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the thickness of the composite and hence reduce the shear
stress at the bonded interface.

Applications

Several large aircraft and missile components have been
fabricated at Convair Aerospace using metal-matrix com-
posites as one of the key structural materials. These in-
clude a large pay load adapter, an F-106 access door, and a
portion of an F-lll fuselage bulkhead. The success of
these programs depended to a large degree on the compos-
ite joints developed.

The payload adapter (Fig. 12) built in 1968 was the first
major metal-matrix structure and is the largest such
structure built to date: 4 ft in diameter and 7 ft high. The
resistance welded, riveted construction of unidirectional
stringers and crossply reinforced skins offered a 45%
weight saving over the existing 2024 aluminum design.

The stringers failed at approximately 200% of design limit
load during testing.

The access door (Fig. 13) built in 1969 was the first
B/A1 structure to be flight tested. The door, 11% in. high
and 11 in. wide, contoured to a 43 in. radius, is approxi-
mately 20% lighter than the original design in aluminum.
A duplicate test of the adhesively bonded door panel (at-
tached by Camloc fasteners) failed at 160% of the design
limit load. The flight article is still in service and about to
undergo a new series of flight tests.

The bulkhead (Fig. 14), measuring 48 in. high by 30 in.
wide, consists of Borsic/6061-T6 Al with a titanium
frame. The crossplied skin is stiffened with unidirection-
ally reinforced zees, angles, and straight and joggled tees.
Joints were made by spot welding, adhesive bonding, and
lockbolts. The bulkhead represented a 26% weight saving,
and during structural testing failure occurred at 130% de-
sign limit load.
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Pilot Control of Shuttle Orbiter during Approach and Landing

Henry A. StrebJr.*
Lockheed Missiles & Space Company Inc., Sunnyvale, Calif.

Using a fixed base, six degree-of-freedom piloted simulation of a Shuttle Delta Body Orbiter, a sim-
plified unpowered orbiter energy management technique has been developed and demonstrated from
100,000 ft altitude to touchdown. The results indicate that satisfactory unpowered orbiter landings
from random initial conditions and with unknown winds can be accomplished by the pilot, utilizing
conventional TACAN distance and heading information for energy management. The effective use of
man's skill in this important area can reduce system complexity, enhance system reliability, and re-
duce over-all program costs.

I. Introduction

THE development of an economical, reusable Space
Shuttle that can transport personnel and cargo to and
from low Earth orbit is an essential first step in NASA's
future space exploration program. A key element in
achieving this objective is the development of both manu-
al and automatic modes of recovery from orbit, including
standard approach procedures for accomplishing unpow-
ered landings on a routine basis.

As long as the requirement for piloted re-entry and
landing exists, it is essential that the piloting techniques
and procedures be developed prior to the development of
the .guidance software. By first developing a simple, reli-
able technique for a piloted, manual mode of re-entry and
landing and then implementing this technique in the
guidance equations for the automatic mode, several signif-
icant advantages are realized: 1) Complete compatibility
between automatic and manual modes. This is required
for ease of transition from one mode to the other and to
ensure that an automatic mode failure would not present
the crew with an insoluable piloting problem. 2) Defmi-
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tion of realistic automatic mode design requirements. 3)
Definition of minimum cockpit display and navaid re-
quirements for the manual mode of recovery. 4) Minimum
cost to develop an effective (simple, reliable) re-entry
GC&N system.

This paper presents the results of a piloted simulation
study conducted by Lockheed for NASA/MSC during the
first half of 1971.4 For the purpose of the study a high
crossrange delta lifting body configuration was pro-
grammed and flight controls loops were designed to yield
acceptable handling qualities throughout the aerodynamic
operating range.

The energy management technique uses lift to drag
(L/D) ratio modulation for flight-path angle control and
maximizes the conservation of potential energy until the
runway is "made". At this time, the flight-path angle is
increased so that final approach may be flown with suffi-
cient kinetic energy to allow a precise flare and landing.
Using this technique, touchdown dispersion of 1250 ± 550
ft of runway length and 180 ± 8 knots airspeed were real-
ized.

