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Preface

In late May, 1973 thé task of determining and evalua-
ting measures for conserving fuel consumed by ‘the airline
industry was undertaken. This task was a part of the
larger e?fort conducted by the Transportation Systems Center
to -"determine measures that would conserve fuel in all trans-
portation modes. This document identifies some fuel con-
serving measures applicable to airline operations and
presents preliminary evaluations of the efficacy these
measures. -

Participating in the study were personnel from SIMAT,
HELLIESEN & EICHMER, Inc. and Kenﬁron Hawaii, Ltd. Their
respective efforts appear as two separate reports: The
concepts and numeric results of these studies are freely
abstracted and referenced and form the basés for the con-

clusions in this summary document.
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1.0 Introduction

Background. The projected depletion of petroleum sup-

plies toward the end of .the century has forcéd an urgent and
intense scrutiny of ﬁechhiques and measures that would con-
serve fue} consumed in all transportation modes. The airline
sector, expected to grow more rapidly than all other trans-
portation modes, is the subject of this study of fuel con-
serving measures.

The objective of this study was to identify and assess
fuel conserving measures that could be realistically applied
to airline operations. The general criteria for measure

selection and evaluation were:

o the measure would have a minimum impact upén the
natural growth of air travel

o fuel conservation possibilities were at least one
percent of total airline fuel consumption

0 implementation, within constraints of costs, tech-
nology development, airline and public acceptance,
could be realized within fifteen years

0o realistic analytic methods and techniques could be
applied to available data within the time allocated
for the study to permit valid numeric conclusions.

The primary thrust of the study was to obtain a first

estimate of the relative efficacy of the conservation measures

with a view toward focusing the following study efforts.

Measures. Six fuel conservation measures applicable to

airline operations were identified and assessed within the



the framework of this study.

Load Factors Increase
Delay Minimization'
Cruise Speed Reduction
Direct Flight Paths
Flight at Optimum Altitude
Reduction of Ground Fuel Use
An amount of conserved fuel was estimated for each
measure. Considerafions other than fuel conservation were
used in assessing each measure. These include; policies pre-
requisite to implementation; time scale for implementation;
cost benefits; and public accommodation. In the study time
scale it was possible only to frame these considerations for
any succeeding detailed investigation.
- The six measures do not represent an exhaustive list of
possible fuel conserving measures. Other potential measures
include: tfaining flight reduction; maintenance of aerodynamically
clean aircraft; reduction of fuel reserve requirements;
etc. As a first approximation it was felt that these other
measures wouid yield fuel savings of lesser magnitude, were
difficult to implement, possible compromised safety, and/or
were not amenable to reasonable quantification in the study
time frame.
éeneral aviation and military operations were not con-
sidered. General aviation currently consumes a small frac-

tion of the fuel consumed by scheduled air carriers. Fuel



conservation measures, short of a drqstic nature, would have
-small impact upon totai fuel conservation. Future growth
projections for generalaviation are, however, of significant
enough proportions to wafrant closer examination of future
fuel useland conservation policies applicable to this avia-
tion segment. Regulation of military operations in the
interest of fuel consumption should be relatively straight-
forward and would have to be carried out in the different
context of national security.

Contents of this Report. This document summarizes the

fuel conserving possibilities of six measures applicable to
airline operations and documented iﬁ references 1, 2, and 3.
The succeeding section summarizés the findings of fhe study
and is organized as to fuel conseréing possibilities, imple-
mentation policy and schedule, and cost of fmplementation.
The next section summarizes, in more detail, the investigation
into each fuel conserving measure. The last éection suggests
the general directions of a further study effort.

The attached appendix contains some key assumptions and
analyses used in this study. Also listed in the appendix
are some of the study limitations and bounds imposed by the

limited time available; in a measure,these bounds form the

bases .for the suggested further study efforts.



2.0 * Summary

2.1 Fuel Conservation Concepts

Load Factor Increase: Increasing the number of passengers

'

per flight will permit 'reduction in total aircraft miles flown
while serving approéim&tely the same demand. Reducing the
number of flights will conserve fuel.

Delay Reduction: Terminal congestion results in fuel

consuming delay. Reducing the delay will conserve fuel.

Cruise Speed Reduction: For given aircraft character-

-istics there exists a cruise speed at which minimum fuel is
consumed. Aircraft tend to cruise at higher speeds; reducing

the cruise speed will conserve fuel.

Dinect Routing: The current flight-route structures
requires, in general, a zig-zag or non-direct route to be
flown between origin and destination. Direct routing would
reduce the range between origin and destinétion. Range
reduction implies less time-of-flight with a consequent fuel
savings.

Optimum ALtitude Cruise: For given aircraft character-
istics there exists an altitude at which minimum fuel is
consumed. Current air traffic control procedures restrict
aircraft to altitude intervals. Reducing the altitude intervals
and permitting optimum altitude bracketing would conserve
fuel.

Ground Fuel Consumpiion: Currently aircraft use all
av;ilable engines while taxiing over the airport surface.

Turning off some engines during arrival taxiing would conserve fuel.

2,2 " Current and Projected Conditions

In 1970 the air carrier fleet flew 135 billion passengers
4



miles and consumed 8.9 billion gallons of fuel against a
consumptioﬁ of 113.2 billion gallons of fuel in all transport-
ation modes.4 The air“carrier fuel consumptipn gnd the pas-
senger miles are projected to grow at an annual 8.6% rate
while all trénsportation fuel is projected at a 3.96% annual
rate. Table 1 lists the projections for passenger miles

and fuel consumption in selected years.

Table 1

Trends of Transportation

© 1970 1974 1979 1990
Passenger Miles 135 , 187.8 283.6 702.9
(Billions)
Air Carrier Fuel 8.9 12.4 18.7 46.3
(Billions of gallons)
Transportation Fuel 113.2 132.2. 160.6 246.1

(Billions of gallons) !

If no fuel conserving measures were instituted, then
it is assumed that the six concepts over the selected years
would be operative in the fashion indicated in Table 2a. These
listed conditions may be at variance with current or projected
operations; however they serve the purpose of a baseline
against which the relative effectiveness of fuel conserving
measures may be evaluated. The constancy of delay magnitudes
through 1979, even with the recognized increases in opera-
tions, assumes that the effects of the upgraded third genera-
tion air traffic control system are intéoduced evenly over

these years.
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The fuel.conserving measures are anticipated to result
in the changed conditions listed in table 2b. The delay
reduction measure is strongly sensitive to the number of
operations which in tufn'is affected by the’loéd factor in-
crease., If 23,000,000 operations were projected for 1995,
an increase of load factor to 75% would result in a reduction
of the number of operations to about 15,000,000 operations.
Thus increasing the load factor automatically results in delay

reduction benefit.

2.3 ' Fuel Conservation

The amount of fuel that may be conserved by these

measures is shown in table 3. Tab}e 3 shows the fuel con-
servation possibilities where Fhe impact of load factor in-
crease has not been factored into the delay reduction measure.
Thus one may evaluate institution‘of all méasures where the
load factor increase measure is excluded. ;

The load factor increase measure results in considerably
more fuel conservation than the combination éf all other measures
(table 4). The fuel conservation possibilities are based
on a 2% average passenger rejection rate and on the assumption
that the standard deviation of demand may be reduced to
0.28 of the mean. If a 5% average rejection rate were tol-"
erable in 1990, then the amount of fuel consumed would be
about 24,000,000,000 gallons or 9.8% of the total transporta-
tion fuel,

The major detriments to implementing the load factor

increase measures are: tendency to increase passenger rejection
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rate and distortion of the competitive aspects of the airline
industry...If the load factor increase measure were

not implemented, then the amount of fuel conserved by imple-
menting all other measures would be as shown in table 5.

The fuel conserving values listed in tables for 1990
differ ffom those shown in table 4. This reflects the fact
that a load factor increase reduces the number of operations
and consequently the effect of delay upon fuel consumption.
Table 5 assumes methods other than load facto£ increase

aré_employed to reduce the effect of delay.

11



2.4 TImplementation Policy and Schedule. Costs.

Three groups may be isolated as instrumental, in a primary groups
sense, in determining and implementing policies necessary for in-
stitution of the fuel conserving measures. These grbupé, or sources
of interest and concern; afé: airline industry, government, and the
public.

