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NEW DESICN AND OPERATING TECHNIQUES AND REQUIREMENTS

FOR IMPROVED ATRCRAFT TERMINAL AREA OFERATIONS

John P. Reeder, Robert T. Taylor, and Thomas M. Walsh
NASA Langley Research Center
Hampton, Virginia

ABSTRACT |

Current aircraft operating problems that must be alleviated for future
high-density terminal areas are safety, dependence on weather, congestion,
energy conservation, noise, and atmospheric pollution. The MLS under devel-
opment by FAA provideé increased capabilities over the current ILS. It is,
however, necessary and urgent to develop the airborne system's capability to
take maximum advantage of the MLS capabilities in order to solve the terminal
area problems previously mentioned. A major limiting factor in longitudinal
gspacing for capacity increase is the trailing vortex hazard. Promiéing
metheds for causing early dissipation of the vortices are being explored.

Also, flight procedures for avoiding the hazard will be explored.

These problems are being addressed in s cooperative NASA/FAA program on
terminal configured vehicles, which includes flight test develorment and

demonstration of the most promising solutions.
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WEW DESIGN AND OPERATING TRCHNIQUES AND REQUIREMENTS

FOR IMPROVED ATRCRAFT TERMINAL AREA OPERATIONS

John FP. Reeder, Robert T. Taylor, and Thomas M. Walsh
NASA TLangley Research Center
Hampton, Virginia

A.  INTRODUCTION

The purpose of this paper is to discuss some new design and operating
techuiques to improve terminal area compatibility with particular emphasis
on the airborne part of the required systems. The sﬁbjects to be reviewed
are; Terminal area problems, capabilities needed for their seclution,
advanced technology status and requirements, and some specific information
on a cooperative NASA/FAA program dedicated to providing some solutions and
demonstrations for conventional take-off and landing aircraft (CTOL) in
reduced weather minima and future high-density terminal areas equipped with
new landing systems, navigational aids, and increased surveillance and
automation under development by DOT/FAA.
B. PROBLEMS IN THE TERMINAL AREA

Problems in the terminal area are: Safety; weather effects; congestion;
and resulting loss in productivity caused by delays, diversions, and schedule
stretchouts; energy censervation; noise; and atmospheric pollution. The
exposure of inhabited areas near airports to high noise levels was one of
the first problems to cause an impact on aircraft operations. Operations
in a,number of terminal areas are now restricted By procedures designed to
reduce noise exposure. More recently, fuel conservation has rapidly climbed
to a place of high national priority in all aircraft operations and this must be &

dominantconcemninevaluatingmethodsforsolvingtheotherterminalareaproblems.



The deleterious effects of air traffic congestion on cperations during
peak traffic hours at some terminals, and the near~paralysis of' the system
that can be caused by weather-induced delays, diversions, or closure of only
a few terminals are well-known to air travelers. The effects of reduced
visibility on safety occur predominantly in the terminal area, and reliable
and safe all-weather operation is a major goal. Atmospheric pollution is
also an item of continuing concern to the general public and must be con-
sidered in future system developments.

It should be recognized that some of the methods available for solving
the various problems listed above lead to conflicting results. For example,
engine acoustic treatment te reduce source noise will cauge increased fuel
consumption, as will be indicated later. Thus, some hard choices must be
made, and for maximum effectiveness the solutions for terminal area problems
must ultimately be considered and evaluated in an integrated manner.

C. CAPABILITIES NEEDED FOR SOLVING PROBLEMS

To assist in solving terminal area problems, the following new or

improved capabilities are required'in the airborne systems:

Increased Productivity — Reduced Weather Effects

Example Required Capabilities Potential Improvement

Zero-vigibility operation Precision automatic control

Advanced displays (monitoring or manual
intercedance for landing)

Independent monitor of guidance
integrity

Increased acceptance rates Improved tracking for lateral spacing

Reduced longitudinal separation through
vortex reduction/avoidance

j36]



Example Required Capabilities

(con.) Potential Tmprovement

Increased acceptance rates
{continued)

Reduced workload

Improved threshold arrival accuracy -
-Reduced runway occupancy time

Flight deck design and automation

Conservatlon of Energy — Reduced Atmospheric Pollution

Example Required Capabilities

Reduced -air delays

Reduced route time
Minimum-fuel flight profile

Reduced engine use on grouhd

Lowered combustion pollution

Example Requlred Capabllltlee

Av01dence of sensitlve areas

Reduced source intensity

Potential Improvement

Increased dirport acceptance rates

RTOL (reduced take-off and landing) aircraft
capability for use of secondary airparts

Direct routing, deceleration from crulse
through landing : MERE :

Precise airspeed and altitude scheduling
and prediction

Powered wheele or aircraft towing

Improved combustor de51gn and engine

‘eycled, and new fuels ‘(e.g., hydrogen,
methane, eto )

Reduced Noise

Potentlal Improvement
Curved paths\
‘Qulet engines

7 Steep, deceleratlng appzoach paths

‘ngh rate of cllmb

T

Continulng study and testlng w1ll be required to determlne the preeticality

and assess the value of the potentlal improvement the penalties and prob-

1"-"

- lems 1nvolved in thelr eppllcetlon, and the costs involved Although llsted

under specific categories, there is cobvious interaction between the varlous

items. For exampleyathe:RTOLeaircraftmcepebility'needednto~ESeist:in S

reducing air delays will most likely also provide increased rates of climb
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to reduce noise exposure during take-off. The increased airport acceptance
rates required to reduce air delays will in turn regquire the capability to
reduce, avoid, or counteract the vortex wake problem.

D. TECHNOLOGY DEVELOPMENTS AND REQUIREMENTS

Recognition of the growing congestion asscciated with the rapld expan-
sion of air travel and the noise impact of the jet fleet on the airport
neighbors has, fortunately, already led to technology development in ground
and airborne electronic equipment and in noise suppression, and additional
development and evaluafion activities should recognize and make maximum use
of these early developments.

D.1 LANDING QUIDANCE SYSTEMS — The improved airborne systems will be
required to operate in conjunction with upgraded navigation and guidance
systems shown in Figure 1. These systems are currently under develépment by
the Federal Aviation Administration (1)*. Terminal area operations will
include transition from enroute navigation by means of an area system (RNAV),
into the Microwave Landing System (MLS) with much of the operation probably
being automated. The MLS (Fig. 2) will provide coded signals over an azimuth
range of +60° and an elevation range of +1° to +20° plus distance information.
These signals will be received and processed onboard the aircraft to provide
position and veleocity data. Thus, the guldance system will provide the
flexibility for flying the curved and variable angle approach paths required
for noise abatement, and will permit multiple aireraft arriving from many
directions to be guided into a time seguenced approach pattern with maximum

efficiency.

¥*
Numbers in parentheses designate References at end of paper.



D.2 AVIONICS SYSTEMS — In order to imblement the needed capabilities
and improvements, new avionlcs developments must anticipate the operating
conditions of tomorrow's terminal area environment and must also be compat-
ible with the evolution of advanced ATC concepts. Many constraints will
affect the future systems, including location of airports and sitings of
runways, nolse, pilet workload, aireraft handling qualities, passenger com-
fort, ride qualities, aircraft dynamics and flight paths, airline operational
considerations, and weather conditions. . Recent advances in technologies such
as automatic controls, computers, navigation and guidance, and communication
systems provide the necessary tocls for the development of an integrated
system for effective operations within an advanced terminal area Air Traffic
Control (ATC) system. There are gaps, however, in the application of tech-
nology. These gaps include the integration of the avionics with the aircraft
systems and the crew, and the operating procedures required for the Advanced
Air Traffic Control System envirormment. For example, displays, which must
be suitable for menitoring avtomatic coperation or for manual control, must
be integrated into the aircraft, considering the pilot, flight control sys-
tems, guidaﬁce systems, traffic flow instructions, and collision avoidance
or station-keeping systems. The alrborne digital computer having approoriate
ground/air data link inputs and ocutputs; data storage capacity; aircraft
control, sgensor, and actuator inputs and outputs; and pilot/display and
instrumentation interfaces, offers the most promise as an integrating element
for the onboard system.