II. Simulation Systems Description

A. Simulated Vehicle Characteristics

The Space Shuttle Orbiter used in this simulation is a
lifting body concept with a delta planform shape (see Fig.
1). With the e.g. at 75% of vehicle reference length, longi-
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Fig. 1 Delta body orbiter.

tudinal static margin of 3% subsonically and 2% hyper-
sonically is realized. Directional stability is acquired with
two vertical fins (canted at 30° from vertical). Pertinent
vehicle physical characteristics include: 1) Gross Landing
Weight = 216,500 Ib (payload in.), 2) e.g.—75% reference
length, 3) Reference Length—153 ft, 4) Reference Area—
5060 ft2, and 5) Wing Loading, W/S—42.75 lb/ft2.

The vehicle develops a maximum trimmed lift/drag
ratio of 4.9 subsonically (a = IT) and 2.0 supersonically
(a = 19°).

B. General Arrangement and Capabilities

Figure 2 is a block diagram illustrating the schematic
layout of the simulation system major components. The
digital computer is programmed to solve the six degree-
of-freedom vehicle equations of motions, all aerodynamic
equations, navigational equations, visual system drive
equations, and other auxiliary equations, all in realtime.
The primary flight controls, secondary flight controls, sta-
bility augmentation system, and autopilot are mechanized
on the analog computer. The analog computer also pro-
vides scale, bias, and buffer amplifiers for cab instru:
ments, controls, and strip chart recorders. The hybrid in-
terface unit provides analog-to-digital conversion, digital-
to-analog conversion, discrete input/output and mode
control, and also serves to interface the analog computer
with the digital computer.

The visual system consists of a close circuit television
camera which moves in six degrees-of-freedom relative to

Fig. 2 Space shuttle simulation block diagram.

Fig. 3 Cockpit arrangement.

a three-dimensional terrain model. The camera moves in
response to the computed position and attitude of the ve-
hicle. The video output is displayed to the pilot on one of
two TV monitors, depending on whether the pilot selects
a forward window view or a side window view. The pilot
then moves the controls in the cab as a function of the in-
strument and video display.

C. Cockpit Arrangement

Although the instrument panel (see Fig. 3) included In-
ertial Velocity and Altitude, Mach No., Radar Altitude,
Rate of Descent, Normal Acceleration, Turn Rate, Roll
Rate, Yaw Angle, and Dynamic Pressure (all of which
were used during the simulation development), the basic
flight instruments required to fly the entire energy man-
agement solution consist of only a) Three-axis Vehicle At-
titude Indicator, b) Equivalent Airspeed, c) Angle-of-At-
tack, and d) Altimeter.

To perform the navigation task during the flight, only
the following is needed: 1) Remote Magnetic Indicator
(RMI) (gives magnetic heading and magnetic bearings to
TAG AN stations); 2) DME (gives horizontal range in
miles and tenths to either of the TACAN stations selec-
tively); 3) ILS Indicator—localizer and glideslope (for
VFR approaches, this is not needed).

Primary Flight Controls consist of a two-axis side-arm
controller for pitch and roll axis control and rudder pedals
for yaw and axis control. Additional controls included a
landing gear actuation switch, speed brake handle, and
longitudinal trim selection and actuation switches.

D. Navigational Aids

Minimum navigational aids have been incorporated to
allow the pilot to fix his position at any time and to define
the final approach glideslope and groundtrack. Two
TACAN stations with DME are available (one is actually
sufficient) to aid the pilot in solving the energy manage-
ment problem of entering the final approach window.
These aids are located in line with the active runway for
the problem solution.

An ILS indicator with localizer and glideslope crossbars
incjicates the horizontal and vertical angular displacement
from the glideslope. The localizer transmitter is located at
the far end of the landing runway and the glideslope
transmitter is located approximately 3000 ft short of the
runway threshold where the glideslope would intersect the
ground surface without flare maneuver. In order to be able
to try various gliding approach speeds and flare tech-
niques, the threshold distance of the glideslope transmit-
ter and the transmitted glideslope angle are easily adjust-
ed.
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III. Piloted Simulation Development

During the development phase of the piloted simula-
tion, subtask effort was concentrated in two categories,
flight controls and handling qualities development, and
flight performance and energy management procedures
development.

