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FOREWORD

This technology document presents an analysis of the approach.
flare and landing characteristics of the X-24A lifting reentry research
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ABSTRACT

This report presents the results of the X-24A lifting body flight
test program pertaining to the approach, flare and landing. The appreach
and flare were flown with clean configurations (landing gear up), having
maximum lift-to-drag ratios (L/D)'s between 2.95 and 4.30. The landing
configuration (gear down) had a maximum L/D value of 2.65. The landing
approach pattern was a 180-degree, unpowcred, left-hand, circling approach
followed by a short wings-level, high enexrgy final approach at airspeeds
ranging from 267 to 318 KCAS, terminating with a flare to near level
flight near the ground, and a deceleration to landing. The landing gear
was extendad near the completion of the flare in close proximity to the
ground. The landings were at airspeeds between 168 and 205 KCAS at sink
rates of less than 5 feet per second and within 2,000 feet of the intended
landing point. An effective speed brake function was generated on the
X-24A by using the flap bias feature. This was essential to the accom-
plishment of accurate landings. Visibility and handling gqualities of
the X-24A in the final approach and landing configuration were excellent;
however, lateral upsets in turbulence were disconcerting to the pilot

especially near the ground. The trim change duve to landing gear deployment

was also somewhat cbjectionable tc the pilots. Differential braking and
rudder/aileron deflection were sufficient for ground steering of the X-24A
after touchdown for conditions of zero crosswind, but were inadequate for
light to moderate crosswinds. This program obtained results similar to
those of earlier lifting body programs and of routine X-15 operations
indicating that the unpowered visual approach and landing was relatively
easy for the project test pilots after extensive F-104A low L/D practice
prior to the X-24A flights.
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INTRODUCTION

The X-24A prcject was the second flight test project to use the SV-5
lifting body reentry configuration. The first project, called PRIME
(Precision Recovery Including Maneuvering Entry) used three subscale
unmanned SV-5's which were boosted to orbital speeds on Atlas boosters.
This program provided data, and a feasibility demonstration of the SV-5
configuration in the technical areas of aerodynamics, stability, control,
heat protection, and maneuverability covering the speed ronge from orxbital
velocity to Mach 2.0.

The purpose of the second project, the X-24A project, called PILOT
(Piloted Low Speed Test), was to investigate maneuverable lifting body
flight from the low supersonic speed range to touchdown. One of the main
X-24A project objectives was to gather data on and to prove that the SV-5
configuration could be maneuvered to a safe horizontal unpowered landing
at a pre-selected landing site. Twanty-eight successful X-24A landings
accomplished this objective. This report analyzes the X-24A unpowered
approach and landing characteristics from approximately 20,000 feet mean
sea level (MSL) down through the flare, touchdown, and ground rollout.
Pertinent pilot comments are included within the discussion.

VENICLE DESCRIPTION

The X-24A vehicle (figures 1 and 2) was a blunt-nosed, wingless
lifting body wvehicle. The aft end had a large base axrea and three ver-
tical fins. The outboard fins supported the two upper and the two lower
rudders. The upper rudders were used for directional trim and control.

The four rudder surfaces could be biased inboard or outboard for improved
handling characteristics at the subsonic or supersonic airspeeds, respec-
tively. On the aft end were located the two upper and the two lower flaps
which were used for pitch and roll control. When either lower flap reached
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the fully closed position (zero degrees), pitch and roll inputs were trans-
ferred through a clapper mechanism to the corresponding upper flap. Both
pairs of upper and lower flaps could be deflected symmetrically (biased)
independent of pilot control input. The rudder bias was programmed as a
function of upper flap bias pcsition. The flap bias feature was used as

a speed brake. The cockpit contained typical aircraft instruments, stick
and rudder pedals, zero -zero ejection seat,; and a jettisonable bubble
canopy. The landing gear system was a conventional tricycle arrangement
with a quick acting pneumatic deployment system. In addition to the pri-
mary propulsion system (XLR-11 rocket engine) with 8,480 pounds of vacuum
thrust, the vehicle was equipped with two 500-pound thrust hydrogen peroxide
rocket engines which were available to the pilot to extend his glide during
the landing approach if required, Reference 1 contains a more extensive
description of the X-24A. The subsystems pertinent to the approach and
landing task are discussed in appendix I and in reference 2.



TEST TECHNIQUE

The ¥X~24A was launched from an NB-52 mother ship at an altitude of
40,000 to 47,000 feet MSL. On 10 flights, the entire flight was a pre-
planned glide flight from launch to touchdown. Qn 18 flights, the first
portion of each flight was powered, in which case the vehicle accelerated
to a preplanned Mach number and altitude using the primary propulsicn
system. Orn the powered flights the vehicle entered a gliding flight
phase at rocket engine shutdown. After launch on both the glide and
powered flights, various stability and performance data gathering maneuvers
were executed, During this phase, the pilot's attention was primarily
directed to data maneuvers and he was relying heavily on the ground
controller for navigation information. These ground calls, based on real
time radar data in the control room, consisted of vehicle position rela-
tive to the preplanned ground track and altitude vrofile. Thes& ground
calls were to guide the pilot to a low key point. Low key is defined as
the point where the final 1B0-degree turn was initiated and was con-
sidered the dividing point between data maneuvers ahd the landing maneuver.
From low key the pilot performed, without ground contrcller assistance,
an unpowered visual gliding approach to the preselected runway where an
unpowered visual flare and landing were completed.