Costs. The desirability of instituting any measure will be
directly affected by the cost benefit or disbenefit associated with

~ the measure. Since all the measures reduce fuel consumption, then

""the airline industry will realize some savings due to reduced fuel
usage. For some measures the airline industry would have to make
outlays for additional equipment and crews vhich reduces the net cost

'
benefit of the measure (Table 6).
Increasing the load factor should result in benefits beyond

conserved fuel costs as a result of reduétion in opérating costs such
as aircraft maintenance, number of flight crews, etz. The direct
routing measure will require airline outlays for area navigation equip-
ment purchase and maintenance which reduces thé net c&st benefit of
this measure. Speed reduction would result in an increase in flight
time costs that may offset the cost savings due to reduced fuel usage.
The optimum altitude flight and taxi fuel reduction measures require
no airline industry outlays and.approximately the total conserved fuel
costs are realized as a net benefit.

The reduction of aircraft delay via institution of the load factor
increase measure results in a further cost benefit for the airline in-
dustry. The magnitude of delay cost disbenefits projected into the 1990
time frame are significant. Reducing this delay via institution of a

delay reduction measure would result in a cost benefit in excess of
12
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$1,000,000,000. in the 1990 time frame. (Table 6)
For each of the measures there would be some outlay of government

dollars. For the load factor increase, delay reduction via load factor

'
+

increase, and the speed ;eduction measures, the government costs would
be those neceséary to support government personnel involvedin establishing
and monitoring policy. For the optimum altitude and £axi fuel reduction
measures the government costs would increase to include training of air
traffic control (ATC) personnel and possible addiﬁion to the ATC force.
The direct routing measure would require formai.governnﬁnt programs to
devise, test, and implement an ATC system using area navigation equip-
ment. If the load factor increase measure is not implemented, then an
extensive government program would be rquired to insure delay reduction
in the 1990 time frame. The costs associated with this program would be
typical of those associated with major FAA programs.

Table 6 summarizes the costs benefits. The aifline cost data was
culled from CAB airline financial reports and no exgaustive financial
analysis was.conducted. The cost ﬁumbers are presented as a first order
approximation and serve only to be indicative of cost trends. No cost
&alues are assigned to government programs or to passenger benefits;
these cost beﬁéfits will be analyzed in a further study.

Airline Agreement. The airline industry, it may safely be assumed,

will very likely agree to implement those measures that result in profit
increase (table 7). The likelihood of implementation by the airlines
will increase in direct proportion to the profit increase. Thus, in-
stitution of the load factor increase meaéufe, with a consequent large
profit enhancement, would very likely be agreed.upon by the airline in-
dustry. The cruise speed reduction measure may not result in a net cost

benefit to the airline industry; thus the airline industry may not be too

14




Measure Airline Agreement Government Public Accommodation Initial Implementaticon

Action (1) Date
Likelihood Type Type Intensity
Load Factor Very likely Multilateral Monitor (@) Some Passengers Rejected Potentially Severe 1974
Increase (v) Noise, Pollution Abatement High Benefit
Delay Re- (2) 2\> 2\> Monitor . (v) Passenger Delay Reduction Mild 1974
duction ’
Cruise Speed Questionable Unilateral Regulation (a) Passenger Delay Increase Negligible 1974
Reduction B
Direct Likely Unilateral Government (b) Passenger Delay Reduction Negligible . 1979
Routing Program
Optimum Alti- Likely Unilateral Government ———————— -- ——m—e——— . 1975
tude Cruise o Program -~ .
Taxi Fuel Likely Unilateral Moni.tor C e w——e  emea- - 197k
Reduction
(1) (@) = disbenefit, (b) = benefit (2) Includes effect of Load Factor Increase

Airline Fuel Conservation Measures:
Implementation Alternatives and Schedule

Table 7

{4



eager to agree fo implementation of this measure.

These measures would in all probability be unilaterally implemented
by individual air carriers unless such implementation results in deteri-
oration of a competitive pésthre. The load factor incfease measure is
a potential ihstance of the latter type of measure. Where this occurs,
tﬁen multilateral agreements supervised by the airline industry with

monitoring would have to be initiated.

Government Role. The government role will extend from the relatively

passive one of monitoring airline agreements to full scale research,
development, and test programs. For classification purposes the roles
may be described as:
e Monitoring - encouraging and monitoring airline
agreements.
© Regulation - establishing regulatory policy, altering tax
and fare structures, maintaining‘public saféguards, policing
and enforcing penalties. f

o Government Program - instituting research, development, and test

programs 3 supply of ATC personnel to operate and maintain facilities.
It is anticipated that the government will act in a monitoring role
for the load factor increase and taxi fuel reduction measures while the
cruise speed reduction measure would require government regulation (table 7).
The direct routing and optimum altitude cruise measures would require
government programs. If the load factor increase measure is not im-
plemented, then an extensive government program would be required to

reduce delay significantly.

15



Public Accommodation. The public is affected in at least three

ways: inability to obtain seats, time of flight effects, and community
disaccommodation.

Increasing the load féctbr increases the probagili£y that a certain
percent of the public desiring to fly will not be able to obtain seats
at a desired time Oé.f. sec. 3.1). |

Those measures that alter nominal flight times result in benefiting
or disbenefiting the passenger. Two of the measures - delay reduction
and direct routing - decrease time and result in a passenger benefit
while the speed reduction measure increases passenger time with a re-
sulting passenger disbenefit. However, the amount of time increase or
reduction per passenger is relatively smgll and in all probability is
neither a benefit nor disbenefit.

Increasing load factor will reduce air pollution and noise in

proportion to the decrease in flight operations. The reduction in

1
’

operations will mitigate the press for elaborate airport construction
and expansion with a consequent trend to local community benefit.

Table 7 summarizes the policy implementation considerations.

Schedule. All of the measures with the possible exception of the
direct routing measure could be implemented by 1975. The planning and
equipping of aircraft to realize the direct routing measure is currently
underway and could be realized by 1979. If the load factor increase
measure is not implemented, then the time period for implementing a

significant delay reduction measure could be in the late 1980's.

v

16



3.0 Measures Discussion

3.1 Load Factor Increase

Concept

The air carrier fleet, accounting for over 86%’of %he fuel consumed
by civilian aircraft, oferates at less than full capacity. Currently,
on an national average, about one half of the seats'flown are occupied
by passengers i.e., the average load factor is about fifty percent (50%).
If a number of flights were eliminated, then, assumning the same amount
of passengers desiring to fly, the occupancy rate or load factor would

"rise. Eliminating a number of flights would conserve fuel.

Elimination of flights would tend to increase the number of pass-
engers who will not obtain seats, i.e., the rejection rate will increase.
Thus, selection of load factor must be balanced by considerations of

feasible rejection rates.

Fuel Consumpmtion and Conservation

'

The fuel conserving effect of the load factor;increase measure
can be quite significant. If the load factor could be increased to
about 90%, then as much as 8.5% of the total transpo?tation fuel, or
21 billion gallons, would be conserved in 1990.

The fuel ‘conserving effect of the load factor increase measure be-
comes more pronounced as the demand for air travel increases. As an
example, for an increase in ioad factor from 60% to 70% the fuel savings
will increase by 5.5 billion gallons in 1974 and by 1.4 billion gallons
in 1974 (figure l). An appropriate strategy would, therefore, increase
the load factor as the demand increases to realize fuel conservation as
fuel supplies tend toward depletion. Figure 1 §hows the possible fuel
savings as the load factor increases in selected years and figure 2 shows

this fuel conservation as a ratio to total transportation fuel consumption.

17
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A limiting factor to increasing the load factor is the tendency
to increase the passenger rejection rate. , The demand, or the number
of people desiring to fly, would have a probability characteristic.

Assuming this demand to be'chéracterized by a normai probability density
function with mean, m, and a standard deviation, .< , then the rejection
rates will be as plotted in Figure 3. |

If a 2% average rejection rate is permissible, then about a
65% load factor may be realized if the demand distribution were
characterized by v"= 0.4 of the mean. The standard deviation is
determined by behavior of air travelers. It is possible to modify
traveler behavior by fare incentives, educational campaigns, etc., SO
as to reduce the standard deviation of t?e demand. Thus, it would
appear feasible to increase the loaq factor by some percentgge points
without raising-the rejection rate. Table 8 lists some possible
standard deviation reductions and the résulting loéd factor increases.
If a 2% average rejection rate is tolerable, then éhe fuel savings of

table 8a may be assumed to be appropriate conservation levels.

Implementation Policy and Schedule

Markets with jet frequencies of 3/day or more account for more
than 50% of the fuel consumed by domestic air carriers. In these
markets the air carriers would be encouraged to unilaterally alter
schedules to realize the higher load factors. Where these unilateral
moves, if not simultaneously carried out by all carriers, operate to
the detriment of a carrier, then multilateral agreements would be
encouraged. In the event that the carriers cannot agree, a joint DOT,
CAB committee would determine a flight reduction policy for the carriers.

