the
revised D.0.T. model. The following pages show the results of the
forecasts (Note once again travel time and cost were held constant
over the years. Note, also, that the figures are given times 10’1.)
Although the calibrated model did not improve the air demand
prediction results to any extent, the possibility of developing a

reliable national transportation model encompassing all modes is
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good and the potential results are promising. The major problem 1s
in data but a concerted effort in examining all data available
should show some results

Finally, 1t 1s extremely interesting to note that for modes of
travel other than air, the revised D.0.T. model oveFestlmates. There
are only a few points available for compariscon, however, so no deci-
sions can be reached. The few points available do indicate, however,
that the calibrated model comes closer than the revised D.0.T. model
for modes other than air. Table A.2.1,6-1 contains daily predic-
tions for 1980 using the calibrated model Best results may be
obtained by considering the revised D,0.T output for air and the

calibrated model output for all other modes,
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TABLE A 2.1.6-1
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TABLE A.2,1.6-1 (Continued)
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TABLE A.2.1.6-1 (Continued)

PASSENGER DEMAND FOR BUS TRANSPORTATION (CALIBRATED MODEL)
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TARTE A.2 1.6-1 {(Continued)

PASSENGER DEMAND FOR RAIL TRANSPORTATION (CALIBRATED MODEL)
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TABLE A 2.1.6-1 (Continued)

PASSENGER DEMAND FOR AUTO TRANSPORTATION (CALIBRATED MODEL)
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A.2.2 ALLOCATION ALGORITHMS

A,2.2,1 General Discussion

In any transportation system, 1t 1S essential to determine the
usage of each route i1n terms of the number and type of vehicles to
be utilized 1n order to satisfy the demand for travel between nodes
in the network. Many procedures have:been developed in the past to
solve problems of this nature. " In fact, 1t can.be attacked from
several different points depending upon which method or methods best
fit the problem at hand Dynamic, linear, and nonlinear programming,
network_flow theory, and simulation all have been used to derive
soluticns to network related syste;ms.l’z’3 This investigation 1n
1ts attempt to develop an optimum system, has made use of several
linear programming procedures and simulation algorithms during the
course of the program. Although satisfactory results were obtained
only through the use of system simulation, it was félt that less
sophisticated procedures considered early in the investigation
should be described for future reference.
A,2.2,2 Transportation and Transhipment Problems, The Classical

Transportation Problem
The Classical Transportation Problem arises when one must

determine an optimal schedule of shipments that:

(a) originates at various sources where fixed stockpiles of
a commodity are available;

(b) are sent directly to their final destinations where
various fixed amounts are required,

(¢) exhaust the stockpiles and fulfill the demand; hence,
total demand equals total supply;

and finally, the cost must
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(d) satisfy a linear objective functiom, that s, the cost of
each shipment is proportional to the amount shipped, and
the total cost is the sum of the individual costs,

The corresponding mathematical model for the transportation.

problem s the following. Find %13 (=1, 2, . . . , m 3151, 2,

.+ « .  n) in order to minimize

n

Vogzt Sy ¥

=l =1

“M 8

I_I

subject to the restrictions,

ZE. leﬂal, for =1, 2, . , . , m.

X é_ 0, for all z and 3.2

1]

Although the transportation network investigated is not in the
proper form for adaptation to the classical problem one can force it

to meet the requirements of the model. More specifically, let:

le = number of aireraft of type 1 to flight over route j per
given period of time.
Ci] = cost of flying aircraft type 1 over route j per flight
(this may be in terms of monetary cost, trip time, etc.)
bl = demand for transportation over route ] per given period

of time on any airecraft type.

Q, = total number of seats available on aircraft type » per
given time period.

In the air transportation model, then, one 1s given a mix of
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ailrcraft types, each with a different capacity, cruise speed, and
possible range, and a different cost associated with each route and
each airrcraft type One may attempt to minimize the cost of the
fleet by assigning aircraft to a route on a least-cost basis until
all demand 1s filled and all supply 1s exhausted. The advantages of
the use of the classical transportation problem are several in

number:

1 - more efficient solution procedures can be used than 1in the
complete simplex method due to the simple structure of the
model,

-~

2 ~ an integer number of aircraft of each type is available
with known seating capacities and load factors.

3 - the demand for travel on each route 1s also an integer
number, 1.e., we cannot alleocate 33.5 people to a given
airplane.

Disadvantages, however, outweirgh the obvious advantages and have
since led to the discontinuance of work on this model. These

disadvantages include-

1 - the problem, as stated, is static and not subject to
changes.

2 - all cost, demand, and airrcraft data must be known exactly
for correct solution.

3 - modeling with three different aircraft types and 420
routes is too. large and bulky for easy calculations.

4 - the number of aircraft must be finite and known for a
given time period

5 - the number of aircraft assigned to individual routes is
not necessarily an integer number,

Hence, due to these disadvantages, the classical transportation
problem was not used. However, future research in this area 1s a
possibility and with some corrections it may be feasible A sample

program making use of the transportation algorithm follows.