Advanced aircraft éperatiné in the future eivil air traffiec managemnent
gsystem will require guidance and control technigues and enroute and terminal

area operating procedures which are significantly different from those



currently in use. Advanced flight-path control and landing gystems will be
required to maintain rigorous schedules during noise abatement flight procé-
dures, and to interface with ground equipment transmitting guidance informa-
tion. Unique requirements arise from precision horizontal, vertical and
time-controlled (4D) navigation and close-in curved and decelerating preci-
sion flight-path control throughout landing in Category IIT visibilities.

At the present time, advanced guidance and control systems making full use
df'digital technology offer the most promising approach.

Although automatic landing systems have been developed and auntomatic
landings made routinely during good weather conditions, they'are being used
only by two operators in the world in commercial airline operations during
ectual low-visivility conditions (Category III(a) Interim). This is due, in
-ﬁart, to the lack of suitably equipped runways, but also due to a lack of
operationally suitable autcland performance and to the inability of the pilot
to adequately assess this performance as defined by the alreraft’s situwation
relative to the touchdown zone as it is approached. The most effective role -
of the pilot in Category IIT landing operations has not been defined and his
role in automatic systems operation requires study and evaluation.

NASA's on~-geoing research work in digital flight-control techniques
involves the applicaticn of an onboard system to perform the command and
control function, motion suppression (ride control), modal alleviation and
flutter suppression, maneuver load alleviation, stability augmentation,
guidance and navigation, and performance and failure monitoring. Specific
dlgital computer work includes investigations of logic theory, efficiency

of computations, and self-monitoring functions.



The application tc aeronautical guidance and contrcl systems of advanced
electronic circuitry and systems developed in support of the space program
may offer significant advantagés. Acceptance of these advanced systems
(pure fly-by-wire) is not anticipated until sufficient flight investigation
and evaluation is undertaken.

D.3 ENGINE QUIETING AND ENERGY IMPLICATIONS — Conceptual designs of
advanced fanjet engines with a primary goal of reduced noise have been
studied (2,3). The use of high bypass ratios and extensive acoustic treat-
ment of the engines were both found to be effective, with a combination of
the two being required to achieve the magnitudes of noise reduction desired.
An example of the noise benefits obtained and economic qosts of quiet engines
is illustrated in Figure 3, (2). The top half of_the_sketch'répresents 8 .
high bypass-ratio engine_designed to achieve FAR 36 noise levels with no
acoustic treatment. The lower half of the sketch shows the acoustic treat-
ment and increased length .necessary.to obtain a noise reduction of perhaps
12-18 EPNAB. The heavy lines illustrate the acoustic treatment. . The
increased length and the added acoustic treatment would, of course, add to
the weight and cost of the engine and increase the fuel coﬁsumption. Vari-
able fan and nozzle geometry can alsc be used to achieve the lowest noise
levels but the weight and cost would most likely be prchibitive.

The curves show that increasing amounts of acoustic treatment can
achieve noise reducticns as great as 12-18 EPNAB below FAR 36 levels -but -that
the cost in reduced return onlinvestment (ROI) is large. A reduction of 1%
in ROI is a significant economic loss to an airline. It appears, at least

from this example, that achievement of nolse reductions above about 10 EPNAB



by engine design and treatment may be economically impractical and noise
abatement flight procedures may be a p;actical necessity.

An example of a typical conflict between energy usage and environmental
quality (in this case, aircraft noise) is shown in Figure It (for the termi-
nally compatible study airplanes of Ref. L4). For advanced CTOL alrcraft
designs, the 90 EPNdB footprint areas in square miles are plotted as a
function of percent block fuel increase at design range.

Several important observations are suggested by the design estimates of
Figure &4:

(a) The take-off (middle set of curves) produced about 80% of the noise
Tootprint for the study airplanes, and this is essentially unaffected by
extensive acoustic treatment.

(b) Increased engine acoustic treatment will reduce the approach noise
footprint area, but at the cost of increased block fuel usage (about 3%).

{c) Steep approach angles will lower the approach noise footprint to
a level comparable to that obtained with extensive acoustic treatment.

(d) The airplane designed for steep approaches will be heavier than
one without this requirement, which will result in a block fuel increase
of about 1%.

(e) Steep descent procedures will thus lead to a net fuel saving of
about 2% compared to an acoustically treated nacelle at low approach angles.
E. TERMINAL COMPATIBILITY

E.1 TERMINAL CONFIGURED VEHICLE (TCV) PROGRAM —

E.1.1 Overview — It has been recognized that new navigation, landing

guidance, and ATC equipment and procedures cannot solve the problems that

they are intended to solve unless the airborne systems and procedures are
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developed to take full advantage of the capabilities of the grouhd—based
facilities. The airborne system is considered to be the basic airframe and
equipment, the {light-control systems (automatic and piloted modes), the
displays for monitoring or pilot contreol, and the crew as manager and cpera-
tor of the system. Because of the urgent need to develop the required air-
borne system capability, the NASA Langley Research Center (LRC) has
implemented a long-term research effort known as the Terminal Configured
Vehicle Program. The program will conduct analytical, simulation, and
flight-test work to:

Develop advanced flight-control capability for —

4D RNAV and transition to MLS

Precision curved, steep, decelerating final approach, time
seguenced, ubtilizing MLS

Zero-visibility iandings through turnoff

By means of —
Advanced auvtomatic controls
Advanced pilot displays-for monitoring/control
Reduced crew workioad
Tmproved interfacés of avioniecs, aircraft, crew
Advanced airframe configurations to be delermined

E.1.2 Research Bupport Flight System — The primary facility to be used

in the flight research program is the Research Support Flight System (RSFS).
The system consists of a Boeing 737 éircraft shown in Figure 5 taking off for
ite first flight with NASAmarkings. An FAA insignia has been added to the aircraft
since this is a cooperative program with PAA. The equipment aboard the air-

craft includes all-digital integrated navigation, gui&anca, control, and



display systems, the latter developed for the now defunct U.S. Supersonic
Transport (SST). These developments were initiated to provide a state-of-
the-art digital system technology base for future transport airplanes. The
pvaseline operational requirement for these systems considered low approach
cperations in future air terminals of high density using noise abatement
procedures with consideration for the economics of their operation and
purchase; however, Category ITI landings or close-in curved approaches were
not a requirement. Utilization of the technology spineff from the 55T is
considered to be a very important element of the TCV program in that the
digplay hardware and computer developments had already taken place under a
DOT contract, and it appeared to be a cost-effective means of initiating the
operational aspects of the research program. It is to be stressed that these
gystems are considered & starting point rathef than the end points of the
equipment to be developed in the progranm.

A cutaway view of the airplane is shown in Figure 6 illustrating the
palletized installation of these equipments and deplcting a éecond cockpit
for research (aft flight deck, AFD) installation. The value of the RSFS for
research purposes is enhanced by several notable design features:

(a} The system functions are controllable aﬁd variable through software.

(b) The hardware is easily removed, modified; repalred, and reinstalled.

{c) Flight station changes are readily aééomplished in the research
cockpit which has a fly-by-wire implemehtation for control-of the airplane.
The Advanced Electronic Display System (ADEDS) pilot disyléys illustfated in
Figure 7 consist of an Electronic Attitude Director Indicator (EADI) at the
top, the Electronic Horizontal Situation Indicator (EHSI) in the middle, and

the Navigation Control/DisPIay Unit (NCDU) at the bottom. The display system
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is all-digital and can be readily re-programed with regard to formats and
symbology for research purposes. - The NCDU:is used to call up pre-planned
routes and flight profile information or for entering new or revised infor-
mation to be displayed. TInserted information and flight progress information
can be called up on the NCDU for review. This display system will be retained
by NASA on a long-term loan from DOT-FAA.

