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PREFACE AND EVALUATION

The process of take-off and landing is inherent in all flight operations, but it has been treated, generally, as a
necessary subset of the primary mission application. For some years attention to the take-off and landing phase
has focused on VTOL and V/STOL operations. Not since 1963 had the Flight Mechanics Panel explicitly addressed
the subject of landing or take-ofl of conventional aircraft. Consequently, the Panel felt it would be useful to take
a fresh look at the problem area, particularly at the tradeoffs involved in design and operations important to the
process of take-off and landing and of specific interest to the flight mechanics disciplines and concerns.

The operational functions involved in take-off and landing are a demanding combination of technology and
human skills. Increasingly, the optimization of this operation is impacting total mission performance. Whatever
function is to be performed, whether weapon delivery, aerial combat, logistics support or civil airlift, the importance
of improving the qualities of the approach and landing manocuvre is clear. For the most part take-off is not a
problem. Only for a short period of climb-out are the constraints significant and even there the options for solutions
are availuble. However, in the landing manoeuvre the fundamental concern for safety in the transition from steady
airborne operation to a satisfuctory landing continues to present a challenge. To this we now add the concern for
effective utilization of the terminal facilities, the impact of operations on the environment, the imposition of
“presence” on the neighbors of the airport and the unpredictable phenomena associated with more operations in a
smaller airspace. Al of these considerations can occur in a variety of atmospheric conditions.

The Flight Mechanics Panel has a role in giving thorough consideration to trades involved in the application of
fundamental design disciplines. The Panel is concerned with understanding the factors which influence system
options und which promote harmony between the vehicle and the operator. This Symposium offered the opportunity
to develop a beneficial exchange of views.

The Symposium did not surface any new topics but it highlighted some points quite clearly and called for
alertness to new opportunities, as follows:

The precision with which an aircraft flight path can be controlled under unfavorable conditions is
extremely important. Encouragement was given in the new control technologics.

Direct lift control (DLC) and direct side force control (NSFC) provide significant alternatives in permitting
precise corrections at very low altitudes. These concepts offer promise of substantial improvement in the
pilot’s ability to make corrections.

The desire to incorporate such control techniques to reduce airspace use and help accomplish steeper
approach paths is clearly apparent; it is envisioned that special systems are needed to reduce pilot work-
load.

The need for steeper approaches and new techniques for reducing noise exposure near the terminal area,
or vulnerability to hostile action outside the airfield. was addressed by several techniques which deserve
continued exploitation, including two-segment, continuously decelerating and low power dynamic
approaches,

Pilot workload, stress levels and the need for “natural” cues brought forth considerable discussion on the
need for better displays.

The incorporation of DLC and other configuration variables specifically for improved landing performance
was cited as appropriate for control configured vehicle (CCV) designs.

For designs which do not lend themselves to fully automated landing systems the man/machine
relationship and pilot workload were noted to be very important; the life scientist (psychologist) and the
pilot should be brought more completely into the design process,

With or without the fully automatic mechanization the fundamental techniques ot control harmonization,
direct force systems, improved operational technigues, and more predictable pilotage commands will
continue to challenge flight mechanics research.

L.P.GREENE J.BUHRMAN O.H.GERLACH
Member Member Member
Flight Mechanics Panel Flight Mechanics Panel Flight Mcechanics Panel
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HIGH-LIFT AERODYNAMICS - TRENDS, TRADES, AND OPTIONS

Richard J. Margason
Aeronautical Engineer
and
Harry L. Morgan, Jr.
Aeronautical Engineer
NASA Langley Research Center
Hampton, Virginia, 23665, U.S.A.

SUMMARY

Throughout the history of aviation, there has been a steady trend toward the utilization of hipher
maximum lift coefficient as aircraft size and cruise velocities have increased. These trends have gener-
ated a need for trades betueen cruise performance and take-off, climb, and landing performance. Through
the years, the application of high~lift technology to new aircraft developments has been led by wind-
tunnel research.

In an effort to improve methods for development of high-1ift capabilties, theoretical methods for the
analysis of the two-dimensional characteristics of flap systems have been described and compared with
experimental data. The need to extend these methods to adequately describe flow separation effects has
been noted. Further, methods for three-dimensional analysis have also been described.

At the present time, operational airplanes have utilized most of the mechanical-flap developments
demonstrated in wind tunnels. Further increases in maximum 11ift coefficient will require the utilization
of engine thrust for powered lift. Four powered-lift concepts have been described to outline some of the
options currently being developed. Two jet-flap theories have been described which provide analytical
methods for estimation of the three-dimensional aerodynamic high-1ift performance characteristics of
powered-1lift systems. While these latter methods provide a useful beginning, further refinement is needed
to make them useful for estimating powered-lift performance.

SYMBOLS

b wing span, m (ft)

c wing chord, m (ft)

cd section-drag coefficient, Section drag/(qc)

cy section~1lift coefficient, Section 1lift/(qc)

cn section pitching-moment coefficient, Section pitching moment/(qc)
<o pressure coefficient, (pj,ca; - P)/q

Cp drag coefficient, Drag/(qS)

CL 1ift coefficient, Lift/(qS)

CL,max maximum 1lift coefficient

Cp pitching-moment coefficient, Pitching moment/{qSc)
Cy normal-force coefficient, Normal force/(qS)

Cu thrust coefficient, Thrust/(qS)

q dynamic pressure, N/m? (lbf/ftz)

P static pressure, N/m2 (lbf/ftz)

S wing area, m? (£t2)

T thrust, N (1b)

v velocity, knots

W aircraft weight, N (lb)

X,z airfoil abscissa, ordinate, em (in.)

o angle of attack, deg

df flap deflection, deg

6 jet-deflection angle with respect to the wing chord plane, deg
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1. INTRODUCTION

Requirements of high-performance aircraft dictate a variety of lifting conditions throughout the
flight regime (Ref. 1). In cruise, there is a requirement for good efficiency (high lift-to-drag ratio)
or for high-speed capabilities (increased wing sweep and/or thinner airfoils). During take-off, the high-
1ift coefficient which is required to reduce the take-off velocity (shorter ground run) is constrained by
the need for high lift-to-drag ratios to permit adequate climb. During approach and landing, considerably
higher lift coefficients are often needed to reduce approach speeds and the resultant landing ground roll.

These many requirements have, through the years (Fig. 1), been satisfied by increased maximum lift
coefficients for take-off, climb, and landing operations on new high-performance airplanes (Ref. 2).
These increases have been made possible by wind-tunnel developments. During most of this time (Fig. 2),
these high-1lift developments have utilized flaps for high trailing-edge camber; and, in many cases where
the leading edge is loaded, additional leading-edge camber 1s needed. These high-camber shapes have been
achieved using multiple-element trailing-edge flaps and leading-edge slats.

Using the definition of 1ift coefficient |V " %ﬁﬁ , 1t is noted in Figure 3 that the airplane
L

minimum flight velocity is proportional to the square root of the ratio of wing loading divided by maxi-
mum 1ift coefficient. Most of the current aircraft operate at approach 1lift coefficients of 1.5 to 1.8.
As high-performance aircraft are developed for higher wing loadings, the present approach speeds and
resultant field lengths can only be maintained through the use of higher maximum 1ift coefficients.

Large 1ift increases (Fig. 1) arc most readily available using higher thrust-to-weight ratios in the form
of powered lift (Ref. 3).

The primary purpose oi this paper will be to review the recent developments in the design of high-
lift devices and estimarion of thelr performance characteristics. First, two different two-dimensional
cosputational methods will be described for application to airfoils and to multiple-element high-1lift
flaps., Then, results of these methods will be related to three-dimensional wing planforms. Finally,
some methods for analyzing three-dimensional powered-lift concepts will be discussed.

2, TWO-DIMENSIONAL ANALYSIS

2.1 Viscous-flow, high-1ift flap analytical methods

The essential elemcnts of the NASA/Lockheed-Georgia two~dimensional high-lift flap computer program
(Ref. 4) are shown in Figure &. Depicted by the sketch in the figure is a single-slotted flap having
flow around the two airfoil elements and through the slot forward of the flap. The first step in com-
puting the single-slotted flap characteristics is to obtain the potential-flow solution for the flow
around each of the airfoil elements in proximity of the other. From the data obtained, the basic boundary
layer for each airfoil element is computed and combined with results from the slot-flow analysis to obtain
the confluent boundary layer over the downstre:m element, which is the flow interaction between the basic
airfoil shape to produce a new equivalent airfoil shape. The normal and axial forces and the pitching
moment are computed by integrating the pressure-distribution data. This procedure is repeated until a
convergence in the value of normal force 1s obtained. It has been found that the results from this two-
dimensional program agree well with available two~dimensional data on flapped airfoils.

An application of the NASA/Lockheed-Georgia program is shown in Figure 5 and reported in Reference 5.
The experimental data were obtained from Reference 6 from a gap optimization investigation using a single-
slotted flap having a 10° drooped nose and a flap deflection of 30°. The flap was moved with respect to
the airfoil in order to vary the gap as is indicated in the sketch. The two-dimensional 1ift coefficient
is presented as a function of the flap gap in percent of the basic wing chord. The symbols indicate the
experimental data at an angle of attack of 0°. This angle of attack was selected for the comparison
because the analytical prediction cannot account for separation effects and is only valid up to that point
where separation occurs on the wing. The analytical results obtained from the method of Reference 4 are
shown by two curves; the inviscid prediction from potential flow is shown as the solid curve and the
viscous prediction as the dashed curve. The inviscid prediction does not give an optimum gap setting;
rather it indicates that the maximum lift for this flap configuration at 0° angle of attack would occur
for zero gap, which is not in agreement with previous experience. The viscous prediction indicates that
the optimum gap is about 2 percent c, which is in agreement with the experimental data. This prediction
shows promise that the analytical procedures will provide valuable guidance in optimizing flap
configurations.

An additional correlation of program results with experimentally derived data is provided in Fig-
ure 6. The three-element NACA 23012 airfoll (Ref. 7) used here is composed of a leading-edge slat plus a
single-slotted trailing-edge flap. The correlation for the normal-force and pitching-moment coefficients
(Fig. 6(a)) shows good agreement between the viscous theory and the experimental data in the range of
angle of attack where there is no flow separation apparent. As noted in the reference source, the force
data are corrected for tunnel wall effects in such a direction as to reduce the overall pressure level.
The pressure data remain in an uncorrected form (Fig. 6(b)). 1If such a correction were made, it probably
would account for the minor difference shown in the two pressure distributions. These data can be con-
sidered fairly typical of the correlations currently obtained by the present method as well as by the
methods described in References 8 and 9. These comparisons definitely illustrate the need to improve the
present methods to properly account for flow separation. In addition, it should be noted that there are
very few two-dimensional high-1lift slotted-flap airfoil pressure data available for comparisor. with these
theories.

2,2 Inviscid, inverse airfoil design method

Another analytical method fur airfoil design has been defined in References 10 and 1l to obtain high
maximum lift coefficients for single- or multiple-element airfoils. This method is useful for design of
leading-edge slats and/or trailing-edge flap elements. The method first determines the separation-free
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pressure distribution at maximum 1lift and, then, based on this pressure distribution, determines the air-
foil coordinates for an incompressible-inviscid flow. The resultant airfoil is then evaluated in the
NASA/Lockheed-Georgia two-dimensional high-lift flap program to determine the effects of viscosity on the
design pressure distributions. A comparison of theory and experiment from Reference 12 is presented in
Figure 7 for angles of attack of 3.4° and 12.2°, These results are typical of those observed over this
range of angles of attack., The agreement between the theory and experiment is good except for the pres-
sures measured at an angle of attack of 3.4° on the lower surface near the leading edge where the experi-
mental data indicate the formation of a separation bubble with downstream reattachment of the flow.

3. THREE-DIMENSIONAL ANALYSIS

Current subsonic three-dimensional analytical methods are usually based on potential methods and are
suitable only for inviscid flow. At the present time, soluti-ons for viscous three-dimensional flow are
not available even though there is research under way to develop three-dimensional boundary-layer methods
suitable for wings. However, an empirical method is presented which can be used tu estimate stall charac-
teristics of straight-wing aircraft,

As an illustration of present three-dimensional analytical methods, two procedures will be used with
data obtained from tests of a general aviation configuration (Fig. 8) which utilized a recently developed
airfoil, This configuration had an unswept, untapered, aspect-ratio-9.0 wing with 2° of washout at the
tips. The airfoil and its section characteristics are presented in Figure 9. The correlation of the two-
dimensional pressure distributions obtained from theory (Ref. 4) and experiment (Ref. 13) at an angle of
attack of 4.17° is presented in Figure 9(a). The same excellent agreement (Fig. 9(b)) between experimental
and theoretical two-dimensional 1ift, drag, and pitching moment was obtained for the :ngles of attack where
trailing-edge boundary-layer separation was not present. The three-dimensional experimental data (Ref. 14)
are presented in Figure 10 along with results from two three-dimensional analytical methods (Refs. 15
and 16).

One analytical method (Ref. 16) utilizes a vortex-lattice (see lower right portion of Fig. 10) which
is paneled on a planar surface with zero thickness to represent the wing-body configuration. The method
represents a simple extension of lifting-line theory and requires very little computer storage or time for
its solution. The solid curve on Figure 10 shows excellent agreement in the range of angle of attack
having a linear lift-curve slope (unseparated flow). The drag coefficient due to 1ift was computed and
found to agree well with the experimental data when it was combined with the experimental profile~drag
coefficient obtained at zero lift coefficient. Analytical methods are available to estimate profile drag;
however, they were not used for this correlation. The pitching-moment coefficient correlation is not
particularly good.

A more sophisticated three-dimensional method (Ref. 15) adds source panels on the surface of the wing
and body to represent thickness while leaving a modified vortex lattice on the wing chord plane. Using
this method (see dashed curve in Fig. 10), there is a modest overprediction of 1lift coefficient at a given
angle of attack, even though the linear portion of the lift-curve slope shows excellent agreement, For
drag and pitching-moment coefficients, the slopes are predicted accurately, even though the levels are
somewhat low.

Evaluation of these results indicates that the addition of thickness to an inviscid method causes an
overprediction of 1lift coefficient. Experience with the previously discussed two-dimensional viscous
method indicates that this overprediction would be corrected by the addition of a viscous boundary-layer
representation which would reduce the effective wing camber near the trailing edge. This effect would
reduce lift coefficient and increase pitching-moment coefficient. Another deficiency is that neither
method gives any indication of flow separation. Again, this requires development of adequate three-
dimensional boundary-layer methods.

At the present time, there is an empirical method available (Ref. 17) for estimating the character-
istics of stralght-wing aircraft approaching stall. These characteristics are obtained with a computer
program which utilizes lifting-line theory and available data for the wing section characteristics. The
effectiveness of this method is illustrated in Figure 11 for the previously described general aviation
configuration (Fig. 8) where both theoretical and experimental two-dimensional input data were used. While
there were minor differences between the sets of section input data for drag and pitching-moment coef-
ficients, the differences in lift coefficient were more striking. The poor results obtained using the
theoretical two-dimensional data, which did not account for separation effects, are quite apparent. 1In
contrast, the good agreement obtained using the experimental two~dimens:lonal data indicates the importance
of an accurate representation of the stall characteristics for the utilization of the method of Reference 17.
The analytical method outlined in Reference 17 computes the wing, not wing-body, pitching moment. To [
obtain the wing-body pitching moment presented in Figure 11, the computed wing pitching moment and the
experimentally measured body pitching moment were summed.

i g e s oioe 3 o

4. POWERED-LIFT AERODYNAMICS

4,1 Effect of high 1ift on landing performance

Some information on the landing performance of high-1lift systems is presented in Figure 12. The varia-
tion of lift coefficient with angle of attack for two types of high-lift systems is shown on the left-hand
plot of Figure 12. The bottonm curve represents the present state of the art for mechanical flaps, and the
top curve is for the same mechanical flaps with discrete leading-edge blowing. Mechanical flap systems
can attain maximum lift coefficients as high as 3.5. With this level of maximum lift coefficient, the
maximum usable lift coefficient of approximately 2.0 (indicated by the circle symbols) can be maintained
in the landing approach. The calculated usable lift was based on the present-day rules for civil trans-
ports which use a 1.3 speed margin between the stall speed (maximum lift capability) and the approach
speed. The right-hand plot of Figure 12 presentg the variat%on of 1ift coefficient with velocity for wing
loadings of 3.83 kN/m? (80 1b/ft2) and 5.75 kN/m¢ (120 1b/ft®). Also given in this plot is the field
length that goes with the velocities when they are considered to be appcoach velocities. It can be seen
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from the data that, for a 1ift coefficient of 2.0 in the aprroach as indicated for the mechaniral flap, the
level flight approach speed is in the neighborhood of 138 knots with a corresponding field length greater
than 1.5 km (5000 ft) for a wing loading of 5.75 kN/m? (120 1b/ft2). However, 1f this same 1ift capability
is used on an airplane with a low wing loading, such as 3.83 kN/m? (80 1b/£t2), the approach speed can be
reduced to about 115 knots and field length can be reduced to about 1.2 km (4000 ft). If leading-edge
blowing or discrete boundary-layer control is used at the leading edge of a mechanical-flap system in such
a way that it is not appreciably affected by the engine power level and if the present ground rules for
speed margins apply, an approach 1lift coefficient of 2.5 and the higher wing~loading field length of

1.2 km (4000 ft) can be attained. For the lower wing loading, the speed can be reduced to about 90 knots
with a corresponding reduction in field length to 0.80 km (2500 ft). If performance levels much higher
than that shown for the flaps plus leading-edge blowing are desired, use of powered 1lift will be required.

4.2 Powered-1ift concepts

Powered-1ift concepts develop circulation 1lift that is proportional to the installed thrust-weight
ratio of the aircraft and depend on the efflux trom the power source to develop a large portion of this
additional lift. Some high-1ift concepts that might be considered are shown in Figure 13. The high-1ift
configurations shown in the upper portion of Figure 13 have internally blown flap systems in which air is
taken from the engines and ducted through the wing and out to slots across the wing span. These config-
urations require that the engines have a relatively high pressure ratio to pump air efficiently through
these ducts. The sketch at the upper right of Figure 13 shows a conventional jet flap which could be
installed on such an airplane for which this ducted air is blown out of slots over a simple trulling-edge
flap system. A considerable increase in 1lift capability of conventional transport configurations can be
obtained with the jet flap. An augmentor-wing, high-1lift system which also might be used on this airplane
is illustrated at the upper left of Figure 13. This augmentor wing not only uses the air that is blown
out of the slot, but the flap itself is essentially an ejector which entrains some of the free-stream air
into the flap system to augment the jet thrust. With this augmentation, the efficiency of the flap is
improved at very low speeds; however, the mechanical complexity is increased.

Systems that depend on the external flow of the efflux from the wing are shown in the middle portion
of Figure 13. This type of system takes advantage of very high-bypass-ratio engines that have low noise
levels and represent simple applications of the jet-flap principle. The sketch at the middle left of
Figure 13 shows an externally blown flip system with a double-slotted flap which is deflected behind the
engine so that the air flows through the slots and induces circulation lift over the wing. Another
externally blown flap concept is shown at the middle right of Figure 13 where the engine nacelle is
mounted on the wing upper surface, and its efflux blows over the flaps as a thick Coanda jet across a
portion of the wing span. This concept utilizes the wing to shield the ground from direct engine-exhaust
noise so that a lower flyover-noise level is possible.

4.3 Powered-lift analysis [

Almost all of the development of these powered-lift concepts have been based on wind-tunnel research
which haes achieved the maximum 1ift coefficients illustrated in Figure 1. Recently, several efforts were
undertaken to develop analytical methods for the analysis of powered~lift aerodynamic performance. For
these methods, Spence's two-dimensional jet-flap theory (Ref. 18) has been extended to three dimensions
(Refs. 19 and 20). A comparison of experimental data (Ref. 21) with calculated results using the method
developed by Lissaman (Ref. 19) is presented in Figure 14. Other comparisons are presented in Refer- .
ence 22. One application (Fig. 15) of particular interest involved an externally blown flap configura- 3
tion whose experimental performance was calculated by the theories. For input to these computations, b
detailed measurements of the mixed free stream and propulsion flow at the wing trailing edge were made ]
with a three-velocity-component hot-film anemometer. As described in detail in Reference 22, these b
velocities were integrated to provide the experimental variations of momentum and deflection as a func-
tion of spanwise location. These data were then used in the methods of References 19 and 20 to calculate
the lift coefficient performance. These results (Fig. 15) indicate that significant progress is being
made to predict the performance of powered-lift concepts. This work also demonstrates that further
development of the methods is needed to define how the propulsion flow interacts with the free stream
between the engine exit and the wing trailing edge to analytically determine its trailing-edge momentum i
and deflection angle.

B A

5. CONCLUDING REMARKS

This paper has shown that throughout the history of aviation there has been a steady trend toward
the utilization of higher maximum 1lift coefficients as aircraft size and cruise velocities have increased.
As a direct result, the wing loading (W/S) and the thrust-weight ratio (T/W) have Increased. These trends
have generated a need for trades between cruise performance and take-off, climb, and landing performance.
Through the years, the application of high-1ift technology to new aircraft developments has been led by
wind~-tunnel research. In an effort to further improve high-lift capabilities, theoretical methods for
optimization of multiple-element {lap systems are being developed. The theoretical methods for the
analysis of the two-dimensional characteristics of flap systems have been described and compared with
experimental data. The need to extend these methods to adequately describe flow-separation effects has
been noted. Further, methods for three-dimensional analysis have also been described.

g i L

At the present time, operational airplanes have utilized most of the mechanical-flap developments
demonstrated in wind tunnels. Further increases in maximum 1lift coefficient will require the utiliza-
tion of engine thrust for powered 1ift. Four powered-1lift concepts have been described to outline some
of the options currently being developed. Two jet-flap theories have been described which provide
analytical methods for estimation of the three-dimensional aerodynamic high-lift performance character-
istics of powered-lift systems. While these latter methods provide a useful beginning, further refine-
ment is needed to make them useful for estimating powered-lift performance.
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COMPATIBILITY OF TAKE-OFF AND LANDING WITH MISSION
AND MANOEUVRE PERFORMANCE REQUIREMENTS FOR
FIGHTER AIRCRAFT

by
Dieter REICH and Josef WIMBAUER
Messerschmitt- Bslkow-Blohm GmbH
Unternehmensbereich Flugzeuge
8 Miinchen 80
Postfach 80 11 60
Germany

SUMMARY

By means of an aircraft synthesis programme the effect of engine cycle, thrust to weight ratio,
and wing parameter combination on field and flight performance has been investigated.
Using different lift systems and ground deceleration devices the conditions are shown under which a
matching of flight and field performance is economically feasable.