A-24



FIGURE A.2.2-2

B SAMPLE ATRCRAFT ALLOCATION
II  PROCRAM USING THE CLASSICAL
TRANSPORTATION PROGLEM

A _D ATLGORITHM
C E
TABLE A 2.2-1
ATRCRAFT CHARACTERISTICS
ATRCRAFT CRUISE SEATING NUMBER AVATLABLE

TYPE SPEED CAPACITY OF PLANES SEATS, TOTAL
A 200 wmwph 200 30 6000
B 300 150 25 3750
C 400 173 20 3500

TABLE A 2,2-2
ROUTE CHARACTERISTICS

ROUTE DISTANCE A B . C . DEMAND
I 700 350 . 2.50 180 1500
IT 350 1.75 120 0 90 1650
TIT 200 0.70 0 50 1200
v 1200 6 00 4,00 3.00 750
v 500 2.50 1.70 1 30 800
Vi 850 v 2 80 2 30 1000
V1I 2100 10 50 7 00 5 30 2500
VIII 1000 5 00 3 30 2 50 500
IX 300 150 | 1.00 0 80 750
X 650 2 30 1.80 i00
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In this sample problem the C}_J term 1s measured 1n hours but
may be converted to dollars 1f 1t is assumed that DOC is propertional
to block time, Hence, one may then solve for minimum cost.

Given three types of vehicles with their number, cruise speed,
and seating capacity known. The transportation algorithm will deter-
mine which aircraft to fly over which routes at least cost while
satisfying the demand for air travel over each route The output
will be 1n terms of the number of each aircraft type flown over each
route, the average load factor over each route, and the total
minimum direct operating cost,

The steps imvolved 1in iterating towards the final optim;i solu-
tion will not be included here, ¥For a review of the procedures
used, references 1 and 2 are excellent.

Table A.2.2-3 gives the initial tableau for the problem. The

first allocation 1s made by the familiar Northwest Corner rule., The

final tableau is given 1n Table A.2.2-4,
TABLE A.2-2-3

INITTAL TABLEAU

ROUTE [ ) SEAT.
A/C T |11 | x| v{ v | vI | VvIZ)VITIY IX| X [0 CAP.
3.5 (1.8 |1 6 |2.5|4.3 |10 515 J1.5{3 3 |0
A 1500 |1650§1200|750[800] 100 6000
2.5 [1.2 0.7 & [1.7]2 8 |7 3.311 [2.37]o0

B 900 |2500 |350 3750
11.8 0.9 | .5 [3 J1.312.3 [5 3 [2.5] .811.8 |0

c ‘ 150 |750 [1000{1600 | 3500

DEMAND {1500 {165011200}7501800)|10002500{500 [750 {1000|1600 |13,250

The column headed D 18 a dummy route with a zero cost associated

with i1t., It has been included in the tableau in order to satisfy
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the equality constraint imposed upon the algorithm as discussed pre-
viously, Obviously, this allocation is not yet optimum and several
lterations are necessary to reach a minimum cost solution The final
tableau 1s shown below 1n Table A,2-2-4. .The number "of aircrfaft .used

on each route and the average load factor per route are~shown .in .Table

A.2.2-5.
TABLE 4.2.2-4
FINAL TABLEAU
ROUTE SEAT.
A/C L IT [ TIT) IV V | VI | VIT|VIII| IX| X 0 CAP.
A 165011200 300 750 1600 | 6000
B 1500 1060 250 1000 3750
C 759 2500] 250 3500
DEMAND 1500§16501200{750|{800[1000;2500| 500;750)1000(1600 {13,250

As one can see, all demands are satisfied in such a way as to mini-
mize the total cost, Also, it is quite evident that minimizing the
cost over each route does not mecessarily result in lowest total
cost, The allocation of 1600 seats to aircraft type A to be flown
over the dummy route indicates that aireraft type A 15 not to be
utilized at i1ts maximum capacity  Had the demand over the 10 routes
exactly equaled available seats, all aircraft would have been fully

utilized.
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TABLE A,2.2-5

FINAL ROUTE ALLOCATION

Aireraft Planes Route
Route Type Used Load Factor]
(%)
I B 20 100
IT A 9 95.067
I11 A 6 100
v G 5 85.72
v A 4 100
VI B 7 95.24
VII G 15 95.24
VIIT B 2 83.33
C 2 71.43
X A 4 93 75
X B 7 95.24
TABLE A.2.2-6
FINAL AIRCRAFT ALI.OCATION
Aircraft | No. of Routes No, of
Type Used On Planes Used
A 4 23
B 4 26
G 3 22%

*Due to unfilled capacity on most routes the total number of
planes of Type B and C are more than had existed to begin with. This
can be reconciled if one considers that a plane can fly more than

once in a given time period.
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A.2.2.3 THE TRANSHIPMENT PROBLEM

In looking at the problem of routing of aireraft over the system
network, some consideration was given in the early part of the pro-
gram to ineluding one-stop flights in an attempt to more realistically
model the commercial air transportation system in the United States.
One method of solution for this problem is through the use of the
transhipment problem algorithm. In.this linear- programming tech-
nique, each source or destination is also permitted to act as an
intermediate point for shipments from other sources to other des-
tinations, In the aircraft allocation problem the"Shleent; would be
the demands for travel between any two cities.