The EADI instrument provides basic attitude information teo control the
aircraft. Also, error or cémmand symbology can be added to fly predefined
horizontal, vertical and speed controlled (4D) profiles and transitions from
one profile to another. The EHSI shows the horizontal plan of the flight,
either heading-up or with north-up mode, and the flight progress. On it can
be displayed moving time slots in which the pilot can maintain position,
manually or automatically, for seguencing. Also, the dashed leader line
projected from the nose of the aircraft in.-the figure shown presents pre--
dlctive information to the pilot as to where the airplane will be {at its
present turn rate) in 30, 60, or 90 seconds from the present. Although the
entire flight plan could be flown frbm the EADT alone, the EHSI- adds greatly
to the clarity of the situation and provides long-term anticipation for the
pilot. It is a great confidence builder and a planning aid to changes to
the flight plan.

A block diagram of the integrated navigation, guidance, and control
system in the aircraft is shown in Figure 8. An implementation of redundant
computers and sensors is the heart of the automatic control system in the
airplane. It is configured to allow an evaluation of sensor voting tech-
niques. Inasmuch as the basic 757 controls have not been disturbed, the-

gervos remain the simplex system of the basic ailrplane with a monitor added.
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In this diagram, the research cockpit controls appear as another sensor
input to the flight-control computers. Other elements of the system make
up the navigation, guidance, and display subsystem. The concept would
require these systems to be duplex but thelr implementation for TCV research
on the 737 is single thread.

A photograph of the partially completed aft flight deck is shown in
Figure 9. Spaces provided for the ADEDS unit are visible as well as the
Brolly Handle controls used to permit unobstructed views of the ADEDS.

E.1.3 Avionics Equipment — A major part of the effort in the first

part of the TCV program will be to investigate and evaluate the advanced
avionic equipment that will be on the airplane initially to determine its
suitability for use during the complex approach paths made possible by the
MLS guidance. Following these phases, new or different avionic systems will
also be considered and evaluated as deemed appropriate.

E.1.%3.1 Guidance and Controls — It is necessary to determine the most

effective aircraft operating system from the standpoint of cost, safety,
pilot proficiency (through use in day-to-day operations), and pilot accept-
ance during crucial Category III operating conditions. The objective will
be to define a system employing a digital computer for aiding the crew in
its monitoring, checkout, and flight plamming functions. A time line analy-
sis of crew functions to define workload, and the design of software to aid
at peak workload times will be undertaken and demonstrated om a flight simu-
lator. The reduction in distraction and workload and its effect on increas-
ing safety during critical flight periods will be determined. The man/
machine system, with the added capabilities -inherent in the digital computer,

will be investigated to further define satisfactory handling qualities of
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aircraft operating in an advanced ATC system particularly during maneuvers
required in heavy traffic sifuations. The flight-control work will develop
an advanced system and evaluate the potential of digital sensors and actua-
tors as well as digital computers. This work will profide technology to
allow better command-following for the aireraft in executing ATC flight paths.

E.1.3.2 Digital Flight-Control System Computers — Future transport

aircraft are expected to utilize digital computer systems to perform such
aritical tasks as stability augmentation, flight-path control, and automatic
approach and landing. Concepts and technigues required to maintain a high
level of.aircraft safety and syétem reliabllity with the high degree of auto-
mation required for future operations are being examined.

During the initial phases of the TCV program, the flight critical func-
tions of the automatic guidance and control system will be mechanized using
triply redundant digital techniques. The primary element of this system is
the General Electric ICP-723, a triply redundant variable-increment digital
computer {Fig. 10) available from a DOT program. All three computers inter-
face with a System Status and Control Unit (S8SCU) which serves as a junction
hox for a Sensor Failure Decoder Unit, a Computer.Mbnitor Unit, and a Memory
Program Loader Unit, The S58CU also serves as a monitor for internal equip-
ment failures while sensor failures are monitored by the Sensor Failure
Decoder Unit. -

The triply redundant computation of this system provides the capability
for studies involving a fail-operational control system .even though the sys-
tem actuators are single thread. The digital mechanization ig identical in
all three channels including the input and ocutput monitors as well as the

basic computers. This configuration permits a relatively straightforward
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implementation of failure monitoring and redundancy management. The system
generally reduces to a less redundant operation when subjected to either a
system fallure or a transient anomaly. Since this is an undesirable feature,
alternate schemes for mechanizing a fault tolerant system are being examined
for application to the RSFS in the near future. An attractive alternate
scheme appears to be the use of & whole word general-purpose digital computer.
This computer has the potential to re-order the system organization through
software control to (1) recover from a transient sbnormality, (2} provide
priority processing of critical functions, and (3) modify control algorithms
so a8 to ubilize alternate data sources with perhaps some task performance
degradation. For longer~term applications during the TCV program advanced
computer architectures (i.e., multicomputer, multiprocesscr, distributed
computer) will be investigated and an architecture selected from several
candidates for detailed design. Emphasis will be placed on achieving an
ultra-reliable design with modularity and flexibility for differing applica-
tions. This design is expected to provide the high level of test and diag-
nostic capability needed to eliminate the effects of failures during opera-
tional use.

The development and application of concepts and techniques for reliable
airborne computers is currently being examined. Initial emphasis is being
placed on advanced computer processors, systems software, and error
detection/correction methods which would take advantage of space system
advances. For immediate applications, examinations are being made of "off-
the-shelf"” computers with redundant organizations (i.e., triple-modular

redundant, hybrid, majority voting, spare switching).
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E.1.3,3 Aircraft-Ground Data Trangfer — Current alrcraft-ground infor-

mation exchange needs are satisfied by volce-radio communications which

suffer from limitations in response time, information carrying capacity,
reliability of informaﬁion transfer and the workload, and distractions for
both the pilot and coniroller during communications and fregquency changes.

The increasing demands on the present ATC system, brought on by increasing
alr traffic density and the changing performance of new aircraft designs,
require a more effective means éf managing air traffic. in_addition,laircraft
will be participating in a changing ATC envirorment in which at least some of
the present funciions will be automated. These demands lead to a requirement
for a reliablée, high-speed communication system for data transfer between
airborne systems and ground systems. The design of such a system is dependent
upon the division of responsibilities for ground and airborne data processing.
Initial studies will‘be aimed toward the definition of requirements and
implementation tethniques for the data transfer system. Scome of the techniecal
provlems which will be attacked during the initial study are multiplexing,
digital data transmission techniques, modulation and coding, and data format.
A critical interface problem to be investigated is that of interfacing the
data’ transfer system with the displays. The requirement for precisioﬁ low-
altitude navigation information and flow management information in high
traffic density terminal areas introduces a question of severity ofAmultipath
effects on the data transfer system. This question will be eXamined and
resolved in the preliminary study phase of the program.

E.1.4L Piloted Simulator — The current simulation facility at the

Langley Research Center incorporating the characteristics of the RSFS is

being utilized in the study of display format and symbclogy. In order to

15



accommodate the heavy program load of the future and to provide the maximum
amount of realism, a dedicated simulator cab is being purchased which dupli-
cates the aft cockpit of the RSFS airplane. This cabin allows for a maximum
of center panel visibility utilizing the Brolly Handle controllers shown in
Figure 9. This approach is a fallout of the SST display and control develop-
ments and will serve as a "jumping off" point for the TCV program. Plans for
the study and evaluation of other pilot control concepts include sidearm and
pencil-type controllers. The mechanization of these new concepts in the
simulator for development and study and in the aft cockpit of the airplane
for flight evaluation is seen as a relatively simple operation, since the
same hardware can flow from simulator to airplane. 1n addition to serving
the research needs of the program, it is anticipated that the simulator will
serve as a 'mission trainer” as outside pilots are invited to participate in
program evaluations.