INTRODUCTION

There are two major operational tasks for fighter aircraft, Each of them require various,
sometimes contradicting capabilities:Payload/Range performance is essential for Close Air Support/
Interdiction type missions, manoeuverability is required for Air Superiority/Air Defence tasks. A
summary of parameters which effect mission, manoeuvre,and field performance is shown in Fig, 1,

IYPE OF PERFORMANCE  PERFORMANCE MEASURES  MAJ, CONTROLLING PARAMETERS Ty A | Gl ik
MAX, LIFT CORFF, «— MIGH LIFTSYST, PiTOT 2 WEDGE INTAKE | 2 WEDGE INTAKE
- 1.0, DISTANCE WING LOADING U1C CEOmEIRY DESIGN MISSION RADIUS 10 n.m, 150 n.m, % - 150n.m
THRUS TWEIGHT
FIELD HIGH LIFT DEVICES 2- SLOTIED FLAPS | 2 - SLOTTED FLAPS | 2 - SLOTTED FLAPS
MAX, LIFT COEFF, < HIGHLIFTSYST. + SLATS + SLATS + SLATS
LAND, DISTANCE WING LOADING  WING CEOMETRY AND PLAIN FLAPS
GRODICCARABESDIEEDEVICES ASPECT RATIC. WING SWEEP | 3,04%°  4.537,5° 1.0/45° 3.0/45°
LIF/DRAG WING GEOMETRY WING LOADING L8 /A1? 55—+ 100 55 ~» 100 55 ~= 100
MISSION MISSION RADIUS WING LOADING COMPRESS1ON
ENGINE SFC BY PASS RATIO TTHRUSTWEIGHT| e 12110 RN 6% 1.6 8-+ 11
POWER SETTING | | |
THRUSTMWEIGHT
§‘3‘:5.?3%’§52"2owm WING LOADING DECELERATION DEVICES BRAKES OMLY, DRAG CHUTE, THRUST REVERSER
’ LIFTORAG WING GEOMETRY ALTERNATE MISSION PERF, | L0-.0-LO MISSION

WITH EXTERN, TANKS AND 4 x 1000 LB PAY LOAD

MANOEUVRE MAX. L0AD FACTOR MAX.USABLE LIFT COEFF.

WING [0ADING
MAX. MACH NUMBER ENGING/INTAKE CHARACTERISTICS " Sea tevel Static
Fig, 1 PERFORMANCE ASSESSMENTS Fig. 2 RANGE OF VARIATION

Wing loading and thrust to weight ratio affect most frequently aircraft performance. A high wing loa-
ding, for example, penalizes take-off and landing performance, on the other hand it is beneficial to cruise
performance. A high thrust to weight ratio is favourable for take-off and manoeuvre performance. Due
to lower power setting, however, high thrust to weight ratios penalize payload/range performance rather
severely, Other parameters such as aspect ratio, wing sweep, engine cycle etc., have similar effects

on field and flight performance, Since all these parameters influence not only aircraft performance but
aircraft weight at the same time, the effect must be investigated simultaneously, This can be done most
efficiently and most consistently by means of an aircraft synthesis programme (Ref. 1),

1. RANGE OF VARIATION

For three different engine/intake configurations thrust to weight rat:s and wing loading were
varied, Each combination represents an aircraft designed to meet a specifiel mission radius, Plain
flaps and an alternate aspect ratio/wing sweep combination were investigated for the high bypass ratio
engine/pitot intake configuration only (Fig. 2). All landing distances were computed using different
ground deceleration devices. In addition,alternate mission performance has been calculated based on a
low altitude mission profile.

2, GROUND RULES AND BASIC ASSUMPTIONS

Base Design
All aircraft synthesized for this study are considered to be derivatives from one base design

shown in Fig. 3. This configuration is a single seat, fixed wing, supersonic fighter in the 20 000 LB-
weight-class. A moderate wing loading and an appropriate choice of wing and intake location guarantee
weapon cariing capability and good manoeuverability, There were no high speed manoeuvering devices
built in, The aircraft synthesis takes into account all primary and secondary scaling effects and repre-
sents adequately the preliminary design process with all the major disciplines involved.
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Engine Performance

In order to show the effect of engine cycle,two engines of the same state of technology were
compared: a high bypass ratio (BPR = 1, 3}, high compression ratio engine and a low bypass ratio en-
gine (BPR =, 3),low compression ratio engine, The high BPR-engine was designed for low fuel con-
sumption at max, dry thrust setting and high subsonic Mach numbers. The low BPR, low compression
ratio engine was designed for low specific fuel consumption at max, reheat condition and supersonic
Mach numbers, Some characteristic performance data are presented in Fig. 4. All data are instal-
led values, assuming a variable double wedge intake for both engines. In comparison,data for the high
BPR /pitot intake combination are shown.

Manoeuverability

There are several possibilities to describe or measure manoevverability performance. For
a high speed interceptor one would measure manoeuverability at low g-conditions in terms of climb
acceleration time or specific excess power (Fig. 5). For air superiority fighters operating at high sub-
sonic speeds, specific excess power at low and high load factors is an appropriate measure for manoeu-
verability, For self defence capability,maximum load factor or maximum turn rate respectively seems
to be a good measure for manoeuvre performance (Ref, 2). In this study manoeuverability is defined
in terms of specific excess power (as shown in Fig. 5) at specified Mach number, altitude,and load
factor conditions,

TAKE-OFF LANDING
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AND ENERGY HEIGHT

TAKE-OFF AND LANDING
GROUND RULES

Fig. 6

Take-off and Landing

Fig, 6 summarizes the ground rules and basic assumptions used for take-off and landing cal-
culation, It has to be noted that take-off distances are computed using a take-off weight which is 30 per-
cent higher than the take-off gross weight for the design mission described below, This is to account
for off-design operational payload carriing capability, In addition, it has to be mentioned that the terms
wing loading and thrust to weight ratio used in this study are based on design mission take-off gross
weight and not on the 30 percent overload condition,

Mission Profiles
Fig. 7 describes design mission and alternate mission profiles, The design mission was used
to determine the amount of internal fuel, It is an air superiority type profile which contains elements
of loiter, optimum cruise,and combat manoeuvering with maximum reheat. In order to account for the
difference in combat performance of aircraft with different thrust to weight ratios,a gain of energy height
was used instead of a fixed combat time requirement (Fig, 5) to estimate combat fuel allowance (Ref. 3),
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DESIGN MISSION PROFILE ALTERNATE MISSION PROFILE
- -L-y - 150nm
N < ] n ° '1 '
# b S R — .
Kraue e TS
a) Warm-up, take-ofl, accelerate to climb 3 1.0, -~ MaxA/B
Mach number bl Accelerate to opt, Mach number
b Climb with max, dry power and max, ¢! Cruise at opt, Mach number
rate of climb
d) Dashat M-, 8
¢} Cruise at 25,000 H,
el Combat, 2 min military power,
41 Descent drop bombs
e Combat M + .9 in 10,000 H, 1) Dash at max, dry thrust speed
energy gain 100,000 ft,
T " gt Cruiseat M- .8
ax, dry power
et bl Lolter 15 min,

g) Cruise at 25,000 H,

i
hi Descent
i) Loiter at SL External Stores: 2 x 150 GAL tanks

K Landing with 10% fuel AI000IE B Eorytn Fig. 7  MISSION PROFILES

Missites are on during the whole mission,

Landing with 10 % fuel

3. ASYMPTOTIC THRUST TO WEIGHT RATIO

Wing loading and thrust to weight - as mentioned earlier - are the driving parameters with re-
spect to vehicle performance and size. It could be expected, as indicated in Ref, 2, that there is a fea-
sibility limit for extreme combinations of thrust to weight ratio and wing loading. Fig. 8 shows three | @
diagrams where take-off gross weight is plotted against thrust to weight ratio for two extreme wing
loadings, Each curve represents a serie of aircraft, designed for a mission radius of 150 n.m., for
which the take-off gross weight is given as a function of thrust to weight ratio and wing loading, The \
first two diagrams differ by the selection of sweep angle and aspect ratio while wing taper ratio is | 8
held constant, Due to a higher structural weight for higher aspect ratio wings, take-off gross weight
shows a stronger progressiveness especially for the lower wing loadings., A design iteration divergence
can be expected at a thrust to weight ratio of about 1, 6. For the low bypass ratio, low compression
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Fig, 8 THRUST"WEIGHT RATIO Fig. 9 ASYMPTOTIC THRUST/WEIGHT RATIO
AND WING LOADING LIMITS VERSUS MISSION RADIUS

ratio engine asymptotic thrust to weight ratios can be assumed at about 1,0 for the low wing loading,
and 1.3 for the high wing loading. The main reason for the low asymptotic thrust to weight ratios in
the latter case is the fact that for higher thrust to weight ratios the power setting during cruise flight
becomes rather low, thus specific fuel consumption increases more rapidely compared with the high
bypass ratio engine (Fig. 4). The penalizing effect is quite significant at high thrust to weight ratios,
As shown in Fig, 9 a similar problem arises when the design mission radius is increased,

4, PERFORMANCE COMPATIBILITY

Any combination of wing loading and thrust to weight ratio stands for one aircraft design as
shown in the previous figures, When substituting thrust to weight ratio by vehicle flight and field perfor-
mance - which can be achieved with this thrust to weight ratio at a specified wing loading and take-off
gross weight - a diagram as presented in Fig, 10, can be drawn, It shows in a schematic manner take-
off gross weight as a function of wing loading for any combination of flight and field performance require-
ments, There is one line, for example, representing a subsonic high load factor turn requirements in
terms of specific excess power at a specified Mach number, altitude, and load-factor condition, going
from the upper right to the lower left corner of the diagram. This tendency indicates, that for high load
factors (which means high lift coefficient and high induced drag) the use of a larger wing (lower wing
loading) in spite of its higher structural weight results in a lower take-off gross weight, On the other
hand a vehicle which is designed for a2 low load factor supersonic requirement benefits from a higher
wing loading (smaller wing) because of the smaller zero lift drag (wave drag), A third line, designated
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Fig. 11 FLAP SYSTEM - DECELERATION
DEVICES EFFECTIVENESS

as "minimum-weight-field-performance'" is a curve, connecting values of different field performance
which can be achieved at minimum take-off gross weight, The upper part of the curve combines merely
the points where take-off and landing distances are equal. The lower part of the "minimum-weight-
field-length" curve represents the field iength, where take-off does not match landing distance, because
minimum weight for a given take-off distance is achieved at a wing loading smaller than required for
matching field performance,

Performance matching is achieved at an intersection of at least two requirement lines, For
example: subsonic turn performance matches superscuic dash performance at A, subsonic turn require-
ment matches "minimum weight field length' at B, There is, however, no compatibility of supersonic
dash performance and "minimum weight field length", '

Fig. 11 shows the effect of high lift and ground deceleration devices on achievable field length
and take-off gross weight, The solid lines indicate "minimum weight field lengths' for different dece-
leration devices. It can be seen how each of the different deceleration devices has its own area of appli-
cation; so does the thrus. reverser at low wing loadings {(low approach speeds), the drag chute at mode-
rate wing loadings, and brakes only at high wing loadings,
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Fig, 12 presents the principles of matching for a sample set of requirements, These are:
a) 2000 FT field length,
b) SEP = 200 FT/35 at Mach = ,7, Alt, = 10 000 FT, Load factor = 5,,
¢) SEP =1 100 FT/5 at Mach =, 9, Alt, = Sea level, Load factor =1, i
|
It happens that all requirements size the aircraft simultaneously (left diagram). Utilizing the !
lighter plain flap lift system, the lack of lift is compensated by a reduction in wing loading, the Mach
=, 7 turn performance requirement is exceeded, the take-off gross weight, however, higher than for the |
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previous case, Switching to a higher aspect ratio the minimum weight is achleved at a higher wing loa-
ding (due to better flap efficlency) compared with the first case, The take-off gross weight, however, in-
creases because of a structural weight penalty for the higher aspect ratio wing,

2
@
o L]
Q g
X ?
: 3
[]
g QT HIGH BPR ENGINE / PATDT INTAKE ] = =] SLO 1 :‘R‘“",g"“um"f' ! 10 WEDOE WikrE
ARSI0 LAM, g 05°
' DOUBLE SLOMED FLAPS AND SLATS ! E COUBLE, LOMED FLAPY MNOISLATS L I
e s ) *o?llﬂll!q),m’
35 t —{I + 53'5 '""""nl -
li e
& | ¢ \iA
u .imp'(/sgym -
2. |l
2l f ' - 0 YERCOADT
e W1
L TAKE-OFF DISTANCE - FT.
| 130% OVERLOAD)
H ] 1 |
I 1| —1 — '
. [ | 070K g g
ol i
T = ¥ T 10710 )
e xme  tm s 070K/ ghoy WS R IAD D et
B Laome DISTANCE (THRUST REVERSER) ) 1 5 1 AN CESTANEE ISt AEVERSER) {
o . . :
-+ { | ___WING LOADING WING LOADING __
.0 60 80 100 LB/FT &0 B0 B0 100 ~LB/FT

Fig. 13 SUBSONIC VERSUS SUPERSONIC MANOEUVRE REQUIREMENTS, R = 150 n,m.

A trade between subsonic and supersonic manneuvre capability is shown in Fig, 13 for two dif-
ferent intakes, The minimum take-off gross weight to meet a Mach = , 7 subsonic and a Mach = 1, 6
supersonic turn requirement is achieved at a lower wing loading for the double wedge intake than for
a pitot intake aircraft, Take-off gross weight,however,is still higher because the weight penalty for
a double wedge intake offsets the advantage of better supersonic performance.
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Fig. 14 EFFECT OF ENGINE PERFORMANCE, R = 150 n.m,

The effect of engine characteristics is shown in Fig, 14. To maintain the same performance
levels, take-off gross weights for the low BPR-engine are much higher and more sensitive to a change

in wir.g loading than the high BPR -engine.




An indication how alternate mission performance is affected by thrust to weight ratio and wing
loading is given in Fig, 15. The strong performance degradation (at constant design mission radius)
with increasing thrust to weight ratio is caused by the fact, that in contrast to the design mission - where
about 40 percent of fuel is consumed during combat - almost the entire alternate mission is flown at a
low power setting, thus penalyzing engine specific fuel consumption significantly,
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Fig, 15 ALTERNATE MISSION PERFORMANCE

Fig. 16 finally, illustrates in two examples the conditions under which a matching of flight and
field performance is feasable. In order to show the effect of the two major parameters in one diagram,
thrust to weight ratio was plotted against wing loading, The left diagram is applicable to double slotted
flaps and slats, the right one is valid for plain flaps, Lines of "'minimum weight field length' are shown
for three different ground deceleration devices, Manoeuvre performance is represented by specific
excess power at the following conditions:

a) M=1,6, Alt, = 36 KFT, Load factor = 1
b} M= .7, Alt, = 10 KFT, Load factor = 4

Neglecting the different slopes between "minimum weight field length" and the lines of constant turn per-
formance, maximur. manoeuvre performance can be matched with a field length requirement of about

2 000 FT for aircraft using double slotted flaps and thrust reverser, Utilizing plain flaps only,compa-
tibility is achieved for field lengths of about 2 400 FT at a slightly higher thrust to weight ratio.
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5. CONCLUSIONS

-

- Only high bypass ratio, high compression ratio engines, and moderate thrust/weight ra-
d tios seem to satisfy economically the demand for small ficld lengths, good manoceuvera-
bility (up to Mach numbere of about 2,0), and transportation capability at the same time,
The best combination of thrust to weight ratio and wing loading, for which field and ma-
noeuvre performance can be matched, depends on the maximum lift coefficient provided
by high lift devices, Compatibility for fixed wing aircraft can be achieved at thrust to
weight ratios of about 1.1, when using plain flaps and thrust reverser, Utilizing double
slotted flaps the thrust to weight ratio decreases to about 1,0, For high aspect ratio or
variable geometry aircraft this value would even be lower.

- There is an asymptotic thrust to weight ratio for fighter aircraft depending on design mis-
sion profile, design mission radius, engine SFC, wing loading,and wing shape. This a-
symptotic behaviour limits the level of achievable field and manoeuvre performance. Due
to higher SFC’ s at lower power settings these limitations become crucial for aircraft using
low bypass ratio, low compression ratio cngines,
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SOMMAIRE

Nous avons considéré pour 1'exposé ci-aprds, un avion & voilure élancée "non limité en portance".
Nous déerivons d'abord le processus qui, & partir d'une nouvelle configuration, a conduit 4 de nouvelles
caractéristiques aérodynamiques et & de nouveaux réglements de Certification, L'optimisation des caracté-
ristiques aux basses vitesses est ensuite développée en prenant l'exemple de CONCORDE,

1. INTRODUCTION

Un grand nombre de facteurs doivent &tre pris en compte pour le calcul des performances & l'atterris-
sage et au décollage d'une nouvelle génération d'avions de transport & voilure élancée, dont les caracté-
ristiques différent sensiblement de celles des avions subsoniques actuels.

I1 est nécessaire non seulement de bien connaltre et d'interpréter ces caractéristiques aérodynamiques
nouvelles tant sur le plan du pilotage que des performances, mais aussi de s'aszurer que l'effet de tout
changement significatif par rapport aux caractéristiques classiques est bien refi%té dans les réglements
de certification., Une fois la configuration générale choisie et son effet probible sur les réglements de
certification déduit, l'optimisation des performances pour 1l'ensemble de la mission pourra alors se pour-
suivre,

Ce processus qui, & partir de formes aérodynamiques inhabituelles, a conduit & des caractéristiques aéro-
dynamiques nouvelles, conduisant & leur tour & une modification des réglements et des procédures d'essais
er vol, sera décrit en prenant 1'exemple de CONCORDE.

Les nouveaux réglements auxquels nous nous réfererons sont les réglements T3S proposés par les Autorités
de Certification franco-britanniques. Inévitablement les avionneurs estiment que certaines exigences conte-
nues dans les réglements sont trop sévires, et le fait de s'y référer ne doit pas 8tre considéré comme indi-
quant un accord complet !

2, COMPARAISON ENTRE LES CARACTERISTIQUES AERODYNAMIQUES AUX BASSES VITESSES D'UN AVION CLASSIQUE ET D'UN
AVION A VOILURE ELANCEE.

Ayant choisi une voilure élancée principalement & cause des possibilités offertes pour 1'optimisation
des performances en croisiére supersonique, il est nécessaire de considérer les différences qui en décou-
lent aux basses vitesses par rapport & une voilure classique. Elles résultent directement du faible allonge-
ment de la voilure, qui entratne :

(i) un gradient de portance plus faible et une incidence plus élevée pour une portance donnée. lLa figure 1
compare les deux types d'avion, et 1l'on peut noter l'absence de décrochage classique pour l'avion & voilure
élancée.

(ii) La combinaison d'une forte fliche et d'une faible épsisseur relative conduit 2 une séparation de 1'écou-
lement aérodynamique par rapport au profil, le long du bord d'attaque. Bien que ce type d'écoulement n'appa-
raisse pas sur une voilure & fldéche modérée, il constitue une forme stable d'écoulement sur une voilure élan-
cée (Figure 2) et, initialement considéré avec une certaine suspicion, il est maintenant bien accepté. la
figure 1 montre le gain de portance qu'il procure par rapport & 1'écoulement attaché au profil et la figure 3
montre la dégradation qui en résulte dans 1'évolution du moment de tangage.

(iii) La combinaison d'un faible allongement et d'un écoulement séparé du profil conduit a une tratnée induite
élevée ; la configuration lisse, sans volets, conduit également & une faible trafnée & portance nulle, Ces
deux caractéristiques entrainent une vitesse de finesse maximale suffisamment élevée pour qu'on soit amené &
utiliser opérationnellement l'avion au second régime,

Nous examinerons d'abord 1'impact de ces nouvelles caractéristiques aérodynamiques sur le pilotage aux basses
vitesses.

3. EVOLUTION DES CARACTERISTIQUES DE PILOTAGE AUX BASSES VITESSES D'UN AVION A VOILURE ELANCEE.

L'augmertation de 1l'incidence se traduit d'abord par une dégradation progressive de la stabilité stati-
que longitudinale, ainsi que nous l'avons montré sur la figure 3.
Comme les performances au décollage imposent un centrage assez arridre, il en résulte assez rapidement une
instabilité longitudinale qu'il est nécessaire de corriger : nous verrons plus loin les moyens utilisés dans
le cas de l'avion TS3 CONCORDE,
- le contr8le transversal ne subi” pas d'abord de dégradations notables quand 1l'incidence augmente, la stabi-
1lité de route conservant une valeur suffisante ainsi qu'il est indiqué sur la figure 4.

La situation que nous venons de décrire se dégrade toutefois quand on atteint une incidence plus élevée ol se
produisent des pertes partielles de portance sur les bords de fuite, dues & la dég“nérescence des tourbillons
d'apex : il epparalt alors un "piteh up" d'amplitude limitée (sur CONCORDE, il se iraduit par une variation

de braquage d'équilibre des gouvernes d'environ 3 degrés), mais suivi d'une dégradation de la stabilité sta-
tique telle qu'elle pourralt conduire 4 plus long terme & une perte de contrdle longitudinal.
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Le contr8le transversal se dégrade également par suite notamment de la perte de stabilité de route qui
intervient au voisinage de 1'incidence de "pitch up" ; il devient difficile, puis impossible, au volant
seul, quand l'instabilité de route entratne la divergence du dérapage, ainsi que 1'ont montré des essais

sur simulateur.

Nous devons ajouter que l'efficacité des différentes gouvernes resie suffisante pour équilibrer statique-
ment l'avion jusqu'kd des incidences trds élevées (Cf. figure 5), et qu'elle permet des récupérations trés
faciles & des incidences plus modérées, ainsi que l'ont montré les essais en vol,

I1 est donc nécessaire ce limiter le domaine de vol de l'avioh vers les basses vitesses ou les grandes in-
cidences avant que n'apparaissent des difficultés de contr8le trop importantes. Ainsi il nous a paru raison-
nable sur l'avion prototype CONCORDE 001 de ne pas aller délibérément jusqu'au "pitch up", bien que des es-
sais sur simulateur aient montré que le contr8le restait encore possible au deld. La vitesse minimale VNIN
peut alors 8tre démontrée en vol & facteur de charge unité, et nous confondrons dans la suite de 1'exposé
les deux concepts de vitesse minimale ou d'incidence maximale dans les configurations symétriques de l'avion,

4. CRITERES D'IDENTIFICATION DE LA VITESSE MINIMALE

Nous allons maintenant examiner les critires auxquels il est nécessaire de satisfaire pour 1l'identifica-
tion de cette vitesse minimale, par analogie avec les avions subsoniques actuels,
Sur ces derniers, certaines limites sont habituellement fournies par un comportement naturel : c'est, par exem-
ple, l'apparition du buffeting qui signale la sortie du domaine autorisé vers les basses vitesses, et l'abat-
tée au décrochage qui caractérise la vitesse de décrochage Vs.
Sur un avion & voilure élancée, il est nécessaire de matériamliser ces limites par des moyens artificiels, a'il
ntexiste jusqu'd la vitesse minimale démontrée en vol aucun phénoméne naturel susceptible d'eéveiller l'atten-
tion du pilote.
Outre un systéme classique d'avertissement de sortie du domaine autorisé, tel qu'un vibreur de manche, un se-
cond niveau d'alarme doit 8tre fourni pour satisfaire pleinement aux exigences de certification. Cette alar-
me inmanquable, calée au voisinage de 1'incidence maximale, doit satisfaire aux objectifs suivants :
- elle doit opérer suffisamment & 1'avance par rapport & 1l'incidence maximale, dans des conditions dynamiques,
pour permettre & 1'équipage d'observer cetie limitation sans habileté exceptionnelle et suffisamment pres de
1l'incidence maximale pour ne pas &tre une glne durant les opérations normales, et certeines manoeuvres d'évite=-
ment,
- elle doit &tre suffisaemment puissante pour 8tre pergue dans tous les cas,
- elle doit 8tre directive si 1l'action corrective & prendre par l'équipage n'est pas évidente.

Nous verrons plus loin les solutions retenues pour l'avion TSS CONCORDE,

5. MARGES REGLEMENTAIRES ENTRE Vyry ET VITESSE OPERATIONNELLE A L'APPROCHE,

Les marges suivantes ont été imposées dans les réglements TSS pour un avion supersonique qui possederait
& l'approche des caractéristiques de maintien de vitesse comparables & celles des avions subsoniques actuels.