A. Flight Controls and Handling Qualities Development

Flight controls development was dictated by typical air-
craft handling qualities criteria and pilot opinion. Start-
ing with simple rate command loops with fixed gains on
all three control axes, the flight control system evolved to
incorporate modified rate command control loops on all
three axes with moderate gain scheduling as functions of
Mach number, angle-of-attack, and dynamic pressure.

By proper compensation in the lateral/directional axes
for turn coordination, the system is designed to be flown
essentially "feet-off" (with the exception of intentional side-

KEYFOINT, ALTITUDE » 12,000 FT

ENERGY DISSIPATION
CIRCLE, RADIUS - 13.5 NM

slip). This is accomplished through the use ,of lateral
acceleration feedback and roll-yaw crossfeed, which limit
induced sideslip.

Supersonically the pitch channel is a pure rate com-
mand concept, while subsonically and transonically a
washout filter has been added which modifies the rate
command concept to essentially a rate damping one. The
pilot thus has more positive control over normal accelera-
tion, while still retaining the desirable damping features
of the pure rate command system.

Handling qualities for the augmented vehicle exceed the
requirements of MIL-F-8785B for Class III airplanes for
Category B and C flight with the possible exception of
maximum roll rate capability during low airspeed, high
angle-of-attack landings.

B. Flight Performance and Energy Management Procedures

A building block approach was used to develop the
flight procedures and key flight parameters of the energy
management solution. After determining wings level and
maneuvering flight performance as functions of Mach
number, altitude, angle-of-attack, bank angle, and aero-
dynamic pressure, the "energy window" (range vs cross-
range vs vehicle heading) for 100,000-ft altitude was deter-
mined and then check-flown. Also, special attention was
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given to flight techniques for the final approach and flare
maneuver. Examining off-nominal final approach condi-
tions at 6 naut miles from the end of the runway (range of
the final approach "KEY POINT"), it was found that the
glideslope could be captured and a successful landing
made with lateral offsets of ± 2 naut miles from the local-
izer, and vertical offsets from 7,000 ft altitude to 18,000-ft
altitude.

Total energy management problems (i.e., from 100,000
ft to touchdown) were flown with the initial conditions
both picked at random, within the "energy window," and
picked to yield initial approaches to the final approach
"key point" from a variety of directions.

The energy management technique and flight proce-
dures are so simple and easy to fly that successful ap-
proaches were made on all total energy management
flights, both with and without unknown winds. (The wind
model used contained a 100-knot jetstream and a 180° re-
versal in wind direction while on final approach. The
model was programmed so that the entire wind profile
could be rotated in azimuth between flights to yield a va-
riety of problems.) A wind gust model satisfying MIL
8785B was flown on final approach with little adverse ef-
fect.

C. Energy Management Procedures

The basic energy management concept presented here is
a set of relatively simple navigational procedures for the
pilot to fly while the craft is maintained on the front, (or
fast) side of the L/D vs a: curve during unpowered gliding
flight. This technique is an adaptation of the basic lifting
body and F-lll IFR power-off approach technique devel-
oped at the NASA Flight Research Center and the Air
Force Flight Test Center at Edwards AFB, Calif.1

Precision power-off approaches to landings may easily
be made under both instrument flight and visual flight
conditions. The technique is illustrated in Figs. 4a, b,
andc.

The following piloting techniques are very fundamental
and are quickly learned with little practice. Throughout
the procedure, the objective is to maximize the conserva-
tion of potential energy until the final approach is "made"
and then to fly final with sufficient kinetic energy to allow
a precise flare and landing.

a. Maximum L/D glide flight to the energy dissipation cylinder

At the start of the problem, note the relative bearing
and range to the TACAN No. 1 using the RMI and DME

indicators. Deciding to proceed to the energy dissipation
cylinder (vs a straight-in-approach), turn to the nearer
tangent course to the energy dissipation cylinder. (The
nearer tangent is the one requiring the least degrees of
heading change; i.e., if the station bearing is to the left of
the nose, the nearer tangent is the right (vs left) one,
which would result in circling the station in a left decend-
ing turn.) Maintaining low q, VEAS ~ 200 knots, in all
turns, track the tangent course and fly at L/Dmax until
arrival at the point of tangency. (Cues for identifying tan-
gent course: the 13.5-naut miles radius subtends a 20°
angle between the station bearing and the tangent course
line at 40-naut mile range, and a 30° angle at 27-naut
miles range.)