E.1.5 Terminal-Area Envirconment Simulation — Systems development under

the TCV program will be directed toward the improvement of aircraft systems
performance. However, it is essential to study the vehicle in the traffic
envirorment in which it must operate. A number of vehicle-dependent aspects
which impose constraints on the flight paths and on rates of changes of flight
speed and direction which are practically achievable must be given proper
consideration. For example, aircraft performance and aircraft system charac-
teristics must be compatible with advanced air traffic management concepts.
Thegse considerations lead naturally to trade-off studies between future air
traffic management system characteristics. For this purpose, a detailed
alrport terminal-area simulation has been developed for use in these studies.

The terminal-area simulation can be used for analysis and synthesis of both
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current and future air traffic situations and has the capability for repre-
senting advanced airborne and ground instrumentation as illustrated in Fig-
ure 11. The simulation currently being utilized models a typical terminai
area and contains elements to realistically represent: (1) airborne naviga-
tion equipment, communication systems, and the primary aircraft sensors;

(2) the ground navigation aids, data links,‘radars, airport configurations,
traffic situation displays, ATC procedures, enroute flow control information,‘
runway and airspace constraints; (3) models of traffic samples; and (4) air-
craft performance characteristics with conétraints on maximum descent, turn,
and climb rates.

Fast-time simulations will be used to determine candidate concepts for
flight-path control. Analytical models of the RSFS, MLS characteristics, and
wind effects are currently being‘developed. These simulations will assess
the performance required of the aircraft and selected airborne systems oper-
ating in a simlated air traffic environment of a typical terminal area.

A sample of the type of preliminary resulis fhat are being obtained with this
simulation is shown in Figure 12. A typical traffic situation at the Atlanta
terminal with the aircraft mix indicated in Figure 12 waé simulated, based on
data for a single runway in 1967. "With a 3-mile separation between aircraft,
the acceptance rate from the simulation levels off at a number in agreement
with the known normal IFR rate at Atlanta at that time, which provides valida-
tion of the simulation. If a 2-mile separation could be achieved, an increase
in acceptance rates could be realized as shown.

Piloted simulation experiments will be conducted in conjunction with the
terminal enviromment simulation to verify candidate system concepts which

. take maximum advantage of the pilot and aircraft performance. characteristics.
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These studies will identify technology deficiencies which are most critical.
Studies which include air-to-ground and ground-to-air links will place
emphasis on determining the effects of time delays, information update rates,
human-detected and undetected data loss, or incorrect transmission of data
and failure modes. In the evaluation of total system performance, current
and projected concepts for surveillance, navigation, communication, airborne
computer/display systems, and ground computer equipments and instrumentation
levels will be considered.

Subsequently, the RSFS aircraft, flying at the Wallops Station, will be
included in the terminal area situation studies via the LRC-Wallops data tie-
line. A data link between the terminal area simulation and the azircraft will
permit the aircraft to participate in a realistic air traffic control system
and environment. The concepts selected for flight investigations will be
based on results from the analytical studies and simulations. Flight experi-
ments will provide realistic bounds for, and verification of, simulation
studies and results.

The flight experiments will also 1dentify coperating constraints imposed
by use of the actual aircraft and avionics systems, and will result in pre-
liminary hardware specifications for critical airborne avionics systems.

E.1.6 Wallops Research Facility — The Wallops Station airfield will be

utilized for much of the flight activity in this program., It permits a high
volume of research on approach and landing problems since the contiguous air-
space is controlled by the NASA. A modern control tower, as well as fire,

crash, and rescue services, are avallable on a full-time basis. The station
has all the required research support facilities such as meteorology, photog-

raphy, and computer systems, in addition to hangars and housing, if required.
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The MLS capabilities and signal characteristics will be simulated by an
FPS-16 radar and laser tracker for precision guidance throughout landing,
rollout, and turnoff, as well as take-off until an actual MLS system is
available. A displaey generation facility,.a research tool, will also be
available to generate, through data downlink and television uplink, display
formats and symbologies on the pilot's display to augment the information
that can be generated onboard the RSFS. Figure 13 is a photo of the Wallops
airfield. Note the ﬁnobstructed approaches and the low population density.
No civil or military.aircraft operate out of Wallops so little interference
with the flight research will be encountered.

Facilities at Langley and Wallops will he integrated through a ground
data link as shown schematically in Figure 14, This system will permit the
terminal area simulations at LRC and at the FAA's National Aviation Facili-
ties Experimental Center (NAFE&) to display and control the RSFS while in
flight. The LRC display illustrated in Figures 1l and 14 is only for obser-
vation and is not a control display. The system will be used for a realistic
study of overall performance and system interactions.

Two of thé national standard developmental MLS systems have been
insfalled af the Wallops Station airfield for FAA proof-of-concept evalua-
tions. It is hoped that é winning system protofyﬁe can be utilized in eafly
phases of the program to evaluate performance capabilities on an actual MLS

sy stem.

E.l.T :Flight Procedures — Figure 15 illustrates the utilization of
advanced paths and serves to show how some of these capabilities might be
used. Operations in the MLS enviromment can, with proper controls and dis-

plays,‘allow operators to take advantage of curved approaches with close-in
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capture, steep approaches and decelerating approaches. Onboard precision
navigation and guidance systems are required for 3D/4D navigation for seguenc-
ing and closer lateral runway spacing, and displays are under development with
the intent of achieving zero visibility operations with sufficient confidence
that they become routine. Finally, programed turnoffs at relatively high
speed should clear the runway %o allow éperations to proceed with perhaps 35
to 45 seconds between aircraft, should the vortex wake problems be solved. New
take-off noise abatement procedures may require additional thrust and higher take-

of f climb gradients in order to satisfy some of the noise abatement procedures.

E.1.7.1 Curved Approaches — The utilization of the curved path is pro-
posed as a method of noise control at many loeations; however, the impactlon
capacity of curved approaches with short final legs has yet to be established.
Nevertheless, this capability can be ﬁsed to shorten trip time and conserve
fuel. TFigure 16 is a chart of the New York terminal area with its included
control zones and instrument weather final approach paths for a given landing
direction. Note that the final approach paths are 8 to 10 miles in length
and that approach paths Into JFK, for example, pass through the LaGuardia
control zone, Newark's through Teterboro contrcl zone, and so forth. (A STOL
aireraft landing opposite Manhattan would be constrained to fly around and
underneath the CTOL patterns.) The approach control of these aircraft is,
thus, a very involved cperation indeed. The airspace required is excessive.
Development of close~in curved approach capabllity would permit containment
of instrument trafific within each airport's control zone, would reduce the
traffic coordination problem, thus increasing capacity, and would permit more
direct routing of STOL aircraft, as an example, between airport eontrol zones.

The TCV program plans heavy emphasis on the development of curved approach
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techniques for both manwal and automatic flight. Control law development is
underway on some aspects of these advanced all-weather paths.

E.1.7.2 Steep Approsches — Figure 17 shows the effect of increased

approach glide-path angle on the airport community noise for two values of
landing flap deflection,‘af = 40° and 30°, for the Boeing 737 with acousti-
cally untreated nacelles. At the top of the figure, 90 EPNdB contours shrink
as the glide-slope angle is increased. With 30° landing flap, less power is
required and the 90 EPNAEB contoﬁr is smaller in area. Contour or footprint
area is plotted in the lower left as a function of glide-slope aﬁg.lé, but
normalized te the standard 3° glide slope for each flap deflection. This
relative footprint area shows that even at a glide-slope angle of 4° a 50%
reduction in area affected by the 90 EPNAB noise is possible. The lower
right section of the figure shows the reduction in the FAR-36 approach noise
as a function of glide-slope angle. The slope of the curve taken at the 3°
. glide slope is approximately 3 EPNAB reduction per- -degree of glide-slope
angle increase with 4Q° of landing flap. The dominant scurce of noise in
these‘caléulations is the propulsion system. An estimate of the alrframe
noise at a {lap setting of Sf = 40® 1is included to indicate the lower limit
of possible noise reduction based on a current understanding of aerodymamic
noise. The propulsive noise changes are more favorably affected by glide
slope than is the-aerodynami¢knoise due to the dual effect of increased dis-
tance and the‘reduced thrust reqﬁired (the aerodynamic nolse varies only as
the distance from the ground for a given speed).