(1) vy 1 ¢ € VRE /1,3, la poussée affichée étant égale A la poussée nécessaire pour maintenir une appro-

che stabilisée avec un angle de descente stabilisé n'excédant pas 3 degrés,
(ii) VmIy 1 g < Vggp/ 1,25, la poussée affichée n'excédant pas la poussée minimele autorisée pour 1'approche
finsle jusqu'en seuil de piste, VREF étant la vitesse minimale autorisée dans la configuration approche

tous moteurs en fonctionnement,

Ces marges apparaissent comme sensiblement plus sévéres que celles imposées aux avions classiques, puisque par
exemple les réglements BCAR et les conditions spéciales franco-allemandes ( A 300 B) sdmettent une chute de

6 % de la vitesse entre le début de l'abattée et l'instant ol la vitesse minimale est obtenue : ainsi la plu-
part des avions subsoniques actuels satisfont & ce réglement avec une marge entre la vitesse minimale démon-
trée en vol moteurs réduits Vysc et la vitesse objectif au seuil de piste Vpp telle que s Vpp = 1,3 VH30 ~
1,22 Vpip 1 g.

On peut noter en outre que la poussée nécessaire durant toute l'approche et jusqu'au voisinage du sol, reste
relativement élevée pour un avion & voilure élancée et que dans cette configuration de poussée la plus fréquen-
te, qui est celle de 1'approche stabilisée sous 3° de pente, les marges exigées par rapport &4 la vitesse mini-
male démontrée en vol Vyry 1 g se trouvent encore accrues.

Toutefois, si un standard de maintien de vitesse amélioré peut 8tre démontré (variabilité i 3 & au seuil de
piste inférieure & 1C Kts environ), une certaine relaxation par rapport aux exigences précédentes est admise

(1) gy 12« Vogr / 1,25 & la poussée d'approche
(1) Wmm 1 e < VREp /1,2 4 la poussée réduite.

Ce standard de maintien de vitesse amélioré peut 8tre obtenu par l'utilisation d'une automanette.
Comme il sera vu plus loin, les vitesses au décollage sont moins dimmensionnées par le pilotage que per les
performances.

6. CONJEQUENCES DANS LA CONCEPTION DI L'AVION.

A titre d'exemple, nous décrirons ci-aprés les solutions retenues pour satisfaire % ces exigences dans le
cas du TS5 CONCORDE, ainsi que leur expérimentation en vol sur l'avion CONCORDE prototype 001,

6,1, L'instabilité statique naturelle a été corrigée par un déroulement du trim de profondeur en fonction de
l'incidence qui rétablit une stabilité en effort positive (Cf. figure 6). Toutefois, pour des raisons de
sécurité, il est nécessaire de limiter la vitesse de déroulement du trim : ce "trim d'incidence" est donc

‘insuffisant en cas d'approche dynamique rapide des grandes incidences.

Pour couvrir ce dernier cas et en addition au systéme d'augmentation de stabilité utilisé dens le domaine
normal, nous avons développé un superstabilisateur actif aux grandes incidences pour des variations rapi-
des d'assiette ou de vitesse, et dont le schéma de principe est représenté sur la figure 7. Ce dispositif
pernet de restituer des efforts de manoeuvre corrects aux basses vitesses ; il limite le taux de varia-
tion d'incidence & une valeur telle que, le pilote ayant entamé une manoceuvre d'évitement qui entralne le
déclenchement de l'alarme inmanquable & un facteur de charge de l'ordre de 1,5 g en virage 3 £ = 459, il
lui soit possible de récupérer son avion sans habileté exceptionnelle et sans dépasser 1'incidence maxi-
male démontrée en vol, Cette manoceuvre est en effet considérée comme une manoeuvre enveloppe pour un
avion tel que CONCORDE.
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11 convient de noter que la plupart des fonctionnements intempestifs de ce dispositif n'affectent pas
1'avion, si ce dernier se trouve dans une condition de vol stabilisée et qu'il est prévu une inhibi-
tion lors de la rotation au décollage,

6.2, Comme il n'y a pas dégradation notable du contrBle transversal jusqu'h o [MAX, les dispositifs d'aug-
mentation de stabilité définis dans le domaine normal restent suffisants : ils comportent une coordina-
tion gauchissement direction qui permet de limiter aux basses vitesses la valeur maximale de dérapage ob-
tenue lors de manoeuvres en roulis de grande amplitude,

6.3, Avertissements et alarmes associés aux grandes incidences, Ils consistent en :

- un vibreur de menche dont le déclenchement est calé par rapport h la limite autorisée d'incidence en
utilisation normale,

- wie alarme dite "immanquable" constituée par un pulseur de manche (stick-wobbler) & effet directif,
introduisant des hA-coups & piquer A la fréquence de 3 Hz tant que le pilote tire sur le manche et 1l'enm-
p8chant de dépasser la limite absolue d'incidence,

Son déclenchement est commandé soit & 1'incidence maximale pour une approche quasi statique des grandes
incidences, soit 4 une incidence inférieure au cours d'une approche dynamique, l'avance introduite é*ant
proportionnelle au taux de variation d'incidence,

Cette derniére alarme n'est active que si le pilote exerce une action 4 tirer ; elle est inhibde dés qu'il
exerce une action 4 piquer, de maniére 2 ne pas glner la manoeuvre de récupération., Son déclenchement in-
tempestif n'entratne pas de mouvement de gouverne dans une condition de vol ol l'avion est trimmé ; elle
2at en outre inhibée lors de la rotation au décollage,

6.4, Nous traiterons maintenant bridvement de l'aspect sécurité 1id & l'utilisation de ces "boltes noires",

Dy

Les objectifs ae sécurité i satisfaire sont fixés de maniére 2 obtenir un niveau de sécurité au moins

épal & celui des avions existants., Pour y satisfaire, on doit s'assurer :

- que leur fonctionnement opérationnel est satisfaisant pour 1'ensemble des configurations de 1l'avion,

- que la plupart des pannes, et en particulier des fonctionnements intempestifs, ne conduisent pas a des
situations critiques,

- que les pannes ou les combinaisons de pannes qui pourront avoir des conséquences catastrophiques, soient
rendues extrémement improbables.,

Ces objectifs conditionnent le choix des principes, ainsi que le niveau d'autosurveillance et de redondance
4 prendre en compte pour la réalisation des systemes,

6.5, Lxpérimentation en vol sur CONCORDE prctotype 001,
Un total de 11 vols a été consacré par les constructeurs tant & l'exploration quasi statique jusqu'a une
incidence de 23,5°, qu'a l'expérimentation des dispositifs précédemments décrits., Outre quelques vols pré-
paratoires, on doit ajouter au total précédent quatre vols d'évaluation par les Services Officiels franco-
britanniques. Ces vols ont permis de confirmer :
- qu'il n'existe pas d'avertissement naturel (buffeting par exemple) dans 1'ensemble du domaine exploré,
- que Jjusgu'h l'incidence maximale explorée, la manceuvrabilité reste excellente et tout particulidrement
en tangage, ce qui assure des récupérations trés faciles, sans méme utiliser toute la course en profondeur
4 piquer,
- que la stabilité dynamique reste treés satisfaisante jusqu'd 1'incidence maximale explorée, avec las sys-
ténmes d'augmentation de stabilité en fonctionnement,
- que la stabilité statique naturelle est franchement négative au centrage arriére, mais que le trim d'in-
cidence restitue une stabilité en efforts positive.
Une légére anomalie nérodynamique se traduisant par une petite discontinuité d'équilibre longitudinal asso-
cide A une lente divergence de dérapage, a ét4 observie, mais seulement en associant & une incidence voi-
sine de 1'incidence maximale un dérapage d'au moins B degrés,
Une incidence maximale de 21 degrés étant suffisante pour démontrer les marges réglementaires par rapport
aux vitesses de référence choisies pour l'avion prototype, le déclenchement de l'alarme (pulseur de manche)
a donc été calé a cette valeur en fonctionnement statique.
L'ensemble des dispositifs anti hautes incidences procure alors une protection qui a été reconnue efficace
pa. toutes les Autorités de Certification frangaises, britanniques et américaines qui l'ont expérimentée :
¢, d'aprés le jugement des pilotes, il s'oppose & toute sortie du domaine normal avec une autorité,
vuire une brutalité proportionnelle & l'aveuglement du pilote qui tenterait de s'en éloigner,

7. CONSEQUENCES DES CARACTERISTIQUES D'UNE VOILURE ELANCEE SUR LES PERFORMANCES.
Les caractéristiques citées au paragraphe 2 ci-dessus, ont essentiellement deux conséquences :

(i) Etant donné que les caractéristiques de trainéde induite sont plus sévires, la finesse sera faible et bien
plus affectée par les erreurs de vitesse que celle d'un avion A& réaction subsonique.

(ii) On doit s'attendre & ce que la combinaison d'une tratnée & portance nulle inférieure & la normale, et
d'une trainéde induite supérieure & la normale, entrafne une instabilité de vitesse, et rende plus difficile
le maintien précis de la vitesse.

La figure 8 représente les caractéristiques de gradient en fonction de la vitesse d'un avion & voilure élan-
cée et d'un avion & réaction courant, chacune étant ajustée pour satisfaire aux exigences actuelles des BCAR
au second segment pour un quadriréacteur avec un moteur en panne, c'est & dire 1l'obtention d'un gradient de
3%aV,.

Elle montre clairement que toute réduction de vitesse entraine une détérioration des performances plus
importante dans le cas d'une voilure élancée. Une telle détérioration pourrait affecter non seulement le gra-
dient dans le deuxidme segment, mais aussi la distance de décollage nécessaire.

Ces considérations nous ont, depuis longtemps, conduit & admettre que des modifications réglementaires se-
raient néceseaires. Naturellement, les discussions ont porté sur leur forme et leur sévérité.

8. FORME DES NOUVEAUX REGLEMENTS.

B8.1. Exigences de gradient

Comme la nécessité de modifier les réglements provient surtout de 1'aggravation des caractéristiques de
trainée, les nouveaux réglements ne devraient pas &tre basés arbitrairement sur, par exemple, les caractéris-
tiques connues du CONCORDE actuel, mais ils devraient &tre applicables de facon générale, Par exemple,
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une amélioration de la trafnde devrait avoir deux répercussions : premisrement l'amélioration directe, et
ensuite 1l'assjuplissemant des exigences de gradien%, De plus, pour que les nouveaux réglementis solent dé-
fendables, il3 devraient également &tre équivalents aux exigences actuelles lorsqu'ils sont appliqués aux
avions actuels,

Trois fagons de prendre en compte ces influences de manidre rationnelle ont été considérées :

1
(1) démontrer un gradient =a + b =

()
]
olt Kw 2 est le rapport entre la trafnée induite par la portance et la masse,

(ii) démontrer un gradient réduit dans le cas d'une erreur de vitesse donnée : x % gradient X v, =y kt,
ou V, est la vitesse de montée prévue avec pannes de réacteur. Far exemple, une régle simple, que
nous avons suggérée et défendue, et que nous considérons toujours comme appropriée dans le ces du deuxieme
segment, serait la suivante (voir figure 8)

-~ démontrer un gradient de 2 % A V2 - 10 Kts.

(iii) satisfaire & un gradient réduit lors d'un virage & une inclinaison donn<2 : x jv gradient & V lors
d'un virage coordonné & #° d'inclinaison, & poussée symétrique.

Ces trois méthodes, ayant comme point de départ commun ia forme de la polaire, avaient chacune leur défen-
seurs, mais le choix définitif des Services Officiels s'est porté sur la troisiéme méthode.

On peut dire ici que, malgré une grande méfiance de la part de nos pilotes et de nous-mémes, les essais en
vol délicats exigés pour réaliser des virages stabilisés avec un moteur en panne et un trim latéral parti-
culier, se sont déroulés de manidre assez ~atisfaizante. Nos premiers calculs nous avaient laissé croire
ue la trainée d'équilibrage minimale étaii chtenue & dérapage nul plutbt que dans un virage coordonné
?effort latéral nul). Les essais ont confirmé cette hypothtse e ont donné des résultats remarquablement
homogénes. Ainsi nos craintes sur la possibilité d'obtenir des réaultats de vol exploitables A4 1'aide de
cette méthode, n'étaient pas justifiées, mais il faut dire que ce succés est en grande partie dfi A la quan-
tité importante d'essais en vol et d'analyses supplémentaires effectués., On peut donc considérer que les
exigences de gradient en virage couvrent les erreurs de vitesse normales. Les erreurs grossitres de vites-
ses, c'est & dire celles qui ménent & un gradient nul sur la figure 8, or% €été traitées différemment en
prenant une certaine marge entre V et V,. ., vitesse ot la pente est nulle. Cette dernitre exigence est
entiérement nouvelle et non pas uné adapta% gn d'une exigence figurant déji dans les BCAR ou FAR,

B.2. Distance de décollage

Les réglements classiques BCAR sont maintenus, mais pour couvrir le cas d'un avion & voilure élancée dont
le maintien de la vitesse serait difficile, et (ou) les qualités de vol médiocres, un certain nombre de
cas d'erreur ont été ajoutés.

Ces cas prennent en considération des décollages prématurés et tardifs, pour lesquels il est demandé de ne
pas excéder la longueur de piste prévue et de démontrer la pente nette de trajectoire exigée.

8.3, Masse maximale d'atterrissage

La forme des réglements est analogue & celle discutée au paragraphe 8.1. ci-dessus, Cependant, en plus des
exigences de gradient avec tous moteurs et un moteur en panne dans la configuration atterrissage, il y a
maintenant une exigence sur le gradient (de descente) dans le cas d'une approche continuée avec deux mo-
teurs en panne.

I1 est juste d'observer que bien qu'une telle exigence ne figure pas dans les BCAR, les caractéristiques
des gquadriréacteurs actuels certifiés suivant 1'exigence de montde avec un senl réacteur en panne, leur
permettent de suivre une trajectoire de glide de 3° et de réaliser une approche en sécurité, avec deux ré-
acteurs en panne,

8.4. Distance d'atterrissage

A l'exception de la définition différente des vitesses de référence d'atterrissage (voir paragraphe 5),
les réglements T3S sont presque identiques aux BCAR.

8.5. Passage des obstacles

N

Encore une fois, la sensibilité & une erreur de vitesse doit &tre prise en compte, et 1'on a choisi un abat-
tement de la pente brute & la pente nette basé sur la réuuction de gradient de montée pour un angle d'in- i
clinaison donné, i

9. SEVERITE DES NOUVEAUX REGLEMENTS

La sévérité des nouveaux réglements est basée de fagon générale sur la considération des caractéristiques
de 1'avion pendant la montée sur le deuxieme segment et les conclusions sont ensuite étendues aux autres ré- ;
gimes, i
L'expérience acquise sur CONCORDE lors des essais en vol et au simulateur, a démontré que, du fait de la com- 4
binaison de bonnes qualités de vol et d'excellentes infrrmations d'assiette, le contrdle de la vitesse est au ’
moins aussi bon que sur les avions & réaction actuels.

En particulier, des décollages satisfaisants et répétitifs peuvent &tre réalisés, non seulement en visant une
vitesse V2 au dessus de l'obstacle, mais aussi en visant cette vitesse et une assiette donnée. Ainsi, depuis

la premiére action & tirer & VR et & l'assiette de roulage, le pilote peut contr8ler les augmentations d'as-

siette de manidre & ce que V2 soit obtenue 4 l'assiettef)2,

Ce contr8le satisfaisant de 1la vitesse a permis de baser les réglements sur des caractéristiques de maintien
de vitesse similaires & celles des avions actuels.

Apres avoir considéré toutes les preuves disponibles, et aprés de nombreuses discussions, les Gervices Offi-

ciels ont décidé que l'exigence pour le deuxiéme segment serait : A Vo, % de pente & démontrer en vol rec-
tiligne (c'est & dire idem BCAR), et, en plus, un gradient de 2 % & démontrer en virage & 18° d'inclinai-
son.

Pour un avion & voilure élancée, l'exigence enveloppe est, comme prévu, celle relative au virage & 18° qui

pour CONCORDE est équivalente & un gradient d'environ 4 & en vol rectilipne (Figure 9).

Cette exigence conduit & des gradients meilleurs que ceux des avions actuels nour toutes les erreurs de vites-

se ; nous pensons qu'elle est encore conservatrice, et nous estimons pouvoir obtenir une certaine relaxation

lorsque nous aurons acquis davantage d'expérience sur CONCORDE.

D'une maniére générale, cette philosophie a été étendue aux autres conditions de vol, en réduisant de ' - le

gradient exigé par rapport aux valeurs figurant dans les BCAR, mais en demandant la démonstration en virage i
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4 189 d'inclinaison ; les rdgles qui en résultent sont présentées sous forme simplifide au tableau 1.

10. COMPROMIS DANS L'OPTIMIGATION DKS PERFORMANCES.

10.1. Générulités

lious supposerons ici que les aspects principaux d'un nouveau projet sont issus de la définition de la mis-
sion, ot que 1'optimisation des performances au décollage et & l'atterrissage doit 8tre réalisée compte-
tenu des contraintes imposées par 1l'ensemble de la mission.

Dans le cas de CONCORDE, ceci signifie que l'avion doit 8tre capable de décoller 4 une masse voisine de la
messe maximale d'un adrodrome situé & 12 000 pieds au dessus du niveau de la mer, et que 1l'avion doit pou-
voir atterrir sur une distance de 8 400 pieds.

Les raisons du paradoxe apparent que représente une piste d'atterrissage bien plus courte, sont doubles :
- d'une part sur les grands aéroports, la piste d'atterrissage équipée de 1'IL3 est normalement plus
courte que celle qui est réservée principalement aux décollages,

- d'autre part, sur les aéroports moins importants, la piste sera plus courte de toute fagon, et tandis
que la masse & l'atterrissage ne peut varier que trés peu, la masse au décollage sera bien inférieure & 1la
masse maximale pour les missions & faibles rayons d'action,

10.2. Atterrissage
Pour une masse donnée, et une réglementation donnée, la distance d'atterrissage est fonction de :

i) la vitesse d'approche
ii) 1'arrondi avant impact
(iii) 1'efficacité des dispositifs de freinage.

Dans 1l'ensemble, comme pour la plupart des avions actuels, les deux facteurs prédominants pour les perfor-
mances d'atterrissage sont la vitesse d'approche, et le coefficient de frottement des pneus,

Les caractéristiques de frottement des pneus peuvent 8tre traitées séparément et ne différent pas de celles
des autres avions,

L'obtention de la vitesse d'atterrissage la plus faible possible entraine des considérations différentes de
celles qui ont été prises en compte précédemment :

(i) L'absence de portance maximale conduit & choisir les vitesses de référence en fonction de Vyry comme
nous l'avons déja dit plus haut,

(ii) L'absence d'empennage horizontal et le positionnement des gouvernes de profondeur au bord de fuite de
la voilure, ne permettent pas l'utilisation de dispositifs d'hypersustentation tels que volets, non plus
qu'une optimisation & grande échelle pour le choix de la géomdétrie de ces volets.

On peut ¢tudier divers dispositifs pour augmenter la portance équilibrée :

- empennage "canard"

- empennages arridres (associds & des volets)

- onglets articulés,

¥ais sur le CONCORDE au moins, aucun de ces dispositifs ne s'est révélé avantageux compte-tenu de sa masse
et de sa complexité. L'optimisation pour l'atterrissage et pour d'autres raisons, consiste alors dans le
choix détaillé de la forme en plan, de la cambrure et de la surface de la voilure ; elle rous a conduit &
augmenter la surface alaire tres t8t dans le projet (7 + ) et & augmenter la surface des bouts d'aile
(réduction de 1la fléche du oord d'attaque du saumon d'aile) lors du passage du vprototype h la présérie.

Des considérations de masse et d'encombrement conduisent & définir un train d'atterrissage de longueur mini=-

male, Le cas dimensionnant étant un impact de la partie arriére du fuselage, la messe a été minimisée en
3

croisissant la longueur du train principal de maniére i obtenir une garde au sol réduite pour le fuselage
arriére et les nacelles, mais en les protégeant par un amortisseur souple muni d'une roue (figure 10).

10.3. Décollage

Les performances en montée des avions & réaction subsoniques actuels ne dépendant que peu de leur vitesss,
la vitesse de franchissement de l'obstacle choisie avec paunne de moteur, est normalement la vitesse mini-
male admissible (1,2 Vs), afin d'obtenir la longueur de piste la plus courte,

En général, c'est 1l'inverse qui se produit pour les avions » voilure élancée, cette vitesse ¢tant choisie
pour satisfaire aux exigences de performerce de montée, tandis que l'exigence de pilotage n'est pas criti-
que, S'il devenait nécessaire de décoller court h poids léger, les exigences de qualités de vol pourraient
ulors redevenir prédominantes. Cependant, pour (UNCCRDE, & la fois VyIy et la garde au sol ont été dimen-
sionnés par le cas d'atterrissage, les exigences étant moins sévéres  au décollage.

Les exigences de gradient de montée ont décidé de la configuration décollage, puisque, h poussée donnée,
elles d4éfinigsent la finesse nécessaire, L'amélioration la plus évidente qu'il est possible d'appliquer
sur un avion volant au second régime, est la rdduction du coefficient de portance., Dans le cas d'une géo-
nétrie fixe, ceci entralne immédiatement une augmentation de la vitesse au décollage et de la longueur de
piste nécessaire, ainsi que des inquiétudes sur la tenue des pneus

Ltaugmentation de surface alaire augmentera la masse de la voilure et la trainde de frottement du revdte-
ment, et si la définition initiale était proche de 1'optimum pour les performances de la mission, il sera
trés difficile d'améliorer le rendement aérodynamique de la voilure, de maniére 4 coampenser son augmenta-
tion de masse.

De mBme, l'autre option consistant A diminuer la trainée au décollage par augmentation de 1'envergure de
voilure, rend la voilure moins élancée et entralnera presque certainement une dégradation des performances
pour l'ersemble de la mission,

Rappelons que les exigences au décollage ont été en grande partie & 1'origine des deux modifications appor-
tées h la définition de la voilure (augmentation d'échelle de 7 + %, suivie d'une augmentation de la surfa-
ce du bout d'aile) mentionnées au paragraphe précédent.