The transhipment problem can be very satisfactorily utilized
either 1f the cost of travel, measured in terms of route operating
cost, 15 less for any given route if a stopover 1s made or if there:
18 an upper limit over any given route on the number of people that
may fly, due to aircraft utilization limits, daylight £light hour
provisions, etc. Since these two conditions do exust in many
instances the transhipment model may be used., One limiting factor

however is that a demand-balance equation must exist for every city.

That is:

1

Gross Demand = Demand In + Demand Generated
Gross Demand = Demand Qut 4+ Demand Satisfied

In equation form, we have: ‘

1)

* % *
a_ = xyk =b " =x (3=1,2, . . ., n)

117 %
1#3 k#)

1
r
I

Where

X4 Total demand from city 1 to j for i # j

%93

Gross demand for travel at city ]

ke
w

n



a_." = Demand generated at )

b = Demand satisfied at j

In general, the net demand generated aJ and the net demand

satisfied bJ, are related to aJ* and bJ* by

ot
"~

* * * _on e *
(2) a,=a; - Min (aJ s bJ ) bJ = bJ Min (aJ s bJ )

The transhipment problem, then consists in finding le and Min

Z satisfying (1) and the objective equation

= i 1
3 ClJ Xi] = Z where 1 # j

As 1in the transportation problem, C again refers to the cost of

1]
shipment from city i to city j in terms of distance, time, or
money.l’2 Work on the transhipment problem algorithm, however, was
unable to continue due to the complex:ity of the network when pos-
5ible one-stop flight paths were taken into consideration. This,
along with a difficulty in determining cost data for the routes with

stops included, led to simulation procedures being used for

allocation of aircraft.

The Simplex Algorithm

A third, more complex and realistic method for determining the
allocation of aircraft over various routes 1s through the use of the
simplex algorithm Previous work in the use of this algorithm for
aircraft allocation has primarily been done by Miller.%s5:6 The
algorithm developed in this investigation 1s an extension of Miller's
work which considered overall co%F including terminal and user costs

whereas Miller takes only aircraft operating cost into consideration.

The "simplex method" is the name that has been attached to a method
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for solving any linear programming problem, of which the allocation
problem-is one, - It is an algebraic procedure which progressively
approaches the optimal solution through a well-defined 1terature pro-
cess until the optimum 1s. finally reached, The mathematical state-

ment of a general form of the linear programming problem 1s the fol-

lowing. Find Xl, XZ’ e e Xn which maximizes (minimizes) the

linear function,
Z = Clxl + CzXZ + . ..+ CX
subject to the restrictions,

A%y + A]_ZXZ P Alan < b

= 7
<
AyXy + Ay Xyt o . L+ Ay X L b,
’ <
ApgiXy + AppXp + . 0 L F AKX 2 by
and
2

> >
X% 2 0,% 2 0,...%X 2 0

for our problem, the mathematical statement 18 the following: find
PR Xhij (h = 1, 2, . . k, i= l, 2, e e » N, ] = 1’ 2, . . n)

in order to minimize .,

P R AR > % be My (G )
;,: "‘ [ 3
+ Z{\‘ZL JZ\'UT\M.:J L@M\'\ngk

L L my b

sub ject to the restraictions

>
JZ %ni, €2 o5 2 O for all 1 and h.
Z M . & D for all 1 and j3.
n . mnij 1]
Xha 5 Z 0 for all h, 1, and j.
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Ch13 = direct operating cost plus indirect operating cost plus
initial investment of aircraft type h from city 2 to city
1.

anJ = number of non-stop one-way flights from city 1 to city 3

via aircraft type h. This is the unknown value that s
to be determined.

C. = average cost per passenger enplaning at terminal city 1.
C_ = average cost per passenger deplaning at terminal city J.

Ly = average aircraft load factor. This 1s assumed to be
constant over all routes and aircraft types.

T = total travel time by aircraft type h from city i to city
J. This includes access time to apnd egress time from the
terminals.

W = average hourly wage of aircraft passenger. This 1s used
to determine the cost of travel tc the user whe s
considered part of the system.

M, = maximum Seating capacity of airecraft type h.

demand for travel by air from caity 1 to city 3.

D
1]

All of these are considered on either a daily or weekly basis, depend-
ing upon the information available., This type of analysis 1s very
well suited to the aireraft allocation problem However, in attempt-
ing to caleculate this problem, the scope of the problem became too
large for computation either by hand or by digital electronic com~
puters available, For example, based on a network.of 21 hubs and 420
routes with three types of aircraft flying, the objective function
would have a minimum of 1260 terms with 1260 unknowns to be deter-
mined. TIn addition, there would be approximately 500 constraint
equations. Although this problem was found to be too large for com-
putation, it was felt that i1t could indeed be an extremely useful and
valuable tool for transportation research purposes and that more work

should be devoted to & refinement of the procedures.
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A,2.3 PROJECTED CARGO DEMAND