The approach and flare were accomplished with the landing gear re-~
tracted. The landing gear was not extended until flare completion since
the low gear-down lift-to-drag ratio {maximum L/D of 2.€5) and the geaxr-
downt limit airspeed (300 RCAS) would have made visual flares and landings
quite marginal (reference 9) if the entire approcch and landing had been
flown with the gear extended.

Various parameters (appendix I) were telemetered to the ground for
later examination to determine the vehicle characteristics and pilot
technique during the approach, flare and landing. Bank angle (4) and
radar space positioning data were used to determine the time and location
of the low key points. The bank angle data were used to determine the
altitude at which the pilot had rolled out on the final approach. The
point at which the pilot had started the flare was determined by examining
the angle of attack (a), longitudinal stick position, normal accelerationm
{nz, } and pitch angle (5) data. Gear extension and touchdown were deter-

mined from the landing gear strut position data.

For most of the flights, the pilots were asked to perform landings
at a predetermined point on a designated runway with the stipulation that
flight safety should in no way be compromised to achieve this objective,
On four flights (17 to 20), the pilots were requested to maintain a de-
sired final approach airspeed and forego the accuracy landings. The
pilots were also requested not to use the flap bias feature as a speed
brake for the first seven flights.

The desired approach and landing configuration (flaps and rudder
bias settings, stability augmentation system (SAS) gains, etc.) were
selected during the planning phase of each flight using a fixed base
six~degree-of~-freedom simulator. Before each flight the pilots practiced
unpowered approaches to the primary runway and to the alternate runways
using an inflight performance simulator. This simulator was an F-104
aircraft in high dray configurations which provided L/D's and airspeeds
similar to those of the X-24A (appendix V).



TEST CONDITIONS

Tables I, II and III present a listing of the vehicle landing weights
and pilots, together with the conditions existing during the initial and
final approaches,at flare initiation, gear extension, flare completion,
and touchdown for each flight. These tabulations form the aucleus of
this report and will be referred to freq'2ntly in subsequent sections.

The X-24A flight test program had thrae test pilots (A, B and C
in table III). Table IV presents a summary of the lifting body piloting
experience of each of these pilots.

Vehicle gross weights at touchdown ranged from a low of 6,157 pounds
to a high of 7,023 pounds. The average touchdown weight was 6,387 pounds,
which corressponded to a planform loading of 39.4 pounds per square foot.

All the landings reported herein were made on marked, 300~foot wide,
runways on the hard surface of Rogers Dry Lake at Edwards Air Force Base,
California. All of the flights terminated on ¢he planned runway except
for flight 3 in which an alternate runway was used due to an inadvertent
early launch. Figure 3 is an aerial drawing of Rogers Dry Lake showing
the marked lakebed runways. Nineteen landings were made to runway 18
in figure 3. Seven landings were performed to runway 33. One landing

was made to runway 15 and the one early launch flight landed on runway
17.

During the course of the X-24A flight test program there were three
distinct subsonic configuration modes used during the approaches and
landings.

1. Configuration Mode 1 =~ Flights 1 to 7, pitch and roll control with
lower flaps, upper flap bias set at -18 to -23 degrees depanding on
the flight.

2. Configuration Mode 2 (figure 4) - Flights 8 to 18 and 21 to 28,
pitch and roll control with lower flaps, upper flap bias at -13
degrees until gear extension at which time control crossed over from
the lower to the upper flaps and the actual landing was performed
using the upper flaps (figure 5). This configuration was the stan-~
dard subsonic approach and landing configuration for the X-24A.

3. Configuration Mode 3 - Flights 19 and 20, lower flaps fully closed
(zero degrees), pitch and roll control with the upper flaps which
varied between -8 and -12 degrees during the approach.

These configuration modes will be referred to throughout this document.
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Table IV
PILOTING EXPERIENCE IN LIFTING BODY VEHICLZS

Experience in
Lifting Bodies
Pilot Prior to the X-242 X~24A Experience

Number of Landings

A 15 13
B 10 12
C 0 3

RUNWAY  LENGTH
()

18 23,760
17 39,600
15,33 19,540

ﬂnqg

Posyp

T
\

8¢
4
)
Runweys denoted by the
opproximate magnetic

heading divided by 10,

v

Scele: f—2n.m. ——'l
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Figure 5 Landing Cendiguration Modes Twe and Three
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TEST AND EVALUATION

APPACACH, FLARE AND LANDING PHASES

The unpowered visual approac¢h, flare and landing were divided into
four phases for analysis (figures 6 and 7). In actual practice, these
phases were blended together by the pilot in a slightly different manre.
on each individual flight. For this reason, caution must be 2xo:.lced
in generalizing the statistical values included herein.

I. Initial Approach Phase - A 180-degree circling unpowered turn start-
ing at a low key point between 18,000 and 21,000 Jeet MSL.

I, Final Approach Phase - A constant airspeed, gliding approach on the
runway heading with bank angle less than +10 degrees.