10.4. Résumé de l'optimisation

Hous pensons que dans 1l'ensemble, bien que les sensibilités soient assez différentes, notre message est le
néme que celui qu'apporte tout nouveau projet depuis des années : pour faire décoller wn avion et le rame-
ner en séeurité au sol, il doit posséder une envergure et une surface alaire un peu plus importante que
celles qui seraient nécessaires pour la mission aérienne seule,
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T3S n® 2 - GRADIENT DE MONTEE AU DECOLLAGE
. GRADIENT APPROX.
CAS CONDITIONS DE VOL MOTEURS | REGIME EXIGENCE VOL RECTILIGNE
1 Vitesse de décollage train 3 Décolla- ,
i sorti ge avec ¥ = 1,5% 1,5 %
réchauffe
y 2 Vitesse de montée sur tous
3 "
moteurs train rentré 4 V3 > 1.2 VZRC 8,5
3 Vitesse de montée un moteur
coupé, train rentré 3 D V2 > 1125 VZRC 4,0
3
4 " 3 " .4 2 2 %
Avec 18° d'assiette 4,0
5 Bsﬁ:iéage final train 3 intfzﬁ et =0,7% -
1 Avec 18° d'assiette '
%
4
T3S n® ¢ - LUNGUEUR DE DECOLLAGE
CAS CONDITIORS DE VOL MOTEURS FACTEURS
1 Distance Jjusqu'a 35 ft avec toOUS MOLEUTS teuisvevesssnasnrnonsans 4 1,15
2 Distance balancée sur piste séche (longueur accélération arrft =
longueur décollage Jusqu'd 35 £1)  veveeveevocennrovnonnsraresene 3 1,00
3 Distance balancée sur piste mouillée (longueur accélération arrdt
égale longueur décollage JUSQU'E 15 ft) euvveseeoessansssoesness 5] 1,00
4 Rotation avancée de 3 8ecONdeS ..ueveuvesovveserosnsacessosscens 4 1,00
5 Rotation prématurée & 0,95 VR +eveosossocsossessvssnenssssnnnssse 3 1,00
6 Rotation retardée de 3 3econdeS .eiessesoccsossssonsssorcoscnens 4 1,00
7 Taux de rotation de tous moteurs en fonctionnement ...eevevevens 3 1,00
T35 n% 2 - GRADIENTS DE MONTEE A L'ATTERRISSAGE
: G 1 GRADIENT APPROX.
e - . N T N
CAS CONDITIONS DE VOL HOTEURS | REGIME EXIGENCE VOL RECTILIGHNE.
1 liontée en configuration Poussée
atterrissage train sorti, 4 obtenue — ¥=>22 %
vitesse *VTTO au heut Avec 18° d'assiette 4,2
de 8 s
2 Approche interrompue 5 Décolla= X>1,7 %
ce Avec 1B8° d'assgiette 3,7
3 Approche continue 2 Poussée X > -44
obtenue Avec 1B° d'assiette - 2,0
au bout
de 8 s,
TABLEAU 1

B




TERMINAL AREA CONSIDERATIONS FOR AN ADVANCED
CTOL TRANSPORT AIRCRAFT
by
Mark B. Sussman
Renton, Washington, U.S.A.
The Boeing Commercial Airplane Company

P.O. Box 3707
Seattle, Washington 98124

SUMMARY

Projected future conditions at large urban airports were used to identify design objectives for a long-haul, advanced transport
airplane introduced for operation in the mid-1980s. Operating constraints associated with airport congestion and aircraft noise and
] emissions were of central interest, In addition, some of the interaction of these constraints with aircraft fuel usage were identified.

The study allowed for advanced aircraft design features consistent with the future operating period. 4

A baseline 200 passenger airplane design - was modified to comyply with design requirements imposed by terminal area
constraints.  Specific design  changes included: modification of engine arrangement: wing planform; drag and spoiler surfaces; ]
secondary power systems: brake and landing gear characteristics: and the aircraft avionics. These changes, based on exploratory §
design estimates and allowing for technology advance, were judged to enable the airplane to: reduce wake turbulence: handle steeper
descent paths with fewer limitations due to engine characteristics: reduce runway occupancy times; improve community noise ]

contours; and reduce the total engine emittants deposited in the terminal arca.

The penalties to airplane performance and operating cost associated with improving the terminal area characteristics of the
airplane were assessed. Finally, key rescarch problems requiring solution in order to validate the assumed advanced airplane

technology were identificd.

INTRODUCTION
This paper contains results of exploratory design studies directed to future advanced, CTOL, subsonic transport aircratt.

The objective of the studies was: (1) to identity design opportunities to help solve potential noise, emission, and congestion
problems in the terminal area portion of aircraft flight for the 1980-2000 time period: and (2) to determine the required research
and technology. This study followed o previous industry/NASA program entitled the “ATT™ or Advanced Transport Technology
program (ref. 1), That program cmphasized varions advanced technology airplane features, including use of super-critical airfoil

technology to increase subsonic airplane cruise speed. A subsequent criticism was that the advantages of increased cruise speed
might, in fact, not be realized on future aircraft because of bottlenecks and problems in the airport terminal area. This led to the
current study, with emphasis on improved aircralt  characteristics in and around principal airports (referred to in short as q

terminal-compatibility).

To determine desirable design features, current airplane noise impact, airplane arrival and departure rates, and urban arca air
quality were forecast to the year 2000 for example airports. Improved airplane capabilities were then postulated and the effects 3

evaluated quantitatively, The burden of terminal compatibility for study purposes was placed on the airplanie. Possible ground-based
solutions were not studied. Three specific airports, J. F. Kennedy. O'Hare, and Los Angeles International, were considered to lend

realism to the projections.

The feasibility of achieving the desirable capabilities was examined by designing airplanes with the needed features. Changes to
weight, performance, and ceconomics were assessed. As a final step, the airplane technology development which had been found to
be critical to the desired improvement was identified, and the rescarch and development programs necessary to achieve them were

defined.
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Near the end of these studies, considerable interest developed in the characteristios of aircraft fuel usage. Although a detailed
evaluation could not be undertaken, it was clear that many of the design considerations relating to terminal compatibility affected
fuel corservation. This paper treats, in a preliminary way, certain of these.

DESIGN REQUIREMENTS

Projected future airport conditions served to identify design requirements and objectives for the advanced transport. Figure | is
typical of the results of these projections. Considerably more detail can be found in reference 2.

The left side of Figure 1 shows average busy-hour delay plotted against year. These data were developed on the basis of an
analytical model which simulates runway operations representative of existing and projected airport traffic. The predicted runway
rates depend upon a number of operational parameters such as the separation requirements assumed between two airerat on
approach. The model is also sensitive to such other airplane design paranieters as: bruking capability of the airplane; speed at which
runway turnoff is made: the accuracy in time with which the airplane can be assumed to position itself at a given point in space;
approach speed of the airplane; and others.

CONGESTION NOISE EMISSIONS

~Today
0~ ‘/L

100 50
Average Future 1 g1
busy- 20} Porcent
hour co
delay (tons/
{min) year 25
x 1000)
Future 2~/ Goal 2
__Limiting case -
ﬂ 1 l | l | | 0 | 1 J
1970 1980 1990 2000 1970 1980 1990 2000 1970 1980 1990 2000
Year Year Year

Figure 1. Airport Projections

Numerous cases were studied considering o matrix of parameters. The figure illustrates the results for four specific sets of
assumed parameters. The sets range from o baseline “do-nothing™ technology level representing today’s conditions to a
“limiting-case™ situation which represents nearly ideal conditions for every design parameter. The results indicated that in today’s
operations under IFR conditions, the average busy-hour delay (for the airport considered) would be on the order of 28 minutes. The
curve also shows that under the impact of additional traffic, such delay would grow exponentially. If technology improvements are
made to the airplane and to the air traffic control system, such that reduced aircraft separation distances can be safely achieved,
and, in conjunction with this, increased deceleration rates and increased turnoff velocities can be achieved on the ground, then a
major jump can be made in terms of reducing average busy-hour delay (see curve labeled “Future 17), Similarly, even more
advanced projections of aircraft separation and runway operations parameters could eventually reduce delay levels down below the
6-minute delay goal set for the purpose of the study.

Similar projections were developed for noise and emissions. Based upon these projections, aircraft characteristics desirable for
future terminal area operations were then established.

Figures 2, 3, and 4 summarize the desirable airplane characteristics in terms of three terminal arca components:
approach-landing operations, ground operations, and takcoff operations. Figure 2 gives an indication of pertinent approach
parameters (shown in parentheses) as they currently exist at a typical large urban airport. For example, on approach we see
separation requirements between aircraft on the order of 3 to 5 miles, the latte- Leing required behind large jumbo jets. Typical
approach paths are 3°% The approach speeds average about 135 knots. Typical source noise levels for the aircraft are on the order of
FAR Part 36 although there is considerable variation, with some of the ecarly turbojet aircraft exceeding these noise levels by 10 to
15 EPNdB. Similariy, “airframe” noise levels (that is, the noise level of the airplane with the engine propulsive noise removed)
approaches 8 to 12 EPNdB below FAR Part 36.

In contrast to these values, improved values (boxed) are shown which, based on the results summarized in figure 1, would
enable the terminal compatibility goals to be essentially achieved. Thus, for instance, to improve congestion, calculations showed
that maintaining 1 to 2 miles separation during final approach together with approach speed reductions to about 120 knots and the
other indicated changes would achieve the required operations rates. Other desirable characteristics included reduction of airplane
source noise levels, increased approach glidepath slopes, and improved knowledge of where the airplane is enabling relaxation of the
requirement for 5000-foot spacing for independent parallel runway operations while maintaining safety.
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Figure 4. Airplane Characteristics—Takeoff Operations

Similarly, in reviewing airplance ground operations a number of desirable characteristics were projected (fig. 3). Among these was
a need for taxi operation of the airplane without utilizing the main engines. This was deemed desirable from the point of view of
girplane ground emissions. Direct landing-gear-wheel-drive substitutes for the inefficient propulsive thrust developed at low power by
the main engines. Additional benefits might be improved ground operations through elimination of main engine jet blast. In and
around the gates, self-powered taxi capability by the airplane might help turnaround times by removing the dependence of the
airplane on ground tugs for backing out of the gates.

An additional design feature identified as desirable by various airport personnel was some “invention™ enabling reduced gate
time and space. Many major airports today are restricted in their capacity to provide gates to the number of operating aircraft.

A similar assessment of takeoff and climb operations is shown in Figure 4. In terms of takeoff operations, it was decmed
desirable that the airplane be able to achieve steeper climbout angles than current aircraft achieve, as a means of reducing airport
noise impact. Current average aircraft climbout gradients are on the order of 7° to 8° Based on the noise studies, higher climbout
gradients, perhaps on the order of 8° to 10° were sought. In addition, it should be noted that some of the aircraft design features
discussed in conjunction with approach operations also contribute to improved takeoff operations. This occurs since high runway
demand is currently accommodated by a combination of holding patterns for approach and queueing lines for takeoff. Decreased
ground emissions can be associated with improvements to the latter,

SPECIFIC DESIGN CONSIDERATIONS

Having established appropriate design criteria, the terminal-compatible airplane was then configured by modification of a
previously configured baseline design. This was achieved in the following way:

® Alternate design concepts capable of satisfying the design objectives were evaluated.

® A preliminary airplane drawing was then developed and analyzed for configuration acceptability in terms of weight and
balance, structural soundness, controllability, acrodynamic drag, and propulsion characteristics.

@  The airplane was then re-sized to provide the required range and payload.




Since the principal output of the overall study was an identification of critical research and technology areas, the airplane
designs served primarily as a4 tool whereby the appropriate research and technology might be identilied. The designs accordingly do
not necessarily represent optimum designs, Again the reader is referred to reference 2 for further detail.

Figure § gives an overview of the major design changes several of which subsequently will be individually deseribed in more
detail. A major change from the three-engine baseline to a four-engine terminal-compatible (TAC) airplane provided 1lexibility for
positioning the outboard engines near the wing tip as a potentisl method of tip vortex control. Tip vortex control was also the
motivation for the mechanical device shown at the trailing edge of the outboard wing position. Increased aspect ratio for the wing
accompanied by an area increase of some 300 square feet improved the low-speed aerodynamics enabling reduced airplane noise
impact on the community, Another change was the incorporation of large drag brakes which deploy from the aft fuselage. This
change was motivated by the requirement for achieving steep descents for the purpose of noise abatement on approuch.
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Figure 5. Design Changes for Terminal Compatibility

Changes assumed made to the engines included an advanced combustor to improve engine emissions. A smailer change involved
a slight modification of the engine cycle toward reduced overall pressure ratio, again for the purpose of emission reduction.

Incorporation of a “powered-wheel” device for low-speed taxi required increasing the size (relative to the baseline airplane) of
the auxiliary power unit to drive the wheel. The APU size was further increased to provide an in-flight capability for driving all the
auxiliary power systems of the TAC airplane. For reasons which will be discussed, this latter design modification was made to
reduce the steep descent drag requirement and to effect additional noise reduction through the ability to reatize lower throttle
settings for the airplane on approach.

Further design changes made to the airplane included increasing the braking material in cach of the landing gear wheels in order
to provide the capability for high-spced deceleration without compromising brake life. The landing gear, including both the main
gear and the nose gear, were reviewed for structural soundness to accomplish the high-speed turnoffs which were deemed desirable
for improved congestion reasons.

A number of modifications were made to tie airplane avionic system in several arcas as shown in the figure. Improved displays
were incorporated to cnable the pilot to perform desirable operational procedures such as steep descents, passenger-tolerated
high-deceleration rates, and high-speed turnoffs. These advanced displays were deemed necessary in order that pilot workload be
kept to levels consistent with current airplanc operations. Beyond that, the navigation and guidance system of the airplanc was also
upgraded to provide (in conjunction with ground-based ATC equipment) an increased positional accuracy.

Wing Trailing Vortex (Wake Turbulence) Modifications

The basic motivation to establish a design change to control aircraft wake turbulence is shown in Figure 6. This figurc shows
runway acceptance rate plotted against aircraft in-air separation distance while parametrically varying outer marker delivery accuracy.
Typically, in today’s operations this knowledge is established to an accuracy of within 18 seconds; in-air separation rules require
between 3- and S-mile distances depending upon airplane size. The curve illustrates the potential doubling of runway operations if

in-air separation levels can be reduced and simultancously the time-wise knowledge of where the airplane is can be increased.
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Figure 6. Tip Vortex Design Motivation

It is important to note that the technology for evaluating and controlling wake turbulence is still limited in terms of defining
specific design approaches. In arriving at the selected approach, discussions were hetd with representatives of the NASA to establish
the technical work which has been recently initiated in various branches of that agency. This analysis and testing had encompassed a
number of design approaches for wake-turbulence control. These included: injecting large masses of air directly into the wing vortex;
utilizing some kind of blockage device trailed behind the wing which would protrude directly into the tip vortex: redesigning the lift
distribution on the wing in a spanwise direction to distribute rather than concentrate the tip vortex: and other approaches such as
various end plates, vortex generators, or other devices installed directly in the wing tip area in the hope of modifying and breaking
up the tip vortex.

As a result of this work and also on the basis of other studies, 4 number of design criteria were established. These criteria
recognized the need for tip vortex control for both takeoff and approach operations. They required that improvements to
congestion avoid adverse impact to the noise and emissions problem (the other elements of terminal-area compatibility). More
specific criteria were established in some cases as a result of the NASA studies where, for example, it was shown that the spproach
utilizing mass injection required relatively large rates of air. Also, relating to the various proposed drag devices, operational
requirements imposed the constraint that if such devices are deployed during approach they must be capable of rapid retraction in
the event of an airplane go-around.

Of the various design approaches studied by the NASA, several were rejected for the purpose of this study on the basis of the
limited data available. These included many of the proposed wing-tip modifications. Based on the carly data, these tended to modify
the tip vortex in the near-field region of the wing trailing edge, but this effect was generally shown to be local in nature and, in
fact, the tip vortex often re-formed downstream shortly thercafter. The idea of acrodynamically designing the wing to provide more
optimally distributed spanwise loading is an attractive one; however, no data were yet available to provide an indication of the
cffectiveness of such an approach or the possible penalties. Similar comments hold for proposals to introduce variations in flap and
aileron deployment in the hope of promoting tip-vortex instability,

Of the various NASA studies, quatitative model data in the form of tlow visualization studies indicated that large amounts of
air injected directly into the wing vortex did provide some measure of vortex dissipation. Similarly, the flow visualization studies
indicated promise for some kind of blockage device which would be deployed from the trailing edge of the wing and positioned in
the path of the tip vortex. It was on the basis of these studies that the design approach utilized for the TAC airplane was selected.

In fact, to achieve a solution for both takcoff and approach, two vortex dissipation methods were adopted. The reasoning was
this, The requirements for massive amounts of air injection into the tip vortex could be accommodated by locating the primary
propulsion engine out near the wing tip. This solution was satisfactory for takeoff where high levels of thrust are normally desiruble
and achieved anyway. However, high levels of thrust are not compatible with the various approach requirements including noisc
levels. Similarly, the utilization of a blockage or drag device deployed from the trailing edge of the wing appeared suitable for
approach operations and, in fact, for steep descents the airplane was in need of additional drag anyway. However, such a device
would not be suitable for takeoff operations where additional drag would require oversizing of the engine and considerable penalties
would be incurred.

Thus, the design approach adopted for this study (see fig. 7) was to sclect a four-engine-on-the-wing arrangement and to
reposition an outboard engine near thc wing tip, although the specific location could not be evaluated because of lack of data.
Operation at full throttle of this engine was assumed to control tip vortices during takeoff. During approach with the engines
throttled back and presumably ineffective to control the tip vortex, deployment of the mechanical vortex dissipator device would
be used.
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Figure 7. Tip Vortex Design Considerations
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The design approach incurred several penalties which included weight increases associated with moving the outboard engine
from a normal spanwise location of 70% span to a tip-vortex control location which was estimated to be on the order of 85% to
100% span. Additional penalties are incurred as a result of increased vertical tail size to control engine-out conditions. The
mechanical dissipator device and its actuation and assembly also add weight. Some additional drag was charged to the installation
including the drag associated with enlarged vertical tail and fairings for the vortex dissipator. Potential acrodynamic drag penalties
associated with integrating the outboard nacelle with the high-aspect ratio wing also exist. These latter penalties, however, could not
be assessed without wind-tunnei data and were not incorporated into the analyses of the TAC airplane. Some penalty is paid in
terms of increased noise on a 3% aprreach because of the increased engine throttle sctting required to compensate for the
vortex-dissipator drag when the device is deployed.

It is emphasized that because of the lack ol detailed design data, there are a number of unknowns involved in the design
approach adopted. These include: the effectiveness of the vortex control measures: selection of engine position; and vortex dissipator
position and sizing. Questicas exist concerning the potential flutter problems if the spanwise location of the outboard engine is
required 1o exceed a certain distance, Results ol a limited study conducted within the current investigation indicated that large
flutter penalties could be avoided provided the outboard engine was located inboard of a 90% spunwise location. For the TAC
airplane. an 85% spanwise location was selected. It is not known, of course, whether this is consistent with the required vortex
control.

Steep Descent Capability

The basic motivation for providing the TAC airplane with steep descent capability concerned reduced approach noise. Studies
showed continual (although at reduced rate) improvement in reducing the 90 EPNAB approach noise contour-centerline-closure as
the upper segment glideslope is increased to 9°.

Calculations showed that the baseline airplane would accelerate on a 9° approach path if additional drag is not available. This
requirement to develop additional drag placed an increased emphasis on reducing the airplane approach thrust to the absolute
minimuni level. Two constraints were identified which can limit the minimum practicable thrust setting:

1) Maintaining sufficient thrust so that, in the event of an airplane go-around. the time required to recover full thrust is
compatible with girplane safety:

2)  Maintaining sufficient engine thrust so that all auxiliary systems taking power tfrom the main engines (e.g., bleed air tor
aircraft anti-icing) can be property operated.

Figure 8a indicates some of the considerations relating to minimum engine thrust levels. The figure shows estimates of engine
aceeleration times for throttle excursions from initinlly low thrust levels. Curves are shown for a contemporary engine and for an
advanced engine studied in reference 3. That investigation showed that engine design changes could be introduced which would
improve the time required to achieve 95% of Tull thrust from some lower thrust typical of a 6° steep descent power setting. This
required modifications to the fuel control logic and the schedule for the variable compressor stator vanes. These changes were judged
to halve the acceleration time and furthermore were assessed to introduce no weight, cost, or noise degradation. If required, further
engine response improvement could be obtained by introducing variable turbine area. This change, together with the others, would




enable a l-second engine response time as shown in the figure, However, the variable turbine geometry does incur considerable
weight and complexity penalties and would be used only if the slightly improved response time were deemed critical, As a result of
the reference 3 study, it was assumed that no constraint on minimum thrust setting would exist due to engine acceleration

requirements,

Figure 8b reflects the results of recent Boeing studies related to the capability of existing airplanes to execute a 6°/3
two-segment steep descent, As the figure suggests, a relatively high minimum throttle setting was identified as necessary to supply
adequate engine bleed air for airplane anti-icing. One approach to removing this restriction and any potential others of like kind was
to relieve the main engines from the burden of supplying power for all auxiliary systems, This was achieved, by the somewhat
arbitrary decision to provide an in-flight auxiliary power unit (APU) capability. As discussed subsequently, this required upgrading

the baseline APU unit to two, independent, larger units.
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Several design options were availuble to effect the drag increase required for the steep approach including increasing the
drag-brake arca available on the wing surfuace, utilizing in-flight thrust reversing, or finding other airplane arcas from which drag
surfaces might be deployed. In assessing the various options available, wing speedbrakes were ruled out because of their anticipated
tendency to aggravate wing buffet. In-flight thrust reversers, although perhaps a promising approach, were not adopted because of
the potential increase in noise. This could not be assessed accurately. However, at some airports, the tendency already exists towards

reducing the use of thrust reversers even during ground roll because of the community noise impact.

The design criteria established to guide the steep descent airplane design modifications included the following. The design goal
was to provide the airplane with the capability to handle a 9%3° two-segment landing approach. A transition from the upper
glideslope to a current 3° glidestope was fixed at 500-foot ultitude consistent with pilot comments made during recent flight tests of
existing aircraft during noise-abitement approaches. The use of a two-segment approach reduces the community area noise without
fears of adversely affecting aircraft safety by increasing the descent rate close to the ground which would be a consequence of a
straight-in steep glideslope approach. For simplification, all calculutions were made assuming a constant speed, fixed configuration
(landing flaps, gear down). Additional design criteria were established which required sufficient speed and flightpath control
capability to handle unanticipated glideslope errors and shearing tailwinds.

The design approach adopted to obtain the necessury drag consisted of utilizing deployable aerodynamic drag brakes configured
at the aft end of the airpline fusclage. Figure 9 gives an indication of the thrust required on a 9°3° two-segment approuch.
Acrodynamic drag (shaded region) is required on the 9% upper glideslope to maintain nonaccelerating flight as the “thrust required”
falls below the engine minimum thrust limit. Additional drag is required as margin for speed and path control and in order to land
in a shearing tailwind. In sum, as the shaded arca of the figure shows, additional drag, approximately equal to the low-speed drag of

the airplane in level flight, must be added to implement the 9° glideslope,
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Figure 9. Steep Descent Design Considerations
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Again, considerable design risk and uncertainty exist with respect to the proposed airplane modifications, These include a lack
of knowledge concerning acrodynamic flow interference of the deployed drag panels with respect to the empennage surfaces.
Similarly, the fail-safe operation of such drag pancls has not been considered but is, of course, an important consideration. Study is
tequired to determine the complexity of integrating the drog device with the airplance flight control system. Although preliminary
conceptual designs were established for the drag-device mechanization, questions exist concerning potential interference of this
mechanization with the pressurized fuselage structure, Finally, concern exists over the impact on airplane airframe noise, i.c.,
nonpropulsive noise, which is expected to increase as a result of the deployed acrodynamic drag panels. Insuflicient data exist to
mike an estimate of the potential airfrume noise penalty which.might be realized relative to the overall noise improvement achieved
through the steep approach path,

Low-Speed Acrodynamic Improvements

Two separate reasons to modify the low-speed acrodynamics of the basic ATT airplane were identified. First, studies showed
that contingent on the wake turbulence improvement, runway acceptance rate can be improved by about 30% provided approach
speeds could be reduced from the 135 knot bascline approach speed. This enables reduced ground rollout times following
touchdown and reduces runway occupancy time. The second reason for improving low=speed acrodynamics was takeoff noise.
Previous calculations had established that the baseiine airplane relative to the study goal of 15 EPNdB below FAR Part 36 was:
tairly close for sideline noise; several EPNAB above tor approach noise; but on the order of 6 to 8 EPNdB above the goal for takeoff

noise.

It was concluded to be reasonable to reduce takeoff noise by providing the airplane with improved climbout gradients. This
capability could then be used to provide cither increased height above the community as a noise butfer or to reduce the thrust
necessary to maintain the required climb gradient under thrust cutback operation. Several design options existed to achieve the
objectives of reduced approach speed and the improved takeoft-climb gradients. These included: additional engine thrust, increased
flap area, increased wing arca, and improved low-speed lift-to-drag.