Figure A.2,3-1 1s a graph of the projected yearly cargo demand
in tons versus year, The points for the years 1965, 1970, 1975, and
1980 are based on FAA projected demand for the 21 major hubs multi-
plied by a factor based on the number of people employed in manufac-
turing in these hubs. Table A,2.3-1 gives the number of people
employed in manufacturing in each of the 21 major hubs and the total
for the United States. Tables A,2.3-2, A.2.3-3, A.2 3-4, and A.2-3-5

give the projected one-way cargo demand for each of the 450 possible

pairs for 1975, 1980, 1985, and 1990, respectively, 1n tons per day.
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TABLE A.2.3-1

NUMBER OF PEOPLE EMPLOYED IN MANUFACTURING

GCity
New York - NWewark
Chicago
Los Angeles
Atlanta
Washington, D. ¢ ~ Baltimore
San Francisco
Dallas
Boston
Miami
Detroit
Pittsburgh
Philadelphia
Denver
Cleveland
St Louis
Minneapolis - St Paul
Kansas City
Houston
New Orleans
Seattle

Cincinnati

Manufacturing Emplozees-19632

1,397,438
860,637
745,968

95,695
240,602
196,163
109,517
293,248

43,245
493,913
272,183
535,807

69,539
280,285
259,686
163,820
111,104
108,585

49,051

121,556

153,930

Total employed in manufacturing in U 8 19633 13,095,000
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TABLE A.2.3-5
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A.2,9 VEHICLE AND TERMINAL ALLOCATIONS - 1980

In this Appendix, the vehicle allocations for New York, Chicago
and Los Angeles in 1980 are given (Table'A:2.9-l). The terminal
requirements for all twenty-one major hubs are also given (Table
A.2.9-2), )

As a result of thi1s investigation, these data ate available for

all twnety-one major hubs in 1975, 1980, 1985 and 1990.
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TABLE A 2.9-1

VEHICLE ALLOCATIONS
(ALL DATA EXCEPT TOTAL $ IS 1-WAY)

v

CITY DISTNCE DAILY VEHL HRS TRIPS BLOCK BLOCK SEAT TIME ROUTE  ROUTE  TOTAL MAX
PAIR ML) DEMAND TYPE REQRD REQRD  HRS MPH MILES COST § DOC $ I0C $§ COST § TFARE
FROM N Y C
1- 2 713 9391 2 65.3 39 1.7 426 11123 17873 88811 148578 510524 25.14
1- 3 2451 7561 3 69.5 16 4.3 564 31373 36978 203219 286967 1054329 86.44
1- 4 748 1952 2 13.8 8 1.7 433 2394 6046 18720 31142 111814 26.38
1- 5 205 11888 2 22.5 50 4 456 4100 7862 68328 119905 392190 7.23
1- 6 2571 3519° 3 31.7 7 4.5 568 14398 21085 92479 130156 487441 90.67
1- 7 1374 3079 3 16.1 6 2.7 511 6595 13853 48743 63876 252944 48.46
i- 8 188 7104 2 12.4 30 4 456 2256 5533 40083 70764 232759  6.63
1- 9 1092 7631 2 72.2 32 2.3 484 13978 19263 94612 150684 529118 38,51
1-10 482 6629 2 37.0 28 1.3 365 5398 11135 52167 86603 299812 17.00
1-1i1 317 2835 2 12.8 12 1.1 296 ° 1522 5628 18808 32804 114481 11.18
1-12 83 4436 2 3.3 18 .2 456 598 3609 20662 38087 124715 2.93
1-13 1631 1636 3 9.3 3 3.1 529 3914 11117 27647 35558 148644 57.52
1-14 405 4039 2 20,5 17 1.2 336 2754 7401 29326 49730 172917 14.28
1-15 875 1894 2 15.4 8 1.9 455 2800 6219 20541 33552 120625 30.86
1-16 1018 1911 2 17.1 8 2.1 475 3258 6677 22592 36267 131070 35.90
1-17 1097 1323 2 13.6 6 2.3 485 2633 5410 17793 28324 103055 38.69
1-18 1420 1635 3 8.3 3 2.8 514 3408 10601 24956 32586 136285 50.08
119 1171 1629 3 7.1 3 2 4 492 2810 9966 21795 25081 121684 41.30
1-20 2408 1440 3 12.8 3 4.3 563 5779 11436 37555 53099 204180 84.92
1-21 570 3397 2 20.4 14 1.5 391 3192 7540 28292 48586 168837 20.10
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TABLE A 2.9-1 (Continued)
VEHICLE ALLCCATIONS
{ALL DATA EXCEPT TOTAL $ IS 1-WAY)

CITY DSTNCE DAILY VEHL HRS TRIPS BLOCK BLOCK  SEAT TIME ROUTE ROUTE  TOTAL MAX
PAIR (ML) DEMAND TYPE REQRD REQRD  HRS MPH MILES COST § DOC $ I0C § COST § TFARE