b. Energy dissipation flight

Upon capturing the cylindrical surface, accelerate to
and maintain 200 knots, allowing altitude to bleed off
while staying in the surface of the cylinder (requires about
a 15° bank angle at higher altitudes and approximately an
8° bank angle at lower altitudes).

c. Initial approach

At 38,000-ft altitude, initiate turn towards TACAN No.
1 (simply put RMI bearing needle on nose). If not at 13.5
naut miles from TACAN as turn is anticipated, allow
2000-ft altitude for 1.5-naut miles deviation; i.e., if at 15
naut miles, turn early at 40,000 ft; and, if at 12 naut
miles, delay turn to 36,000 ft. At 11-naut mile range, in-
bound to TACAN No. 1, altitude should be 31,000 ft. Ob-
serve initial approach course (bearing to TACAN No. 1).
If course is between 260° and 110° (through North), con-
tinue heading toward TACAN No. 1, anticipating final
approach turn to capture localizer at approximately 3 naut
miles from TACAN No. 1. If initial approach is from the
remaining sector of the compass rose (from behind the
landing field), the course tangent to the final approach
turn circle is offset from the TACAN No. 1 bearing. This
offset is a maximum of 25° (approaching from due North
of the field), decreasing to zero on courses of 110° or 260°.

d. Final approach

Completing the final approach turn, capture the localiz-
er and glideslope at 12,000-ft altitude (over TACAN No.
2). Maintain glideslope allowing airspeed buildup at 255
knots. Deploy % speed brakes and modulate to maintain
255 knots while flying final. Switch trim to manual.

e. Flare and landing

Initiate 1.3-1.5g flare at approximately 1000-ft altitude.
To stop rotation and ballooning tendency after flare, for-
ward stick is needed. Complete flare close to the ground
over runway threshold and land approximately 1500 ft
down the runway at 180 knots.

Notes:
1) During the entire procedure (a through e), only three

airspeeds and two principal bank angles are used. Until
dissipation cylinder is captured, fly L/Dmax, VEAS - 170
knots. Then fly 200 knots all the way to final approach,
and then 255 knots. For final approach turn, use a 30°
bank angle turn; and, for all other sizable heading
changes, use 45° bank angle turns, with the following
minor exception: the forward indentation in the 100,000-ft
altitude energy window (see Fig. 5) is filled if a low q 60°
bank angle turn is used instead of a 45° bank angle. This
is due to the short downrange distance required to com-
plete a 180° turn for the 60° bank angle turn, as compared
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to the 45° bank angle, even though the altitude loss in the
turn is greater.

2) Speed brakes are nominally used on final approach,
only, to control airspeed while maintaining a constant gli-
deslope. The only other place where speed brakes may
possibly be required would be on initial approach with a
significant tailwind. In this case, they would be used to
dissipate excess altitude while maintaining a constant air-
speed, VEAS = 200 knots.

3) These procedures (a through e) apply generally, to all
cases within the energy window at 100,000-ft (Fig. 5),
which are far enough inside the window-limiting boundary
not to require proceeding directly to the station. Even in
"close-in" cases, where overshooting the energy dissipa-
tion cylinder is unavoidable because of the poor turning
performance at altitude, the procedures apply. Never
apply speed brakes prior to initial approach. Since all ma-
neuvering to capture the energy dissipation cylinder is
done at low q, VEAS ~ 200 knots, the use of speed brakes
at this time would merely dissipate potential energy (alti-
tude) without improving turn performance.

Anticipating a requirement for cockpit aids for the
pilot, Figs. 6 and 7 were generated to aid his visualization
of his status at all times. Figure 6 is a plot of minimum
altitude vs distance to TAG AN No. 1. If the craft is point-
ed toward the station and inside of a range of 70 naut
miles at 100,000-ft altitude, the circling energy dissipation
approach should be used. Outside of that range, fly di-
rectly toward the station so as to arrive there at approxi-
mately 17,200 ft. This should place the craft on initial ap-
proach as it crosses the 13.5-naut miles radius conical sur-
face. In fact, any time the craft is more than 17 naut
miles inside of the maximum range line, pointed towards
the station, at any altitude down to 38,000-ft proceed on a
heading tangent to the cylinder. Figure 7 is merely an en-
largement of Fig. 4 with range circles drawn for every mile
radius from TAG AN No. 1 and inbound course radii for
every 10°.