Several design criteria were established to guide the low-speed aerodynamic design changes. One ground rule was to retain Mach
0.9 cruise capability for the advanced technology airplane. In addition, it was estimated that an increasc in height of about 500 feet
over the community at the noise takeoff measuring station would accomplish the required noise reduction. A 120-knot approach
specd was specified based upon runway rate considerations.

In reviewing various design options, increased engine thrust and increased flap capability were ruled out since neither were able
to achieve both the approach speed and tukeoff noise goal by themselves. Increased wing area had been studied previously during
the ATT study and was shown to be uncconomical if utilized alone. Changes to wing sweep and thickness, although potentially
useful, were not adopted in order that cruise Mach number would not be compromised.

Thus, the design approach sclected for the TAC airplane was to employ a higher-aspect ratio wing. As shown in Figure 10,
increased aspect ratio had the advantage not only of improving the climbout gradient, because of its improvement to low-speed
aerodynamic performance, but also reduced approach speeds. The data shown, developed in a brief design study, indicated that an
aspect ratio on the order of 9.0 would accomplish the design goals.
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Figure 10. Low-Speed Aerodynamic Design Considerations

There are scveral design-risk arcas associated with the modifications proposed. These include potential low-speed pitch-up
tendencies due to the aspect ratio 9, 30.5° sweep wing, Some evidence exists that separation on the outboard portion of the wing
may be difficult to control. Secondly, the question of successtul aerodynamic integration of the high-bypass ratio engine at an
outboard spanwise location on a high-aspect ratio (i.c., small chord) wing may be difficult to achieve without undue penalties. The
aspect ratio 9 wing in combination with high-bypass ratio engines is not a configuration for which considerable previous design
expericnce exists.
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Powered Wheel/Secondary Power System Modifications

One way to decrease the quantity of undesirable airplane-engine emissions in the terminal area is to decrease the fraction of the
time during which the engines are running, This wis made possible in the TAC airplane by putting motors on the airplane’s wheels,
powered from the auxiliary power unit (APU). so that the main engines could be shut off during taxi operation, This has a farge
effect on the emission of carbon monoxide and unburned hydrocarbons, since they are nminly  produced by the low-thrust,
low-efficiency engine settings characterized by taxi operations. Secondary advantages of powered wheels include fower total fuel
consumption and elimination of the need for tugs to back airplanes away from gates,

Since the APU power must be increased to power the wheels in addition to supplying the normal airplane Joads, it was decided
for reasons independent of emission reduction to integrate the Lurger APU into the airborne secondary power system (in the haseline
airplane, the APU was only used on the ground). This caused o substantiadly targer APU size requirement but removed the burden of
supplying anti-icing power from the main engines, allowing lower power settings during descent, giving less noise and Jess aosiliary
drag requirements as noted previously, Figure 11 illustrates the APU sizing data. It is emphasized that the in-tlight APU use is ot

an essential part ol the powered-wheel concept: alternative anti-icing means may be preferable for some airplane configurations.

Redundant power requirements were met by using two APUs to supply all anti-icing power, all on-the-ground power. and the
bulk of the in-flight power, with clectrical generators and hydraulic pumps on the two inboard engines supplying additional channels
of safety-of-flight essential loads. Electrical and hydrautic power lines from the outboard engines (placed near the wing tips in the
TAC airplane tor tip-vortex control) were eliminated. and outboard engine pneumatic ducting reduced to the size needed tor starting
air to the outboard engines. The APUs required sca-level ratings of 1800 horsepower cach: this capacity wis set by the anti-icing

requirement as seen in the figure.

The powered wheels were required to move the airplane at 15 knots forward and 5 knots backward. Typical resistance lorees at
these speeds are 27 of gross weight. giving a power requirement of 66 horsepower for cach of four driven wheels tat Jeast tour of
the cight main gear wheels must be driven, for reasons of mechanical symmetry ). Hydraulic motors were chosen to drive the wheels

because of their lower weight ind volume relative to electric and pneumatic motors,

The highest torque requirement occurs at zero speed, rather than maximum speed. This is due to the deformation of the tires
of a parked airplane persisting for several revolutions under cold conditions, requiring a large breakaway force. Allowance of 677 of
gross weight for this effect plus 27 for ramp stope covers essentially all situations. Il the wheel motors were sized for this torque at
low speed. then run at the maximum speed required without a change in gearing, excessive power would be iequired. A mechanical
gear shifting mechanism was provided for load matching: alternatives include multiple motors switched in and out. and variable

supply pressure,

The wheel drive mechanism must be disconnected during kanding and takeoff and engaged smoothly during tani (prior to
shutting off the main engines after landing) and at rest. Mechanically engaging and disengaging a pinion with the wheel-ring gear was
chosen over various clutches as leaving the minimum inertia attached to the wheel, an important factor during lunding spinup.

Reversing is by external valving of the flow to the hydraulic motor, to avoid further mechanical complexity at the wheel.
Mounting of the wheeldrive mechanism within the wheel along with the brakes requires considerable redesign of the wheel, A

combination of increased tire diameter, lower tire-aspect-ratio, and greater wheel assembly width is necessary to accommodate the

mechanism. The wheel configuration was changed so that both brake maintenance and tire changing are still casy.

Lach of the design choices concerning the wheel-drive mechanism was somewhat arbitrary: other combinations might prove to
be feasible also. However, the weight penaltics and wheel contiguration problems of the approach chosen were judged typical. The
need for considerable improvement to APU reliability before an in-flight application as described above was identified as o major

rescarch and development requirement,
Other Design Changes

Each of the design changes noted in Figure 5 have been assessed in o manner similar to the four example chanpes described

above, The reader is referred to reference 2 tor this information,

SUMMARY AIRPLANE CHARACTERISTICS

Figure 12 gives a summary comparison of the principal size, geometry, performance, and noise characteristics of both the
bascline and terminal-compatible aircraft. Both designs were sized for the same 200 passenger/3000-nautical-mile range mission.
Whereas the baseline engine was sized to achieve the required field length, the TAC engine was sized to be consistent with the
climbout gradient required by the previously mentioned takeoft noise objective. Morcover, the baseline airplane wing was sized to
provide a minimum gross weight airplane whereas the TAC wing size was set by the 120-knot approach-speed requirement,
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Figure 11. APU Sizing Considerations Figure 12. Study Airplanes—Summary Characteristics

In comparing the two aircraft, for fixed cruise Mach number and fixed payload/range, minimum takcoff gross weight serves as a
figure of merit in assessing aircraft efficiency. It is seen that in these terms the TAC airplane incurs a 3% penalty as a result of the
combined features added to improve terminal arca operations. This penalty must be judged against the estimated improvements in
congestion, noise, and emissions which the design modifications were intended to achieve, These improvements are considered in the
next several figures. Moreover, for the purposes of the present paper, some discussion is given relative to impact on the aircraft fuel
usage characteristics.

Figure 13 gives an indication of the airborne delay assessed by the simulation method as a function of the runway operations
rate for both the bascline and TAC aircraft. These calculations, for one of the study airports indicate that for required traffic levels
much beyond 20 movements per hour, the baseline aircraft would be unable to hold delay levels to the 6-minute goal of the study.
The TAC airplane was assessed to achieve this goal at nearly double the flow rate. It should be noted, however, that even with a
fleet of aircraft of TAC capability, projections for the three study airports determined substantially saturated conditions for two of
the particular airports considered.

Figure 14 depicts the impact on fuel usage of both the design and assumed operational characteristics of the TAC and baseline
airplanes. If both aircraft operate under minimum delay conditions, then for a 1000-nautical-mile trip, the TAC airplane saves
slightly more than 1% of the block fuel. This savings results largely from the improved range factor achieved by the higher aspect
ratio wing (although the design of the wing was selected for noise, not fuel-economy reasons). However, if the TAC features added
to improve congestion prove effective, then elimination of “holding™ type delays would yield a nearly 10% advantage in fuel use for
the TAC airplane.
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Figure 13. Delay Characteristics of Study Airplanes Figure 14. Effect of Delay on Block Fuel

Figure 15 shows a comparison in terms of relative 90 EPNdB noise footprint areas for the two study airplanes. For this plot,
neither “airframe™ (i.e., nonpropulsive) nor the so-called engine ‘‘core™ noise have been included for lack of sufficient data. An
important point of the figure is the interplay between heavy noise attenuation systems and airplane flightpath capability. Whercas
the baseline airplane design had utilized two inlet rings and one fan duct splitter treated with acoustic material, the TAC airplane
design concentrated on improved climbout gradients and steep descent paths. The figure shows a comparison with both aircraft
either heavily treated or with peripheral treatment only. It is seen that the heavily treated baseline airplane during a 3° approach
produces about the same 90-EPNdB arca as a heavily treated TAC airplane during a 9°/3° approach. Basically, the reduced source
noise levels are already approaching 90 EPNdB and thus path variations have no effect.

The 9%3° two-segment approach is, however, highly effective in reducing 90-EPNAB approach area for peripherally treated
engines. Figure 15 shows this to be on the order of an 80% reduction in approach area.
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During takeoff the peripherally treated TAC airplane provides almost the same Y0-EPNAB takeoff noise contour as the
heavily treated baseline. This is explained by the fact that, for takeoff, at altitudes of 2000-3000 feet, say, the high-frequency
engine noise components—those reduced by noise treatment—are attenuated  substantiully below the low-frequency noise by
atmospheric absorption, The result of this comparison is to show the attructiveness of peripherally treated engines if used in
conjunction with innate airplane noise-abatement flightpath capability,

Figure 16 illustrates the typical conflict between energy requirements and environmental quality (in this case aircraft noise). As
shown in the figure, the use of increasing levels of acoustic treatment carries with it successively increased block fuel penalties. The
curve has a significant knee in it which is associated ultimately with losses due to a large number of acoustically treated inlet rings
and fan duct splitters, It is seen that the higher levels of fuel penalty can approach increments of 10 to 12% relative 1o a nontreated
installution. This fuel loss is of particular interest in relation to the previous discussion showing that noise reduction achieved by
improved flight path capability can be made equivalent to that achieved by acoustic treatment. However, in the latter case, the drain
on fuel energy can be significant whereas lesser penalties have been assessed for the first method.
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Figure 16. Noise VS Fuel Usage Trends

Turning to aircraft emissions, Figure 17 illustrates the interplay, for carbon monoxide, between the various design approuches
to reduce the total number of pounds produced during a given landing-takeoff cycle. These approaches include: combustor
improvement; improvements to ground congestion; and use of a powered wheel. As shown in the figure, the various control
approaches just mentioned are completely independent and thus different options can be used to achieve a given level of pollutant

per landing-takeoff cycle.

The figure indicates the situation for today’s aircraft with relatively high emission indices, conventional ground taxi and
landing-takeoft times defined in accordance with the U.S. Environmental Protection Agency (EPA) standard. The advanced, baseline
airplane is projected to achieve a 50% improvement in pollutant emitted due to advanced combustor design concepts. The TAC
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airplane retaining the advanced combustor but also making use of its “powered wheel™ design and its congestion-reducing capubilities
is estimated to achieve an additional 30% improvement. Similar trends were projected for hydrocarbon emissions, Oxides of
nitrogen, however, were shown to be controllable only by engine design since only a small percentage of the total landing-takeoff

emissions is produced during ground operation,

Figure 18 indicates that the powered wheel can also be beneficial from a fuel-usage viewpoint. The number of pounds used
during a given landing-takeoff cycle is shown for: (1) varying ground operating time, and (2) powered wheel capability or not. If the
EPA standard ground operating times are used, the powered wheel offers savings on the order of 1% of block fuel. Only half this
; savings would be achieved it ground operating times reflected no inflation due to delays.
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Figure 17. Design Impact on Carbon Monoxide Emissions Figure 18. Fuel Usage for Ground Operations

This paper has addressed airplane design for airport terminal area operations. The effect on fuel usage of the design changes
made for improvement to congestion, noise and emissions was considered. However, the question—what potential exists for specific
design changes addressing fuel improvement for takeoff and landing—was not specifically considered in the present study.

Nevertheless, for completeness, the following considerations are offered.

The data of Figure 19 are based upon caleulations made for existing Boeing aircraft and show potential incremental
improvements for both terminal area and cruise operations, if special care is tuken to adopt specific fuel-saving schedules rather than
the more general-purpose flight manual schedules typical of airline practice. The improved paths considered are not totally
optimized; nevertheless, they represent typical obtainable improvements after considering varying aircraft attitudes, configurations,
and speeds. For example, the climb-improvement increments shown reflect adoption of a more nearly optimum climb speed. (The
choice for a specific case is affected by such other considerations as takeoff gross weight, air temperature, and initial cruise
conditions.) Nevertheless, the data serve to provide an indication of the mugnitude of potential fuel savings to be expected from a 3
detailed optimization analysis. It might be inferred from the data that, from the standpoint of operational usage. the departure and

arrival portions of a typical commercial transport already reflect fairly close to optimum fuel usage.
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CONCLUDING REMARKS

A broad study has been completed which, for given assumptions, projected future, unconstrained air traffic growth and the
potential impact on airplane and airport compatibility, Particular emphasis was placed on congestion, noise, and emissions, Aircraft
were configured in the course of the study to help understand the role of proposed design modifications. Sufficient detail was
developed to satisfactorily identify limiting acronautical research ind technology areas. Principal conclusions are summarized below,

With respect to air-transport congestion:

The results showed that, if no corrective steps are taken, major urban airports face considerable peak-hour delay if the
forecast travel demand is to be handled. One way to improve this situation is to upgrade runway usage cfficiency by
increasing runway operation rates. A principal obstacle to this goal is the required separation distance between aircraft
dictated by wing-tip vortex (wake turbulence) constraints. Design approaches to reduce tip vortex impact are currently
under investigation but no ceffective control method has yet been demonstrated. One potential approach, air injection using
the engine-jet exhaust, was evaluated with respect to airplane design implications. This approach, when supplemented by
other airplane modification to enable more rapid removal of aircraft from the runway and permit more parallel runway
use, can improve runway operations rates by 100% to 150% for a fleet of like-equipped aircraft. The proposed design
solution of increased runway usage efficiency still contains major questions. Foremost among these are safety and ground
handling of the increased number of airplanes,

With respect to community noise:

The current study showed potential noise improvement due to modifications of the airplane takeoff and descent
flightpath. A 5- to 7-EPNdB improvement at the FAR Part 36 takeoff noise station was obtained relative to the baseline
airplane. This was achieved by improved low-speed acrodynamics using a higher aspect ratio wing. This acrodynamic
improvement also provided 2- to 3-LEPNdB reduction on approach: however, this was offset by an independent design

modification adopted to improve wake turbulence.

Noise-abatement steep approach capability required large. innovative, deployable-drag brakes (together with advanced
navigation, guidance and cockpit display avionics). A 9°/3° two-segment approach showed an 80% approach-noise-contour-
arca reduction if used in conjunction with a peripherally treated engine nacelle. However, no substantial benefit was
assessed for steep approaches if used in conjunction with a heavily treated engine installation. Furthermore, with only
peripheral treatment, but with the improved takeoff and approach path capability, the study airplane 90-EPNAB area was
equivalent to the baseline airplane with extensive acoustic tivatment. No attempt was made in this study to establish or
evaluate optimized noisc-abatement flightpaths,

With respect to engine emissions:

Aircraft cmissions today constitute a very small percentage of the total overall pollution question: even within the
immediate airport vicinity, emission sources today are about cevenly divided between aircraft and automobiles. An
assessment of satisfactory emission levels of future aircraft engines is hampered, however, by lack of ability to relate such
levels accurately to ambient air-quality standards. Ignoring the question of air quality, several means to reduce aircraft
engine emissions have been studied, including: improved combustor technology: aircraft taxi operations using a powered
wheel; and, projections of reduced ground delay. Relative to an existing current wide-body airplane, an advanced airplane
taking advantage of all of these would, during a given landing/takeoff cycle, show reductions of 80% for CO, 90% for HC.
and 80% for NOy.

Combustor improvements for new, advanced engines have been estimated by the engine manufacturers in informal
discussions to incur negligible weight, performance, or cost penalties. Under these conditions the powered-wheel device,
which incurs a modest penalty of less than 1% TOGW, is nevertheless noncompetitive. Study estimates show, however,
that a 10% increased engine cost could cause a net effect on operating cost equivalent to that of the powered wheel.

Importantly, the powered wheel offers potential design flexibility which may prove convenient to control NOy emissions.
This occurs as follows. Many projected combustor advancements reduce NOX emissions at the expense of increasing CO
and HC, and vice-versa. This study has shown that the powcred wheel, while ineffective in controlling NOy. is quite
effective in reducing CO and HC tonnages. Thus the powered wheel and advanced combustor might be properly regarded
as complementary rather than competitive design approaches, allowing the latter to be biased in fuvor of NOX control.

With respect to airplane fuel usage:

Substantial interaction exists between airplane design modifications directed toward improved terminal area operations and
those which affect overall fuel usage. Although fuel usage was not a primary consideration in the current study, some
preliminary points can be made:

1) Aircraft design modifications directed toward improved runway operating efficiency could, if the projected delay
improvements are realized, simultancously improve fuel usage by 10%.
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2)  The use of extensive acoustic treatment to effect noise reduction carries with it penaltics to fuel usage on the order |
of several percent of block fuel or more, An alternate, less (uel-expensive approach, shown to provide equivalent 90
EPNAB noise contour impact, may be found in providing improved airplane takeoft and descent paths.
3)  Selection of a higher-aspect-ratio wing to reduce noise through improved departure flightpaths led to a significant
block fuel savings Jdue to improved cruise range factor. This result suggests that, were fuel efficiency to be the sole
design objective, co siderable opportunity might exist for innovative design thought.
4)  Use of the powered wheel, besides effecting carbon monoxide and hydrocarbon emissions improvement, also could
contribute to improved fuel economy on the order of 1/2% to 1% of block fuel.
The improved airplance qualitics considered in this study are rational projections. However, it is important to note that
implicit in these projections is the assumption of extensive research effort followed by sufficient development to
demonstrate technology readiness, Figure 20 summarizes those technology areas found most critical to achieving improved
terminal area compatibility. Reasons for identifying the problem arcas shown included: targe calculated benefits if effective
design solutions could be achieved, and insufficient existing technical base to assess potential benefits,
Both of the above reasons were judged sufficient to recommend active research programs in all of the critical technology
arcas. Morcover, the reader is cautioned that in the absence of R&D expenditure, the projected improvements shown in
this paper have little likelihood of realization.
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i PERFORMANCES DE FREINAGE

par Georges LEBLANC
Service Technique Aéronautique, Paris, Fr,

Résumé

Les distances de freinage lors d'un atterrissage ou lors d'un decollage abandonné dependent. des
vitesses pemlses par les dispositifs hypersustentateurs et de l'énergie cinftique pouvant 8tre abordée
par les systémes de freinage selon le coefficient de frottement disponible pneu-piste,

Ce dernier aspect n'a pas fait l'objet d'études aussi poussées que celles entrepnses pour amé-

i liorer l'aérodynamique de l'avion. En plus de 1'intér&t évident sur les performances,il est nécessaire de
déterminer les marges de sécurité qu'il convient de prendre sur les distances de freinage pour différents
états de la piste.

f Dans ce papier, l'auteur propose, pour parvenir & une prédiction des distances de freinage,
un schéma compréhensif du phénoméne de glissance sur piste mouillée basé sur le moddle des trois zones
de GROUGH. Les résultats d'essais obtenus sur CARAVELLE confirment que le moddle est satisfaisant et qu'il
peut corduire & la prédiction des distances de freinage.

Enfin l'auteur porte dans ses conclusions l'accent sur la nécessité de poursuivre des &tudes

I pour diminuer les risques d'accident sur les avions de transport.

-

BRAKING PERFORMANCES

Abstract

Durinz Landing or aborted take-off, the braking distances are depending on the speed allowed by
night 1ift devices and on the Kinetic energy which must be absorbed by the braking systems according to
the available friction coefficient of tyre runway, Studies on this last point has not yet been so
deepened as aerodynamic studies. Beside ubvious interest for performances, it is necessary t¢ know how to
determine the safety margins which have to be taken on braking distances according to actual conditions of

{he runway.

In this paper, the author suggests for the prediction of braking distance a comprehensive schema
of friction phenomena on wet runway according the three zone's GROUCH model. The test results obtained with
CARAVELLE Aircraft confirm that the proposed model is correct and that il can give a satisfactory prediction
of the braking distance,

At last the author puts in his conclusions the emphasis on the need to pursue studies in order
to alleviate risks of accidents on the transport aircraft.

{ = IJTRODUCTION

Les performa.nce., de freinape lors de l'atterrissage ou lors d'un décollage abandonné n'ont pas
fait l'objet d'études aussi poussees que les performances en vol, peut Etre parce que cette partie est
moins rentable, ou parce que, & tort, elle ne fait pas appel aux mémes spécialistes aéronautiques. Pourtant
il semble bien &tabli, et tous les pxlotes interrogés le confirment, que la phase du fx-emage peut. devenir
hasardeuse dans certaines conditions défavorables de piste, de vent ou de vitesses pra*iquées a 1'impact.,

Les nouveaux avions de combat ou de transport & grande capacité d'un prix élevé, exigent main- {
tenant que les distances d'arrét, et par conséquent les lorgueurs de piste nécessaires, ne soient plus le ;

fait du hasard mais qu'elles puissent &tre reproductibles et que leurs méthodes de prédiction soient défi-
nies pour différentes conditions de vitesses d'impact, de vent, d'4tat de la piste.

Le but de ce papier est d'apporter certaines remarques sur les méthodes de prédiction des dis- i
tances dans le cas ou le freinage n'est pas limité par les freins, mais par les caractéristiques du contact ;
pneu-piste, Ces remarques ont pu &tre faites d la suite des essais de GLISSANCE effectués sur un avion
Caravelle Gquipé d'un dispositif GPAD sur 4 terrains différents (3 pistes en béton, 1 en asphalte).

Bien du travail analytique et bien des essais ont &té entrepris par des chercheurs principale-
ment aux USA et au Royaume Uni pour expliquer les phénoménes de frottement et pour développer des méthodes
de prédiction des distances de freindge. Le probléme du freinage pneu-piste apparait bien plus compliqué que
le probléme des performances lifes i 1'atrodynamique de l'avion ; des facteurs tels que la flexibilité du
pneu, le dessin de la bande de roulement et la rugosité de la surface du revétement rendant toute approche
purement analytique pratiquement insoluble, s'il n'est pas faits d'hypothéses simplificatrices basées sur
des résultats d'essais.

Ce papier s'inspire largement des études américaines et britanniques et particuliérement de
1'étude théorique de ‘4. Walter B, HORIE et de l'ensemble des importants travaux de son &quipe.
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2 = PARAMETRE INTERVENANT DANG LE FROTTEMENT PNEU-PISTE

2.1 = Le coefficient de frottement

Par définition le coefficient de frottement pr est le rapport entre la force horizontale Fx
développée dans l'mire de contact pneu-sol et la force verticale Fy appliqufe sur cette aire de contact.
11 apparaft que pour un avion le coefficient de frottement i prendre en considération est celui pour
lequel la force verticale représente la somme des composantes verticales sur les roues principales frei-
nantes, du poids de l'avion, de la portance et des forces verticales d'inertie introduites par l'avion et

le profil de la piste.