FROM CHICAGO

2- 3 1745 4859 3 32.6 10 3.3 535 13960 20796 97002 131422 498441 61.54
2« 4 587 1133 3 3.0 2 1.5 395 939 8131 9590 13374 62190 20.70
2- 5 597 3434 2 21,0 14 1.5 399 3343 7759 28970 49482 172422 21.05
2« 6 1858 2255 3 17.2 5 3.4 541 7432 12621 50903 68565 264177 65.52
2- 7 803 2323 2 18.1 10 18 443 3212 6715 24385 40232 142664 28.32
2- 8 851 1723 2 13.2 7 1.9 451 2383 5951 17672 28960 105166 30,01
2- 9 1188 4173 2 40.8 17 2.4 495 8078 12445 53188 91256 313779 4&1.90
T 2-10 238 4727 2 10.4 20 .5 456 1904 5085 28514 49488 166176  8.39
2-11 410 - 1277 2 6.1 5 1.2 338 820 4423 8670 14681 55548 14.46
=12 666 2348 2 16.0 10 1.6 415 2664 6314 21930 36982 130452 23.49
2-13 920 1299 2 10.0 5 2.0 462 1840 5472 13241 21504 80435 32.44
2~14 308 2409 2 10.6 10 1.1 292 1832 5212 15512 2714l 95730 10.86
2~15 262 2052 1 9.6 17 .6 466 891 2496 13919 22053 79636  9.24
2-~16 355 2056 1 18.9 17 1.1 319 1207 3587 15515 24890 87984 12.52
2-17 414 1357 1 13.2 11 1.2 344 911 2986 10694 16855 61070 14.60
2-~18 940 1113 3 4.1 2 20 464 1504 8565 12576 16492 75266 33.15
2-19 833 1151 3 3.7 2 1.9 447 1333 8676 11671 15547 71788 29.38
2=-20 1737 932 3 6.5 2 3.2 535 2779 8265 19332 26204 107602 61.26
2-21 252 2855 2 6.6 12 .6 456 1210 4250 17410 30082 103482 8.89
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TABLE A 2,9-1 (Continued)

VEHICLE ALLOCATIONS
(ALL DATA EXCEPT TOTAL § IS 1~WAY)

CITY DISTNCE DAILY VEHL HRS TRIPS BLOCK BLOCK SEAT TIME ROUTE  ROUTE TO&AL MAX
PAIR (MI) DEMAND TYPE REQGRD REQRD HRS MPH MILES COST $ DOC $ I0C $ COST $ FARE
FROM LOS ANG

3- 4 1936 957 3 7.1 2 3.6 545  _.3098 8768 21024 28214 116012 68.28
3-5 2300 2678 3 24,7 6 4.1 559 11040 15708 72356 95675 367479 81,11
3- 6 347 13104 2 6L.3 55 1.1 311 7634 16772 89161 153947 519760 12.24
3-17 1240 3130 2 32,3 13 2.5 500 6448 10225 41885 71574 247368 43.73
3~ 8 2596 1510 3 13.7 3 4.6 568 6230 12411 39953 56193 217113 91.55
3~ 9 2339 4383 3 37.6 9 4.2 560 16841 23162 110026 155890 578154 82,49
3-10 1983 2397 3 18.1 5 3.6 547 7932 13858 53559 71722 278279 69.93
3~11 2136 756 3 7.7 2 39 553 3418 7150 22724 30235 120217 75.33
3-12 2394 1803 3 17.0 4 4.3 562 7661 12554 49836 70491 265761 84.43
3-13 831 2482 2 8.6 10 1.9 448 3324 7276 24887 40896 146120 29.31
3-14 2049 1277 3 11.2 3 3.7 550 4918 9465 32977 44034 172952 72.26
3-15 1589 1200 3 9.1 3 3.0 526 3814 8080 27111 34967 140315 56.04
3-16 1524 1393 3 8.8 3 2.9 522 3658 9246 26282 .34051 139158 53.75
3-17 1356 1098 3 5.3 2 2.7 509 2170 9120 16095 21123 92677 47.82
3-18 1374 1595 3 8,1 3 2.7 511 3298 10233 24371 31938 133086 48.46
3-19 1673 1224 3 9.4 3 3.1 531 4015 8393 28183 36150 145451 59.00
3-20 959 2574 3 10.3 5 2.1 467 3836 10999 31842 41650 168982 33.82
3-21 1897 1421 3 10.5 3 35 543 4553 10214 31039 41730 165965 66.90
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Terminal
L1
HNYC

2
CHICAGO

- 3
LOS ANG

4
ATLANTA

5
WASH DC

6
SAN FRN

7
DAL/TW

8
BOSTON

9
MLAMT

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

PASS
VEHL

OUT/IN
OUL/IN

oUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

OUT/IN
OUT/IN

Range
500

0
0

5465
45

0
0

897

2715
22

1353
11

453

o O

TABLE A' 2 * 9-2

TERMINAL REQUIREMENTS FOR 1980

Range
1500

64430
270

35959
' 149

18716
78

799
31

31910
131

15495
64

15089
61

16790
69

26965
111

Range
3000

20499
41

11443
23

38686
82

2691
6

5724
12

18033
36

5882
11

4902
10

11897
22

Total
84929
311

52867
217

57402
160

11582
44

40349
165

33528
100

22324
83

22145
83

38862
133

Terminal Operatrng Cost

254787.00

158601 00

172206.00

34746.00

121047.00

100584.00

66972.00

66435.00

116586 00
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TABLE A.2.9-2 (CONTINUED)

