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Analytical and piloted-flight-simulator studies were eonducted Lo investigale the use of
veclored thrust for improving controllability during carrier landings. For study purposes,

an aircraft having the aerodynamic and control characteristics of the Vought F-8A Crusader
with a hypothetical vectored-thrust turbofan engine was assumed; thrusi-vector angles

ranging from 1.0° to 76.5° were investigated. The results show that vectored thrust offers

substantial reductions in approach airspeed and sink rate, improvements in flight path con-
trol, and improvements in wave-ofl performance. It was found thal the most satisfactory

configurations, considering over-all performance of the landing task, will have thrust-vector
angles in the neighborhood of 45° 1o 50° and will utilize approach power compensators, i.e.,
automatic throttles. On the basis of these studies, it appears that vectored-thrust turbofan
engines that are being developed for VI'OL applications may be advantageously used also in
non-YTOL carrier-based aircraft to provide improved landing characteristies.

Nomenclature

s, = longttudinal acceleration at end of catapult,
ft/sec?

' Lnax = maximum lift coeflicient

dy = distance from center of gravity to resultant thrast
line (see Fig. 1b), {t

g = gravitational constant, 32,2 ft /see?

h = altitude, ft

ho = height of datum bar above deck (see Fig. 3b), ft

he = aircraft altitude error from nominal approach
flight path (see Fig. 3b), ft

I, = moment of inertia in pitch, slug-ft?

Ky, Ko, Ky = approach power compensaior gaing, Eq. (1)

m = mass of aireraft, slugs

M = pitching moment {positive nose-upj, ft-1h

s = acceleration normal 1o aireraft centerline, ¢'s

PR = Cooper pilot rating?-¢

R = distance from aircraft to mirror (see Fig. 3b), ft

s = Laplace transform operator, per sce

T = total thrust, Ib

T nax = military thrust rating (standard day), Ib

T = nominal approach thrust, b

Va = nominal approach airspeed, knots

Vs = stall speed in level flight, knots

Vo = mean head wind, knots

Vwon = wind-over-deck (mean head wind plus carrier
speed), knots

W = landing weight of aircerafy, Ih

T = distance between light source and mirror (see
Fig. 3h), ft

X, 2 = longitudinal and normal airerafi body axes, fi

Nu = distance traveled relative to carrier from point of
applying military thrust to point of minimum
altitude, 1

A = distance traveled rvelalive to carvier f{ollowing
change in throttle setting, i

o = angle of attack, deg

e = angle-of-attack error from nominal approach
angle of attack, deg

v, = nominal approach flight path angle with respect
to the horizontal, deg

e = clevator deflection angle, deg
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L = angle between resultant thrust vector and centerline of
fuselage (see Fig. 1b), deg

Ah = altitude change following change in throttle setling,
ft

Ahmax = maximum altitude loss following advanee of throttle
to military thrust, ft

AT = change in thrust from nominal approach thrust, Ib

AV4 = change in air speed from nominal approach air speed,
knots

€ = angular error between the reflected light and the
datum bar as viewed by the pilot (see Fig. 3b), rad

6 = pitch attitude perturbation from nominal approach
attitude, rad

aj, = xtandard deviation of sink rate al ramp, fps

oy, = standard deviation of air speed at ramp. knots

Te = engine thrust response time constant, sec

7y, T = approach power compensator time consiants, la.
(1), sec

Introduction

NE of the most important considerations in the design of

a new high-performance carrier-based ajreraft is its con-
trollability during carrier landings. New aerodynamic and
mechanical methods are being sought continually which
would provide lower approach air speeds, mproved flight
path control during the approach, and improved wave-off
performance.  The most familiar of these methods are high-
ift leading-edge and trailing-edge flaps, boundary-layer
control by s-etion or blowing, and variable-sweep wings.
Another promising method that has been evaluated in flight
tests is the direct-lift-control (DLC) concept,® in which fast-
acting wing flaps are used for flight path control.

At the present time, consideration is being given to the
development of lift-cruise turbofan engines for VTOL air-
craft.  These engines will have thrust-deflecting devices that
will permit the direction of the thrust vector to be rotated
from along the centerline of the engine, as in conventional
engines, to angles as large as 90° with respect to the center-
line. With such engines to be available, the possibility of using
véctored thrust to improve the controllability of non-VTOL
carrier-based aircraft during landings should be considered.
Figure 1a illustrates this concept. The engine would be sized
on the basis of the catapult-launch requirement or the most
severe mission requirement, as is presently done; thus, the
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maximum thrust available without after-burning would be
between 45 and 65% of the landing weight of the aireraft and
would consequently be much less than the thrust that would
be required for VITOL operation.  However, since the thrust
veetor could be rotated as shown in Fig. 1a, part of the weight
of the aireraft could be supported by engine thrust, thereby
reducing the lift required from the wing and allowing a de-
crease in approach airspeed.  Furthermore, hecause a com-
ponent of thrust would be normal to the flight path, the
throttie would be an effective means for controlling vertical
acceleration and hence sink rate, and a large vertical force
would be available when the throttle 15 advanced to military
thrust setting for a wave-off.