After flying several complete energy management prob-
lems, the pilot finds that these two aids are unnecessary
and that he can visualize his status entirely from instru-
ment panel interpretation and memory. With very little
practice, it is possible to consistently arrive at the final
approach key point with less than %-naut miles lateral
offset and within 1000 ft of the nominal 12,000-ft altitude.

IV. Pilots' Evaluation Phase

Four different NASA evaluation pilots flew the simula-
tion for an average of 6% hr each. These flights included
actual wind profiles, including a gust model which satis-
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Fig. 7 Space shuttle energy management NAVAID.

fied MIL Spec. 8785B, and cross winds on landing of 30
knots. The morning periods were primarily involved in
familiarization with the simulator and the vehicle han-
dling qualities. The afternoon sessions were used with
energy management flights with a multitude of different
navigational problems.

Considering the fact that the pilots had no previous ex-
perience with this simulator, the vehicle being simulated,
nor the energy management techniques involved, the re-
sults were very successful. Averaging eight to nine com-
plete energy management flights each, from 100,000-ft al-
titude to touchdown, none of the four pilots, in any case,
failed to make the runway threshold with proper airspeed
for landing. Even though an occasional navigational error
was made, ample time and energy capability existed to
correct the error and complete the approach and landing
successfully. For this reason, the pilots felt that the ener-
gy management technique employed was easy to fly and
was extremely forgiving. The pilots generally agreed that
"the most important thing to be learned from this simula-
tion is that with conventional navigation aids a shuttle-
like vehicle can be flown to a safe approach for landing
using a simple energy management technique."

The flight evaluation program flown by the NASA pi-
lots may best be described by summarizing the results of
the energy management flights. These flights were flown
from a number of positions on various headings. Figures
8a-e present x-y traces of trajectories flown by the four
NASA evaluation pilots from 100,000 ft to touchdown.
These results demonstrate the ability to perform success-
ful flights from diverse positions within the 100,000-ft
energy window using the recommended energy manage-
ment technique. With the traces of all four pilot's flights
for each of the cases superimposed, the energy regulating
feature of the technique is demonstrated. Note that, if a
pilot was particularly proficient in conserving energy dur-
ing the L/Dmax portion of the flight (Figs. 8a and b), by
acquiring the tangent to the cylinder earlier (or cutting
slightly inside of it), he is left with more energy to dissi-
pate in the cylinder and, thus, traverses a longer arc
around the cylindrical surface before reaching the initial
approach turn-in altitude. Conversely, if he is late acquir-
ing the cylinder, more energy is spent, and he reaches the
turn-in altitude sooner.
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Figure 8c presents traces of flights from an initial posi-
tion close in to the dissipation cylinder. This case shows
the greatest divergence in the ground traces for the differ-
ent pilots and, again, demonstrates the self-compensating
nature of the technique. The initial overshoot of the cylin-
der by pilots 1, 2, and 4 is due to the reduced turn perfor-
mance at higher altitude after the cylinder tangent point
was acquired. Pilot 3 was advised of this and elected to
start his turn early. As a result, he flew through the cylin-
der and acquired the cylinder from the inside. As it

worked out, this put him further around the cylinder by
initial approach turn-in altitude, resulting in an initial
approach which gave him an easier turn to final approach.

The most difficult of the trajectories flown was the
"back door" approach, in which the initial approach turn-
in altitude was acquired behind the runway (Fig. 8d). Ap-
proaching the final turn from this direction obviously re-
quires more pilot judgment in the execution of the final
approach turn. However, the technique is well within the
capability of the evaluation pilots, even on their first at-
tempt.

The NAVAID, (Fig. 7), is of help on early flights; and,
after a minimum of practice, the pilot remembers enough
of the significant reference information to be able to inter-
pret the entire problem and solution from the instrument
panel alone.