No matter how the agreement is reached in these markets the affected
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Standard Load Percent of Total Trans-

Year Deviation Factor portation Fuel Conserved
1974 ©0hm 65% . 2.k
1979 0.3m 70 36
1990 0.28m | o 75% 6.7

(@ 2% Rejection Rate on the Average)

1

Possible Airline Fuel Conservation

Table 8a
Standard Load Percent of Total Trans-
Year Deviation Factor portation Fuel Conserved
197k 0.4 m 73% 3.1
1979 0.33m 78% 4.5
1990 0.27m 83% 7.9

(@ 5%. Rejection Rate on the Average)

Possible Airline Fuel Conservation

Table 8b
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carriers will not be permitted to transfer the excess capacity
generated into the low frequency markets. |, . o
Reducing the number of fl{ghts in low frequency markets -

|
’

two/day or less - would, iﬁ.a'number of cases, seriéusly disaccommo- |
date the public in these markets. Two possible approaches to in-
creasing the load factor in these markets would be:‘alteration of
aircraft type serving these markets and linking of these markets in |
a multistop network.
The initial approach to low frequency markets would freeze
the capacity in these markets until a fuel conservation policy
could be established. On a national, statistical basis a 65% load
factor would be reached in 1974 where th? 1970 load factor is 50%
and the demand for air travel grows at a rate of 8.6% per year.
Thus, it would appear that the load factors in table 8a for the national
air carrier fleet could be realized in éhe indicatéd years.
If first class seats are removed, it is possiﬂle +to obtain a
4.5% increase in seating capacity without increasing the number of
flights. This tactic, first class seat removal, may be used as a
buffer to the incremental batch nature of airline production increases.
That is, an increasing demand may be met, to an extent, by first class
seat removal while maintaining the same load factor.
Costs
Disbenefits. These disbenefits could be principally realized in:
(l) Increase in passenger travel in off hours with con-
sequent increase in passeﬁgef éxpense |

(2) Non-recurring costs associated with airline scheduling

activity
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Benefits. These benefits could be principally realized
by the airline industry in the net reduction of flying

operations (table 9)

Approximate impact of 15% reduction in truck airline activity

($ in millions): Table 9
! Year Ended¥ Adjusted for
9/30/72 Capacity Reduction

Revenues $ 7,329 $ 7,329
Flying Operations (3,031) (2,576)
General & Administrative (321833 (3,183)
Depreciation & Amortization 697 (697)
Operating Profit L7 873

Non-Operating Expenses (156) (156)
201

Profit Before Taxes 717

*CAB, Air Carrier Financial Statistics for Year Ending 9/30/73

t

Barriers to Implementation

e The public will be disaccommodatgd to the extent {that the
rejection rate is intolerable. !

o A major competitive instrument within the airline industry
will be modified and regulated.

o Adverse impact upon employment within the airline and aero-

space industry.
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3.2 Delay Reduction

Concept

When the number of operations at an aifpoft approach
the capacity of the éiréort system, then individual aircraft
will be delayed. This delay may take the form of holding
patterns for the arrivals and a queue of departing aircraft
at the runway threshold. Durihg the delay, the engines
are consuming fuel. If the amount of delay could be reduced,

then a proportionate amount of fuel would be conserved.

Fuel Consumption and Conservation

The average delay, and consequently fuel consumption is
magnified as the operations increaée at an airport with a
given capacity (fig. 4). By pfojecting from currént and
predicted levels of demand and capacity at 23 major hubs it
is possible to predict the national air cagrier fuel consump-
tion due to delay. Table 10, which depicts this, incorporates
the capacity increase in 1984 when the upgraded third generation
air traffic control system (U3GATC) will be implemented.

Reduction of delay can be accomplished by:

1. Increasing the capacity of the national
airport system

2. Reducing the demand or number of operations

3. Imposing a firm position/time scheduling
upon the aircraft.

The capacity of the national airport-system can be increased
by improvements in air traffic control and/or addition of

runway systems. The U3GATC is and will be an improved air
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traffic control system. Programs of this magnitude are costly
and can require a cycle of study, development, test, and
implementation of more thaﬁ ten years. If improvements upon
U3GATC are projected farbl995, that (1) reduces the arrival
separation to 2nm; (2) decreases the interarrival time in-
accuracy to 5 seconds; and, (3) extends the level of auto-
mation, then it is possible to realize a reduction in fuel
consumption due to delay from 4,905,000,000 to 2,580,000,000
gallons.

Improving the national runway system requires overcoming
strong community and environmental objections and is faced with
real estate limitations. Some improvements are contemplated
and should be realized by 1984, The effects of possible runway
improvements and the U3GATC system are reflected in table 10.

Reducing the number of operations wouid reduce the demand
and consequently the delay. An effective iethod for reducing
the number of operations is ﬁo increase the load factor as
discussed in section 3.1. The resulting reduction in delay
and fuel consumption is shown in table 11.

Imposiﬁg a firm position/time scheduling upon all air-
craft using the system would result in average delay reductions
to the arrival and departure time uncertainties. Assuming
implementation by 1995 and further assuming the three sigma
value of 15 seconds then the fuel consumption would be of
the magnitude shown in table 12. The possible reduction in
1995 as a result of implementing U3GATC, load factor increase,

and position time control are summarized in table 13.
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Implementation Policy and Schedule

A feasible program for reducing delay would consist of

the events and assoc1ated schedullng shown in table 14.

The following comments applj to the events of table 14:

o Implementing load factor increases would require

" Costs

the agreements and regulations discussed in Section
3.1.

The U3GATC system is currently under development and

installation and no further policy action is required.

Implementing a firm position/time scheduling requires
establishing a DOT-FAA program. The program would be
similar in nature to other FAA programs and would
require exercising standard, FAA procedures to establish
the program. The program could be adapted to such
current programs as Airport Ground TrafficIControl,
Advanced Air Traffic Management, Area Navigation, ARTS,
Central Flow Control, etc. '

Implementing improved or new runways in the form of
airport expansion or new airport construction would
require federal assistance to local and regional
authorities. This assistance might be rendered

not only through the current grants program but also
throﬁgh legislation that would minimize community
override capability. Operating rules and guidelines

would have to be agreed upon between DOT and EPA,.

‘Disbenefits. Since the U3GATC system and runway improve-

ments are currently being developed, they are not a cost

disbenefit resulting from delay reduction.

32



S661
86T
86T
PL6T

aInpayos

aTnpsyos uorzezuswatdur

¥T ST9el

I030®vg PROT %GL
pue butTnpayos
wITg JuswoTdwy

I030e,J DPrOTI
%0 L 3usweTdur

(auswdoTaasp

Japun ATzusxan)d)
sKemuny saoxdurl

oL¥9EN FuswaTdur

x030e, ] proTl
$69 JuswaTdur

JusaAd

33



Increasing the load factor results in disbenefits as
increase in passenger expense and the costs for airline
rescheduling (Section 3.1). .

The costs of impleﬁenting a firm position/time scheduling
will be borne by the airline operator and the FAA.
Assuming area navigation or similar equipment and a
relatively high level of automation onboard the aircraft
in 1995, then a relatively inexpensive onboard addition
should permit position/time implementation. For the FAA,
with extensive ground computation facilities existing

by 1995, the major costs should be the non-recurring costs
associated with software deveiopment.

Benefits. The major costs benefits will be reaped by

the airline operator as the average delay is decreased.
For the airline operator, assuming a cost of $6/minute
for fiying operations, the cost savings.will be as
listed in table 15. The additional savings to the

airlines in reduced manpower and equipment are not shown.

Barriers to Implementation

© Outlay of costs for government programs.

e Barriers applicable to Load Factor increase.
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3.3 Cruise Speed Reduction
Concept |

Aircraft cruise at speeds which are coﬁprbmises between
aircraft flight and'haﬁaling characteristics and aircraft
operating costs. The nominal cruise speeds are set above
the minimum fuel consumption speed (fig. 5). Fuel would be
conserved by reducing the cruise speed to a point closer to

the minimum fuel consumption point.

" Fuel Consumption and Conservation

The change in fuel consumption as speed is varied is a
function of aircraft type, gross weight, and altitude of
operation. Fig. 6 shows the percentage reduction in fuel
consumption for three different aircraft types at various
gross weights. For a speed reduc£ion of 0;02 Mach ,approximately
1.8% of the total fuel consumed by air car;iers would be

c onserved (table 16). At a speed reduction of 0.04 Mach,

a fuel savings of about 2.2% is realized.

Implementation Policy and Schedule

The me;sure could be implemented by the air carriers on
a unilateral basis. Since the desire to fly at higher speeds
is dictated by the relative costs of fuel to other flying
expenses, then an increase in fuel tax might be implemented

if the airlines do not agree.