I1 est aussi utilisé un coefficient de frottement généralisé . pour lequel la force glo-
bale (poids - portance) est supposie appliquée sur les roues principales,

La connaissance du coefficient de frottement généralisé instantanné, et des forces verticales
permet de calculer la distance de freinage D, En négligeant les forces d'inertie "avion - piste”, cette
distance est représentée par la relation approclée suivante :

W
™. V» d'\f
A (mﬂ —-R[) +Rx + Fr

/0

dans cette relation
V = vitesse de 1'avion en m/s
m = masse en Kg
P q 2

g = accélération de la pesanteur = 9,81 m/s
Rz = portance en I
Rx = trainée en I

Fr = poussée reverse des réacteurs en i,

2,2 - Paramitre intervenant dans le frottement pneu-piste

Le frottement ou le coefficient de frottement généralisé longitudinal dépend de 17 paramétres
indépendants :

- piste (6) : texture ou forme, ", viscosit?, Ee élasticité, H hauteur d'eau, Na viscosité eau,
@, masse volumique de 1l'eau.

- pneu (8) : texture ou forme initiale, usure, R rayon, 9, viscositi caoutchouc, Ec €lasticité Cquiva-
lente de la bande de roulement, ¢~ messe volumique du caoutchouc, T température, Cp chaleur spécifique.

- véhicule (3) : Fz force résultante verticale, V vitesse, w R vitesse tangentielle de la roue non défor-
mée (ce paramitre tient compte du couple de freinage appliqué) R est le rayon du pneu.

I1 est facile de comprendre que les conditions d'essais doivent mentionner ces paramitres. Heu-
reusement un certain nombre de ces paramétres sont des constantes, et l'analyse dimensionnelle montre
qu'un groupement judicieux permet dediminuer de fagon utilisable les paramitres sans dimensions les plus
influents.

I1 est habituel de considérer les-paramftres suivants comme les plus influents sur le frottement :
. P V- R 0 g Q-0
- le glissement s definl par s = - . La figure 1 donne l'allure classique du coefficient de
v

frottement avec le glissement tous les autres paramdtres &tant constants, Il serait illusoire de compa-

rer des résultats d'essais différents si ce paramitre n'était pas connu, ou mieux s'il n'était pas

maintenu constant.Les dispositifs "anti-patinage" donnant une loi moyenne du glissement doivent &tre uti-

lisés pour rendre les distances de freinage reproductibles. 1

- La texture de la piste semble intervenir sous deux formes :(a) la macictexture, ou irrégularités visibles, -
définie généralement par une hauteur moyenne de sable fin ou de graisse recouvrant toutes les aspéritis., :
La macrotexture est responsable du frottement d'hystlrésis, du frottement d'a‘rasion (tearing), de 1'é&cou-
lement de l'eau sous l'empreinte du penu. (b) la microtexture, irrégularités inférieures au 1/10 de
millimitre, dont l'effet moins évident semble porter principalement sur le frottement d'ad%ésion, origine 3
profonde du frottement. Les distances de freinage sont grandement influencées par la texture de la piste. i
Il est nécessaire de faire intervenir ce paramdtre dans la prédiction des distances de freinage.

- La hauteur d'eau réduite li,V., dont l'effet se fait surtout sentir pour des valeurs de H inférieures a la
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! macrotexture et pour des valeurs suffisantes permettant l'hydroplanage, Le paramitre HV est 1'Ecriture
I simplifiée du Nombre de Reynolds global Rg dans le début de la zone de co.tact réel pneu piste 3
kg = (Hv.) o
Te
. A v . . . . P xP
- La vitesse riéduite du pneu qui marque l'influence de la vitesse seule est l'écriture simplifife du
nombre de Sommerfeld So : T
So = e %R
- Le rapport de pression dynamique € V2 . L'influence de ce rapport commence i se falre sentir sous

2P
1'empreinte du pneu d des vitesses trés inférieures 4 la vitesse d'hydroplannage.

- L'aire du contact réduite :_Fz , ou déflexion réduite du pneu, qui est pratiquement proportionnelle

I P.R2
I au rapport A0 , AQ &tant l'aire apparente de l'empreinte pneu - sol,
2
R

le frottement peut &tre représent? i l'aide de ces 6 paramétres réduits, faisant intervenir les
paramitres indépendants : V, wWR, € , 9 s H, P, R, Fz, texture piste, lorsqu'il est négligé
l'effet des paramitres liés au caoutchouc, c'ect~i~dire l'énergie dissipée par hystérésis, et 1l'effet pro-
pre du pneumatique lequel est considéré comme un &lément constant. Les résultats ne sont donc valables que
pour une qualité donnfe de pneumatique. Les prédictions seraient i faire pour un avion donné avec les dif-
férents types de pneus prévus en utilisation,

3 - RAPPEL SOMMAIRE DES PRINCIPLS DES DIFFERENTS SYSTEMES D'ANTI-PATINAGE

La fonction primaire d'un systéme anti-patinage est de diminuer la pression des freins lorsque
le pneu a tendance i se bluquer, c'est-i-dire lorsque sa décélération angulaire devient supérieure (en valeur
absolue) & une valeur estimée limite. Les différents systémes existants peuvent &tre approximativement
scnématisés par b principes de base,

]‘ 3.1 - Le systime i pression tout ou rien

La pression de freinage est surprimée d&s que la décélération atteint une valeur constante prédé-
terminée ou seuil,

~

3.2 - Le_systime 3 pression modulée i_seuil prédétermini _

Dans ce systéme, la pression de freinage est une fonction de 1l'écart mesuré entre la décéléra-
tion actuelle et le seuil prédéterminé.

3.3 - Le systéme d pression modulée et seuil variable

Le scuil est variable pour tenir compte des variations du coefficient de frottement disponible
selon 1'Gtat de la piste (sdche ou mouillée)., Le principe de ce systéme différe du précédent dans ce sens
que le seuil est déterminé soit comme une fonction de la vitesse, soi* 4'une fagor telle que la variation
de 1'écart de la décélération (entre décélération aciuelle et seuil) reste proportionnelle d la variation
de la pression de freinage.

3.4 - Le systdme d taux de glissement constant ou ajustable

La pressiun de freinage est régulée de fagon & ce que le taux de glissement mesuré & bord de
l'avion soit constant ou soit tel que le coefficient de frottement ou de déc”lération de l'avion soit
au maximum de la courbe g = f(s) ou dV/dt = f (s), C'est ce dernier systlme qui a #té utilisé lors des
essais de glissance sur la Caravelle, il est désigné par le sigle SPAD.

b - Le3 3 REGIMES DE FOCTIOJHEMENT D'UN PUEU SUR PISTE MOUILLEE

Les premiers résultats disponibles des essais de glissance sur Caravelle ont fait 1l'objet de
diverses théories de synthése basées sur des modeéles difffrents pour expliquer les dispersions apparentes
dans ces résultats, Il est apparu d ce stade de 1'étude qu'un modéle basé sur celui proposé par GOUGH en
1959 permettrait unemeilleure synthése des résultats, puis une compréhension physique probable du frotte-
ment d'un pneu sur piste mouillée.

La figure 2 représente le modéle adopté, dans lequel l'interface entre le pneu et le sol est
décomposé en 3 zones arbitrairement distinctes :

Une zone I d'écoulement dynamique, une zone II d'@coulement laminaire, et une zone III de contact
"pseudo~sec". Dans cette derniére zone le pneu est en contact partiel avec la piste et maintient prisonniére
une certaine quantité d'eau dans laquelle se développe une pression visqueuse proportionnelle d la vitesse.
Pratiquement la zone III est la seule donnant naissance au frottement par adhésion, abrasion et par hystéré-
sis.

SRR RGN P

Une #tude théurique basée sur ce concept des trois zones successives permet de montrer que sui-
vant la hauteur d'eau et la vitesse, il existe 3 régimes distincts de fonctionnement comme illustré sur
la figure 3. Ce sont :
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(a) régime A : aux vitesses faibles et hauteur d'eau faible, seule la zone de contact "pseudo sec" existe.
Le contact est partiellement sec selon la grandeur (H -gp), gp étant une dimension figurant la macro-
texture et H &tant généralement inférieure & gp. La partie restante mouillée dans l'empreinte, i adhé-
rence négligeable développe une pression visqueuse proportionnelle i la vitesse. Ces considérations
=ontrent que le coefficient de frottement peut &tre exprimée sous la forme approchée suivante :

/A = /As - Ka. HV
Ms est le coefficient de frottement sur la piste sdche i la vitesse considérée V,
K1 est un ceofficient tenant compte de la macrotexture, de la forme du granulé et de la porosité de la
piste. La figure 4 donne 1'évolution du coefficient de frottement/.;u 4 iso vitesse V en régime A pour la

Caravelle sur le terrain de Brétigny.

(b) régime B : pour une valeur donnfe de HIV, i iso vitesse__V , la hauteur critique hc, définie par un nom=

P
bre de Reynolds critique tel que :
Re = be V. he
8

devient égale i la hauteur d'eau H. A cet instant un écoulement visqueux apparalt (zone II) et la partie
avant de 1l'empreinte se souldve. Ce cas de fonctionnement transitoire doit vraisemblablement &tre fugi-
tif, il correspond & la figure 3 A~B, D&s 1l'instant ol la vitesse augmente, la hauteur critique hc dimi-
nue, la zone II se déplace vers l'arridre de l'empreinte et la zone I apparait immédiatement. Un
bourrelet frontal se dév:loppe. La hauteur ha du point A extrémité avant de l'empreinte augmente avec

la vitesse, puis diminue ensuite.

Le rapport ha/H est une fonction du paramétre : (’E'V;2
b
&P

La ligne de séparation entre les régimes de fonctionnement A et B prisentée sur la figure 4 est
définie par la relation approximative suivante :

i = K2, Te . R
Ce v

K2 est un coefficient combiné dépendant de la forme et de l'usure du pneu et de la texture de la piste.
Ainsi 3 vitesse V constante en régime B, ha/H et hc sont déterminés, la forme géométrique de

P
1'empreinte et par conséquent la zone de concact "pseudo-sec" sont elles-mémes bien déterminfes. Le

coefficient de frottement devient donc pratiquement indépendant de la hauteur H.

(c

~

régime C : ou régime d'hydroglanage ou d'écoulement dynamique pur. Lorsque la hauteur d'eau le permet,

et pour -une valeur de Ce. V supérieure 3 la valeur de 1,45 environ (selon la forme du pneu ), la
2p

zone II d'écoulement visqueux et la zone III de contact "pseudo-sec" peuvent disparaitre, le pneu

hydroplane, La hauteur 'eau H nécessaire pour qu'un tel phénomdne se réalise i la vitesse minimale de

Vp =|‘ 25 , avec Cz == 0,70, serait théoriquement trop grande pour &tre rencontrée fréquemment en
€.Cz

utilisation, par contre, pour des vitesses supérieures la hauteur d'eau nécessaire i 1'hydroplanage
diminue, et le phénoméne peut &tre otservé., Le régime C de fonctionnement en hydroplanage n'a pas &té
obtenu lors des essais effectués sur l'avion Caravelle. A titre d'illustration, la zone possible de
ce régime a été portée sur la figure 5 pour le cas particulier du terrain de Brétigny. L'augmntation
des zones I et II par pression visqueuse et pression dynamique diminue la zone III de contact'pseudo-
sec", pratiquement seule zone génératrice du coefficient de frottement.

5 ~ PREDICTION DES DISTANCES DE FREINAGE

La présentation assez habituelle des résultats donnée par la figure 5 ne doit pas &tre retenue
pour la prédiction des distances de freinuge. I1 doit lui &tre préféré 1la représentation/‘-l « f(HV, V )

P
ou = £ (IIV,_Vpo ) pour les vitesses correspondant aux régimes de fonctionnement A et B comme illustré
P

sur la figure 6 et la représentation/ﬁ =1 (1, fe v2 ) pour les vitesses correspondant aux régimes de
R 2p
fonctionnement B et C.

Dans ces conditions les prédictions des distances de freinage sur un terrain donné deviennent
accessibles grice 4 la connaissance des réseaux préétablis pour ce terrain et pour l'avion considéré, des
courbes M = f (HV, _V_, @.Vv2 , H ). Il est alors possible de calculer la distence de freinage d'aprds

2p R
la relation donnée au § 2.1,

11 est cependant préférable, semble-t-il, et aussi précis d'établir directement des réseaux de

courbes donnant_D = f (HV, V ,%V2 | H ) sans passer par 1'intermédiaire du coefficient de
m,V2 P 2p R
frottement, En effet la prédiction des distances de freinage ne peut &tre faite que si la loi de pilotage
est fixée, c'est-d-dire que si la vitesse d'impact est proportionnelle i la racine carrée de la masse et
si 1'incidence au sol est maintenue identique, soit les paramétres sans dimensions constants® ;
S CE5 relations Ies nouveauxX PATAmetres inty (= I <Y

volumique de l'air, S : surface de référence de l'avion, et m : masse de 1l'avion (en plus de mg).




Ca .3 V2 s _S , et le paramétre __V .g.Rz, €a déjd inclus sous la forme du paraméte V &
L R° P 7e P

des constantes prés.

La distance de freinage réduite D , écriture simplifiée de D . ( 63.83/2.5) est alors représentée par
me ve m. v2

des paramétres identiques i ceux de M . Les figures 7T et 10 donnent les résultats sur b terrains diffé-

rents. Il peut y &tre reconnu l'influence des deux régimes de fonctionnement A et B et l'importance de

1l'effet de macrotexture. Le meilleur terrain du point de vue freinage est celui 3 rev@tement d'asphalte

poreux 3 gros granulé. La figure 11 permet de comparer les quatre terrains d la méme vitesse de début de

freinage de 45 m/s (87,5 Kt).

REMARQUES :

(1) Le mod&le proposé ci-dessus a pour but de permettre le développement d'une méthode simplifiée
de prédiction des distances de freinage d'aprés diverses mesures portant principalement sur la texture en
particulier en développant des véhicules spéciaux,

(2) La hauteur d'eau intervenant dans la détermination du coefficient de frottement comme cela a
été vu en 4 (a) doit inclure 1'eau logfe dans les aspérités du revétement de la piste, c'est pourquoi il
semble que la mesure de la hauteur d'eau par sonde 3 neutronse , telle qu'elle a &té faite lors de ces
essais, soit préférable.

(3) La figure 12 donne les résultats des distances d'arrét du véhicule DBV ® # de la NASA. La
comparaison de ces résultats avec ceux de la figure précédente 11 montre que le rapport des distances

de freinage entre le cas mouillé et le cas sec pour l'avion et pour le véhicule varie approximativement de
fagon identique d'un terrain & un autre, mais que le DBV classe Roissy meilleur que Bricy alors que pour
la Caravelle c'est pratiquement l€ cas inverse, Dds que la vitesse de début de freinage de l'avion varie,
la comparaisor immédiate des résultats montre les dispersions importantes,

"Une relation universelle entre l'indication fournie par un véhicule de mesure de frottement
et les performances d'un avion n'a pas encore émergée. Il est peu vraisemblable gqu'une telle relation soit
trouvée". Cette réflexion pertinente peut cependant &tre prise en dffaut si 1l'on s'assure (par exemple ~=ur
le DBV) que la vitesse de début de freinage soit représentative de celle de 1l'avion. Enfin, le développe-
ment d'une méthode transcription des performances ne peut &tre velablement mené qu'd l'aide d'un véhicule

d'eesais sur lequel on peut effectuer un grand nombre d'essais sur différents revétements.

6 - CONSIDERATIONS SUR LE FROTTEMENT LATERAL

Le frottement latéral disponible n'est pas habituellement examiné pour un avion sous l'aspect
des performances de freinage & l'atterrissage, car il n'intervient pas directement, comme le frottement
longitudinal, dans la dtermination des distances de freinage. Cependant, il doit &tre pris en considéra-
tion paur les deux raisons essentielles suivantes :

(a) Contrdle latéral au sol, roues libres en cas de panne soudaine d'un moteur au déoollage (VMCG),
(b) Contrble latéral au sol, roues freinées, par vent de travers.,

Dans le cas (a), pour les avions i trains principaux arriéres, i VMCG 1les gouvernes aérodynami-
ques seules doivent &tre capables d'assurer le contrSle directionnel de 1l'avion, mais le couple de lacet
exigé des gouvernes sera d'autant plus faible que le dérapage introduit par le couple de lacet dfi aux
moteurs engendrera un couple important de lacet opposé dii au frottement latéral des pneus sur le sol,

D 'apréds des essais récents, il semble gque le déport maxi latéral observé, définissant VMCG, soit lié i la
variation de cap au moment de la panne de moteur ; il apparait donc que la condition de piste mouillée
devient un critére important dans la justification de VMCG.

Le frottement latéral roues libres par son influence sur VMCG contribuerait ainsi sur les avions
de transport d définir les performances au décollage.

Dans le cas (b) lors du freinage 4 l'atterrissage ou en accélération - arrét, le frottement
latéral doit permettre de maintenir l'avion sur la piste par vent de travers. Tout le long de la trajec-
toire, il doit exister un frottement latéral disponible suffisant pour compenser les forces aérodynamiques
latérales. Il est possible que ce frottement, pour certaines conditions de piste, soit obtenu pour un
glissement inférieur & celui donnant le frottement longitudinal maximal. Ies régles de sécurité voudraient
que dans ce cas il y ait réduction du glissement, donc une certaine d’gradation des distances de freinage.

Le frottement latéral roues freinées par son influence sur la sécurité contribuerait ainsi, sur
tous les types d'avion, d définir les performances d'atterrissage et d'acecflération - arrét

La figure 1 donne l'allure typique du coefficient de frottement latéral disponible pour un angle
constant de dérapage (ou dérive),

~

* La sonde i neutrons mesure pratiquement le volume d'eau contenu par unité de surface.

* @ Véhicule développé par la HASA, mesurant la distance d'arrét, deux roues diagonales bloquées, les deux
autres libres, & partir de V = (GO MPH,

Py LR r——
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T = CONCLUSIONS

- Les résultats disponibles des &tudes de freinage menés aux U.S.A. et au Royaume Uni ont permis
de mieux comprendre les phénoménes liés au frottement et de développer des méthodes d'essais destinés &
prédire les distances de freinage des avion.

~ Les essais effectués sur l'avion Caravelle ont montré qu'un modéle basé sur celui de GOUGH
des trois zones de contact était satisfaisant pour interpréter les résultats, Il semble qu'il y ait trois
régimes distincts de fonctionnement d'un pneu sur piste mouillée : un régime ol toute l'empreinte du pneu
est en contact "pseudo-sec" avec la piste, un régime ol la partie avant de l'empreinte est séparée du sol
par un écoulement dynamique suivi d'un écoulement laminaire, et un régime d'hydroplanage.

Le régime d'hydroplanage n'a pas &té atteint lors des essais sur Caravelle.

- Les connaissances actuelles en maticre de frottement, et les résultats d'eesais ne sont pas
encore suffisants pour prédire de fagon simple et satisfaisante les distances de freinage. Une prudence
est nécessaire avant d'élaborer des principes, des consignes, voire des rdglements relatifs au freinage des
avions,

- Des recherches théoriques doivent 8tre menées en relation avec les spécialistes de 1'aéronau-
tique pour étudier les causes profondes de l'adhésion, paramdtre fondamental du frottement, les autres
paramétres intervenant généralement comme agents réducteurs du frottement.

- Des essais sur avions, sur véhicules spéciaux d'études ou sur maquettes doivent &tre dévelop-
pés pour déterminer 1'influence des caractéristiques des pncus (mélange, forme, dessins de la bande, usure),
de la texture de la piste, et de la nature des contaminants,

- Les performances au sol de freinage des avions n'ont pas &été examinées dans le passé avec
autant de moyens que ceux mis 4 la disposition des performances traditionnelles en vol. Les statistiques
d'accidents dlis aux caractéristiques propres des avions (navigabilité&) montrent que la phase du freinage
est parmi les plus critiques. Les pilotes interrogés reconnaissent que cette phase de freinage est la
plus hasardeuse, eut €gard du nombre d'accidents €vités, Pour aider au développement du moyen de transport
aérien, il devient impératif de créer une juste balance entre les études menées pour les performances
traditionnelles en vol et les performances de freinage.

i e
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Qe = massc volumigue de 1l'eau

Fig.2 Moddle des 3 zones de Gough
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TRADEOFF PARAMETERS OF ALTERNATIVE TAKEOFF AND LANDING AIDS
by

Kennerly H. Digges
Chief, Mechanical Branch
AF Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio 45433

SUMMARY

The various aids for reducing takeoff and landing distance are discussed. The launch aids include rocket assist, catapults and
powered lift. The landing aids include reversed turbojet thrust, parachutes and wheel brakes. New technology aimed at reducing the
weight or increasing the performance of landing aids is indicated. The ways in which stopping distance is affected by variations in
parameters such as lift coefficient, drag coefficient, reversed thrust, landing velocity and runway friction coef{cient are shown.

: LIST OF SYMBOLS GREEK LETTERS
f Cp = drayg coefficient B = aircraft approach angle, degrees
Cpho = drag coefficient for a parachute based 5p = flap deflection, degrees

on nominal area

r ACp, = change in drag coefficient due to parachute np = braking effectiveness
Cj = thrust coefficient ny = thrust reverser efficiency
Cy, = lift coefficient u = friction coefficient
D = drag, lbf K, = maximum available braking coefficient
D, = nominal parachute diameter, ft ) »
Fa = nose gear retarding force, lbg Mp = braking coefficient

’ Fg = main gear retarding force, lb; uR = rolling friction

" FG = sea level static thrust, lb; p = airdensity, b /ft?
Fmg = main gear load, lbs w = wheel angular velocity — free rolling, rad/sec
Fn = algebraic sum of the horizontal forces, lbg wp = wheel angular velocity — braked, rad/sec
Fnw = nose gear load, Ibg
g = acceleration equal to 32.2 ft/sec?
g = gravitational constant, ft/sec? SUBSCRIPTS 1
L = lift, Ibg i = iuitial or design condition |
1 = gf&i’;ﬁei:"%}‘éﬁz l;?’f't‘ts on aircraft as o = nominal parachute area
LSD = braking distance, ft t = condition at beginning of landing 4
M., = aircraft aerodynamic moment, ft-lbg s = condition at end of landing
My = maximum brake torque, ft-lbg
q = dynamic pressure, lb[/t‘t2
r = radius, ft
S = wing area, ft?
S, = parachute area based on nominal diameter, ft?
T = aircraft thrust, lbg E
TR = reversed thrust, lbg
\.’ = aircraft horizontal acceleration, ft/sec?
\% = aircraft horizontal velocity, {t/sec, knots i
Veo = thrust reverser cut-off velocity, ft/sec b
w = aircraft gross weight, Ib,,
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INTRODUCTION

Takeoffs and landings are necessary “evils” of aircraft operation. The takeoff and landing operation is a high contributor to
aircraft accidents, and is the source of weight penalties for equipment which is often useless during flight. Yet, every successful mission
begins with a takeoff and ends with a landing. Indeed, the takeoff and landing performance of an aircraft becomes a critical
consideration during bad weather, and during operations from bases with sub-standard runways. These conditions may exert a large
influence on the design of STOL aircraft,

A variety of equipment may be used to aid the aircraft in reducing the takeoff and 1anding distance. Examples are: conventional
wheels and brakes, parachutes and drag devices, thrust reversers, ground installed arresting gear, catapults and various types of
propulsion assistance for takeoff. A study of the effectiveness of these devices requires consideration of the forces and moments exerted

on an aircraft during terminal operation.

PHYSICS OF TAKEOFF AND LANDING

The ‘orces and moments on an aircraft with conventional landing gear are shown in Figure 1, and defined in the List of
Symbols. Nev/ton’s second law, applied to pure horizontal translation, gives:

W V=Fn
£ 1)

Fn is defined as the sum of all forces acting in the horizontal direction. In Figure 1,
Fn=T—(D + Fg + Fp) (2)

The value of Fn is generally dependent on a number of variables including velocity. However, in order to gain an insight into the
problem, it is instructive to examine the relationship between velocity and distance for constant values of Fn,

Figure 2 is a plot derived from the well-known relationship:

V=g, (Fy) (3)

n/w
The ratio (Fn/W) provides the acceleration or deceleration level in g's. The curve for a constant g level shows the distance required to
decelerate from a given touchdown velocity to zero. Alternatively, it shows the distance required to accelerate from zero to a given

takeoff velocity.