Before detailed designs can he considered, 1t 1s necessary to
obtain preliminary information on the carrier landing char-
acteristies of veetored-thrust aireraft and to demonstrate the
feasibility of the concept with the pilot in the control loop.
In the studies discussed in this paper, it was desived to de-
termine the approximate range of thrust-vector angles which
would result in best over-all performance considering ap-
proach conditions, flight path control, and wave-off perform-
ance. Information also was sought on the effeets of pitching
moment due to thrust-line offset and thrust available for
flight path control on performance of the landing task. Ifin-
ally, it was desired to determine whether an approach power
compensator (i.c., automatic throttle) of the type currently
used in some Navy aireraft could be used in combination
with vectored thrust.

Discussion of Aircraft, Simulation, and Test
Procedures

Description of Aircraft Simulated

For study purposes, an aireraft having the aerodynamic
and control characteristies of the Vought F-8A Crusader with
a hypothetical vectored-thrust turbofan engine was assumed.
The F-8A ix one of =everal currently operational aiveraft
having landing characteristies similar to those expected for
fiture high-performance carrier-based aircraft.  In addition,
it is an aireraft for which ample aerodynamic data for the
landing configuration are available.?

Equilibrium approach airspeeds were calealated for several
thrust-veetor angles, and the corresponding total-force sta-
bility derivatives were derived. The prineipal physical
characteristies of the aireraft in the landing configuration
were a landing weight of 20,000 1b, a pitch moment of inertia
of 89,000 slug-ft2 and a wing area of 375 ft%. The principal
acrodynamic characteristies of the aireraft were a nominal
approach lift coefficient of 0.778, a nominal approach lift-
to-drag ratio of 5.32, and a maximum lift coeflicient of 1.17.
The nominal approach angle of attack was 5.03° for all thrust-
vecetor angles.  This value was determined by caleulation to
be the angle of attack required to trim the aireraft on a mirvor-
landing-aid glide =lope of 4% at the Fleet-average approach
atrspeed? of 141 knots, assuming a mean head wind of 15
knots and a carvier speed ol 20 knots. At this angle of attack,
the approach airspeed for the basie aireraft without thrust
vectoring was 1289 of stall airspeed. A summary of nom-
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Fig. 1  Characleristics of simulated aivceraft.
mal approach conditions for all thrust-veetor angles investi-
gated iz presented in Table 1.

The hypothetical engine was assumed to have a standard-
day military thrust rating of 13,000 Ib, so that at the aircraft
landing weight of 20,000 1b the maximum available thrust-
to-weight ratio was 0.65.  The thrust magnitude 77 and thrust
vector angle 6, were assumed to represent the veetor sum of the
deflected engine thrust and the inlet vam drag. Moreover,
the military thrust was assumed to be independent of thrust-
veetor angle.  The engine thrust response to throttle changes
was approximated by a first-order time lag.  The assumed
vanation of engine thrust response time constant r, with per-
cent maximum thrust was representative of current two-spool
furbofan engines; the values that were used at cach of the
nominal approach conditions are included in Table 1.

The simulated approach power compensator was of the
angle-of-attack-sensing type and had dynamic characteristies
similar to those units in operational use on F-8A aireraft.?
The engine thrust change response to the sensed angle-ol-
attack error a. and normal acceleration n, was deseribed by
the transler {unetion

) «

= ()

The values of the gains K, Ky, and Ky and the time constants
1o and 7y which were used for the basic aireraft without thrust

1

1 + TS

f(m

Ko | K
I 4 7,8

8

vectoring were ax follows: Ko = 1670 lb/deg, K, = 190
Ib/{deg-see), Ky = 19400 Ih/g, r = 0.75 see, and 7y =

1.0 sec. Az mentioned later, these gains were reduced sub-
sequently by a factor of 4 to provide satistactory operation in
combination with vectored thrust.

Table I  Summary of nominal approach conditions

Thrust-vector

Aireraft Approach Flight path Trim Engine time
angle &g, weight W, speed V4, Sink rate angle vy, thrust-to- constant 7,
deg 1) knots h, fps deg weight Ty/W sec
1.0 20,000 141.0 —12.32 3.36 0.138 0.901

27.9 20,000 136.2 —11.93 3.34 0. 149 0.892
50.0 20,000 130.3 —11.23 3.31 0.195 (. 855
69.1 20,000 118.4 —9.83 3.23 0.318 0.759
76.5 20,000 106.6 —8.44 3.13 0.442 0.662
50.0 23,412 141.0 —12.32 3.36 0.193 0.856
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Fig. 2 United Aireraft flight simulator with econtact
analog display.