Although the procedure may be accomplished success-
fully using bearings and range information from TACAN
No. 1 alone, information from TACAN No. 2 proves useful
when approaching the final turn from the North. Since
the final approach turn radius averages approximately 2
naut, miles, TACAN No. 2 should be approximately 4
naut miles on the wingtip at the initiation of the turn.

Since the backdoor approach is considered the most dif-
ficult to fly, it was chosen as the case to fly with winds
turned on. At altitude, the winds are predominately out of
the west with a jetstream of 100 knots between 40-50k ft
altitude. The results are quite interesting. Since pilot No.
4 did a better job of holding the tangent to the cylinder in
the face of a strong left crosswind, he made it farther
around the dissipation cylinder, resulting in an initial ap-
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proach to a left bank final turn. Pilots 2 and 3 reached
their turn-in altitude sooner and flew initial approaches
leading to right banked final approach turns, again dem-
onstrating the flexibility and self-compensating nature of
the energy management technique. (Pilot 1 successfully
.flew a different wind problem case, which is not present-
ed.)

Runway Touchdown Dispersion
Because of scaling in the visual simulation, apparent

lateral perturbations of the TV camera were magnified to
the pilot. During flare and float, these lateral step inputs
elicited lateral maneuver corrections by the evaluation pi-
lots. Holding the craft off until realigned with the runway
centerline, plus the difficulty of estimating the imminence
of touchdown, quite frequently caused the touchdown
point to be beyond the nominal aim touchdown point, i.e.,
2000 ft down the runway. It was noticed that, when this
occurred, the touchdown speed would be on the slow side
of the nominal 180 knots.

Examining the data further, it was found that all flights
cross the runway threshold at essentially the same energy
level. Reducing the data to the nominal touchdown speed
of 180 knots, it was found that all touchdown points would
occur in the range of 1250 ± 550 ft. Also, if the pilot uses
the technique of landing at a 1250-ft aim point (from the
threshold), he can expect an airspeed dispersion of 180 ±
8 knots.

Both of the landing techniques, 1) landing at a given
point and accepting an airspeed dispersion, or 2) landing
at a nominal airspeed and accepting a touchdown point
dispersion, are acceptable proven techniques. Of the two
techniques, the former is probably the easier; and, the
latter technique has been proven with tandem landing
gear aircraft, such as the B-47 where touchdown attitude
was so critical that touchdown airspeed had to be con-
trolled to within a few knots.

V. Conclusions and Recommendations

Based on the results of this simulation program, defi-
nite conclusions are reached: 1) Satisfactory unpowered
orbiter landing from random initial conditions and with
unknown winds can be accomplished by the pilot utilizing
conventional navigational aids for energy management; 2)
The energy management technique utilized can be easily
learned and used by the pilot; 3) Delta body orbiter han-

dling qualities as presented to the pilot were satisfactory
(Cooper-Harper Rating > 3).

Of equal and far reaching significance are the added
conclusions which are inferred by the results of this simu-
lation program and from actual piloted experience gained
on the X-15 aircraft and lifting body flight programs flown
by a multitude of pilots.

The ability of man to utilize his multiple and integrat-
ed skills has been well documented.2'3 "By utilizing
man's capabilities, the X-15 systems were made much
simpler than automatic operations would have been, nota-
bly for launching, maneuvering, and landing. Also the
X-15 program achieved a significant first in analyzing to
what degree the pilot contributed to mission success. Sig-
nificantly, the X-15 record of mission success on 92% of
its flights has been achieved with individual system and
subsystem reliabilities as low as 80%. While the use of
component redundance overcame some of the shortcom-
ings in critical systems, a more important contribution to
safety and success has been the capability of the pilot to
bypass failed systems or change to alternate modes of op-
eration."

As a case in point, on the 184th flight of the X-15, the
engine and APUs were lost during exit flight (resulting in
a complete loss of guidance and all computed flight data).
For re-entry, the pilot, Maj. William Knight, managed to
restart one APU to power the flight control system; and,
with just out-the-window visibility and basic air data, he
was able to convert catastrophe and performed a success-
ful re-entry and landing at Mud Lake.

In conculusion, I would like to leave you with one
thought. Good system design of a manned system requires—
no, demands!—that the system be so designed that the man
be given access to his own capabilities at the lowest level
within the system at which his capabilities are usable.
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