Presently, it hgs been shown toc be feasihle to(reduce landing noise
through use of the two-segment approach. Both NASA and FAA data indicate

substantial reducticons in the resulting community neise levels. Further,
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there appears to be no difficulty in flying these approaches down to non-
precision approach minima, or in passenger acceptance. 1In addition, many
aircraft have more than one certificated landing flap setting and as a result
some airlines are using a landing flap sebting which is less than the maximum
flap when the landing field and other conditions allow, These procedures
require no further development, but they form a standard for the comparison
of the techniques proposed for operation within the MLS enviromment.

E.1.7.3 Decelerating Approaches — Much effort has been devoted to

assessment, from the noise viewpoint, of the decelerating approach. This
technique requires a precise knowledge of the distance from the runway and a
continuous clesed loop on speed and progress {computer and INS sensors), as
well as IAS and flap configuration, to be consistently effective and safe.
The technique will be explored in the TCV program to assess not only nolse
but to explore reductions in flight time and savings in fuel for possible
improvement in terminal operations.

E.1.7.4 Terminal Capacity — Many authors and airline passengers have

noted the yearly inereases in the number of airports which saturate in instru-
ment weather due to the increased number of operations. Even with the present
schedule reductions due to limited fossil fuel reserves the number of airports
which operate at saturation rates is high since the airlines have reduced

the number of flights mainly to nonmajor terminals. The constraints of

single runway landing capacity are shown in Figure 18. Here, landing opera-
tions per hour are given as a Tunction of the aircraft separation in seconds.
The curve represents the maximum number of landing operationsg per hour on a

single independent runway.

22



Typical known constraints are shown on the curve and illustrate the
effect on operations rate (capacity). The Tirst constraint deals with vortex
decay (area 1). As will be shown later, some evidence exists that vortex
attenuation devices have the potential of alleviating this constraint.

Application of these devices to large airplanes will reduce the separa-
tion interval to about that indicated by area {2) or even lower. The area
labeled (3) on the curve represents the time required to decelerate to a
5-knot turnoff airspeed.and clear the runway. Quicker runway clearance can
be achieved by providing (a) higher decelerations, (b) higher turnoff speeds,
or (¢) a combination of the two. The latter appears to provide the possibil-
itylof meeting the TCV goal of an arrival-time interval of 40 seconds 15, as
indicated by area (4) on the figure, and can be achieved by‘braking at 0.2g
and turning off at 60 knots or by a modest increase in braking force and
using a 40-knot turnoff. Increased accuracy in time of arrival over the
thresheld {+5 seconds compared to today's +13 to 20 seconds) will be required
to maintain safety with the reduced spacing. It should be‘ﬁointed out that
current rules and traffic flow rates do not require that a pilot exit the
runway quickly even at airfields where congestion is a problem, and at some
airfields where high-speed exits do exist, the exiting aircraft are often
forced to stop for other faxiing aircraft. To make maximum use of busy run-
ways, the constraints must be recognized and moves made to improve the total
picture such as proper use, location, and designation of turnoffs by traffie
control. Operations in very low visibility will require automatic guldance
from touchdown through braking, turnoff, and taxi. In addition, airport
surveillance systems, an FAA responsibility, will need more attention to

protect against collisions on the ground.

23



A conceptual sketch of a high-capaclty runway making use of some of the
technigues discussed for noige abatement is shown in Figure 19. By using
different final approach paths and touchdown points, the trailing vortex wake
can be avoided to permit less spacing between aircraft. Raising the lower
glide slope to 4° from 3° would reduce the 90 EPNAdB footprint by almost 50%
and the FAR-36 approach noise by 3 dB. However, if such techniques are to be
brought into being, the whole alr terminal as well as the airplane must be
upgraded. The Microwave Landing System flare guldance antenna must be located
so that more of the runway 1s available for touchdown under instrument condi-
tions. The lower path of 4° shown in the figure could be used by all of the
"heavy" aircraft and possibly some of the lighter aircraft as well, and if
combined with reduced flap or decelerating approach techniques noise foot-
prints and fuel consumpticon could be considerably reduced.

The high glide slope could accommodate no "heavies” but could accommo-
date all other types and maintain noise and fuel improvements even greater
than the lower path. The pilot needs better displays of his situation rela-
tive to other airecraft and to the runway if he is to gain enough confidence
in such a system to allow it to become a reality.

E.1.8 Displays and Human Factors —

E.1.8.1 Primary Displays — New cockpit displays must consider the

changing role of the crew from sensor/controllers to monitor/managers. Infor-
mation presented to the crew should be processed and displayed in an inte-
grated, analog form where possible to convey a naturally assimilated mental
picture for assessment of a complex situation. Predictive display informa-
tion will be needed to provide the required level of anticipation for the

pilot whether monitoring or controlling.
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The resgearch system will incorporate electronic displays which offer an
element of capability not currently found in electromechanical display sys-
tems. The cathode ray tube (CRT) system photograph taken in the Langley
simulator is shown beside current airline attitude director indicator (ADI)
and horizontal situation indicator {HSI) in Figure 20. Note the ADI/HSI
instrumentation requires scanning, interpretation, and integration of the
information presented on two separate instruments to enable the pilot to
assess his aircraft’s situation.

The instrument pilot must have and maintain a continually updated mental
picture of his aircraft's orientation and flight-path trend with respect to
the runway to satisfactorily complete an instrument low approach. This
requirement becomes all important if an instrument landing is {o be made or
if monitoring an automatic landing in Category III visibility. Without a
current mental picture of his aireraft's situation, the pilot's workload
during the interpretation of his instruments, control of the aircraft while
Tollowing specific procedures, and the performance of other necessary com-
munication, check and decision making tasks during the instrument approach
may easily become excessive, resulting in disorientation and missed approaches.
Capability for operating in Categery IIIc conditions (zero visibility) is
geen as a strong requirement for the future air transportation system. The
TCV program will place a heavy emphasis on the primary displays for pilot
confidence in operations Independent of weather.

A CRT display concept with a computer-generated perspective runway super-
imposed on a typical ADT instrument Tormat has often been propesed and tried
to improve the pllot's "natural"” real-world cues for determining aircraft

situation with respect to the runway during an instrument approach. However,
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the runway perspective display algorithms in early simulations gave the pilot
a confusing change in runway position and perspective when the aircraft was
in & banked attitude. Thus, it was of little use to him ln alining himself
with the runway. The display algorithms had been based on mathematical approx-
imations, so the algorithms were redone for the complete mathematical expres-
siong. The accuracy of the resultant perspective runway image was checkéd by
means of photographs of a known runway taken with a camera at the pilot's head
position in a helicopter and looking straightforward as illustrated by a typi-
cal photo in Figure 20. The perpendicular dash on the lateral reference line
(not parallel to the actual aircraft lateral axis) at the bottom of the photo
represents a parallel to the longitudinal axis of the alrcraft., DNote that in
the photc the longitudinal axis of the aircraft was parallel to the runway
axis in this case, as shown on the standard HSI instrument on the left. The
symbolic runway perspective was verified by this technique for all sltuations.
The new perspective has significantly improved the usabllity of the runway
symbology for lateral alinement during simulation and the addition of markings
for texture have also improved the pilot's abilify teo judge his approach
glide path and closure rate on the runway.

It should be ewmphasized that the computer-generated perspective runway
is not presently designed to give the pllot precislon ILS deviation informa-
tion such as gleaned from the ILS needles. However, the degree of lateral
position precision obiained from the computer-generated perspective runway
is sufficient to allow the pilot to significantly supplement his primary
attitude/command navigation instrumentation all the way to touchdown. It has
been found that if the aircraft is within the lateral bounds of the runway

and within a mile of the threshold, the pilot can tell whether the flight path
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is taking him to the first quarter of the runway. This development represents
progress but is not to be construed as final in the search for better displays.