Description of Carrier Approach Simulation

The experimental program was conducted in the United
Aircraft flight simulator (Fig. 2). This facility consists of a
full-scale, fixed-base Sikorsky S-61 helicopter cockpit, a
Norden contact analog display system, and a variety of
flight controls and flight instruments. Flight controls used
in the present three-degree-of-freedom simulation included
the longitudinal (elevator) control stick and the throttle;
vaw, roll, and sideslip degrees of freedom were not simulated.
The longitudinal control stick had no control force gradient,
although a small amount of inherent friction was present.
The pilot could adjust the friction force on the throttle.
Flight instruments used in the simulation included an air-
speed indicator, an altimeter, a throttle setting indicator,
and a rate-of-climb indicator having a first-order lag time
constant of 2.0 sec.

Figure 3a shows the contact analog display that was used
for the simulation. The pathway element was used to simu-
late the deck of the carrier; its size and position with respect
to the horizon were programed as a function of the in-
stantaneous distance from the aireraft to the ramp (the aft
end of the deck) and the altitude of the aireraft. Figure 3b
shows the geometry of the mirror-landing-aid system.? The
cross and square clements in the contact analog display were
used to simulate the mirror-landing-aid system, with the
cross representing the reflected light (the “meatball”) and
the square representing the datum bar. The cross vanished
when the aireraft deviated outside of a =£0.75° angle about
the nominal flight path (Fig. 3b) to simulate “loss of the
meatball,” which occurs in the actual-landing-aid system.

The equations of motion governing the piteh, longitudinal,
and vertical degrees of freedom were linearized and described
perturbed motion about the nominal trimmed approach
flight condition at each thrust-vector angle. The equations
were similar in form to those used by other investigators,*
except for the terms that were added to account for the force
and pitching-moment perturbations due to thrust changes and
to introduce the effects of the vertical component of turbu-
lence. This simulated turbulence was generated by passing
the output of a random-noise generator:through a first-order
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filter baving a breakpoint frequency of 0.40 rad/sec. The
root-mean-square value of simulated turbulence was 1.55 [ps.

Deseription of Test Procedures

The approaches were initiated with the aircraft on the
nominal 4° glide slope at a range of 5000 ft from the ramp.
The aireraft was initially in equilibrium flight except for the
instantaneous effects of turbulence. At the ramp, altitude
error from the nominal flight path, sink rate. and approach
speed were recorded to provide a quantitative measurce of
performance for the landing task. The data represent mean
values of these quantities for 40 approaches (20 by each of two
pilots). During the preliminary practice period and while
performing the 20 approaches for a given configuration, cach
pilot qualitatively assessed handling qualities and inde-~
pendently assigned a Cooper pilot rating® ¢ to the configura-
tion. The principal factors considered in assigning the pilot
rating were 1) ability to perform consistent and accurate
approaches, 2) amount of control effort required. 3) amount
of concentration and anticipation required, and 4} level of
confidence in performing approaches.

The criterion used for determining successtul approaches
was based on a set of boundaries on plots of sink rate vs al-
titude error from the nominal flight path, where both quan-
tities are the measured values at the ramp. The boundaries
define the limits of combinations of sink rate and altitude
error at the ramp which will result in the arresting hook en-
gaging a cable, assuming that the aireraft continues in equi-
librium flight from the ramp to touchdown. Because of the
assumption of equilibrium flight, this method provides at
best a relatively erude indication of suecessiul landings.
Therefore, the curves of percent wave-offs plus unsucecess-
ful approaches which are presented should be used only to
indicate the trend of this parameter and should not be ex~
pected to correlate on an absolute scale with Fleet experience.

Discussion of Results
For clarity of presentation, the discussion of results has

been separated into three major subject areas: 1) results
pertaining to approach conditions (nominal approach air

DATUR BAR

a) Contact analog showing display for aircraft in high
approach

SOURCE LIGHT

CARRIER DECK

b) Schematic of mirror-landing-aid system

Fig. 3 Display for carrier approach simulation.
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speed and sink rate, cte.); 2) results pertaining to flight
path control; and 3) results pertaining to wave-off perform-
ance. Selection of a thrust-vector angle that would offer the
best over-all performance for the landing task must be based
on a compromise in which all three of these subject areas are
considered.