III. Landing Flare Phase ~ A wings level, angle of attack increase at
elevated louad factor producing a transition from the steep final
approach glide angle (y4) to a shallow deceleration-uo-toucidown

glide engle. The landing gear was extended near the ¢nd of the
flare.

IV. Deceleration Phase —~ Deceleration along & shallow glide angle to
the point of touchdown.

RSN

_/’; /

Law Ry Altiveds
16,000 +o 21,000
L] N

Flgare 8 X-24A Appteach, Flara sue Londlag
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This sequence starts halfway through the

at touchdown.
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quence of photos taken with a camera a
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through the nose of the X-24A.
1 approach and terminates
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initjal Appraach

The basic pattern used during the X~-24A program was a 180-degree,
unpowered, left-hand, circling approach beginning at a low key point.
The advantages of this pattern over other possible patterns for the X-24A
vere:

1. The variation of bank angle, airspeed and speed brake deflection
provided for a broad energy management capability.

2. A 270- or 360-degree overhead pattern (X-15 pattern) would have
devoted too much valuable flight time to the landing pattern and
thus compronmised the amount of research data gathered per flight.

3. A straight-in approach would be more difficult from a pilot's
judegement standpoint. It would be more difficult to judge glide
angle from the distances and altitudes associated with this type
of approach, Also, a straight-in approach would have substantially
reduced any energy management capability through bank angle modula-
tion.

There were two low key points: the preplanned low key and the
actual low key. The preplanned low key poirnt was the turn initiation
point for the X-24A landing approach with no wind. It was initially
determined by the pilots during their training when using the inflight
verformance simulator aircraft and the fixed base X-24A simulator. The
preplanned low key point was located 2.8 to 3.4 nautical miles to the side
of, and 1.6 to 2.4 nautical miles downwind from the end of the runway
(figqures 6 and 7). There was an altitude associated with this point to
aid the pilot in assessing his energy. This altitude was 19,000 to 21.000
feet MSIL for configuration mode 1 and 18,000 feet for configuration modes
2 and 3; however, there was a comfortable altitude window of at least
5,000 feet (+4,000, -1,000 feet) associated with the preplanned low key
point. This point was changed several times during the early X-243A
flights as the pilot re-examined his evaluation of the pattern and as
different approach configurations were tested.

The actual low key point was the point at which the pilot actually
initiated the turn on each X-24A flight.

Because of the type of research mission flown in which the pilot
was performing data maneuvers down to the low key point and in some
cases beyond it, verbal guidance from a ground controller was necessary
to the pilot. The help that the pilot received from the ground controller
was an assessment of how far he was above or below the greplanned altitude
profile or left or right of the preplanned ground trackl and how far he
was from the preplanned low key point. Based on this information the
pilet could judge his flight conditions, terminate data maneuvers and xre-
configure from the transonic configuration? to the subsconic configuration

TThe preplanned altitude profile and ground track was determined prior to each
flight through the use of a fixed hase X-24A simulator.

2The trensonic configuration was with -30 to -40 dagrees upper flop bias poxition
ond wes used af Mach numbers above 0.5. v a i
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{either modes 1, 2 or 3) prior to reaching low key. A contihuous assess-
ment of total energy was made by the pilot based on known winds and
ground controller guidance information. This information plus a visual
assessment was used to determine the actual low key point (see the section
titled Effects of Winds and Turbulence in the 2pproach Pattern and Flare),.
Orce the turn was started, the pilot received no energy management advice
from the ground controllex. The pilot used his own experience and judge-
ment to fly the pattern. The ground controller was available to remind
the pilot of any specific events to be performed during the approach.

The chase aircraft pilots observed their airspeeds and power settings at
various times in the pattern when they were stabilized alongside the
X-24A. These oObservations were useful later in improving the inflight
performance simulation of the X-24a.

The piloting task during the initial approach phase was to position
the vehicle on an imaginary glide slope intercepting a preflare aim point
on the ground and accelerate to the desired final approach (preflare) air-
speed. (An instrument landing system {(ILS) was not used with the X-24A.)
The pilots generally planned to have excess energy approaching the low
key point. They modulated this energy during the initial approach to
arrive on the desired glide slope either by airspeed and/or bank angle
modulation or they remainad at approximately the same airspeed and used
the flap bias feature for speed brakes (appendix III). The pilots had
an intermediate altitude window of between 12,000 and 15,000 feet MSL
at the 90-degree point of the pattern, and they used this to aid them
with their energy management, Figqure 9 shows the X-24A at approximately
the 90-~dearee point. Also refer to figure 8 (frames t = 66 to 46).

Figees 5 X-24A 2t the 98-Dogres Paint of the Initial Approack
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For the initial approach phase, the pilots tried to arrive at the
low key point with an airspeed between 190 and 230 KiAS and then allowed
it to increase during the turn while striving to have at least 250 KIAS
at the 90-degree point and the desired final approach speed at rollout
on final. The pilots decreased the angle of attack as they rolled out on
final to maintain the final approach airspeed.