The curves show that touchdown and takeoff velocity affect ground roll distance significantly. Reductions in takeoff and
landing velocity reduce the roll distance and also result in large reductions in thrust and braking force requirements during ground run.
The force, Fn, may be made up of a variety of components which originate from a number of sources. The way in which Fn varies will
be developed in the sections to follow.

LAUNCHING AIDS

Equations 1, 2 and 3 provide a basis for assessing the physics of takeoff. Referring to Equation (2), the terms in parentheses are
aerodynamic drag and tire friction terms which, on the whole, tend to increase with velocity. The thrust also varies velocity. However,
as a first approximation, it may be considered constant. For short, high acceleration takeoffs, the thrust term is much larger than the
drag terms and the velocity dependence is less pronounced. Constant values of Fn/W may be used in Equation (3) to estimate takeoff
distance when the velocity dependence of (Fn/W) may be ignored.

An examination of Figure 2 gives an insight into the takeoff problem. Consider, for example, an aircraft with a required takeoff
velocity of 150 knots, and assume it has accelerating force to weight ratio (Fn/W) of 0.3. Figure 2 shows that the resulting takeoff
distance is 3200 ft. Consider next, the options for reducing this takeoff distance to 2000 ft. Three options for reducirg th takeoff
distance are: (1) increase the thrust, (2) reduce the takeoff velocity, and (3) some combination of one and two.

The required thrust increase may be estimated from Figure 2. The figure shows that a net thrust to weight ratio of .5 would be
required to uniformly accelerate the aircraft to 150 knots within a distance of 2000 ft. This additional thrust may be provided by
increasing the installed power. Alternatively, it may be added thiough the use of launching aids such as catapults of rocket thrusters.

The selection between these two launching aids is primarily a matter of economics. Catapults have high procurement and
installation costs but relatively low operating costs. Thrusters, on the other hand, have relatively low installation costs but high
operating costs. For a limited number of launches from a base not normally equipped with a catapult, thrusters are more cost effective.
As the number of launches from a given installation increases, the catapult installation becomes more cost effective,

The option to reduce takeoff velocity requires that takeoff lift must ba developed at the reduced velocity. In the example, for a
constant (Fn/W) of 0.3, the reduced velocity for a 2000 ft takeoff distance is 120 knots. This 20% takeoff velocity reduction could be
achieved by a 56% increase in the wing area, lift coefficient, or the product of the two.

The combination of power and lift to reduce takeoff velocity and distance has been the subject of a number of studies in recent
years. Five concepts for powered lift which have been proposed are shown in Figure 3. These concepts are:

(1) Vectored Thrust with Mechanical Flaps (VT/MF), studied in Reference (1)
(2) Externally Biown Jet Flaps (EBJF), studied in Reference (1); applied by McDonnell-Douglas on the AMST prototype

(3) Internally Blown Jet Flaps (IBJF), studied in Reference (1)

ey
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(4) Augmentor Wing (AW), experimentally studied by de Havilland; applied by de Havilland and Boeing on the C-8
(5) Upper Surface Blown Flap (USBF), applied by Boeing on the AMST prototype

Figure 4 shows untrimmed Cpy and Cp, (including propulsive forces) as measured in the wind tunnel for all five systems (1), The
net Cy advantage for these systems is in the range of 1.5 to 2.0, which is the same range as required by the example. It is premature at
this stage to select a single powered lift concept for takeo.! assistance, A parametric design of a STOL Transport using Vectored Thrust
with Mechanical Flaps (VT/MF) is shown in Figure 5 (1), Equal takeoff gross weight countours are shown plotted on the T/W vs W/S
plane. Lines of 2000 ft landing and takeoff distances are also shown as functions of T/W and W/S. In addition, the wing loading which
provided enough internal fuel tank volume to fly 3600 nautical miles at zero payload influenced the design point.

The tradeoff parameters for aircraft installed takeoff aids are extremely sensitive to the total mission requirements of the
aircraft, The reader is referred to Reference (1) for an in-depth study of alternative powered lift systems for an advanced STOL
transport.

GROUND ARRESTERS

Ground arresters are routinely used to aid aircraft landing on carriers. They are frequently used to arrest fighter aircraft on
slippery runways and may be used as emergency overrun arresters for all aircraft. Important parameters in ground arrester design are:
(1) the aircraft speed and weight, (2) the desired stopping distance and (3) the level of the decelerating force. Referring again to Figure
2, the relationship between aircraft engagment speed and stopping distance for various deceleration levels is shown. The deceleration is
related to the ratio of decelerating force to aircraft weight as shown in Equation (3). Aircraft of significantly different weights, but
similar landing velocities, require different levels of force to produce the same g level of deceleration. Consequently, if a
ground-installed arrester is to service a variety of aircraft, its force level should be adjustable.

Other major design considerations for ground-installed arrester systems are the means for transmitting the force to the aircraft
and methods for minimizing initial shock. There are relatively few places on the aircraft which will withstand the high loads which can
be produced by arrester systems. The time-honored method of engaging the barrier is by the use of a tail hook which is attached to the
main structure of the aircraft. The tail hook is dropped from the aircraft and engages an arrester cable which is stretched across the
runway. Shock is minimized through the use of nylon lines between the arrester cable and the energy absorber. For aircraft without tail
hooks, it is desirable to engage the main gear, or to distribute the load to various points in the aircraft through the use of netting.

The relationship between aircraft engagement speed and deceleration force to aircraft weight ratio is given in the Summary
Figure 16. In this instance, a constant runout distance of 1000 ft was assumed.

CHARACTERISTICS OF AIRCRAFT-INSTALLED BRAKING DEVICES

The landing involves four phases as shown in Figure 6. These phases are approach, flare, transition and braking. The total
landing distance includes the transition and braking distance. The transition distance includes the time period before the braking devices
come into full deployment. For the purposes of the discussion to follow, only the braking distance will be ennsidered.

Many of the decelerating forces which act during the landing roll are velocity-dependent. Typical examples of how the
deceleration forces on a jet aircraft vary with velocity are given in Figure 7. The figure shows that the reversed thrust from a turbojet
engine varies only slightly with velocity. For a propeller aircraft, reversed propellers would show a pronounced decrease in thrust with
velocity. Parachutes, speed brakes and aircraft drag produce forces which vary with velocity as predicted by the equation:

D=Cpp V? (4)
2,

The wheel braking force, on the other hand, increases with decreasing velocity. The wheel braking force is the product of the
braking coefficient and the load on the main gear:

Fp = up, Fmg (5)

When the runway is dry, the braking coefficient, ub, is relatively insensitive to velocity. However, the force on the main gear is highly
sensitive to velocity. This force increases with decreasing forward speed; that is, more and more of the aircraft weight is supported by
the main gear as the vehicle slows down during ground roll.

An examination of Figure 7 shows that drag chutes are very effective at high velocity where the wheel brakes are ineffective.
The forces produced by aircraft drag and the fuselage speed brake are much smaller than the parachute drag or wheel braking forces.
However, they can become significant on slippery runways when the wheel braking force is reduced. The thrust force is effective down
to low velocities. However, it must be terminated at some cut-off velocity due to problems which will be discussed later. Consequently,
wheel braking is the only force which can be effectively employed at low velocities.

In the sections to follow, the parameters which influence the design of the various aircraft installed decelerators are discussed.
Where applicable, advanced or emerging technology is indicated. In most cases, weight reduction is the objective of the emerging
technology.

REVERSED THRUST

Since power is available from the engines during the landing condition, this power can be used in generating reversed thrust.
Thrust reversal is accomplished by the deployment of surfaces which block the exhaust stream and change its direction of flow.
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The reverser effectiveness is measured by the ratio of reversed thrust to forward thrust TR/FG and is defined by:
n, = TR/FG (6)

Theoretically, reverser effectiveness up to 1.0 is possible and values in excess of 0.8 have been achieved. However, high values of
reverser effectiveness at low forward flight speeds tend to cause impingement and/or attachment of the exhaust gases on the engine
cowling and/or fuselage. This effect also results in re-ingestion of exhaust gases, into the engine inlet. These factors are undesirable
because they cause excessive heating of components and engine surge. As a consequence, it is desirable that reverse thrust not be used at
low speeds. Typical values of thrust reverser effectiveness and cut-off speed are given in Table 1(2).

Although thrust reversers are very effective during landing, their weight and complexity have made them difficult to justify on
high performance military aircraft. In order to inake them more attractive, a thrust reverser which could provide in-flight thrust
vectoring as well as landing roll thrust reversal has been suggested (2). Representative weights for this type of thrust reverser are given in
Figure 8. The lower curve in Figure 8 is representative of conventional thrust reverser weight.

PARACHUTES

Landing drag chutes are a very effective means of reducing landing distance. As shown in Figure 7, the drag chute is particularly
effective at high speed.

The drag force developed by the chute is given by the relation:
Dehute = Cpo a S0 (M
Based on the aircraft reference area, the increase in aircraft drag coefficient is:

4aCp, = Cpg S (8)

_ ) SREF
where SREF is generally the wing area.

The values CD and S, are based on, D,,, the “nominal diameter” of the parachute. Ref (3) defines nominal diameter as follows:

“The computed diameter designation of any design canopy which is equal to the diameter of a circle having the same total area
as the total area of the drag-producing surface, which includes all openings in the drag-producing surface, such as slots and vents.”

Two types of drag chutes are currently used by the US. They are the Ribbon and the Ring Slot chutes. Their general
characteristics are listed in Table 2. Both of these chutes produce low opening shock and are similar in geometric proportions and diag
production. As will be shown later, the ring slot parachute has a significant weight advantage.

The affect of parachute diameter on the weight is plotted in Figure 9. The weights shown are for lightweight construction which
is generally satisfactory for parachutes deployed below 200 knots. The weight includes the parachute and its lines, but not the aircraft
structure for attaching, housing and deploying the drag chute.

The affect of advanced technology on reducing parachute weight is also shown in Figure 9. The lower line in Figure 9 represents
a 1955 technology ribbon-type parachute. The middle line represents a nylon ring slot parachute of improved design. The upper line
projects the weight saving for a ring-slot parachute made from an advanced technology fiber. Experimental chutes made from this
material have achieved a 50% weight reduction as compared to a nylon chute of similar design. This improved technology is expected to
be available by 1975.

WHEEL BRAKING — DRY RUNWAYS

As shown in Figure 7, wheel braking is most effective at low speeds. However, the braking force is dependent on a number of
factors other than velocity.

Five factors limit the ability of brakes to stop the airplane. These factors are the braking friction available between the tire and
the runway, the torque capacity of the brake, the kinetic energy capacity of the brake, the antiskid effectiveness in combination with
pilot technique, and finally, the force on the main gear.

Consider, first, the coefficient of friction on a dry runway. A tire undergoing free rolling develops a rolling coefficient of
friction (ug). Factors which influence the rolling friction coefficient are summarized in Table 3 and examples of experimental data are
plotted in Figure 10(4).

As the brakes are applied, the rolling tire is slowed down and it begins slipping relative to the surface on which it is rolling. The
braking coefficient, u, is dependent on the slip ratio. As shown in Figure 11, the slip ratio is defined as the slip velocity (w — W)
written as a fraction of the free-rolling wheel angular velocity (w). A slip ratio of 0 corresponds to a free-rolling wheel and a value of 1,0
to a locked wheel. A typical variation of u with slip ratio is shown in Figure 11.

With brake application, the coefficient of friction rises from its free-rolling value. With the application of sufficiently high brake
torque, the friction coefficient reaches its maximum value. Further increases in brake torque will then result in an unstable condition,
since further increases in slip will cause the wheel to decelerate to a locked condition. The available coefficient of friction at the
condition of incipient skidding is called y,. Because of the instability which occurs at u,, it is desirable to control the brake torque so
that the developed friction is some value below the maximum. The actual level of coefficient developed is called p),. The braking
efficiency is defined as:

Mp = HplH, (9)
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The parameter n, may be considered as a measure of the effectiveness of the antiskid system or of the pilot technique for brake
usage. An indication of tﬁe importance of this parameter is given in Figure 17, and will be discussed later,

It should be noted that the curve shown in Figure 11 may vary greatly with velocity, runway texture, runway contamination,
) tire characteristics and other factors. A number of experimental studies have been conducted to determine how various factors
influence u on dry runways. Table 4 summarizes the experimental results reported in References 5 and 6.

The maximum braking force which can be developed may be limited by the maximum brake torque rather than the tire friction.
The maximum brake torque which can be developed for a given brake pressure is a function of wheel speed and brake temperature. The
maximum brake torque, M, may be related to the retarding force, Fp, by the expression:

FB T Mb/l' (10)

In Equation 10, r is the rolling radius of the tire. Brakes are generally designed to produce a maximum retarding force equal to
30 to 50% of the airplane weight. For brakes designed to the 30% level, the maximum braking deceleration which could be developed
would be .3g, regardless of the friction coefficient of the runway. Recent trends have been toward brakes with higher torque capacities.

It is also possible for brakes to be energy-limited. Absorbing excessive energy without allowing the brake to cool can result in a
fade in the torque capacity as well as overheating of the brake components. The most dramatic recent technology advancement in
brakes has been the use of carbon and beryllium to achieve the necessary energy capacity at a significant weight reduction. Figure 12
shows a weight comparison between conventional steel brakes and advanced brakes using beryllium or carbon. The comparison shows a
brake weight advantage in the order of 40% for the advanced materials.

The final factor which influences wheel braking force is the vertical force on the main gear. Referring to Figure 1, it is evident
that the force on the main gear, Fmg, may be determined by taking moments about the nose gear. The result is:

Fmg =1  [Mygo+ oG  W—L)+ g (D—T+W - V)] (1)
xmg go

The manner in which Fmg contributes to aircraft deceleration may be shown by applying Newton’s second law in the horizontal
direction.

Fn = T—(D +uy, Fmg + ug Fnw) (12)

A conclusion which can be drawn from Equation (12) is that positive terms tend to increase braking distance while negative
] terms tend to reduce it. For effective wheel braking, it is desirable for the term (ub + Fmg) to become large). Consequently, the manner
in which the main gear is loaded during the braking distance influences the decelerating force developed by the brakes.

Referring next to Equation (11), the terms which influence the force on the main gear may be examined. Positive terms in
Equation (11) increase main gear load while negative terms cause a reduction in main gear load. For the purposes of this discussion, the
linear dimensions in Figure 1 and Equation (11) are constants. A summary of the effect of the variable terms on main gear load
(Equation 11) and on braking distance (Equation 12) is given in Table 5. L

A plus sign in Table 5 indicates a beneficial effect while a minus sign represents a detrimental effect, It is evident from the data b
presented in Table 5 that effective braking is enhanced by devices which decrease lift and increase drag during the landing run. Spoilers 3
act in this manner. Flaps also act to increase drag, hut their main function is to increase lift which is detrimental to braking. Zalovcik
(7) examined the tradeoffs associated with the use of flaps, spoilers, and elevators during landing. Typical results of his study are shown
in Table 6.

Table 6 summarizes how the contribution of drag, moment and lift change when elevators are raised, flaps are extended, or
spoilers are raised. A plus sign indicates the contribution increases deceleration. The contribution of spoilers is beneficial to both the
drag term and the Fmg term. These devices act to increase rirag and decrease lift without major changes in the aerodynamic moment.

With regard to flaps, the increase in drag is offset to some extent by the increase in lift. The increase in lift reduces the wheel
braking force available. However, on wet or slippery runways, the drag force developed by the flaps may exceed the braking force which
can be developed by the wheels. Consequently, a flaps-down landing would provide minimum stopping distance at low values of u,
while flaps-up would provide minimum stopping distance at high values of u,. Zalovcik found that flaps-down resulted in minimum
stopping when:

my =1 ACD (13)

n, ACL

8 Raising elevators provides an upward rotation to the nose of the aircraft. This rotation increases the drag and the load on the
main gear. Both of these factors tend to reduce stopping distance. Illustrations of the effect of elevators and flaps on main gear loads are
shown in Figure 13. The condition of flaps-up and elevator-down gives the highest load on the gear and results in the shortest stopping
distance on dry runways. With flaps-down, the elevator is less effective, and lift generated by the flaps, greatly reduces the load on the
main gear.

From a practical standpoint, there are a number of factors which mitigate against using the minimum distance solution of flaps
retracted and elevators up during braking. The first is economics; that is, the use of available drag is the cheapest way of stopping an
aircraft. Consequently, flaps-down landing is more economically attractive. The second is control; that is, the ability to control an
aircraft at the optimum nose-high attitude becomes considerably more difficult than in the nose-down condition. Moreover, loading of
the nose gear is beneficial in providing steering and lateral control. Positive nose wheel control is particularly critical on a slippery
runway.
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The influence of flaps and elevators is of course highly configuration-sensitive. A number of configurations are described in
Reference 5, along with the stopping distance associated with various control techniques. From a stopping distance standpoint,
techniques which develop maximum drag with negative lift, such as spoilers, are desirable,

WHEEL BRAKING ~ CONTAMINATED RUNWAYS

The primary result of contaminated runways is a reduction in the available friction coefficient. This reduced friction has an
influence on both the braking coefficient y, and side or cornering friction coefficient. As a consequence, braking is less effective and
skidding occurs at lower magnitudes of side force.

Considerable effort has been expended on developing and evaluating runway surfaces which retain high friction coefficients
when wet. The results of some of these studies are reported in Reference 8.

Typical test results of aircraft braking tests on various surfaces are shown in Figure 14. These tests verify the benefit of pavement
grooving for wet runway traction. Grooved pavements are in service on a number of runways in the US. A more recent approach to
improved pavements has been the coarse, open textured pavement which has been tested both in the UK and US. This pavement has the
high friction when wet and has the benefit of being more economical to apply, particularly when resurfacing of the existing pavement is
required.

The effect of tire tread design and aircraft velocity on the coefficient of friction is presented in Figure 15. These test results
show that the circumferential ribbed tires which are now in wide use provide significantly better traction than the older diamond or
dimple tread tires,

An estimate of the additional improvement which might be expected by cross-grooving the tire tread is shown by the dashed
line in Figure 15. The difficulty with cross-grooving is its detrimental effect on the strength of the tire tread. At the present time,
cross-grooved tires have been tested for traction but have not been developed to the point where they possess adequate tread retention
characteristics. It is anticipated that these improved traction tires will be developed by the 1975 time period.

CONCLUSIONS

A summary of the relative magnitudes of deceleration forces produced by various sources is shown in Figure 16(7). Referring to
Figure 16, the cross-hatched area around the symbol T shows the range of the force level at touchdown. A similar cross-hatched area is
shown around the symbol S to represent the force level at rest. The mean deceleration force fails somewhere between these two
variables.

The effect of various decelerators on stopping distance is shown in Figure 17(7). In this case, stopping distance is plotted against
the maximum available braking coefficient p, for braking efficiencies, np, of 1.0 and 0.5. The figures show that reversed thrust is
particularly valuable in reducing stopping distance on slippery runways. For this study, it was assumed that reversed thrust was applied
until the aircraft reached zero forward velocity.

A comparison of the graph for ny, = 1.0 with the graph for ny, = 0.5 gives an insight into the importance of the brake control
system in reducing stopping distance. Antiskid systems are designed to function in the pitot technique and/or range between the
braking effectiveness shown in the two plots.

Figure 18 summarizes a parametric variation of the factors which influence landing distance for a fighter aircraft (2). The base
condition for this parametric analysis is a normal braked landing on a dry, hard surfaced runway without drag chutes or reversed thrust.
This base point design is designated by the Subscript i. The base conditions at the design point i are:

CDi = 098 LSDi = 3,042 ft
w =3 W = 11,500 Ib
6y = . Vo, = 40knots
Vi = 150 knots m =5

The curve shows that a change in landing velocity has a pronounced influence on stopping distance. For example, a 10% change in
landing velocity results in a corresponding 10% change in landing distance. Similar results were obtained earlier in this paper when
reference was made to Figure 2.

The application of thrust reversers is also a very effective means of reducing stopping distance. Development of a reversed thrust
equal to 20% of the gross weight would reduce the stopping distance by 40%. To gain this same improvement using wheel braking, it
would require an increase in u by a factor of 1.8. Using drag to gain the same improvement would require an increase in Cpy by a factor
of 5.82. This could be done by providing a drag chute whose area is approximately equal to the wing area.

Figure 16 also shows the detrimental effects that increases in Cy have on aircraft stopping distance. For the example discussed
earlier, the increase in Gy, which was required for reducing the takeoff Iaistance would be detrimental if it existed during landing roll.
Tradeoffs between devices which increase both lift and drag can be compared by determining the net effect of increase in drag vs the
increase in lift. At the same time, the weight charts presented in Reference (2) and in the text of this paper provide a comparative
indication of the weight penalties of alternatives such as drag chutes and thrust reversers.

Considerable advanced technology aimed at reducing the weight and increasing the effectiveness of deceleration aids is currently
under development. Any future aircraft design should take advantage of these developments when selecting between alternative takeoff
and landing aids.
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TABLE 1 ~ THRUST REVERSER CHARACTERISTICS

THRUST REVERSER
A/CTYPE EFFECTIVENESS CUTOFF SPEED (KNOTS)
Commercial Turbojet 4 50
Commercial Fanjet 6 20
Military 6 20
Ref (2)

TABLE 2 — DECELERATION CHUTES

OPENING
CANOPY TYPE Cpo SHOCK FACTOR
Ribbon 45 to .65 1.00
Ring Slot 45 to .65 1.05

Ref (3)

TABLE 3 — FACTORS WHICH INFLUENCE ROLLING FRICTION

Deflection Increases
Vertical Load Decreases (With Deflection Constant)
Velocity Increases
Tire Pressure Decreases (With Deflection Constant)
Tire Temperature Slight Decrease

Ref (4)

TABLE 4 — FACTORS WHICH INFLUENCE BRAKING FRICTION ON DRY RUNWAYS

FACTOR EFFECT ON gy,
Vertical Load Decrease ;
Velocity None 1
Tread Compound Slight
Tire Construction Slight '
Tire Inflation Slight Decrease
Tire Temperature Slight Decrease

TABLE 5 — FACTORS WHICH INFLUENCE DECELERATION FORCE ON MAIN GEAR

TERM EFFECT ON Fmg EFFECT ON DECELERATION
Aero moment + Indeterminate
L — —
D + +

Reversed Thrust + +




. TABLE 6 — EFFECT OF AIRCRAFT DRAG DEVICES ON DECELERATION & FORCE ON MAIN GEAR
| DRAG NET WHEEL LOAD
Drag Aero Moment =Lift Net Influence on
Deceleration
Raising elevators + + + +
'ﬁ Extending flaps + +or —* - + o —**
:' Raising spoilers + +or —* + +

* depends on configuration
** minus above some value of

Ref (7)
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A TECHNIQUE FOR ANALYSING THE LANDING MANOFUVRE

R F A KEATING, ROYAL ATRCRAFT ESTABLICHMENT, BEDFCRD, FNGLAND,

SUMMARY

Recent RAE studies of steep gradient eviation have highlighted the need to find the underlying
piloting strategy of landings. A graphic presentation of landing reconls is put forward which, it is
hoped, will assist in the solution to this problem, By expressing the pilot's longitudinal control
activity as equivalent speed and climb rate demands, it i~ possible to plot simultaneously the aircruft
motion and the control strategy against the performance chart as a reference grid, By suitable choice
of axis scaling, the aircruft's response to simple control input traces out simple geometric patterns
such as circular arcs,

Examples are given of flight data, principally of the HS 125 in normal, steep and two seyment
approaches. Power margins and target speeds are discussed for these examples,

LIST OF SYMBOLS

CL lif't coefficient ABBREVIATIONS
CD drag coefficient EAS eguivalent air speed
IAS indicated air speed (uncorrected)
D drag
} relative to flight path ASI air speed indicator
L lift
VAST visual approach slope indicator
g acceleration due to gravity
5 ROD rate of descent usually in feet per
H rate of climb, time differential of height minute
(normal units are feet per minute)
RPN revolutions per minute of engine
v airspeed, usually in knots
FLT 123 flight number 123
T thrust of engines
FLT 12345 landing 45 of flight number 123
a angle of incidence
Y flight path angle
7 anygle of elevator
¢} angle of pitch attitude SPECIAL SPEZEDS
SUYTICES VTD target touchdown speed
e equilibriun condition VAT target threshold speed
0 initial condition
VAPP tar;et approach specad
D demanded condition
V., stalling speed {rom aercdynamic
a a typical condition S e e ATt

1 L. TRODUCTION

RAE are currently investigating steep” gradient aviation using a prop-jet transport aircraft, an
executive jet and, later this year, a lerge jet airliner., The object of the programme is not only to
collate statistics and pilot opinions but to derive and record suitable control stratesies for steep
pradient approaches, With nearly 2000 landings already completed the analysis presents a problem.