~E.1.8.2 TIndependent Landing Monitor — Available technology needs to be

be applied to the development of an independent landing monitor {IIM) for the
pilot with which he can continually determine the integrity of the basic
guidance system (MLS or ILS) and judge the overall performance of the approach
to landing, be it automatic or manual. The sensor system and the utilization
and integration of the sensor information have not yet been determined for
commercial application.- Concepts which may be applicable in the development
of an IIM include autonomous or active ground-assisted sensors, radar-
radiometer imaging and padar.triangulation for position determination, and
computer-generated predictive displays. It would‘he desirable for IIM infor-
mation to-be integrated with and usefully augment the basic flight displays.
Studies will identify and anélyze problem areas relative to propagation
effects that are deemed to be critical to the successful achievément of an
ITM capable of meeting user needs. NEarﬁfield.effecté, multipath, shadowling,
and-weather‘penefration‘are digstinet areas oflconcern.- Concurrently, studies
will be conducted to define display criterion; that is, how best to display

© what ‘information.- Simulations will also aid in the determination of the
adequacy of existing teechniques.to meet the program objective. Computer
formating and system interfacing will also be: investigated via simalation.
This phase of the program will,provide the info:mation ;quired to procure

a f1ight wmodel. - The prototypé. will have built-in flexibility to permit
essentlially breadboardlike parameter manipulation of such items as disélay

cand ‘computer formating-and system interfacing..



E.1.8.% Traffic Situation Displays — Research will also be conducted

to evaluate candidate display technigues for providing the pilot with infor-
mation concerning other ftraffic in his proximity for the purposes of increased
terminal-area efficiency and safety enhancement particularly during low-
visibility conditions. For example, alrborne traffic situation displays have
been considered as a means of enhancing safety and performing the collision
avoidance function in congested areas. However, controversy exists as to the
desirability of such displays for the pilot. Hence, further evaluation of
this type of display in an operational enviromment is required. In the TCV
program, the terminal-area simulation model ﬁill be used to provide high-
density traffic situation data for transmission to airborne traffic situation
displays. Both cockpit simulation and RSFS flight experiments will be con-
ducted under simulated instrument conditions. During this simulation, con-
flict conditions will also be generated.

Flight experiments will also be conducted under VFR conditions and, if
feasible, one additional aircraft will be used to determine the effectiveness
of the traffic situation display in enhancing visual acguisition of poten-
tially hazardous targets.

Types of data, data rates, and data link characteristlcs necessary to
provide pilot-acceptable traffic situation displays for enmhancement of
terminal-area safety will be explored.

F.1.8.4% Manual Control Mcdes — The research support flight system is

currently equipped with control laws which allow the selection of either of
two manual control options: (1) rate command, attitude hold control wheel
steering, and (2) velocity vector control wheel steering which comblnes flight-

path angle control wheel steering in the longitudinal axls and track angle
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control wheel steering in the lateral axis. Figure 21 is an illustration of
the performance of the two systems in the lateral axis. On the left of the
figure, the aircraft with rate command attitude hold is stabilized on a cdurse
-until it encounters a sghear Vc ‘which blows it off course at a constant.
attitude. When track angle is used (right sketch), there may be a slight
deviation between course and track as a cross shear is encountered but. track
sngle is sensed and the airplane quickly recovers on a parallel track in a

new heading attitude. Reduced pilot workload in tracking is expected to ensue.

¥.1.8.5 Oculometer ~ An important research tool for the development of.

advanced-displayé is the tangley—developed oculometer: This device tracks .
the pilot!s eye movement without interceding in his scan pattern and auto-
matically records the movement of his eye for later analysis. The device is
very accurate and shows within about 1/2 inch where the eye's gaze resides..
The device ig, at this point, new and all the uses to which it may be put
eventually are not known; however, it will be used to track the pilot's eye
to see if he scans various new pieceg of displayed information. While it is-°
true that if’ a pilot does not lock at his information he cannot use it, if

he does regard it with his eye he may not use it. Furthermore; he may stare
at information inefficiently and nﬁt lock at information he should use for
the task. Figure 22 shows the superposition of a pilot's scan pattern as
measured by the oculometer during a recent night approach at the Wallops air-
port. While he has no recollection of the fact, the data show his scan
rested on the c¢lock during this particular approach. It is anticipated that -
as experience is gained with the device its utility will grow and its uses

will expand in the development of new display formats and systems.
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E.1.9 TFlight Results to Date — A flight-test demonstration program of

Lo flights comprising T8 flight hours (Fig. 23) has been completed by Boeing
under FAA and NASA sponsorship. These flights were to shakedown, checkout,
and validate the advanced display and automatic guidance and control system.
The aft flight deck was not in place and the display and control systems were
operated from the forward flight deck. As noted in Figure 23, a variety of
weather conditions was encountered during the tests,

Some operational problems not unexpected with complex, digital avionic
equipment were encountered but most of these have been resolved and the equip-
ment design is considered validated and acceptable for initiation of the
research program. A number of auwtcomatically controlled flights were made
ineluding 30 which were 4-D controlled through a complete 125-mile flight
profile from climbout through touchdown. The touchdown time accuracies
obtained (Fig. 23) give encouragement to the belief that further development
and experience will result in attaining the goal of <5 seconds in routine
operations.

Following installation and checkout of the aft flight deck, an extensive
research program will begin with initial emphasis on advanced flight proce-
dures and avionics to contribute to solution of terminal-area problems,

BE.2 KEY ATRCRAFT DESICN AND OPERATIONAL REQUIREMENTS — Previcus dis-
cussions have dealt with alleviation of terminal-area problems by means of
advanced electronic systems and advenced flight procedures made possible by
them. To-implement some of these procedures and to gain additional benefite,
a number of key requirements for aircraft performance will be necessary to
achieve terminal-area compatibility. In order to determine quantitative

measures of what the requirements should be and the associated cost and

30



benefits, the NASA has underway activities in consultation and cooperation
with the FAA; airframe, engine, and avionics manufacturers; airlines; and
alrport operators.

Anrexample of.these activities is a recently completed contractual effort
with the Boeing Company, conducted under the management of the Langley
Research Center Aercnautical Systems Office, entitled "Advanced Subsonic
Long-Haui Tréﬁéport Terminal Area Compatibility Study” (4). The long—héul
class of aircraft was chosen for these initial studies since considerable
information existed from the extensive Advanced.T;ansport Technology Studies
(5—7) conducted in 1972, It is apparent that short-to-medium range aircraft
will spend a considerably higher percentage of their trip time in the termi-
nal area and additional studies on these classes of aircraft are now getting
underway.

Some of the key design and operational requirements that have been
identified as being technically feasible for the approach and landing phase
‘are summarized numerically in the following table. For comparison, current
long-haul aircraft characteristics are also presented.

Key Design Requirements

Characteristic . Current Objective

Approach and landing:

Path Btraight, constant Curved,

, velocity decelerating
Angle, degrees 3° 6 to 9
Velocity, final, knots 135 120
Aircraft long. spacing, miles - .3 and 9 1 to 2
Runway lateral spacing,’ feet 5000 2500
Arrival accuracy, seconds 18 5
Touchdown dispersion, feet 1320 +100
Adreraft deceleration, ft/sec? 6 - 9 %o 12
Turnoff velocity, knots <5 10 to 60
QOcecupancy time, seconds 55 25
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- Key Design Requirements — Concluded

Characteristic  Current Objective

Noise: LPNdB

Source FAR-36 FAR-36-10 %o -12
Airframe FAR-36-8 to -12 FAR-36 > -12
Take-of £ and c¢limb: .
Fmissions, CO-HC, lb/cycle 60 25
Noise: EPNAB FAR-36 FAR-36-3 to -5
Climb angle, degrees 7 to © 8 to 10
Altitude at FAR-36 point, Tt 1300 2000 to 2500

¥.3 TERMINALLY COMPATIBLE LONG-HAUL ATRCRAFT — With the key design and
operational requirements identified, preliminary design studies were made to
determine the technical feasibility and the costs and benefits assoclated
with subsonic long-haul Terminal-Area Compatible (TAC) Aircraft. Two designs
were considered: (1) a conventional take-off and landing (CTOL) configuration
sized to operate from 10,000-foot runways, and (2) a reduced take-off and
landing (RTOL) configuration sized to operate from 5000-foot runways. The
latter design utilized essentlally the same technology features as the former
to achieve terminal compatibility and differed mainly by increased wing area
and engine thrust to attain the reduced runway performance.