Finzl Approach

The desired final approach (figure 6) was a wings level, constant-
indicated-airspeed, gliding approach of short duration lined up with the
runway. Refer to figure 8 (frames t = 44 to 30). The pilot was not
trying to rollout on final at any specific altitude, but rather was try-
ing to position the vehicle on an imaginary glide slope which intercepted
the preflare aim point3. The pilots were striving to establish a final
approach airspeed of 300 KIAS, which was more than adequate for a flare.
However, the airspeed was allowed to vary somewhat in order to establish
a glide angle which would intercept the desired aim point. This permitted
the pilot to arrive at a flare initiation point with sufficient energy
to accomplish the flare and with excess airspeed after flare to allow for
some. margin for error.

Landing Flare

The transitional maneuver between the steep final approach glide
angle and the shallow deceleration glide angle was a wings level angle of
attack increase to an elevated load factor. Refer to figure 8 (frames t
= 28 to 10). The pertinent characteristics (altitude and airspeed lost
and the timing) of this flare maneuver were predicted prior to the first
flight through the use of the X-24A fixed base simulator and the inflight
performance simulator using F-1C4 aircraft.

puring-the actual X-24A flights, the pilots stated that their pri-
mary cue for flare initiation was altitude. However, they indicated
that the determination of flare initiation was also a combination of
pilot experience and the interrelation of several factors including sink
rate, airspeed, altitude, and their position relative to the desired aim
point. The pilots made corrections to the desired final approach glide
slope/aim point right up to what they considered their flare iniuiation
point. Therefore, it was often difficult to differentiate between these
corrections, which produced "g" excursions, and what the pilots considered
their actual flare maneuver although technically these glide slope cor-
rections usually resulted in a partial flare maneuver.

A flare initiation airspeed of 300 KIAS was suggested to the pilot;
however, simulator studies indicated that flares could be initiated at
airspeeds as low as 250 KIAS. On four flights this target airspeed was
270 KIAaS.

For postflight data o:.alysis, the flare initiation point was deter-~
mined by examination of the normal acceleration, angle of attack, pitch
angle and stick position data. The flare completion point was arbitrarily
considered to be the point at which the flare initiation sink rate had
been arrested to 20 feet per second as determined by the radar altimeter.

3Fmr the X-24A, this preflore aim point was 1-1/4 miles short of the intended touchdown point. .



Decaleratien

At or near flare completion, the pilot extended the landing gear
and the vehicle decelerated along a shallow glide angle (less than
throe degrees) to the point of touchdown. Refer to figure 8 (frames t
= B8 to 8). The length of time of this phase was very important because
i': allowed for some margin for error in the flare maneuver. It also gave
the pilot itime to recover from the gear transient and to adjust the sink
rate to a very low value prior to touchdown. The amount of time that the
pilot had during the deceleration phase was obviously a function of the
gear down performance and the touchdown airspeed, but more importantly,
was related to the energy at flare initiation {(airspeed and glide angle)
ancd the flare technique used (high or low load fa<tor).

The chase aircraft pilot performed several functions during this
time period: (1) advised the X-24A pilot of his distance above the
ground, (2) reminded him to extend the landing gear, (3) reminded him to
be aware of the gear transient and (4) confirmed that the gear was down.

FLIGHT TEST RESULTS
X-24A Performance

Figure 10 presents the L/D versus equivalent airspeed for the three
landing gear up approach configuration modes and the landing gear down
touchdown configuration. These data are the flight data as presented in
reference 4. 2all of the gear-vp data were obtained from push-over/pull-up
maneuvers and the gear down data were obtained during the deceleration
between gear extension and touchdown. The data in figure 10 were corrected
to a planform loading of 39.3 pounds per square foot which corresponds to
a gross weight of 6,360 pounds. All of the X-24A approaches were made
at Mach numbers of 0.55 and less.

There are certain characteristics of these L/D curves whi . h are im-
portant to test results. The positive slope of this L/D curve (higher
airspeeds to the left of maximum L/D) was commonly referred to as the
"front side" and was the speed stable flight regime. When operating
on the front side, lowering the nose would increase the airspeed and
decrease the L/D, producing a steeper flightpath angle. Raising the nose
weuld reduce the airspeed and increase the L/D, producing a shallower
flightpath angle. The vehicle would also be speed stable while .lying
along a particular flightpath angle, i.e., excess speed along a given
flightpath angle would produce excess drag resulting in a deceleration to
the desired speed. The degree of speed stability would increase with the
steecpness of the L/D curve. Flying on the front side of the L/D curve
was a natural task for the pilot and all X-24A apprcaches were made in
that regime.

The negative slope portion of the L/D curve (lower speeds to the
right of maximum L/D) was designated the "back side" and was character-
ised by speed instability. Lowering the nose would increase the airspeed
but (unlike the case on the front side) the L/D increased with increas-
ing airspeed and consequently would result in a shallower £lightpath
angle. It would have been an unnatural task for the pilot to conduct
the energy management task on this portion of the L/D curve. No X-24a
approaches were made on the back side of the L/D curve,
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Figure 11 illustrates the L/D during a typical X-24A landing flare.
The approach and flare initiation airspeed of approximately 300 knots
placed the approach conditions well down the speed stable front side of
the L/D curve. During the flare maneuver, the normal acceleration and
lift coefficient {(Cp) increased and the flare was accomplished at L/D
values approaching the maximum. As the flare was completed and the nor-
mal acceleration decreased, the Cr, again dropped down the front side of
the L/D curve. The pilot lowered the landing gear while the vehicle
decelerated and glided essentially parallel to the ground. The Cj,
gradually increased during the deceleration, and touchdown occurred near
the point of maximum L/D.