'Cpot values' such as, maximum ¢ in the flare are ecasy enough to handle statisticallv and do provide some
useful data. But the crucial problem of the analysis is to find representative 'pood! landings and
identify the underlyin; piloting strategy. This problem can only be solved by studyins and unlerstanding
the complete combination of pilot, contruls and response of the aircraft to control inputs, There are
two fundamentally different wuys in which one mipght expect the aircraft to be controlled durins the landing
manoeuvre, One is to visualize the pilot as a continuously operatins automatic controller, closing a
relatively tight feed-back loop, The other is to view the operntion as an ecsentially open-loop, ie as a
precognitive, wherein the pilot uses relutively infrequent (in extreme, only one) simple step type inputs
or programmed control sequences which experience has taught him leuds to the desired end result, (f these
concepts, the former would have the attraction of huving available for analysis a rirorous theoretical
framework, that of automatic control theory. Although modelling the human pilot as a servo-coentroller has
led to useful results in many areas of aircraft control, notably when the tracking of movins targets has
been involved, the anulysis of' manual landing control has so far defied this approach. This is perhaps an
indication that the pilot controls the preparatory phase and even part of the flare in open-loop fashion,
However strongly intuition may attract one to this view, the systematic study of open-loop control has
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always been frustruted by lack of & suitable theoreticul concept, Truditlonally the analysie of such
situations hus been restricted simply to visual inspection of flipght records without any coordinating
principles,

In this paper a method of grephicelly presenting lunding records is given which it is hoped will
materiully assist in this purpose. By expressing the pilot's longitudinal control activity as equivalent
speed and climb rate demands it is shown to be possible to plot simultaneously the actual airecruft motion
and the control strategy apgainst the pert'ormunce chart ac a reference grid. The interpretation and analy-
sis of the data presented in this form is further alded by the fuct that, if a particular scaling is chosen,
the open=loop response to simple control inputs traces out simple peometrical patterms such as circular ares,

Examples will be given of flight data principally of the E5 125 in normal steep and two-sepment
approaches,

2 PRECELNTATION OF DATA

Although the technique put forward in this paper 1s simple to use numerically, a number of unfamiliar
concepts are involved, These concepts are discussed in this section and then tcsted experlmentully for a
controls-rixed phugold, which it is sugested is the principal response made relevant to flares, before
dealiny; with real lundings,

2,1 FERFORMALNCE CHARTC /LD EUILIBRIUN STATES

The essence of the proposed method of landing control analysis rests on the observation that it is
possible to map the time history of a landing manoeuvre onto the H - V plane, ie in the plane in which air-
craft performance dute are also presented, By suitable simplifying assumptions it is also possible to pre-
sent in the same diagram the pilot's control activity in terus of equivalent performance demands,

A typical performance chart is shown in Fig 1, where steady stute f1liht path angle v is plotted apainst
airspeed, with incidence a and throttle setting as parameters, In addition a number of conditions of special
relevance to landing control are indicated, namely :

i, the boundary for stick-shaker operation

ii, the tarpget threshold speed VAT (here, VAT = 1,3 Vs)

111, the 3° glide slope

iv, the approach speed, which equals VAT + 10 knots in this case

v. the target touchdown speed V.. usually V.‘ - 10 knots,

™ T

In practice the numerical data will be influenced by such parameters as aircraf't weight, altitude and
outside air tempersture, Each point in this chart uniquely defines an equilibrium flight condition which
will establish itsell for a given control setting, ie for a given combination of throttle and elevator angle,
The latter control paremeter 1s here represented by the equivalent angle of incidence a., One advantage of
this device is that it removes CG position as a variable, Hence we can interpret each point on this chart
either as an actual equilibrium flight condition He, Vg or as a demanded flight condition HD’ VD defined by
the associated control state (a, throttle),

If at a given instant in time the actual flight state and the control demand state coincide the aircraft
is in steady equilibrium and will remain in this condition, ie it will continue on the existing glide path
angle yg and at the existing speed Vg. If the controls are moved away from this equilibrium state there will
now exist a dif'ference between the actual flight state and the demanded equilibrium state. The flight condi-
tion cannot remain steady end the aircraft will try to acquire the new demanded state, In the next section
ve shall show that the natural aircraft response to such a demand - ignoring the short pericd pitching mode
as a closed inner loop - tekes effect via the phugoid mode and that the response can be mapped onto the
H - V plane as the simplest possible geometric shape, namely a circle, This feature will be utilised as the
central principle for the analysis or synthesis of landing flere manceuvres,

2.2 REJPONSE TO DISTURBALCES FRCM EQUILIBRIUM

Ignoring the pitch oscillation as an inner loop by restricting the discussion to medium and leng term
response, the aircreft longitudinal motion is defined by the two equations!

mV = Tcosa~-D-mgsiny (1)
mVy = Tsina+L~-mgcosy . (2)
In steady flight with V = v = O we obtain equilibrium from

0 = T, cosa, -D -mgsiny, (3)
0 = T, sina.e+Le-mgcosYe . (&)

Subtracting (3) and (4) from (1) and (2) and linearizing for small displacements and restricting the analysis
to amall y, we obtain the differential equations

Vo= oely, - ) - (p/m)(2av/v,)
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Woe (L /m)(28VN,)

where AV = V - V_. Substituting fl = Vy and L /m & g we got
T o= (eI - 1) - 2(eV,)(Cy/C (Y - V,) (5)

H e 2AeN )V - v,) . (¢)

These equations define the small perturbation response in f and V of the eircraft disturbed from an
equilibrium state (Vo, ﬂ'). This equilibrium state is of course identical to the demanded flight state
Vp and yp defined in the previous section., The solution of equations (5)-(6) is the phugoid, le a
periodic and normally damped oscillation in f and V. The amplitude of H is equal to \{’2’ times that of V,
and fi lags V by approximately 1/4 period as shovn in Fig 2, This mode maps onto the H - V plane as a
spirel centred on Hg, V, as the equilibrium state if the scale are so chosen that units in (BAZ) and (V)
are equal, If in equation (5) the ,drag terms are ignored, the result simplifies to an undamped sinusoid
which projects as a circle in the H - V plane, In the application to the analysis of the landing flare
manceuvre we shall find that one is only interested in response corresponding to less than 1/4 of a
phugoid period, If the method is used for a qualitative annlysis, the circle can then be taken as an
adequate approximation to the spiral and hence to the true response. For more accurate work and/or when
dealing with an exceptionally well damped phugoid & portion of the relevant spiral ourht to be used.

e have already r:en in section 2,1 that it is possible to plot in the H - V plane the actual aircraft
motion state l, V and by regurding elevator (or incidence) and throitle position as the equilibrium perfor-
mance Hy, Vo, We can show equivalent control demands also, "e shall represent the former by the symbol @
and the latter by the symbol X. It is obvious that if the demand X and actual state @ coincide the aircroft
is in steady equilibrium flight and will remain so until disturbed. The time history collapses into a
point, However if at any instant in time, control demands de not coincide with the actual flipht state -

! say as a result of the pilot's elevator or throttle movements - the aircraft will recpond in such a way
! that the response follows a spiral in the H - V plane, the initial flight state Hy. Vg forming the initial
condition of the spiral which centres on the demunded state Fp, Vp.

4 I 2.3 RESPONSE TO CCHTROL DEMANDS
We shall now consider the effects of some basic control inputs,

i, Elevator control, ‘e have iniicated that elevator control can be equated with a demanded
incidence a end this in turn equates with a speed demand V. Fig 3a illustrates the case when the
aircraft was originally in equilibrium flight at Hg, V0 and the pilot now applies a step demand in
af't elevator, ie a demand for a speed reguction to Vp. An approximation to the aircraft response is
obtained by drawing a circle centred on Hp, VD as the new equilibrium state and passing through I'!o, Vo

B the initial flight path state, ‘e observe that, as expected the initial response is an increase in
climb rate which then leads to a speed reduction, It will be noted that the speed demand (strictly a
demand) also involves a small change in Hp since we must follow & locus of constant throttle in the
performance chart, Fig 1.

ii, Throttle control. The throttle controls vertical velocity as an equilibrium state and the
response to a throttle reduction will therefore appear as in Fig 3b, ie as an initiael speed reduction
followed by an increase in sink rate or & reduction in climb rate, ']

iii, Simultaneous thrc;ttle and elevator control., If the two control demands considered above are 4
combined the response in Fig 3c results, combining of course the features of the responses considered
individually above.

One of the disadvantages of this presentation is that by plotting i against V, time has been lost as a
parameter, which may be reintroduced by marking a time scale against the motion trace. In this context it |
is useful to consider that equal time intervals are ascociated with equal rotation angles and that a full 1
revolution clearly corresponds to a full phugoid period or 90° to 1/L2; phugoid period. The phusoid period
itself will be a function of airspeed and a very crude approximation® is to take the airspeed in miles per
hour and divide by five to obtain the period in seconds. 1

So far we have consldered simple, step demsnds in control and it was shown that these lead to responses
which map particularly simply in the H - V plane, ideally to sections of a circle. ™e shall also be inter-
ested in situations when control is changed continuously, ie the general case when both I:Ie and \'/e are them-
selves functions of time and truce out & line in the I! = V plane. The concepts developed can 5till be used |
if we bulld the response in a step~by-step procedure, say for example at intervals of one second., Tip 4
gives an example for an aircraft with a phugold of 30 second period, when one second corresponds to 12°
rotation, damping being allowed for by the use of right-angled triangles instead of arcs. It is quite
obvious that when control is changed continuously the present method becomes les: attractive than in situa-
tions where the pilot applies control in a few discrete steps.

i

It should be noted that this method is equazlly suitable for synthecis and analysis of Jlanding manoeuvres,
It can be used to ldentify pilot control stratesy in actual landings and judpge their usefulness and efficiency,
On the other hand it can be used to derive theoretically control stratepies which lead to a desired result,

2.4 RESPONSE TC GUSTS

The aircraft motion is not only changed by the pilot's control sctivity, but it may also be affected by
gusts apd wind shears, It would be interesting to see how gusts will affect the trajectory of aircraft motion
in the H - V plane. 0o fur we have noted that the trujectory in the } - V plane of the aircraft flight state
affected only by pilot control is continuous and progressive. Uteps in control applied lead only to step
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alope changes in alreraft response, ie discontinucus slopes, Gusty on the other hand appear as jumps in
the aircruft state locus and are therefore ensy to recopgnise,

A4 oulden fore and aft pguszt will change the uirspeed by an equivalent amount nn? if pilot control is
not changed at the came time we get a reusponse ns 11lustrated in Fig Sa, "ind shear can be represented
simllavly as a change in the fore and af't wind component, nomally of course as a reduction of airspecd.

The reproscntation of vertical ;usts requires some crution as the result depends on the chocen
reference frawe, In flight testing we will nommally derive {light path angle ¢4 and hence H from measurc-
ments of a and 0, 'The flight path angl. so derlved is thus related to the air and not to space. (The
answer would obviously be different if Il were meusured directly with reference to the ground, say from a
radio altimeter or by kine=theodolites), In the former cuse an up-pust would cuuse an apparent dive and
the response would then nprear as in iy %b, The demanded state would here remain unchanged, Ina
space oriented reference frame, on the other hund, the equilibrium response to an uppust would be an
increase in climt rats, the pust would cuuse an apparent change in demand,

2.5 FLIGIT RECULTL

The me thod acdvanced in this paper is intended primarily to assist in the analysis of flight records
of landing manoeuvres, ibove we huve shown by theoretical arpument that aircraft response and control
inputs can be uniquely related in this presentation, To demonstrate that the ideas developed there do in
fact conform to renl life, in Fip 6 two manceuvres recorded on the HC 125 are presented. One is a phugoid
which is seen to truce out the expected spirsl converping on He = 0 and Vg = 114,5 knotls as the equili-
brium condition, The other is a response to & step elevator (incidence or speed demand) demand which epain
is seen to trace out the initizl portion of the spiral, Tt will be noted that this manoeuvre was mther
extreme as the demanded incidence was beyond the stick shaker limit throughout, The aim of that particular
manoeuvre was to find the limiting response which would pgive a period of near-level f1lipght, This represents
the hardest flare possible at the most extreme throttle setting and as expected lies at lower speeds than
the tarpet threshold speed VAT‘

3 ANALTSIC CF LANDINGS

The me thod outlined above has been ieveloped in the course of a programme of flight tests dedicated to
the explorution of steep approach landing techniquec, The aircraft used for the work discuszed here in the
12 125, an executive-iype two-cngined jet, The same aircraft was also simulated on the Aero Flight simula-
tor at Bedford and occasionally reference will be made to experience pained in this exercise. Three differ-
ent landin: techniques were tried, steep approaches from about 7° terminated by a sinple flare, normal
approaches and finally two segment flares from a steep initial approach, GSome of the results from these
tests will now be diccusseld.

3.1 OTEEP AFFRC/CHES, HG 125

The programme of flyine at ".E Bedford has shown that, contrary to initial doubts, the HJ 125 can be
saf'ely lunded from a steey pradient approach. Tests were firct made to establish the steepest plideslope
that could be achieved in steady t'light with idle thrust. This tumed oul to be about 9°. Then the pilot
wus asked to find the steepest prectical glide slope which allowed speed to be comf'ortably controlled and
the aircruft to be landed withoul unusual skill, From this test a 70 plide path was selected as the steepest
feasible approach and a nyuber of landings were made {rom a 7° plide path defined by VASI (visual approach
slope indicator, puidance’. Fip 7 shows the results from seven landings of one flight in the programme as
the envelope of all data incluling part of the plice path, The trace of one particular landing is shown in
detail. The envelope of' data showed touchdown speeds in excess of 105 knots compared with a tarpet threshold
sneed Vup of about 110 knots #.0, The approach vulues of airspeed and vertical velocity fall into a region
rourhly cireular in form (phu;oid moie) less than 5 knots in diameter centred on a speed lower than 120 knots
(V“T + 10). TIFresumebly this reflects instrument errors, position errors, ete.

Cne landing is analysed more {'ully, in Fis Ja with points plotted at one second intervals, The dots
inlicate the actual motion in terms of I! versus speed and the crosses represent the corresponding control
inputs expressed as equivalent speed and ¥ demands, Although in this particular example the locii of these
demanded flight states moved prosressively from risht to left, in general it was found necessary to number
the points to keep truck of the {luctuations especinlly in incidence, (n the plide path the motion locus
and demanded locus form an incoherent jumble of points and it i: Aifficult to uniquely define the start of
{lare, lowever the point lnobelled '1' renrecenting a distinct reduction of throttle is taken as an indica-
tion of preparinc to flare, Usins the stick only for the rest of the landing the motion traeces apnrovimately
a streight line on the H - V plare rather than the circular arc expected from a step demand of incidence.
Thiz ic of courze duc to the fact that the stick and hence speel demand is moved proprressively during the
manoeuvre, A curve consiructed by drawing sepments of one seconil (= 12°) centred at the approvriate control
inputs is seen tc dve a jood reproduction of the orisinal measured motion plot, provided allowance is made
for damping (ie spiral is used rather than circle). The touchdown sveed in this landing was 105 knots arainst
a tarpet of 100 kmots and from thi:z envelope of' data it ir seen that all landincs in this group temninated
with excesc velocity, It seems worth speculating vhat chanpes in the technique would be required to reduce
the touchlown speed to the value achieved in normal apnroaches, ie Vjp = 10 knots = 100 knots, in the interest
of' constrainins the ground run and avoidin: 'floatins'. In Fig 8b flare manoeuvres are syntheciszed which
would bring the aircraft to the desired touchdown condition, 100 knots, from approaches on 3°, 5° ani 7°
rlide slope, The same initial approach speed ir ascumed in each case, The landing munoeuvre is divided into
two stages, first speed i: bled off without chian in~ the -1lide path and when the appropriate point is reached
a flare is initiated by elevator controlling incidence in the same form as previoucly measured. In the cace
of @ 7° approacl., gpeeds in the flare sre thereby lowered by 4 knots, It is apparent that - other than
starting from an eppropriately lower approach speed in the first place - this is the only strate;y which will
produce touchdoim at the desired speed, Cne may in fact ack the question why the pilot did not do this as he
was free to do co, being given an entirely free hand in briefing, The calculation of Fig 8b pives the answer,
In each case the marocuvre is initiated by ¢ thruct reduction to the level chosen Ly the pilot in the actual
flight case, This is apparently the lowest throttle setting that the pilot was prepared to use since further
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reductions to full idle would bring the engine into a regime of poor response say for overshoot needs and
also there would be no margins for further control if the need arose, (It may be noted that in fact full
1dling thrust is only marginally lower so that the actual overall performance is not too strongly affected
by this limitation). Wo see now from Fig 8b that on the 7° slope the available deceleration is so poor

that the manoeuvre has to be initiated et 620 feet altitude so that speed is sufficiently reduced for a
flare starting from 120 feet to bring the aircraft to the desired touchdown, This situation rapidly improves
with the less steep approaches because now substantially more deceleration is obtained upon throttle closure,
As & result the manoeuvre may be initiated at a much more realistic altitude, namely at 210 feet from a 5°
approach and at 96 feet from a 3° approach, Note that the peak incidence required for these hypothetical
manoeuvres corresponds to a demanded speed 4} knots lower than the touchdown speed, ie 95% knots and that a
further increase in incidence by 1° would have trigpered the stick shaker! Incidence margins are important
in this situation and what appears .uperficially to be a perfectly satisfactory technique clearly needs
further study,

3.2 NORMAL 3° APFROACHES AND LANDINGS

Fig 9 shows the results from a sample of 14 normal landings from & 3° approach again represented as a
data envelope. These landings were made before the steep approach trials. One notes clearly substantial
differences from the steep approach data, The area representing glide slope holding is larger as seen by
the 'head' of the envelope but this is attributed to the wider pilot sample used, The ‘'body' of the envelope
slopes a good deal less than with the 7 approaches, Generally there is greater speed variability. In Fig
10a, one landing is shown in detail and is seen to trace out a locus approximating a streight 1line, This is
quite different from what would be expected if the pilot had followed the strategy which he declared he would
use on the occasion of some simulator tests of the same aircraf't, There he stated that he would first reduce
airspeed and then initiate the f'lare, The ocontrol action as represented by the three groups of demand loci,
suspests a flare made up of three distinct steps and an approximate reconstruction is shown in Fig 10b which
clearly will approximate to the true flight record, The height calculated from this construction for flare
initiation is 98 feet compared to height actually measured in flight of 90 feet, Had this pilot followed his
declared strategy a height of 231 feet would have been required for this speed reduction phase and an addi-
tional 32 feet for the flare, taking the actual throttle setting used in flight, In the real flight case at
50 feet altitude, speed was reduced by only 3 knots. If pover is reduced at flare preparation to the lower
value used in the steep approaches as in the calculated example for 3° glideslope in Fig 8b, total flare
height would be reduced to % feet,

The motion locus in Fig 10a indicates a degree of scatter which can be attributed to measurement inac-
curacies, pusts and short period transients, and similar inaccuracies may occur in the loci of equivalent
con%rol demand, (They are derived from measurements of a, and 0), A much more instructive picture is
obtained if one considers the motion locus and the input demands together to get a better appreciation of
the broader control strategy,

3.3 T.0 SEGMENT ATPROACHES

Two examples are given in Fig 11 of two segment approaches. The steep segment of 7° inclination is
intersectinc a 3° beam at 2 height of 220 feet, The pilot was completely free to choose his own technique,
In the first example, f'light 21407, the manceuvre was not continued to touchdown, the interest being centred
on the transition betiween the sepments., This is basically a flare without any overshooting of the 3° beam,
Uix seconds af'ter flare initiation, power was increased and speed stabilized after another 4 seccnds on the
shallover glide slope, 9 knots below the initial approach speed., "ith an autothrottle available a different
story may emerge but in manual operation it seems expedient to accept a reduced speed in the second segment,
as demonstrated in thic example, Other significant date relevant to this flight are: peak normal acceleration
0,11 g, the 3° glide slope was acquired et 150 feet height.

The sccond example from the same flight was made by deliberately maintaining power constant to demun-
strate the effect of either a later power demand or slow engine response, This landing was completed to
touchdown, Beginning with 130 knots ASI the transition is similar to that of the previous example dbut on
the 3° ;lide slope, speed then falls at e rate of somewhat less than 1 knot per second, arriving at tle
threchold with the correct speed. Durirz the course of this flight weight decrcased and as a result, for
the same procedure, speed decreased tou rapidly and overshoots were initiated.

The third example shown in Fig 11 vas obtained with a Hunter aircraft (u single engined jet fighter) on
a two seyment puidance system starting with a 6° initial slope intersecting a 3° slope at 100 feet altitude,
In fuct the 3° glide slope wus of little practical value, as it was generated by a VASI located too far to
the lel't of the runway for close pilot puidance,

The procedure is to use the first colour change of the VASI beams defining the 3° slope as a warning of
the approaching change of plide slope, The next change is used as a signal to flare, heading for the glide
path origin which must be clearly marked, finally flaring to touchdown within 1000 feet of the glide path
origin, The approzch speed used is Vyp + 10 knots and the transition and initial flare is made at the
throttle setting approvriate to the steep glide path. As Fig 11 shows 15 knots of speed is lost which allows
the pilot & margin of control to close the throttle before touchdown, Pilot opinion of this form of landing
from a steep pradient approach is more favoureble than a single flare procedure and this technique is being
investipgated further,

I COLCLUSIONS

»

A method of data presentation has been proposed which allows three different aspects of landing control
to be shown and correlated. In a reference frame of V as the abscissa and H as the ordinate it is possible
to present

i, the steady state performance

ii, the actual time history of a landing manoeuvre

B PSR RN 17

o




7-6

111, the pilot's control strategy in torms of equivalent demands in airspeed (elevator or incidence)
and verticel velocity (throttle),

By choosing scales such that (HA2) and V are plotted in equal units, the aircruft response to step demands
in either control truces out simple geometric patterns as a trajectory and this property can be used to
rutionalize anulysis as well as for the synthesis of landin; manoeuvres,

The mcthod has been applied to the discussion of some flight results obtained in trials of normal and
steep approaches, For the latter, both single flare and two-segment techniques have been exumined. Various

siynificant aspects have been identified as subjects for further investigation, especially power margins and
target speeds,
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