E.3.1 Technical Design Aspects — To provide a comparative baseline from

which to judge the terminally compatible features, an M = 0.90, 200-passenger
cruise confipgured three-engine Advanced Technology Transport (ATT) was uti-
lized (&,5). A drawing of this configuration along with some pértinent char-
acteristics is presented in Figure 24, It should be noted that this configu-
ration employed supercritical aerodynamics, advanced engines and acoustic

treatment, composite materials, active controls, and advanced subsystems.
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An example concept of the four-engine TAC-CTOL aircraft configuration is
shown in Figure 25. In addition to the advanced technologies notes for the
baseline ATT airplane and the advanced avionics systems discussed previously,
the noteworthy features are:

E.3.1.1 Basic Wing Geometry Changes to Provide Aerodynamic Improvements —

To provide a landing approach speed of 120 knots, which allows higher runway
acceptance rates than those associated with the 135-knotf speed generally
associated with crui;e configured aircrafi and to improve take-off and cliﬁb-
out flight-path angles in order to reduce noise, an aspect-ratioc-9.0 wing
{compared to 7.6 for baseline ATT) with somewhat greater wing area (12%) than
the baseline ATT airplane {Fig. 24) was employed. Although not a prime design
consideration, the increased aspect ratio also increased the crulse L/D by
9%. This increased efficiency essentially paid for the increase in structural
weight of the wing resulting from the increased aspect ratio and wing area.

E.3.1.2 Tip Vortex Contrel — To provide potential sclutions for both

take-off and landing, two vortex contrel methods were adopted. It should be
noted that vortex control methodology is in its infancy and that extensive
data as to the validity of these approaches is lacking.

Yor take-off, where low drag is desired, the outboard engines were
located as ciose to the wing tip as possible without incurring excessive
weight penalties dictated by flutter considerations. In the present instance,
the engines are located just outboard of the trailing-edge flap tip where the .
highest vorticity discharge takes place. This is also the approximate span-
wise location of the rolled-up vortex core which forms downstream of the wing
trailing edge. The discharge of the engine mass flow prbvides two favorable

functions in that it pressurizes the vortex core and thereby diminishes the
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troublesome tangential velocities (8) and provides a turbulent mechanism to
effect early vortex dissipation.

For landing, where low thrust and high drag levels are required for
steep decelerating descents to reduce noise, a retractable trailing-edge
device is employed to provide a turbuience mechanism for early vortex dissi-
pation. Some preliminary flight-test information on such a device will be -
pgesented subsequently.

4

E.%.1.3 Drag Brakes — To provide steep descent capability to reduce

noise, additional drag, approximately equal to the low-speed drag level of
the basic airplane in level Tlight, must be added to implement a 9° glide
slope with the engines at flight-idle. This drag is provided by several
sets of large drag brakes mounted on the rear of the fuselage. Careful
design of these devices will be required to insure that there are no adverse
buffet characteristics incurred from their use.

E.3.1.4 Engines - TFour advanced high bypass ratio engines (4.0) are

utilized which employ advanced combustor technology to minimize pollutants
and acoustic treatment (two rings and one splitter) to minimize noise while
maintaining acceptable levels of fuel consumption. As previously, the use of
steep descent operational procedures might eliminate the need for the more
complex acoustic treatment. An increase in vertical tail size was requiréd
to maintain directiconal stability and control in the event of an ocuthoard
engine failure.

E.3.1.9 Powered Wheels and High-Speed Turnoff Gear — To provide a

means of ground locomotion without the main engines running, powered wheels
are utilized to effect pollutant reductions and reduce fuel consumption. This

hydraulically powered system is dependent on self-driven taxi/inflight
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auxiliary power units. No special additions were required for high-speed
turnoff capability since the design studies indicated that the baseline gear

was sufficient to withstand the loads.

E.3.1.6 High-Capacity Brakes — The brake system was des;gned integrally
with the powered wheels and incorporates sufficient additional brake material
to achieve no ﬁegradation in life relative to the baseline ATT airplane. It
also incorporates an automatic system in order to achieve the desired decel-
erations without exceeding jerk levels in excess of passenger tolerance.

E.3.1.7 Self-Driven Taxi/Inflight Auxiliary Power Unit (APU) - Redun-

dant @ower requirements were met by using two auxiliary power units to supply
all anti-iecing power, all on-the-ground power iﬁcluding powered wheels, and
the bulk of the inflight power. ZFElectrical generatoers and hydraulic. pumps

on the two inbcard engines suﬁply additional channels of safety-of-flight
essential loads. The APU's have sea-level ratings of 1800 hp each determined
primarily by the anti-icing requirement. . It should be noted that the APU's
were identified as relatively high-cost items because of maintenance
complexity.

E.3.1.8 RTOL Capability — To provide reduced take-off and landing

(RTOL) capability, a TAC-RTOL configuration was sized with wing area and
thrust-to-weight ratio increased by 6% and 15%, respectively, relative to the
TAC-CTOL alrplane.

E.5.2 Cost and Benefit Analyses — Cost and benefit analyses considered

each of the terminal-area compatibility features separately and in combina-
tion. In the interest of brevity, only the combined effects are summarized
in this paper. Quantitative measurement indicators employed were Take-0Off

Gross Weight (TOGW), Aircraft Acquisition Cost (AAC), Direct Operating Costs
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(DoC), and Net Present Value (NPV). The TOGW's were determined from pre-
liminary design studies; the DOC's were calculated by use of the 1967 ATA
method adjusted to 1972 dollars; and the NPV's of each alrcraft, over a
lh-year period, were calculated assuming a constant 10% discount rate, depre-
ciation over an 8-year period, and a 7% investment tax credit allowance.

A summary of the cost benefits assoclated with attaining the desirable
terminal-area objectives listed previously are presented in Figure 26 rela-
tive to the ATT baseline (no advancedk;erminal-area features). TFor each of
the benefit indicators (DOC's and NPV's), two comparisons are presented. In
the Standard Delay Case (1967 ATA allowance), all aircraft were unrealisti-
cally assumed to be capable of accomplishing a 14-minute taxi cycle and a
6-minute airborne delay. In the Expected Delay Case, the TAC aircraft were
credited with being able to maintain these minimum delays whereas the ATT
baseline was expected to require a 36-minute airborne allowance since it did
not incorporate the required terminal-area features.

The TAC-CTOL and RTOL aireraft are shown to be 3% and 9% heavier and
their acquisition prices to be 10% and 15% higher, respectively, than the
ATT basellne. These characteristics are unaffected by the assumed delays.
For the standard delay, the TAC-CTOL and RTOL aircraft are shown to have 9%
and 13% higher DOC's and 21% and 30% lower NPV's than the ATT baseline. For
the Expected Delay Case, the TAC-CTOL and RTOL aircraft provide 6% and 3%
reductions in DOC's and 63% and 47% increases in NPV's, respectively. These
large variations in DOC and NPV values show the extreme sensitivity of Cost
Benefit to airborne delay time and indicate that profit or loss, or success
or failure, of the business venture will reguire that these delays be

minimized.
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E.L  VORTEX-WAKE REDUCTION — As noted previously, means for alleviating
or avoiding the vortex wake of airéraft will be necessary to permit closer
longitudinal spacing and thus increased runway acceptance rate. Past studies
have shown that the vortex persistence is of the order of 1-1/2 to 2 minutes
but that time can be quite dependent upon atmospheric conditions. Recent work
at Langley aimed at reducing the vortex hazard has ghown some promise. Water
tunnel and other small-scale studies have shown the effectiveness of several
méthods for attenuating the effects of the vortex. One such method involves
the attechment of a retractable spline to the wing tip (9). Flight data have
recently become available for this concept whereby flights were made with a
PA-28 trailing aircraft penetrating the wing-tip vortices of a C-54 generating
aireraft with (Fig. 27) and without tip splines attached to the C-54. Plotted
in Figure 28 as a function of distance is the rolling acceleration of the
trailing aircraft.