Costs

- Disbenefits. As the speed is reduced the time of flight
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is increased and consequently the flight operations

cost is increased. For a giveﬂ aircraft, the cruise speed
is a compromise of the costs between fuel:.and other

flying costs (fig. 7). Thus, where the current cruise
speed is set at a minimum, then a speed reduction will

1

increase the costs.

Tncreasing flight times will require the airlines to
add more flight crews. Some non-recurring costs will

result from the necessary rescheduling.

" Benefits. Savings in fuel costs to airline industry

Barrier to Implementation

@ Increased operating costs to airlines
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3.4 pirect Routing
Concepts ‘

Aircraft of the air carrier fleet generally navigate along
prescribed directiqps éo‘ground based radio navigation stations,
i.e. -VOR stations. The siting of these stations are such that
an aircraft may fly a zig-zag or non-direct route from origin
to destination. If the flights paths could be made direct,
then the distance traveled would be shortened between origin
and dcstination with a conseguent fueissaving.

A feasible technigue currently receiving considerablic
attention employs the concept éf arca navigation. In this
concept an onboard sensing and corjputation system operates
upon: radio signals from ground. based systems to compute such
pareneters as current aircraft po;ition. Muxther onbhoard
computations permit the aircraft to navigate along a direct
route. .

Fuel Consumption and Conscrvation

Examination of the route structures between a number city
pairs shows about an average of 2% range reduction from current

non~direct fouting to direct routing (Table 17).

Implerientation Policv and Scledule:-

The concept and useage of area navigation bhas been studied

for some years and a number of active efforts are underwvay.
Participating in these study, development, and test efforts
are the FAA, DOT, tle airline industry, equipment manufacturers,

and aircraft manufacturers. The central problems in implement-

ing this concept are:
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0 Laying out direct routes between city pairs
(FAA, airlines)

'

0 Establishing the accuracy requirements of ground
based and airkorned equipment. Establishing the
nature of the ground based equipment., e.g. Loran,
VOR/DME, DVOR/DME (FAA)

o Logistics for the airborne systems to be borne by
airlines.

The probability of implementing area navigation opera-
tions in future years, even without fuel conservation consi-
derations, is high. Some programs underway point to imple~-
mentation by 1977. Thus, it appears that the regqulatory
mechanism to implement area navigation is available. Some
objections in the face of equipment costs may be posed by
the airline industry. Alteration of fare structure or govern-
ment subsidy may be a proper response to thﬁs cbiection.
Necessary government funding to construct the routes, develop
and install ground based systems, and to pro&ide appropriate
operating personnel would have to be available.

Currenf.programs, if properly funded and manned, could
result in implementation by 1977.

Costs
Disbenefits. The costs of onboard area navigation eguip-

ment ranges from about $2,000 to' $150,000 per unit. Assuming

an average cost of $40,000 per unit and a fleet of 2500
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aircraft, then the cost to the airline industry would be
$100,000,000. Assumipg this sum amortized over 10 years
and further assuming $10,000,000/yr for maintenance and
spares, then the annual costs would be on the order of
$20,000,000.

The costs to DOT for ground site construction, improvement,
operation and maintenance, etc., will be considerable and

is not estimated here.

Benefits. A major benefit to the airlines will be in

fuel savings. Because of the net range reduction the
net flying time will be decreased resulting in reduction
of costs associated with flight operations. 'Assuming

a total effect of 2% reductién. then ;he costs savings
will be on the order of $42,000,000/yéar. For the
airlines there could be a net cost benefit of about

$20,000,000,

Barriers to Implementation

w*

Initial cost outlay for equipment.
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3,5 Optimum Altitude Cruisc

Concepts . _ .

For -a given aircraft weight and speed therc exists an

altitude at which the fuel consumption is é minimum (fig 8).
From.an encrgy of éonéervation standpoint the aircraft's al-
titude would continuously be altered to conform with minimum
fuel expenditure. &t high altitude flight levels aircraft
are constrained by Rir Traffic Control (ATC) standarxds to
4000 foot intervals and transition betWCCﬁ intervals after

receiving ATC permission.

Fuel Consumption and Conservation

The penalty for flying ofﬁoogtimum altitude is exhibited
in fig 9. Yor all three types of aircraft the pepalty is
approximately 1% for alway flying 2000 £t and is approximately
3% for wmlways flying 4000 £t off;optimum éltitude. |

With flight intervals of 4000 ft the gircraft may fly so
as to bracket the optimum altitude. Thisiwould result in an
average off-optimum altitude excursion of 2000 ft and a conse-
quent savings of 2% of fuel consumed during high altitude cruise
flown at 4000 ft off=-optimum. .

If the flight intervals are reduced to 2000 ft and if the
optimum altitude is bracketed, then the fuel consumed is fur-
ther reduced to about 0.5% of the high aléitudc cruise fuel
consumption. |

In the current mode of operaﬁiﬁg at high altitude cruise
levels pilots will request and freqﬁéntly receive

permission to fly at a desired altitude. Assuming a

o
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frequency of requests granted at 80%, flight intervals of
4000 ft, optimum altitude bracketing, then about 1.6% of the
nominal high altitu@e érﬁise fuel consumptisn Qill be used
in flying off optimum altitude.

Instituting 2000 ft altitude intervals with an 80% per-
mission granted frequency and optimum altitude bracketing,
then the fuel consumed as a result of off optimum altitude
‘£flight would be reduced to % of total aircraft fuel.

Tables 18, 19 reflect these savings.

Inplementation Policv and Schedule

Since this measure should @ork to the benefit‘of the air
carrier little difficulty should Se encountéred in securing
unilaterial airline coopazration. The major.procedural change
should occur at enroute air tfaffic control centers operated
by the FAA. Any applicable procedures to implement this
measure cou;d become part of FAA operating rules.

The poiicy may be implemented in 1975.

Costs
Disbenefits. One disbenefit may result from the addition

of air traffic control personnel.to handle an additionai

work load. However, the levels of automation currently

being built into enroute traffic control centers could
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possibly accommodate any additional attention required

by the centers without personnel addition.,

Benefits. The major cost benefit will be a reduction in

fuel costs in airline operations.
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Barriers to Implcmentation

«As operations increase in future ycars the assignment
of appropriate altitudes may be more difficult to realize.

.«Controller workload at centers may increase.
[Extended automation may minimize the effects of increased

operations and workloads. DPrograms might have to initia-
ted to insure proper automation.]



3.6 Reduced Ground Fuel Consumption

Concepts . ' '

An aircraft norﬁé;ly operates with all engines while moving
over the airport surface. In addition the engines are
normally on when the aircraft is in a waiting queuve. Since
movement over the airport surface is done at low speeds, it
would be possible to shut down scme engines during this
surface movement and burnrless fuel. :It appears that
.partial shutdown for arriving aircraft only is feasible as
an immediate measure.

The major surface gueue is usually formed at the runway
threshold by deparing aircraft; If these departiﬂg aircraft
could be kept at the gate with engines off:until the

gqueue becomes reasonably small, then fuel would be consexrved,

Fuel Consumnption and Conservation

The fuel conserved during arrival taxiing with two en-
gines of four and one engine of three off is approximately
67,000,000 gallons per year which represents approximately
0.75% of the total air carrier fuel consumed (Table 20).

The amount of fuel concerved by minimizing the queue has
essentially been discussed as part  of delay fuel minimization

measure,
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Implementation Policy and Schedule

Unilateral airline cooperation should be relatively easy
to obtain to implement partial engine shutdéwn'for arrival
taxiing. The poliéy céuld be incorporated into airline

opexating procedures.

The measure could ke instituted in 1974.

Costs
Disbenefitg., Virtually no disbenefits.
Benefits. The major cost benefit will be a reduction

of fuel costs in airline operations.

Barrierg to Implementation

The formation of arrival gueues on the surface could
suggest an all engine on situation. Arrival queues would
form where gate availability is a problem which would require

more gates or improved gate scheduling.
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4.8 Further Study

The objective of the study was to identify and assess fuel conserving
measures applicable to air transportation. It was realized that within the
approximate month and'a'half study period that an exhaustive
evaluation would be difficult. The major thrust of the study, therefore,
was to frame a basis for a further definitive study and evaluation that
would result in meaningful, defensible policy.

It is felt that a future effort should basically have a threefold
direction: (1) further detailing, confirmation, and expansion of the
numeric results and implementation policy, (2) expansion of the study
to include other affected segments of the air transportation industry,
and (3) impacts of the air transportatioﬁ fuel conservation measures upon
other transportation modes. The nature and structure of éhese tasks are
outlined below.