The X-24A was not built with independent surfaces for speed brake
usage. Figure 12 presents the effect of using the flap bias feature as
a speed brake. Speed brake was the combined effect of the upper flap bias
position, rudder bias position, and the trim lower flap deflection. Speed
brake is expressed in terms of the upper flap bias position where (U =
-13 degrees is considered zero speed brakes. This figure illustrates that
the use of the flap bias control system feature provided a very effective
speed brake function (refer to appendix III).

Approaches

Initial Approach Phase

Figure 13 shows the spread of the patterns flown to runway 18 from
flights 8 to 20. The envelope of the pattern radar data is indicated as
the shaded area. This figure illustrates the wide flexibility available
with this type of pattern. In general, the pilots reached the low key
point with excess energy to compensate for uncertain wind conditions and
possible misjudgement of distance. The excess energy was then expended
through the use of maneuvering flight and/or speed brakes during the
pattern.

Figures 14 and 15 illustrate the size of the energy footprint at
low key that evolved during the X~24A flight test program. This foot-
print was 1.3 nautical miles square and 5,000 feet deep. The scatter in
the data was expected since the preplanned low key point was a non-wind-
corrected point and the pilot, who was correcting for wind, was not neces-
sarily trving to reach this exact point.

A summary of the speed brake usage is presented in figure 16. This
summary does not include flights 1 to 7, 19, and 20, in which the pilots
were asked not to use the speed brakes (appendix IIT). On 79 percent of
the flights in which speed brakes were available, they were used at some
time during the pattern as indicated on figure 16. Most of the usage
was below 15,000 feet MSL at an airspeed between 240 to 280 KCAS which
indicated that the pilot had passed through the 90-degree point of the
pattern and was converging on the preflare aim point. This figure also
illustrates that when speed brakes were used the upper flap bias was
deflected from the normal -13 degrees position to an average position
of between -18 and -24 degrees. TFigure 17 is configuration mode 2 with
speed brakes (-25 degrees of upper flap bias).
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Figuwre 11 Speed Brakes in Configuration Mede Twe

Figure 18 shows the effect of vehicle configquration on the landing
pattern. In both cas=s, the winds at altitude were low (average value
of 12 to 15 knots}. The patterns started at the same altitude, and the
flight with the lower lift-drag ratio used a higher bank angle and started
laterally closer to the touchdown point since the turn rate is directly
proportional to the L/D and kank angle, and the turn radius is inversely
proportional to the turn rate (appendix II).

Figure 19 illustrates the glide slope, airspeed, bank angle, and
sink rate encountered during a typical approach in configuration modes
1 and 2 {configuration mode 3 was very similar to mode 2).

Table I shows that the overall average bank angle used with configura-
tion mode 1 was 44 degrees, and for modes 2 and 3 it was 39 degrees. The
average altitude lost during the turn was 16,300 feet for configuration
mode 1 and 12,700 feet for configquration modes 2 and 3. The £flight time
from the actual low key point to rollout on the final approach ranged
between S0 to 87 seconds. This time was a function of the bank angle
{figure 20), configuration and airspeed (figures 2 and 3, appendix III)
and certainly the wind.

Pilots commented that the 180-degree circling approach pattern was
a very comfortable pattern. It was easy to pick up the airspeed during
the turn. At rollout on final, he had to reduce the angle of attack to
pick up or hold the desired airspeed of 300 knots. Bank angles as high
as 60 degrees were used on occasion in the turns without undue concern.
Pilots commented that the pilot task when flying the initial approach in
the X-24A was like flying a similar approach in an F-104 aircraft.
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Final Approach Phase

The altitude at rollcut on final varied between 1,910 and 6,510 feet
AGL with an average of 3,350 feet for configuration mode 1 and 4,420 feet
for configuration modes 2 and 3 (table II). The time on final, defined
as the time from the attainment of wings level flight (¢ <+10 degrees)
to flare initiation varied hetween 1.0 and 32.4 seconds depending on the
airspeed and pilot technique. The average time on final was 7.8 seconds
for configuration mode 1 aad 16.6 seconds for modes 2 and 3. Although
some of these times were short, one must remember that there still remained

22 to 30 seconds of wings level flight in the flare and deceleration prior
to touchdown.

The ranges of average final approach airspeeds, flightpath angles,
and L/D's without speed brakes are shown in table V along with the glide
slope at 4,500 feet MSL. An average airspeed can be computed, because
as illustrated in tables II and III, the airspeed varied little between
rollout-on-final and flare initiation.