TERMINAL REQUIREMENTS FOR 1980

Terminal Range Range Range Total Terminal Operating Cost
500 1500 3000

10 PASS OUT/IN 2471 22579 6841 31891 95673.00
DETROLT VEHL OUT/IN 21 93 13 127

11 PASS OUT/IN 4027 5755 1880 11662 34986 00
PITTSBEG VEHL OUT/IN 34 25 5 64

12 PASS OUT/IN 714 19227 3351 29292 69876.00
PHILADA VEHL OUT/IN 6 80 8 94

13 BASS QUT/IN 0 8559 4243 12802 38406.00
DENVER VEHL OUT/IN 0 34 8 42

14 PASS OUT/IN 2366 13546 2115 18027 54081.00
CLEVELD VEHL OUT/IN 19 54 5 78

15 PASS OUT/IN 3258 7968 1955 13181 39543.00
ST LOUS VEHL OUT/IN 26 31 5 62

16 PASS OQUT/IN 2444 7564 2735 12743 38229.00
MIN/STP VEHL OUT/IN . 20 33 5 58

17 PASS OUT/IN 2372 5618 1773 9763 29289.00
KANSAS VEHL OUT/IN 19 22 4 45

18 PASS OUT/IN 0 5071 7352 12423 37269.00

HOUSTON VEHL OUT/IN 0 19 14 33
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TABLE A 2.9-2 (CONTINUED)

TERMINAL REQUIREMENTS FOR 1980

Terminal Range Range Range Total Terminal Operating Cost
500 1500 3000

19 PASS OUT/IN 1129 4289 5388 10806 32418.00
N ORLEN VEHL OUT/IN 9 17 11 37

20 PASS OUT/IN 0 663 10890 11553 34659.00
SEATTLE VEHL GUT/IN 0 3 27 30

21 PASS OUT/IN 2554 12415 4118 19087 57261.00
CINCINN VEHL OUL/IN 21 49 8 78

TOTAL TERMINAL OPERATING COST = $ 1653654.00



A.,3.1 1980 ENGINE TECHNOLOGY

gince specific fuel consumption and the specific thrust can be

axs O I, the use of three

affected by any of three parameters-:gk, T

dimensional graphs is appropriate. The problem 1s to project these
relationships so that they may be utilized for engines reflecting
technology applicable to the 1980's, The compressor pressure ratio

scale and T scale have 1n some cases been elongated to encompass

max
greater 1980 parametric values. Bypass ratio surfaces are free to
vary from approximately zero to 12:1, The S.F.C. and S.T. charts
show bypass ratios of zero and 4:1. Specific fuel consumption (SFC)
charts are representations for sea level--static, and 36,000 ft,--

M = 0.8 respectively. The specific fuel chart is discussed.in the
report body.

Relationships illustrating thrust and S5.F.C. for the two engines
of the Boeing 747 aircraft are given in Figure A.3.1-4, Both have
the same "grid pattern"” from altitude 0 to 15,000 ft and from 35,000
to 45,000 ft. while the thrust and S$.F.C. values for any of the cor-
responding Mach number--altitude points are different. In essence
then, 1f any corresponding points on either of the two grid patterns
(one: 0 to 15,000 £t., two: 35,000 to 45,000 ft.) match up, then
the whole grid would coincide. It would thus be possible to trans-
late these grids to any position by locating one point in each graid.
These points are sea level, static, and M = 0.8 at 36,000 ft.

Figure A,.3.1-5 plots four points taken from the two 747 charts,
Two of the points represent static sea level conditions, the other
two, M = 0.8 at 36,000 ft, These four points which demonstrate

change in thrust with decreasing S.F.C. enable two projections shown
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on TFigure A.3.1-5. From Figure A,3.1-2 a § F.C., value of 0.24 is

obtained for static sea level approximating the following 1980

conditions:
A= 12:1
r = 24:1
T = 1800 ’

Figure A 3.1-3 generates a point value of S,F.C, equal to 0,33 forxr

M= 0.8 at 36,000 ft

/u.= 12,1

31:1

1

r

T

max = 1600

The two specific fuel consumptions are then projected vertically along
a chart in Figure A.3.1-5. Two points are thus defined- sea level,
static, M = 0 8 at 36,000 ft. The two former grids are now super-
imposed onto the chart, thus giving an approximation of the 1980
performance characteristics of an engine powering a M = 0.8 aircraft, .
Figure A,.3.1-6 shows relationships of bypass ratio to turbine
temperature and to relative weight Many of these simple parametrie

approximations working together camn rapidly size an engine.
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SPECIFIC ‘

THRUST VARIATION OF SPECIFIC THRUST
WITH u, Tmax, AND r, SEA-LEVEL
STATIC

100 100

~ 50
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1200
Tmax 1400

24 1800

FIGURE A.3.1-1
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SFC

15

SPECIFIC FUEL CONSUMPTION
PROJECTION CHART

FIGURE A.3.1-2

VARIATION OF SPECIFIC FUEL CON-
SUMPTION WITH f1, Tpax, AND 1,

SEA LEVEL STATIC
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SFC

15

VARIATION OF SPECIFIC FUEL CON-
SUMPTION WITH u, Trax, AND T,
M=08 36,000¢t

SPECIFIC FUEL CONSUMPTION
PROJECTION CHART

FIGURE A,3,1-3
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Fnt Total Net Thrust