Task I. Expansion of the Analysis, Evaluation, and Feasibility of

Each of the Measures and Others of Interest,
1.0 Ideﬁtify and classify all conservation measures.
2.0 Structure each measure into the following format.

2,1 Fuel Consumption and Conservation. Fox each measuwne quantify
the amount of fuel consdumed aperating in the applicable mode
and the amount of fuel conserved by the measure implLementation.
Quantify forn the yeans 1974, 1979, and 1990

2,2 Equipment, Identdify Zypes of airborne and groundbased equip-
ment necedsarny fon measuwre bnp{im'mtaaon. Tdentify the Lime
dcale for any development efforts and Likely non-recwuing and

hecwuding codis,
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2.3 Operational Requirement. Identify and descndibe modifications
and additions to ainline tand ain traffic contnol operations
necessay %o Zﬁpzemé;zz measuire,

2.4 Development E’rog‘ral;\s. Tdentify type and scope of government
Ap(;néoned neseanch, development, and test programs necesdasuy
‘Lo amplement measure. Attach a cost value Zo program,

2,5 Implementation Policy and Schedule. Descnibe the boﬁoﬁ% and
regulotions prerequisite to LmplLementation, Esztablish indices
of meit forn evaluation and moniton of measune implLementation,
Outline tax and fare policies that would enhance measure appli-
cation, Establish a Zime scale for the sequence of actions
Leading to impLementation of the measure.

2,6 Cost Benefits, Establish a fonmmat fon detenming-cost benefits.
This should include costs associated with ainkine openrations
and goversment proghams. Detenmine method for nealistically
assessing costs to public.

2,7 Irﬁpact. Detenmine positive and advernse features associated with
measure impLementation., Detenmine and measure the intensity
0f the advantages and disadvantages to implemetation.

3.0 Load'i'*‘actor Increase Measure., The Load facton increase measure
occupies a special position because: fuel saving potential appears
Zo be gneaten than all the othen measunes combined and it af fecte
the amount of fuel conserved by the other measurnes. Thus in addi-
tion to the items of Task 1.2.0 special attention should be {ocused
on:

3.1 Rejection Rate, Detewmine the statistical charactenristics of the

demand curve. Determine method fon confirming statistical panra-
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metens from measured on exisiing data. Detenmine how the 8tandard
deviation may be changed. EstabLish a permissible nejection nate
and document ch&;&e.

3.2 Low Frequency Ma'rkt‘at:s. Anatyze Low 5)Le,quehcg mankets. . Establish
a éoad facton increase measwre in Low frequency markets that
"accommodates the public, nesults in fuel savings, and is accep-
tabRe to the airnline industwy.

3.3 Competition. Anafyze the effect of a Load factor increase measure
upon the competitive nature of the airbine Lindustry.

4,0 General

4.1 Demand., Establish and docgment demand projections for the 1974,
1979, and 1990 time frames. EstablLish high, medium, and Low
values fon the given yeans,

4.2 Alrcraft Mix, Estabfish tecwmique foxr 5_ac,tom£ng alrcrafl mix
dnto each fuel conservation measure, Estimaie aincraft mixes
fon the yeans 1974, 1979, and 1990.

4,3 Tax and Fare Structure. E6£ablish demand gunction
cunves fon tax and fare stnuctunes. Detenmine effect upon demand,
Establish method for factoning in tax and fane structwie considesr~

. thonA into measuwre {implLementation.,
Task II. Fuel Conservation Policies for Other Affected Segments., '
1.0 General Aviatien, Military.

1.1 Demand. Establish format fon demand Levels and numeric values
gon demand Levels 4in 1974, 1979, and 1990.

1.2 Fuel Conservation Measures, Eétath formatl forn measure evalua-
tion similan to that of section 1.2.0. Determine and assess

fuel conserving measunes.
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2,0 Ot:her‘Segment:s. Evaluate {mpacts of fuel consenving measures upon
othen groups on segments of intenesi and concern. These include:
aircraqt industny, Labon, petroleum indusing, fonedign nations, ete.

Task III, Intermodal Efffec't_:s; s

The fuel cons uwllng measwres WLl nesult in neduced BTU/passengen~mile
consumption in airnline operations, The consumpiion Ioﬁ fuel should be com-
pared with those in other Ltransporiation modes. The comparison should be
nelated to : fuel consumption, probability of implLementation, cost benedits,
Ampact upon gross national product, impact upon envinonmment, ete. The
aduis eabi ity of proportioning passenger fLlow into one Transportaion mode
on anothen should be detemined. Tax and fare stnuctwres Lo realize these
mode distnibutions should be examined. The effectiveness and nole of
Legislation should be assessed,

The study, extending to the yearn 2000, should facton in transportation
developments that appean Lo be 5eazsib£e.‘ These inc,iude developments 4in
mass Lhansportation, engine developments, new veh,éeiﬁc concepts, and fuel

souwnces othen than petrnoleunm,
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APPENDIX A

1.0 Introduction

The referenced'gocﬁménts contain, in genefal, the
assumptions and rationales that led to both the numeric
conclusions and implementation policy. It is felt that
these are sufficiently detailed to permit critical review of
the conclusions presented in this summary document. Two
relatively important considerations are presented in this
appendix: rejection rate computation and magnitude of delay
computation. These considerations are isolated because they:
(1) deal with measures which can ostensively result
in large fuel savings (load factor increase and delay
reduction) and (2) are not usually_encountered in the 1iterature.

The referenced documents also contain ﬁhe bounds or
limitations to the study for each measure. As is usually
the case with such bounds, they are, essentially, implicitly
stated. This appendix briefly discusses these limitations and
bounds. The suggestions for further study (section 4.0) are
intended to extend these bounds.

Added to this appendix is a sub-appendix - appendix A-1l.
This sub-appendix discusses the concepts of airport capacity

and delay.
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2.0 Passencer Reiection Rate as a Function of Load Factor

Introduction, ) N

Increasing' the léad factor is a relatively simple and effective
measure to conserve air.transportation fuel. Howevér, increasing the
load factor on a given flight tends to increase the number of potentiai
passengers that will not be able to board that flight. That is, as the
load factor increases, the rejection rate increases. The underlying
assumption leading to this phenomenom is the probabilistic nature of ghe
demand for flight,

Probabilistic Concepts,

Assume that the demand, i.e., passengers requesting seats, is nor—-

mally distributed (figure 1) with a mean, m, and a standard deviation, ¥,

+

The probability density function is

o x ~ mzz ; '
et 2ulm

Viiks

1. f(x) .=

The average number of people who will be accommodated, i.e., will fiy,
may be exprcsge& as (ref 5)

(Probability Plane

2. Fav = Fully Loaded)

% Seating Capacity

+ (Pfobability Plane « (Average Number of Passen-
Not Fully Loaded) ° gers When Not Fully Loaded)

More’succincty,-the average number that fly may be cipressed as the

expectation function

3. Fev® E[ g(x), £(x) ]



Sl=a =~ -T - -;$

Normal Probability Density Function

Figure A-1 .
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.Il'
vhere g(x) describes the number of passengers accepted,

]

The load factor is simply the average number of passengers who fly ratioed

to the seating capacity:

F
av

4) L =3
where Y is the seating capacity.
Similarly the average number of passengers that is rcjected is the

expectation function *

5) R, = E[hG), £
where h(x) describes the number of passengers rejected.

In evaluating these expectation functions it is necessary to solve an

expression of the fomm

Y
Y (o) 2

! A x e P '
6) x £(x) dx = : dx )

; RS ,

s Yair Y '

-
By employing the derivative of the function f(x) equation 6 becomes
v :
I)) fx f(x) dx = «-'V‘lf(x)! + m/f(x) dx
-D ' Y -

&
and the standard tables may be used.

Results

The average number of passengers rejected as a fraction of the mean is
plotted in figure 2 against load factor for different véiues of standard devi-
ations. - If "we c;nsider the current demand density function to be characterized
by a standard deviation of 0.4 times the mean, thén on the average about 5
pgsseﬁgers in 1000 would be rejected with load factor on the orxder of 56Z,
he numbé; of passengers rejected increases rapidly as the load fééLor is

"-“-‘ . ) ) me_,

it
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increased with a given standard deviation. _As an exanple with a standard
adeviationof 0.4 oflthe mean and a mean value of iOOO, then about‘20 passengers
would be rejected with a load factor of 65% and about 40 passengers rejected
with a load factor of 71%. '
Obviougly to retain a lqw rate of rejection as the load factor is increased
" it would be necc;sary to reduce the standard deviation of the distribution., #As
an example decrcasing the standard deviation to 0,3 of the mean from 0.4 of
the mean permits an increase in load factor from abo%t 57% to 657 while % retain-
ing the sane rejéction rate of about .005 of the mean. Reducing the standard
deviation further to 0.2 of the mean pe;mits a load factor of about 706% with
the same rejection rate. .
Precisely what a reasonable rejection raté should be and how to engineer

a smaller standard deviation to the demand distribution will be examined in

ae next phase of the study.