Table V

SUMMARY OF FINAL APPROACH PARAMETZRS

Flightpath Glide Slope
Configuration  Airspeed Angle @ 4500 ft MSL
Mode {(KCAS) (deq) (deq) L/D
1 294 to 267 ~24.6 to -19.5 -24.5 to -17.5 1.96 to 2.55
2 318 to 278 -18.6 to -14.7 ~21.0 to -15.3 2.81 to 3.44
3 : 297 ~-16 -16.4 to -15 3.13

The flightpath angle was a parameter associated with the air mass
in which the” vehicle was flying and was calculated from the L/D. The
glide slope was the angle of glide path that terminated on the ground
at a fixed point and was calculated from radar data. The piloting task
associated with final approach was primarily related to establishing
the vshicle on &an imaginary clide slope terminating at the aim pcint.

Figure 21 illustrates that all of the final approaches were made
well down the speed-stable front side of the L/D curxrve. The L/D data
points in figure 21 were calculated using flight data from actual
approaches and the equations from appendix II, The lines on this figure
were obtained from pushover-pullup data maneuvers (reference 4).

The final approach airspeeds of the first few flights (configura-
tion rode 1) were generally less than for the balance of the program.
This was the result of low angle of attack handling qualities problems
rather than energy management considerations and is discussed in depth
in refereiice 5.

k)
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Two flights {(numbers 17 and 18) were flown in configuration mode 2
using 270 knots as the approach airspeed in preparation for the 270 KIAS
upper flap approaches (configuration mode 3). The maximum approach L/D
(3.44) in the X-24A program occurred on one of these two £flights. This
high value of L/D coupled with the low airspeed accounted for the pilot
comment that the approach was very flat and he had plenty of time on
final. The times on final for these two flights were 32.4 and 20.5 seconds,
respectively, as compared to an average of 16.3 seconds for the 300-knot
approaches.

Upper Flap Approaches

The maximum subsonic performance potential of the X-24A configura-
tion was achieved with the lower flaps stowed while controlling the
vehicle with the upper flaps in pitch and roll (configuration mode 3).
Twc landings were performed in this <onfiguration to demonstrate the
approach and landing capability. Wind tunnel and flight data, reference
6, showed that roll effectiveness witii the upper flaps was about twice
that of the lower flaps and the pitch effectiveness was increased by
a factor of 1.5. Because of the inoreased sensitivity and the resulting
potential longitudinal pilot-induced osciilation (PIC) problem when fly-
ing at an airspeed of 300 KIAS with the upper flaps, a final approach
alrspeed of 270 KIAS was selected.

The two upper flap approaches (configuration mode 3) were flown on
flights 19 and 20. These approaches were planned for a 270-KIAS final
approach with the pilot option to explore the pitch and roll control sen-
sitivity at higher airspeeds. The average approach airspeed for these
flights was 287 KIAS because the pilots did explore the pitch and roll
sensitivity at the higher. airspeed.

The mechanization of the flight control system was such that the
flap bias feature could not be used as a speed brake while controlling
the vehicle with the upper flaps. The lack of the speed brake capability
made it difficult for the pilots to adjust their aim and touchdown points
for accurate landings. The pilots felt that the added energy management
provided by the flap bias “speed brake" feature far overshadowed any per-
formance or handling qualities improvements observed during the upper

flap approaches, thus the mode 2 configuration was used for all subseqguent
X-24A landings.

Flare and Landing

Figures 22 to 30 present, in terms of flare initiztion airspeed, a
summary of various flare parameters, including time from flare initiation
to touchdown, gear extension airspeed, flare initiation altitude, and
airspeed lost during the flare. It was interésting to note that the time
to touchdown (figures 22 and 23) appeared to be independent of the air-
speed at flare initiation. This is further confirmed by examining figures
24 and 25 where it is shown that when the flare initiation airspeed was
high the gear extension airspeed and the touchdown airspeed were also high.
The time for flare was dependent upon the normal acceleration used during
the flare (figure 26) and this accounts for most of the scatter in the
data of figure 23. Figures 22 and 23 also show the time from gear exten-
sion to touchdown. Note, however, that this was the time from pilot
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action (pulled gear handle) to touchdown. To get the time from gear-down-
and-locked to touchdown, one must subtract the gear extension time of 1.2
to 1.5 seconds.

Pigures 27 and 28 show the flare initiation altitude and figures 29
and 30 are the airspeed lost during the flare where the end of flare was
defined as the point at which the sink rate was arrested to 20 feet per
second. These parameters generally increased with flare initiation air-
speed, as might be expected.

The pilots indicated that their primary cue for flare initiation
was altitude. They used an indicated altitude of 800 to 1,200 feet AGL,
which was 300 feet below the actual altitude of 1,100 to 1,500 feet AGL
due to the position error (lag error was insignificant). Most of the
data in figqure 28 fell within this altitude band. However, the pilots
also indicated that the determination of their flare initiation point was
a combination of pilot experience and the interreiuticn of several factors
including sink rate, airspeed, altitude and positicn rclative to the de-
sired preflare aim point.

The flare timing and the flare altitude as determined from an X-24A
fixed base simulator study (appendix V) are compared with tiight data in
figures 22, 23, 27, and 28. 1In general, the data compared well; however,
the simulator flare timing was 2 to 3 seconds shorter than the flight data.
The reason for this was that the predicted gear=down drag data were 10 to
20 percent higher than the flight data (reference 4).