" Flying in the weke of the clean C—5u['the PA-28 is able to maintain con-
trel only to a point aboutb d.miles behind the C-54. At closer range, the
light aircraft is overturned by the tip vortices as the induced rolling moment
exceeds its contreol power and it is ultimately thrown from the vortex in an
unfamiliar and dangerous atititude. Buch a maneuver could he catastropic if
it were close to the ground.

With the splines extended from the C-54 aircraft, however, the rolling
moments produced by the vortex are much reduced and the lighter PA-28 can
penetrate the larger airplane wake to as close as 1/% mile. Although both
aircraft were flown at 100 kn in this case, analysis indicates that the PA-28

could fly with a margin of control at any distance even at 70 kn. The results
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shown are preliminary and are intended to demonstrate the applicabllity of
the model scale experimental technigues.

Research investigations underway in small-scale facilities have shown
that with medifications to flap systems (to alter spanwise distribution of
airload on the wing) along with the addition of gsplines, greater reductions
in vortex strength than for splines alone can be achieved with little increase
in drag. Application of these technigues would indicate safe alr separations
of 1 to 2 miles or less for an aircraft like a DC-9 following a 7L7. Research
is continuing on this problem at Langley and elsewhere and as new techniques
become practical the effect on capacity will be assessed.

F. CONCLUDING REMARKS

Problems currently existing in terminal-area operations of the civil air
transportation system can be expected to intensify in the future. New flight
procedures and advancements in avioniecs, alrframe, and engine design to take
maximum advantage of MLS, RNAV, and advanced ATC gquipment offer potential
solutions to these problems as well as economic advantages. To develop and
demonstrate these advantages 1s an urgent requirement for flight testing.

The NASA Terminal Configured Vehicle Program will contribute significantly
to this effort. The Boeing 737 Research Support Flight System provides a
unique research facility for flight research. Flight demonstratlon testing
to date indicates that the aircraft and its advanced avionic equipment are
validated in concept and suitable for initiation of the research effort. 1In
related programs, flight and ground testing has indicated that potentilal
solutions exist to the wake vortex hazard — a major restraining factor in

terminal-area operations. Studies indicate high payoff for specific airframe
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configuration features for terminal-area effeétiveness and experimental eval-
uvation of some of these features appears to be desirable.
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Figure 5. RSFS first flight.
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Figure 7. View of ADEDS equipment.
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Figure 9. View of partially completed aft flight deck.
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Wallops Station airfield.




TERMINAL AREA
SIMULATION

NSNS
GUIDANCE SIMULATION

FACILITY (FPS-16 AND \ ~— =
LASER TRACKERS) \Q\g\}/“ RESEARCH SUPPORT
FLIGHT SYSTEM

Figure 1k, Wallops/Langley aircraft f1ight research facility.



3D/4D PRECISION,

SEQUENCED

COCKPIT DISPLAYS,
INTERFACES FOR ALL

WEATHER
OPERATIQNS

MINITMUM

DELAY OR HOLD

OPERATIONS I[N
MLS ENVIRONMENT

~KUTOMATIC CONTROLS
CLOSE IN CAPTURE

HIGHER ALTITUDE
AT FAR 36

STEEP, DECELERATING
APPROACHES

1.5 mile

+ 100 ft

PROGRAMMED TURNOFF

Use of advanced systems and procedures to improve terminal area operation,

Figure 15.
independent of weather.




!/ / R
PROPOSED STOL~_

~L/

CURRENT -CTOL

JFK

|/POTENTI AL MLS

Figure 16. New York terminal area flight paths for one landing direction.



DISTANCE FROM B-737, Va = 125 knots

CENTERLINE, ft 0 . .
2000 y=3 V, y = -6 y =9
"""" _ - PN dB
200 - 90 EPN dB 9E
2000 90EPNGB | | i =

0 20 40 0 20 40 0 20 40
DISTANCE FROM RUNWAY THRESHOLD, 1000 ft

5. = 40°
f 0
''''' b4 = 30" 130
1.2~ FOOTPRINT FAR-36 NOISE
REDUCTION
5| 100}~
RELATIVE
FOOTPRINT EPNdB . \
AREA, | =
0EPNIB \ AIRF;TV’\?’%,
AIRFRAME \ RERA
NOISEM 80—
J i | [ |
0 3 6 9 03 & 9

Figure 17. The effect of glide-slope angle on landing approach noise.



60 knot TURNOFF, 0.20g
40 knot TURNOFF, 0.25 g

\i@
120

| C REQUIREMENTS
100} TCV TARGET | ® HIGH SPEED TURNOFF
40 sec £ 5 ¢ GROUND GUIDANCE
AND SURVEILLANCE
80r i ® VORTEX AVOIDANCE
LANDING ® _® NAVIGATION ACCURACY
OPERATIONS 601~ :
PER hour %@E 5 knot TURNOFF, 0.20
_/ g

401~ EFFECTIVENESS
| OF KNOWN
VORTEX

20 ATTENUATION

D ES /
Hie NATURAL VORTEX DECAY

| ] I | | i I
0 20 40 60 80 100 120 140
AIRCRAFT SEPARATION, sec

Figure 18. Landing rate constraints.




6° APPROACH, LONG TOUCHDOWN TO
AVOID VORTICES, REDUCE NOISE AND
REDUCE FUEL CONSUMPTION

FLARE GUIDANCE
DME
\A RA

. =D — — — — —
2° APPROACH 4

REDUCED FLAP |FOR LOWER NOISE, Z HIGH SPEED

DECELERATING |REDUCED FUEL CONSUMPTION ~ DRIFTOFF/TURNOFF
GUIDANCE

Figure 19. Conceptual high capacity runway procedures for noise abatement and vortex avoidance.




Figure 20. Comparison of electronic displays and visual approach information.
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Figure 22 Oculometer data showing pilot eye track on instrument panel.



FLIGHTS
® 40 FLIGHTS FOR 78 HOURS

e 30 AUTOMATIC 4D FLIGHTS OF 125 N\ILES, 35 MINS.
76 AUTOMATIC LANDINGS -

e ENCOUNTERED 800 ft CEILINGS; 60 KN HEADWIND VARIATIONS;
30 KN CROSSWINDS: ICING; TURBULENCE; WIND SHEARS

RESULTS

o DESIGNS SATISFACTORY FOR CONTINUING TEST PROGRAM; SOME
DEVELOPMENT PROBLEMS REMAIN

® FLIGHT RESULTS CONSISTENT WITH GROUND-BASED SIMULATIONS

e AUTOMATIC 4D TIME ERRORS AT TOUCHDOWN 5 TO & SECONDS
FOR 125 NMI FLIGHTS

® LITTLE PERFORMANCE VARIATIONS BETWEEN 4 PROGRAM PILOTS

Pigure 23. BSummary of ADEDS/AGCS flight demonstration tests. -
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Figure 24. Baseline advanced technology transport airplane.
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Figure 25. Terminal compatible airplane concept.
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Figure 26. Summary of cost-benefit analysis of terminal compatible airplane.



Figure 27. C-54 with wing-tip spline for vortex dispersion.
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Figure 28. Measured roll acceleration for PA-28 airplane in vortex wake of C-54
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