3.0 Delay Reduction

As a result of dirport congestion the concept and
measurement of aircrafﬁ éelay has received Eoﬂsiderable
attention. 'Appendix A-1 discussed some of these concepts.
As discussed in this sub-appendix, a centrai problem in
determining delay in future years is that of factoring
in advances in air traffic control without the use of
extensive simulation programs. A relatively rapid technique
"has been generated (Appendix A-1, reference 3, 6, 7) and
used as the basis for the computation of delay magnitudes.
The values used for delay per ope;ation in the years 1974,
1979, and 1990 represent compromises from the values stated
in references 6 and 7 and computed for the years 1971, 1984,
and 1995, It was felt that the démand var%ations among the
years 1971 - 1974, 1979 - 1984, and 1990 —!1995 would not
be significant and that the bremises underlying the
computation were sufficiently broad to permit the correlation.
It was also felt that such compromises and correlations
fit within the context of this study.

Accordingly, for this préliminary study the values used
for the key assumptions - delay per operation - were;

(Table 10 main text)
1971-1974  1970-1984  1990-1995

Delay per Operation
(minutes) 1.58 0.98 9.0

Delay per operations w/o Fuel Conserving Measures

Table A-1

A=7



The delay per operation is dependent (Appendix A-1)
upon the number of oberat{ons. Thus when the load factor
is increased the nupbef of operations are déc?eased and
the delay per operation is decreased. For this study,

the values were: (Table 11 of main text)

1971-19774 1979-1984  1990-1995

Delay per Operation
(minutes) " 1.0 .6 .98

Delay per Operation with load Factor Increase

Table A-2



4.0 Study Bounds and Assumptions

The study bounds limitations and assumptions may be classed
&8s unique to a fuel conéé?v;ng measure - specific, - and as
applicable to all measures - general. The suggested further
study program ksection 4,0) will, if conducted in depth, extend
the bounds and remove the limitations. This section discusses

the specific bounds first and then the general bounds.

Load Factor Increase

Rejection Rate. A normal probability density function is

assumed for passenger demand. While a statistical approach
would suggest a normal probability distribution, the actual
demand might be skewed. This skewneés is supported by the
condition that as the standard de%iation becomes a 1érger
fraction of the mean the demand becomes negative (figure 3).
A negative demand might be interpreted as matﬁematically
appropriate but its practical meaning is unclear.

Standard deviation values ranging from a-0.28 to 0.4 of the
mean were assumed as likely values. There does not appear to be
any definitive -reports of actual standard deviation values.

In private conversations values as low as 0.2 of the mean for
business travel have been quoted.

In support of load factors in excess of 65% it was assumed
that a smaller standard deviation, i.e., down to about 0.25

of the mean could be engineered. Exactly how this may be done

is unclear and appears properly to be a major study effort in itself.



Standard

Deviation

Negative Mean
Demand
Effect of Spreading of Normal Curve
- D Figure A-3
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Rejection rates on the order of 2% were assumed permissible.
If the rejection rates could be raised, for a given demand distri-
bution characteristics, then the load factor could be increased.

A study effort would be required to determine permissible rejection

rates.
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Low Frequency Markets. In low frequency markets - two/day

or less - it would appear that reducing flights would not be in

the best public interest.' Two methods were suggésted for increasing

load factor in' these markets: use of different aircraft and
multistop scheduling. Both of these techniqueé, among others,
have to be examined market by market, or in representative markets

3

to determine their feasibility as load factor increase methods.

Competition. Increasing the national load factor would

require agreement among the airlines. Such agreements distort
the competitive nature of the industry. How the airline
industry will function under heavy regulation has to be thoroughly

aired and policy determined.

Delay. The magnitude of delay was based on approximate
methods for predicting delay in an improving air traffic control

system. The approximations need to be examined in closer detail.

Cruise Speed. Essentially three aircraft types were examined

at ﬁrimarily one altitude. An average value of cruise speed and
an average fuei savings was assumed. It would be necessary to
examine other types of aircraft, determine current cruise speed
conditions, and establish cruise speed for fuel conversation

purposes.

Optimum Altitude Flight. Determining fuel conservation while

operating at optimum altitude is straightforward. However, the

A-12
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impact upon air traffic control operations is unclear. This

effect has to be examined in closer detail.

Ground Fuel Use. .The study should be expanded to include

more detailed investigation of engines off during departure taxi.

i
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General

Cost Benefits. Cost benefits and disbenefits were examined

vy

in a preliminary fashion.. ‘A structure for determining cost
benefits should be established and agreed upon. The data used

in determining cost benefits should be more extensively researched.
Costs to the government to implement these programs should be

examined.

Tax Structures. The use of taxes to realize a measure

implementation was not examined. It 1s evident that a tax
scheme that penalizes the fuel user would tend to insure
implementation. However, the balance between taxes, fare
" levels, operating costs, etc., should be examined before a

tax position is established.

Fare Structure. The airlines should increase theilr profits

through introduction of fuel conserving methods. It would be
reasonable to assume that these profits, where excessive, would
be passed on as fare decreases. These fare reductions would
impact upon the traveling habits of the public with an unkown
effect upon total transportation energy. These effects were

not examined.

Aircraft Mix. The aircraft equipment serving various markets

may be altered to reduce the number of flights while satisfying
public¢ demand in an optimum fashion_. The effect of aircraft

mix was not examined.
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1.0 CAPACITY

Capacity Expressed as Runway Capacity

The capacity of an air traffic control system is measured
by the number of aircraft operations that the system accommo-
dates. Historically the capacity of the airport system has
been recoggized s the limiting element in the expression of
air traffic control capacity. There are a number of probable
reasons that the airport system dominates the capacity evalua-
tion of an air traffic control system. Whatever the strength
of these reasons it is conveniept to express the concepts of
of capacity and delay within the framework of terminal area
operations. '

The capacity of an airport system is the ability of the
terminal system complex to move aircraft into and out of the
terminal area. The terminal complex controlling these opera-
tions consists of controllers, navigation aids, communication
links and surveillance devices operating within a set of rules
and procedures. The region of movement extends from the termi-
nal area airspace boundafy over the runway the taxiway complex.

Since all airport operations funnel through the runway
complex, it is convenient to describe the airport capacity as
a runway capacity while recognizing that capacity is affected
by non-runway situations such as departure airspace restric-
tions, taxiway-runway crossings, etc.

Capacity Determinants

The capacity of an airport system is essentially deter-

mined by four elements and conditions.




‘Runway, taxiway configurations

‘Navigation aids, communication links, surveillance
devices, controller capabilities, and automation levels

‘Weather conditions’

Type of aircraft served.

A set of operating rules and procedures has been devised to

account for these elements. There are five such basic rules

and procedures.

Rules Affecting Capacity

There are 5 basic rules and procedures affecting a run-

way capacity.

#1 Minimum separation criteria between arriving aircraft

#2 Minimum separation criteria between departing aircraft

#3 Minimum separation criteria between departures and

arrivals

#4 Priorities

assigned to arriving and, departing aircraft

#5 Prohibition of moving aircraft on a single runway at
the same time

There are a number of different aircraft using the airport

system. These aircraft possess diverse arrival speeds, dece-

leration characteristics, takeoff speeds, etc, which affect the

capacity of the airport system.

For the large
runway system, the
luation of airport

to .assume a mix of

number of aircraft that might be using the
resulting varying capacity would make eva-
capacity unwieldy. The nominal approach is

aircraft classes using the airport runway

system and to average the effects of this mix into an average

capacity. In general large hub airports accommodate a high
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percentage of larger jet aircraft. In this situation, per-
"centage variation of the jet aircraft class does not have a
prounounced effect upon the capacity.

Illustration of Rules, Mix Effects

The net effect of all the airport system elements contri-
buting to'airport capacity is reflected in the service time to
the arriving and departing aircraft. More accurately it is the
interval between those time points that the airport system will
permit aircraft to enter the service stream. Consider three
aircraft entering a terminal from three different directions.
They will all land on a single runway. At some point in the
airspace, e.g. the outer marker, they will merge along a com-
mon path separated in trail. Assuming a common path from an
outer marker 6 nm from threshold and a single runway and taxi-
way to an apron and assuming further for the first two aircraft:

san approach speed of 140 kts

-a runway deceleration of 6 ft/sec?