40,000

30,000

20,000

10,000

MAXIMUM CONTINUOQUS RATING CHART
FOR JT9D-3 ENGINE OF BOEING 747

-+ FIGURE A.3.1-4
Alt O ft
M=0
=% Alt 0 ft
‘ M=1.0
Alt. 10,000 ft
Alt. 15,000 ft
+ Alt. 35,000 ft
SR ———t+ =g 40,000 ft
.::EAEE,:_&;%E!EE—‘E’}AR 45,000 ft,
0 30 0 40 0 50 0 60 0 70 0.80 0 90

TSFC: Thrust Specific Fuel Consumption
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FIGURE A,3.1-5

40,000
1980 ENGINE CHARACTERISTICS OF VEHICLE
WITE CRUISE VELOCITY = MACH .8
SEA LEVEL
MACH .8 CRUISE
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BY-PASS RATIO vs TEMPERATURE

__-Take-off 90°F
——="" @M=0.2

_-—Cruise M = 0.8

o 2200 ® 36089 1t
E 2000

= Projections
Eg 1800

B

a L0 _

s ¥ @ @ 90O——S——O0-——--T_____ Temperature
§ 200 difference

5 A 7 8 9 10 11 12 13
BYPASS RATIO

RELATIVE ENGINE WEIGHT vs BY PASS-RATIO
1.3

-~ — - —m——" Projection

RELATIVE WEIGHT

5 6 7 8 9 10 11 12 13

3YPASS RATIO

FIGURE A.3.1-6
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A.4,1 TERMINAL CAPITAL COSTS

HOLIDAY (July, 1969) gave figures for an average domestic
flight of 756 miles with an average passenger load of 55.44 passen-
gers, The direct operating cost consisted of+ cockpit crew $273,
fuel and o1l $307, maintenance, overhaul, modifications $444; and
depreciation, rentals, hull insurance $246, The indirect operating
cost comprised: airport expenses $294, inflight service $215; other
aircraft operating costs $85, landing fees $32, selling expense $70,
advertising $68, reservations $63, non-operating expenses $48, and
general and administrative expense $180. The indirect operating
costs total $1055 or amount to $19.05 per passenger for the average
flight.

The third estimate was prepared on the basis of the number of
employees and the number of passengers at some airports on average
days in 1966-67. The data for Denvex-Stapleton airport indicates
that there is an employee at the airport for each- passenger that
boards or disembarks from a plane and has a much higher employee-
to-passenger ratio than any other airport r;aportmg. ’The Kansas
City Municipal airport has the lowest employee-to-passenger ratio.
The New York Hub with the three airports has 29 percent of the pas-
sengers with an employee-to-passenger ratio of 38 percent.

It 1s estimated in this study, using the New York airports as a
representative hub, that 8 percent of the employee-to-passenger
ratio 18 equivalent to the flight crews, pilots, and cabin attendants,
Further, it is estimated that 10 percent out of the ratio can be
considered the concession employees, who are paid from sgurces not

connected with ticket sales, Of the remaining 20 percent out of the
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38 percent, it 1s estimated that ten percent are required to main-
tain and service the facilities regardless of the number of passen-
gers and that ten percent are required to furnish services which are
directly related to the number of passengers handled  Assuming that
the average salary of the employees is $7200 per year (compared with
$7223 for 1966 aircraft and traffic servicing personnel)l for 240
working days, the hourly rate 1s $3.00 or $24.00 per day. With pen-
sions, etc., $25,00 per day was estimated as the cost of eacﬂ
employee., Thus, the cost of passenger service personnel and air-
craft related industr:al employees is estimated at $2.50 and the
cost of air traffic control, customs and airpert maintenance person-~
nel is estimated at $2.50 per passenger enplaned or deplaned at the
New York airport hub when the airports are operating at full average
capacity.

The capital cost of the airport and 1ts termipal facilities are
estimated on the basis of requirement forecasts through 1980 by the

Federal Aviation Agency.
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TABLE A.4.1-1

ESTIMATED PASSENGER AND EMPLOYEE POPULATIONS AT CERTAIN AIRPORIS
ON AVERAGE DAY 1966-1967

Airport

Atlanta
-

Chicago--0'Hare
Denver--~Stapleton
RKansas City Municipal
Los Angeles
Miami
Seattle-~Tacoma
Washington, D.C.~=Nat:ional
New York--Kennedy
New York~-La Guardia

New York--Newark

TOTAL

Three ¥Wew York airports

Employees~to-

Passengers Employees  Passenger Ratio
29, 600 12,‘000M 24, 7%
50,000 16,000 32.0%

5,500 5,500 100.0%

6,700 1,100 16.4%
42,000 33,000 78.5%
22,000 5,000 22,7%
10,000 4,000 40.0%
26,000 13,100 50.4%
46,800 23,000 49.1%
17,200 3,300 19,2%
14,000 3,300 23.6%
269,800 119,300 45,9%
78,000 29,600 38.0%
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A,5.1 ATRPORT AND AIRWAY FIMNANCING