Figure 31 summnarizes the flare altitude versus the time from flare
initiation to touchdown. Also shown on this figure are some boundaries
(dashed lines) from reference 10. T..'s reference contains an initial
attempt at defining the minimum and maximum requirements for flare and
landing of a lifting reentry vehicle. Reference 10 divides the flare
timing requirements into two segments: (1) the minimum time from flare
initiation to flare completion and (2) the minimum and maximum float time.
However, the pilots, who have flown the X~24A and other low tc medium L/D
1ifting body vehicles, feel that it is more meaningful to consider the
total time from flare initiation to touchdown rather than considering the
time from flare initiation to flare completion and the float time separately.
Therefore, the two boundaries from reference 10 have been combined to give
the boundaries (dashed lines) presented in figure 31. These boundaries
are for class IV 1lifting reentry vehicles with level 2 flving qualities,
where level 2 was defined in reference 10 as "Flying qualities adequate
to accomplish the mission flight phase, but some increase in pilot workload

or degradation in mission effectiveness, or both, exists." Class IV was
defined as: "Light to medium weight, medium to high cross range based
on hypersonic (L/D)max and normal load factor."

The total time from flare initiation to touchdown was considered
because the primarv piloting task associated with the flare is to adjust
the sink rate to an acceptable touchdown value, this does not necessarily
require any minimum level attitude float time as required hy reference 10.
In the case of the X-24A, the sink rate did not reach a valve of five
feet per second (essentially a level attitude) until three to seven
seconds prior to touchdown, This was of no concern to the X-24A pilots,
in fact, they commented that they were impressed with the way the vehicle
handled near the ground. The pilots were more concerned about having
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adequate total time from flare initiation to touchdown and energy to accom-
plish the tasks of arresting the sink rate, extending the landing gear,
recovering from the gear trim change, and adjusting the sink rate to an
accepteble value prior to touchdown. These factors established a minimum
time from flare initiation to touchdown. A maximum time was dictated by
the fact that it is more difficult to judge the touchdown point as the
flare time increases. The X-24A pilots who have flown in other lifting
body vehicles suggest *hat a total time from flare initiation to touchdown
of 20 seconds minimum to 30 seconds maximum is adequate with 24 seconds

as an optimum for a medium L/D lifting body vehicle. These minimum and
maximum values are considered independent of the flare altitude and are
plotted as the so0lid line boundaries in figure 31.

The distance traveled after flare initiation was determined to a
large extent by the energy at flare initiation (figure 32). That is to
say that the touchdown point was largely determined by the airspeed
and altitude at flare initiation. This distance was also a small inverse
function of the average flare normal acceleration and touchdown airspeed
and a weak function of flightpath angle at flare initiation. The winds
would certainly affect this distance also.

Figures 33 and 34 show that the true angle of attack at touchdown,
generally increased with decreasing touchdown airspeed, as expected.
In general the touchdown angles of attack varied from 12 to 16 degrees
in configuration mode 1 and from 9 to 15 degrees in configuration modes
2 and 3. Alsoc shown for reference in these figures is the angle of
attack for 1 g trimmed flight as predicted by the wind tunnel tests. Fur-
ther discussion of the wind tunnel and flight gear-down data is contained
in the section titled Landing Gear Characteristics.

Figure 35 was the sink rate at touchdown as recorded by the Honey-
well radar altimeter (appendix I). (There were only a few flights in
which this quantity was valid. The unit usually did not operate, or the
data were not accurately readable.) This parameter appeared to be inde-
pendent of touchdown airspeed and was usually less than four feet per
second. Figure 35 also contains a touchdown limit boundary as defined
by the landing gear/carry-through structural limits and the tire limits.

All the flare parameters: flare initiation airspeed, gear extension
airspeed, touchdown airspeed, normal acceleration, and flightpath angie
are complexly interrelated as to their effect on the flare altitude, dis-~
tance traveled, flare timing, and airspeed lost during the flare. This
interrelation accounts for the data scatter of figures 22 to 34.

Although the flightpath angle at flare initiation varied between ~15
and -25 degrees, depending on the configuration, the pilcts commented that
the flares were guite comfortable to perform. The high airspeeds associated
with these steep approaches provided ample "g" capability for the flare
and sufficient float time after flare completion/gear extension to wrovide
for some margin for error. As the flare initiation airspeed decreased,
the determination of the flare initiation altitude became more critical
because less time remained after flare completion for corrections.

The pilots felt that the X-24A had a very mild flare compared to
that of the other lifting body wehicles, and it seemed to flare more
quickly especially in configuration modes 2 and 3. 1In these configurations
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the pilots commented that the vehicle seemed to flare itself, there was
no conscious flare maneuver, but rather just a slight easing back on the
stick. One of the reasons for these comments can be seen by comparing
the lift curve slope (CLa) of the three lifting body vehicles: the X-24A

had a Cr, of 0.024 per degree (reference 4) and the M2-F2 and HL-10 had
CLa's of 0.019 and 0.021 per degree, respectively (references 11 and 12}.

That is, the "g" available from a small o change in the X-24A was greater
than that for the other two lifting bodies.