*a 15 kt exit existing at the point the aircraft

decelerates to 15 kt

.a taxi speed of 15 kts

-a taxi length of 1 nm
then the 1lst-aircraft will cover the common distance in 430
seconds. Assuming that the 2nd aircraft was constrained to be
3 nm behind the lst aircraft until the lst aircraft touchdown
(rule #1) then the 2nd aircraft would reach the threshold 77
seconds after the lst aircraft. Since the 1lst aircraft has
cleared the runway - i.e. runway occupancy is 35 seconds -

the rule prohibiting simultaneous runway occupancy (rule #5)

is not violated. The 2nd aircraft will arrive at the apron
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77 seconds after the lst aircraft. Thus, the airport system
could service arriving aircraft of the same class‘in a time
interval of 77 seconds or at a rate of about 47 per hour.

If the.3rd aircraft were a lighter aircraft with an ap-
proach speed of 120 kts, it might be necessary to stretch the
Separatioh distance to, say, 5 nm because of wake vortex con-
ditions. Thus the 3rd aircraft would reach the runway thres-
hold 150 sec after the 2nd aircraft. The service time for the
slower aircraft would be almost twice as long as that for the
faster aircraft. The total time elapsed from when the 1lst to
3rd aircraft passed a common point, e.g., runway threshold,
starting with the 1lst aircraft 3 nm from the threshold, is
304 seconds. This corresponds to an arrival rate or capacity
of about 3¢ aircraft per hour.

Correspondingly a departure-departure épacing of, say,

39 seconds would result in a departure capacity of 92 aircraft
per hour (rule #2). If departures are interleaved with arrivals
on a single runway, i.e. the sequence is departure-arrival-
departure—argival, etc., then the net effect is usually a reduc-
tion in either the arrival or departure capacity. Assume an
arrival followed by a departure and an arrival on a single
runway (rule #4) and that the departure cannot be released un-
less the following arrival is at least 2 nm from runway thres-
hold (rule #3). Further assume that the approach speed and
lif£off speed are 140 kts and that the aircraft accelerate and

decelerate at 6 ft/sec?2 on the runway. The 1lst arriving air-
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craft touches down and occupies the runway for 35 seconds.

At this point, but not before (rule #5), the departure may be
released; however, the pegt arriving aircr;ft must be 51 se- =
conds from touchdown. The total time between the 1lst and 2nd
arrival is 86 seconds during which one arriving aircraft and
one departing aircraft have been services. Thus, with 2 opera-
tions in 86 seconds, the single runway system is opérating at

a net capacity of 84 aircraft per houyr. Thus, the departure-
arrival spacing, single occupancy, and interleaving (rules 3,
4,5) have been serve to reduce the capacity when the situation
is that operating with departures only.

The capacity numbers used thus far have not accounted for
non-ideal conditions in the airpcort system operation. Such
non-ideal conditions include:

-uncertainty in aircraft touchdown point

.variations in approach speed about nominal

+a finite number of runway exits requiring the aircraft

to taxi along runway to a variable exit

-congestion along the taxiway system

-common departure path
These, and a number of other conditions geneally result in

capacity numbers much less than quoted in the above examples.

Capacity Models

There are at least two ways to describe or model the capa-
city of an airport system: maximum throughput rate and capacity-
delay. The maximum throughput rate is the number of opera-
tions, arrivals and departure, that the system can handle or
service. It is also assumed that aircraﬁt are always available

to be serviced; i.e. there is always at least one aircraft in
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in the departﬁre or arrival queue. The maximum throughput
rate is termed the saturation capacity.

The capacity—deléy is a measure of the sygtem's ability
to service arrivals‘and départures such that the average delay
to the aircraft over a given time interval is within a defined:
1imit. Since delays are magnified during airport busy periods,
it is usual to define an acceptable delay over the busy hour

periods, i.e. when the demand rate is normally at the maximum

for the day.
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2.0 DELAY .

Aircraft delay,“és employed within the context of terminal
area operations, is the difference between’thé nominal aircraft
transit time and fhé éctual transit time over the region of
movement, The region of movement includes-the terminal air-
space and the runway-taxiway system. It is bounded on one side
by the gate apron and on-the other side by the terminal area
boundary. The region of movement is usually reduced for analy-

' sis and modeling purposes. For incoming aircraft the region of
movement stretches from the start of a common path over the
runway and taxiway complex to the.gate apron. For departing
aircraft,the region of movement extends from the gate apron
over the taxiway-runway complex into departure airspace. If
there are a number of departure foutes, i;e., the deparﬁure
airspace is unrestricted, then the departﬁre region of move-
ment may terminate shortly éfter liftoff. 1If the departure

P airspace is restricted to a single or few departure routes - as

may be the case in noise abatement procedures - then the depar-
ture regioﬁ‘of movement may extend out to the terminal area
boundary or handoff.

The nominal transit time for an arriving aircraft, within
the model, is the time it would nominally take (1) to fly from
some outer marker at a nominal approach airspeed to runway
touchdown, (2) decelerate at a noﬁiﬁal deceleration to an exit
speed, and (3) taxi at a nominal speed -over the taxiway system
to the gate apron. The nominal transit time for a departing

aircraft is the time it would nominally take to (1) taxi over
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the taxiway system at nominal taxi speed to the runway, (2) to
roll aloné runway at“nomipal acceleration to liftoff and (3) to
fly at nominal airspeed some distance along the departure route.
Disruptions to these movements;, or departures from the nominal,
are accounted as delays attributable to the air traffic control
system. 'Delays dué to other sources, such as airline operations,
are not included. Thus, delays due to gate unavailability, air-
craft equipment malfunctions, etc., while real, are not counted
~as part of the air traffic system delay.

Delay and Scheduled Aircraft

If all the aircraft in the terminal area were pfoperly
scheduled, and the aircraft held to these schedules, then the
.airport could operate at its saturation capacity. That is,

a time to initiate roll for takeoff is reserved for departing
aircraft and time to touchdown is reserved for an arriving
aircraft. The departing aircraft would leave its gate at a
scheduled time, and depart the terminal system at the scheduled
time. Similarly an arriving aircraft would reach the outer
marker or gate, touch down, exit runway, and arrive at the ap-
ron at prescheduled times.

Under this condition‘no aircraft would experience a delay
(Fig 1). Obviously if.the demand were less than the satura-
tion capacity and each aircraft would perform to an imposed
schedule, there would be no delays, .Thus, in-figure 1 the time
interval between initiation of service time is always greater

than or equal to the minimum service time.
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If all aircraft arrive at their scheduled times but the
interv;l between these scheduled times were less ‘than the ser-
vice time then the aifcraf£ would be forced to wait in a gqueue.
For arriving aircraft éhis queue might be in the form of holding
pattérnslabéut the airport; for departing aircraft this queue
might be a string of aircraft lined up at the end of a runway.
For the queue to diséppear the demand would have td slacken off
to a rate less than the capacity. Thus the aircraft in the queue
would experience delays until all the aircraft arc capable of
being serviced immediately upon demand, i.e. until the queue is

empty. In fig 2 aircraft arrive at a rate k,/which is greater

than the capacity, and then at a rate A, which is less than capa-

city. The 1lst aircraft experiences no delay. The' 2nd through
the 14th aircraft experience delays and the 15th aircraft expe-
riences no delay, i.e. the gueue is empty. : By inspection of
Fig 2 the maximum number in the queue, i.e. waiting to be served
is two and aircraft #8 experiences the largest delay. By sum-
marizing over the individual delays a total delay may be obtained,
which, when divided by the number of aircraft yield, the aver-
age delay. .In the example quoted above, the lst group of air-
craft arrive at a rate of A, which is greater that the capacity,
B, of the system. The 2nd group arrives at a fate, Ay, which

is less than the capacity. The total delay is

(1)

. H(H~ 1) b1y Ha (D) s
D = ~— +(/7—7é)2—;—— +(H,-I)H-z(;;-;-l-)

_‘__-’_)
Y 2

' M- saturation capacity

A, - arrival rate for lst group
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Ay~ arrival rate for 2nd group
H, = number of A/C in 1lst group
H, = number of aircraft in 2nd group

The average delay for this example is

. _D
DAVE'"'H,+H2_

As aﬁ example if the saturation capacity were 60 per hour and
.the 1lst éroup of B aircraft arrived at a rate of 90 per hour
and the 2nd group of % aircraft arrived at 45 per hour, then
the total delay is 16.3 min énd the average delay 1.25 min.