The amount of revenue which could be expected to be generated
over the next several years by imposing a '"user charge" type tax on
domestic commercial jet fuel was not readily available as was the
revenue from the alfernative user charges mentioned, In contrast to
the several yeafé (1970-74) of forecasted data given for the general
aviation fuel tax, the domestic passenger ticket, tax, thégfrelght
waybill tax, and the internmational passenger service charge (see
Table A.5.1-1), only the revenue éﬁpected in the fiscal year 1970
was found for the tax on air ca£r1er turbine fuel (see Table
A,5.1-2),

The obvioug solution is to calculate the needed revenue values
from FAA predictions of fuel consumption for the next decade (see
Table A.5.1-3). Unfortunately, 1t can be seen that the 1970 fore-
case consumption of jet fuel did not correspond to that value cal-
culated. from the estimate of revenue from a l¢/gallon tax for this
same yvear. This was'deflﬁltely not an isolated discrepancy since it
was also discovered that the situation was the same for. general
avla;lon fuel--the predicted fuel consumption data did not check
with the values obtained from the revenue estimates for the next
several years no matter how the data was juggled.

Fortunately, a close correlation between data sources was evi-.
dent 1n the near duplication of corresponding user charge revenues
as estimated for 1970 (see Tables A.5.1-1 and A;5.1-2): Based on
this "confirmation" of Table A,5.1-2 data, the value for the 1970
revenue from a turbine fuel tax was also accepted as correct.

Another useful data correlation was noted when the following
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calculation was made,

Extrapolated aviation gasoline consumption = (1970 avia-
tion gas consumption from Table A.5.1-1 revenue estimate/
Table A.5,1-3 figure for general aviation gas consumption 1in
1970) x Table A.5.1-3 general aviation gas consumption for
year desired,

The results, tabulated in Table A,5.1-4 and shown in Figure A.5.1-1,
confirm the close match between this NASA-WVU projection and plotted
data derived from Table A.5.1-1.

Encouraged by these two data correlating findings, a similar
computation was used to project the 1on? 1970 jet fuel revenue fig-
ure (changed to fuel consumed) into the next decade. This
caleulation was bated on the following ratio-

Extrapolated commercial jet fuel consumed = (1970 air
carrier turbine fuel consumption from Table A 5.1-2 revenue
estimate/Table A.5.1-3 figure for air carrier jet fuel con-

sumption in 1970) x Table A.5.1-3 air carrier jet fuel
consumption for year desired.

TABLE A.5.1-1

REVENUE FORECAST FROM ALTERNATIVE USER CHARGES1
(m2llions of dollars)
User Charge 1970 1971 1972 1973 1974

1¢/gallon general

aviation fuel tax 6.1 6.5 69 7.4 7.8
1% domestic passenger

ticket tax 57.5 63.4 70.0 77.1 84.9
1% freight waybill -

tax 5.8 6.6 7.6 8.8 10.0
$1 international passenger

service charge 19.0 ' 20.9 23,0 25.5 28.0
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TABLE A.5.1-2

1970 FOREGAST REVENUES FROM ALTERNATIVE USER CHARGES
(m1llions of dollars)

User Charge 1970 Revenue

1% air passemnger ticket
tax . 58

1% tax on airfreight
waybills 6

‘le/gallon tax on air
carrier turbine fuel 86

l¢/gallon tax om non-
commerci1al aviatiorn gasoline 6

TABLE A,.5.1-3

FORECAST FUEL CONSUMPEION FOR DOMESTIC CIVIL AVIATION3

(millions of gallons)

JET FUEL AVIATION GASOLINE
Fascal Air General Air General
Year Carrier Aviation Total Carrier Aviation Total
1963 2250 25 2275 635 245 880
1964 2561 36 2597 615 255 870
1965 3058 61 3119 557 277 834
1966 3907 109 4016 464 333 797
1967 4568 129 4697 335 371 706
1968* 5560 150 5710 190 415 605
1969 6840 175 7015 100 440 540
1970% 7470 195 7665 70 470 540
1971% 8010 219 8220 60 500 560
1972% 8620 225 - 3845 60 530 590
1973% 9500 240 9740 50 560 610
1974% 10350 265 10615 40 590 630
1979% 16450 440 16890 30 780 810

*Forecast data, note also that 1963-1967 data partially estimated
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TABLE A.5.1-4

GENERAL AVIATION GAS CONSUMPTION

Table 3 general aviation Calculated value based on
YEAR gas consumption forecast ratio mentioned 1n text
(millions of gallons) (m1llions of gallons)
1970 470 610
1971 500 650
1972 530 690
1973 560 730
1974 590 770
1979 780 1010

TABLE A.J 5. 1-5

ATR CARRIER JET FUEL CONSUMPTION

Table 3 air carrier Calculated walue Estimated revenue
jet fuel consumption based on ratio from
YEAR forecast mentioned in text l¢/gallon tax

(millions of dollars) (millions of dollars) (mirllions of dollars)

1970 7470 8600 86
1971 3010 9200 92
1972 8620 9900 99
1973 9500 10200 109
1974 10350 11900 119
1979 16450 18900 1%9

A-b64



FIGURE A.5.1- 1
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