In summary, a typical X-24A flare in confiquration mode 1 without
the use of the landing rockets was initiated at an airspeed of 282 KCAS
and an altitude of 1,820 feet AGL. The airspeed lost was 54.6 knots and
the landing gear was extended at an airspeed of 224 KCAS at 6.B seconds
before touchdown. Touchdown was at 175 KCAS and an angle of attack of
14.8 degrees, 24 seconds after flare initiation. A typical X-24A flare in
confiquration mode 2 was initiated at an airspeed of 301 KCAS and an alti-~
tude of 1,350 feet AGL. The airspeed lost was 47 knots and the gear was
extended at 256 KCAS at 9.6 seconds before touchdown. Touchdown was at
186 KCAS and an angle of attack of 11.9 degrees, 24.8 seconds after flare
initiation.

There were no appreciable differences between the flares in configqura-
tion modes 2 and 3 other than that the tirme from flare initiation to
touchdown was 30 seconds for mode 3 versus 24.8 seconds for mode 2. This
was due partially to the fact that the awverage ncrmal acceleration (table
VI) used during the flares in configuration mode 3 (flights 19 and 20)
was less than that used with mode 2. Also, the L/D for configuration mode
3 was one-quarter of an L/D greater than for mode 2.

The lower flare initiation airspeeds of configuration mode 1 were a
result of the low angle-of-attack handling qualities problem on those
flights. The lower flare initiation airspeed combined with the larger
airspeed loss during flare for configquration mode 1 resulted in lower
gear extension speeds than for configuraifion mode 2 landings. The same
comments hold true for the differences in average touchdown airspeeds forx
configuration modes 1 and 2.
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Flore Technique

All of the X-24A landings were reviewed in an attempt to isolate a
repeatable pattern in the piloting technique being used. This informa-
tion will be useful in establishing the flare characteristics of future
lifting reentry vehicles. During the X-24A program the flare maneuvers
could be divided into two basic flare techniques:

1. A constant nz, or a constant-rate-of~change-in-angle-of-attack (a)
flare.

2. A constant-angle-of-attack flare.

Referring to table VI, it is significant to note that the constant ngzg
flare was ¢-nerally associated with the lower L/D configurations of
mode 1. The constant « flare was generally associated with the higher
L/D configurations of modes 2 and 3.

Table VI

FLARE TECHNIQUE

Maximum Average
Upper Normal Normal
Plap Aceolozation Accoleration

During During buring
Flight Flare Flare Flare
NO. B Type ©Of Flare Maneuver (deg) (g's) legts)
1 constant Az » % -21 1.40¢* 1.30
2 constant ng , & -21 1.42 1.20
3 constant a -21 1.45 l.23
4 constant Nzy. :.i =20 1.40 1.30
5 constan’ ng ., ~23 1,35 1,25
[ combination of‘constan: « and nzy =21 1.49 1.3l
7 constant nz ., a -20 1.33 1,25
8 constant o -12 1.43 1.29
9 constant a -13 1.50 1.3}
10 constant « -13 1.50 L. 35
11 constant a -13 1.69 1,33
12 combination of constant Nzy and a -13 1.60 1,34
13 constant o -13 1.48 1.28
14 constant a =13 1.35 1.26
15 cornstant a -13 1.38 1,27
16 constant « -12 1.50 1.31
17 constant a -12 1l.40 1.25
18 constant ngp, -12 1.30 1,22
19 constant o (2 steps) var 1.45 1.20
20 constant u {2 steps) var 1.40 1.22
21 anstant o -13 1.40 1.27
22 canstant o -15 1.60 i,33
23 constant 4 (2 steps) -13 1.2% 1.23
24 constant s -13 1.47 1,31
25 constant a -13 1.35 1.25
2h cunstant -13 1.40 1,27
27 constanc u -13 1.55 1.27
: constant a3 (2 steps) -13 1.45 1,28

"Minimun one svcond duration.

]



Figure 3€ is a time history of a constant ng, flare in configuration

mode 1. In this type of flare maneuver, the pilot continued to pull back
on the stick throughout the flare as the speed decreased, resulting in a°
constant ¢ while ngz, remained approximately constant. The average values
of nazy used during this type of X-24A flare were from 1.20 to 1.30 g's.

Figure 37 is a time history of a constant o flare in configuration
mode 2. For this type of flare mineuver the nilot pulled rapidly to some
initial value of normal acceleration and then held the stick relatively
fixed (constant o) while allowing the normal acceleration to bleed off
as airspeed decreased. The values of the maximum normal acceleration
obtained during these X-24A flares were from 1.3 to 1.6 g's.

Figure 38 is a time history of a constant o flare in configuration
mode 3. The two flarxes performed with this configuration were both con-
stant o flares, but there were two distinct o steps.

It should be pointed out that the X-242 flares were not programmed
maneuvers. The pilots did what they intuitively felt was necessary to
break the descent and bring the vehicle to a safe horizontal landing.

The three X-24A3 pilots used the same basic flare techniques; how-
ever, as shown in figures 23, -25, 28, 30, and 34, pilot A started his
flares at a lower altitude and airspeed than the other pilots. Also,
he landed at slower speeds, hence,. the touchdown angles of attack for his

flights were higher than the average, and the time from gear extension
to touchdown was longer.
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