Random Arrivals

Arriving and departing aircraft, in.general, do not demand
service in an ordered, scheduled fashion. To an observer of the
airport operations it would appear that the aircraft arrive or
request service in a randoﬁ fashion. Such randomness leads to
individual aircraft delay even when the number of aircraft re-
questing service over a time interval is less than the number

that the airport system can handle. 1In fig 3 the average num-

—— ke
v 2
-

béf of aircraft -over the same time interval, or the average de-
mapd, is one-half the saturation capacity. However when the
same number of aircraft arrive randomly over the same interQal
some individual aircraft experience delay. Thus, even for ar-
rival rates less than capacity an accummulated delay and an
average delay may be obtained. In the exémple of fig 3a the
delays would be incurred by aircrafts #A3, A3, A4, and Ag and

the total delay would be

D= (S) - A + (S5 - Ag) + (Sy = Ay + (Sy = Ay)
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and the average delay per aircraft over the interval would be

D = D ‘

ave 7

Where arrivals are random the delays will be determined by
the probabilities chafécterizing the arrival process. It is
generally agreed that the arrival pattern conforms to a Poisson
process. This underlying observation brings the formidablé

elements of queuing theory into play.

The familiar and manageable expressions of queuing theory
generally deal with steady state conditions. The actual opera-
tion at an airport has to deal with demand levels that vary

over the day. During the morning hours the number of opera-

tions is high for approximately a two hour period. This acti-
vity tapers off to a low around midday and peaks again for a 2
hour period in the late afternoon and early;evening and then
tapers off to little activity during the late night and early
morning hours. The arrival rate has been approximated by a sine
curve with a period of one-half day.l

Analyses of these types of-demand show little transient
effect. Therefore, the relatively manrageable expressions of
steady state theory, with minor modifications, may be brought

to bear upon the analysis.

Queuing Expressions and Airport Delay

A typical queuing process is illustrated by the operation

at the bank teller's window. Customers arrive at the windew in
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a random fashion where the bank teller performs his financial
service. If these customers had sapced their arrivals to
correspond with the téller;s service time, ;hep no one would
have to wait. Howgﬁer,.they arriva in random fashion and a
waiting line or queue builds up at the tellgr's window. The
process is characterised by an arrival pattern, a service

mechanism, queue discipline, and a number of servers.

The arrival pattern in this process is a Poisson arrival
pattern characterized by an average arrival rate. That is,
while the individual arrivals and interarrival times follow
probabilistic distributions, a number of arrivals averaged over
a period of time (A) is a basic value in the probability expres- -
sions. Some of the key concepts characterizing the arrival pat-
tern are: (1) the probability of a given 'event occurring in a
small time interval follows a uniform distribution (= AAt); the
probability that n events occur over a time interval follows a
Poisson distribution (=éa£;); the probability that the time
between eveqts is less than a given value follows an exponential

h+).

distribution (probability density function = A=ze
The service process may also be characterized by probability
expressions and expressed in terms of means and variances. The
form of variance may take on an Erlangian distribution. This
distribution may be thought of as a convenient method to fit the
obéerved variance between the 2-extremes of (1) a constant ser-

vice time and (2) an exponential service time.
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‘The queue diécipline refers to priority of service. Some
examples of queue discipline are f;rst in, first out; or last in,
first out; or service in random order. The number of servers or
channels is self-explanatory. In the bank'exémple one teller re-

[

presents one server or channel, 2.tellers represent 2 servers, etc.

A shorthand notation describing the pfocess has been deve-
loped in the form of A/B/n. Where A refers to the arrival pro-
cess, B the service process, and n the number of servers. The
letters used are:

M -~ an exponential interarrival time
G - general service time (includes Erlang)
D ~ constant service time (variance is zero)
Ex - Erlangian distribution (k is an integer)
Thus M/G/l denotes a Poisson arrival, a genefal service time,
.and one server.

In the éirport problem the arriving and departing aircraft
form the Poisson arrival process. They are served by a runway
system with a mean service time which represents the saturation
capacity. There is some question as to whether the service has a
zero variance or an Erlang distribution. The use of a general
service timg can blanket the variance issue where the values used
in a particular instance may be justified on endemic grounds. A
single server model and a first in, first out queue discipline is
assumed. |

Some steady state queuing expressions of interest for M/G/1

situation are:

-16-—-

™=



A
A

W < [1+(0‘ ¥
T o2(1-0) s

= '—'i"_" [/'*' (U‘S/LL)Z]I

DkV'_/uaU—Q)

where the symbols denote

Symbol
A

AV

Queuing Theory ‘-Related

average number of
arrivals/time

_inverse of the

mean service time

mean of the number
of items in the queue
(excluding item being
serviced) '

mean of waiting time

-in the qgueue (exclu-

ding serviced time)

standard deviation of
the service time

Airport System Related

demand in operations
per hour

saturation capacity
ops/hr

mean of the number

of aircraft waiting in
the arrival, depax-
turce qucues

average delay to
all aircraft

standard deviation of
airport system service
time

.The driving parameter is the (1-¢) expression of the denomi-

nator. Fig 4

vice time ( U

plots the average delay for the constant ser-

0) through the expression

D =
A Chv 2(-¢)

. !

With a saturation capacity of 60 opns/hr then an arrival rate’

of 53.3 per hour would result in éniaverage delay of 4 minutes.

However, a very small increase in the arrival rate would pro-

‘duce large increases in the average delay.

As an example an

arrival rate of 56 opn/hr Wwgould result -in an average delay on

the orxrder of 7 minutes.
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The capacity-delay model that expressed the runway
capacity as a reasonable level of delay is based-on the con-
cept of Péisson arrival distribution. This distribution, in
the delay computatipn,‘has been considerably modified to in-
clude numeréus airport phenonema and observed airport opera-
tions. The result has been catalogued in a handbook2’3
that currently forms the cornerstone for computing'airport
capacity. This handbook is a collection of figures, charts,
tables, and procedures that ostensibly could be used byhpeople
with diverse backgrounds.

In order to compute delays with the saturation capacity
or ﬁaximum throughput model it would be wise, if not necessary,
to simulate the operation in a computer program.. It is possible
to correlate the saturation capacity with’the capacity-delay

model if one assumes the saturation capacity inversely propor-

tional to the service time in the expression:

\ = KM Do
T 1w 2uD,
where Do - acceptable level of average delay
. k - an empirically fitted constant

In this case A represents the capacity of the capacity-
delay model. It is then possible to enter the charts and ta-
bles of the handbook to arrive at annual cagacity and annual

delady values.

Scheduling with Géussian Distribution

As discussed earlier in this 'appendix iff all the aircraft

would arrive at selected points in the terminal region of move-
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ment at appropriately scheduled times, the airport may operate
at its saturation capacity with no.delay to the operations.
Even in this operatioh mode it is difficult to conceive that
each aircraft would arrive at these points'at'exactly the
proper time. ' One wbuia anticipate a statistical distribution
of arri§ql times and further anticipate that the distribution
in gaussian in character (fig 5a),

While a detailed analysis is beyond the scope of this ap~
pendix, it is possible to infer some general effects Irom thig
situation.

Assume a 'worse' case of a sequence of aircraft pairs
where the 1lst arrives 3 sigma later than its scheduled time and
the 2na arrives 3 sigma earlier. If the airport system were to
accommodate all the aircraft without delay, then the scheduled
intervals between arrivals would‘havé to be increased by 6 sigma.
Thus, if saturation capacity were 60 ops/ﬁr or a service time
of one min; then for a 1 sigma value of 5 sec, the éircraft
would be sgheduled to arrive at intervals of 1.5 minutes. This

would mean a :scheduled operation of 40 ops/hr or 0.666 efficiency

if each aircraft would experience no delay. The governing

expression is:
!

Co =
L ver
C;
Co — scheduled operating level for no delay
Cj - saturation capacity
v~ = standard deviation about scheduled arrival

-20-
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If the arrivals were scheduled at intervals‘correspond—
ing to the'saturation_capacity intefval, then evefy 2nd air-
craft would be delayed by 6 sigma for the condition depicted
in fig 5b and the average delay would be 3 sigma. Thus, for
a 1 sigma value of 5 sec the average delay, when the demand
is at the‘saturation level, would be 15 sec. A basic, impli-
cit assumption in this example is that the truncated 3 sigma
value is less than 1/2 the service time associated with the
saturation capacity.

The scheduled arrival scheme with a gaussian distribution
in actual arrival about the scheduled arrival time, is consi-
derably superior to the situation where the aircraft arrive
with a Poisson distribution. In the latter case the delays be-
become extremely large as the arrival rate .approaches the
saturation capacity (fig 4). From a delay étandpoint there
would be a considerable amount of benefit, in the form of

delay reduction, if the aircraft using the airport system

were scheduled over the region of movement.
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