Results Pertaining 10 Approach Conditions
Approach airspeed and sink rate

The upper portion of Fig. 4 shows the predicted and meas-
ured variations of approach airspeed at the ramp with thrust-
vector angle. Note that the static trim (i.c., equilibrium of
acrodynamic. thrust, and gravity forces) caleulations pre-
dicted reductions in both approach speed and stall speed, so
that a stall-speed margin of approximately 20 knots was main-
tained to thrust-vector angles as large as 76.5°.  The meas-
ured flight simulator data points (means based on 40 ap-
proaches at each thrust-vector angle) are quite close to the
predicted curve and indicate that the predicted reductions in
alrspeed can be achieved with the pilot in the control loop.
A reduction in approach speed of 11 knots was obtained at an
angle of 50.0°, and a reduction of 34 knots was obtained
at an angle of 76.5°.  The predicted and measured reductions
in =ink rate at the ramp with inereasing thrust-vector angle
are shown in the lower portion of Fig. 4. The results show
that the predicted reductions in sink rate can be achieved in
piloted approaches.

Thrust and elevator angle required to trim

As thrusi-vector angle is increased and wing lift 1s reduced,
increasing amounts of thrust are required to support the
weight of the aireralt. The upper portion of Fig. 5 shows the
variation with thrust-vector angle of thrust-to-weight ratio
required for trimmed equilibrium flight on the nominal ap-
proach flight path.  Thrust-to-weight ratio required increases
sharply for thrust-vector angles greater than about 50° to
60°, with the result that the thrust margin available for wave-
off diminishes rapidly.  As discussed later, provision of ade-
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and elevator angle.

quate thrust margin for flight path control and wave-off is an
important consideration in determining the maximum usable
thrust-vector angle.

A second limitation arises when the total thrust vector is
displaced from the center of gravity by an offset distance dy
(Fig. 1b). Pitching moments will be produced by both the
thrust required to trim the aireraft on the approach and by
changes in thrust introduced by the pilot for flight path con-
trol purposes. The lower portion of Fig. 5 shows the varia-
tion with thrust-vector angle of clevator angle required to
trim divided by thrust-line offset distance, 8./dr. This ele-
rator trim parameter increases only slightly up to thrust-
veetor angles of 50° to 60°, but then increases rapidly because
of the combined effects of increased thrust for trim (upper
portion of Fig. 5) and decreased elevator effectiveness because
of reduced airspeed (upper portion of Fig. 4). Thus, the ele-
vator angle required to trim is also an important consideration
in determining the maximum usable thrust-vector angle in a
practical engine installation.

Comparison of calculated sink rate and approach speed
responses

Figure 6 shows the variations with time of the changes in
sink rate and approach speed from the trimmed values fol-
lowing a step change in throttle sctting (aireraft initially on
nominal flight path and pitch attitude held constant). The
curves are for thrust-vector angles of 1.0°, 50.0°, and 76.5°
and include the effects of engine thrust response lags. The
large differences in sink rate and approach speed responses
between the basic aireraft (6o = 1.0°) and the vectored-thrust
configurations for a given thrust change AT are due to the
relative magnitudes of the incremental thrust components
normal to and parallel to the flight path, respectively. For
example, 1.0 scc following step throttle changes, the 50°
thrust-angle configuration experienced a change in sink rate
4.8 times greater and a change in approach speed 1.8 times
less than the basic aircraft for the same thrust change AT,
This much more rapid sink rate response with only small at-
tendant changes in air speed is the primary factor that ac-
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counts for the improved flight path control characteristies
of vectored-thrust aircraft.

Comparison of flight path control techniques

Before discussing the flight simulator results, it 18 important
to distinguish between the widely different flight path control
techniques used by the pilots for the basic aireraft with man-
ual throttle, the vectored-thrust configurations with manual
throttle, and the basic aireraft and vectored-thrust con-
figurations with approach power compensator.
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Fig. 7 Effect of thrust-vector angle on pilotl opinion and
performance.
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Flight path control of the basic aireraft with manual throttle
was achieved by coordinated throttle and small piteh attitude
changes. This required the pilot to monitor the airspeed
and rate-of-climb instruments closely. Because of the com-
plex interactions of airspeed, attitude, and rate of climb and
because of the slow response of these quantities to changes
in control stick and throttle setting, flight path control using
this technique has long been regarded as an extremely dif-
ficult closed-loop control task requiring a high degree of con-
centration and coordination.”  For vectored-thrust configura-
tions with manual throttle, the control technique was to use
the throttle to control normal acceleration directly (not in-
directly through airspeed) while maintaining essentially
constant pitch attitude. Since throttle changes had a rela-
tively small effect on airspeed, the airspeed indicator was
read only infrequently and was not a consideration in intro-
ducing control inputs. For both the basic aireraft and the
vectored-thrust configurations with an approach power com-
pensator, the standard APC technique of controlling flight
path by means of piteh attitude was used. Complete flight
path control was obtained using the longitudinal control stick,
since the APC controlled thrust.

Pilot opinion of handling qualities

TFlight simulator experiments were conducted to investigate
the effects of thrust-vector angle on the ability of the pilot to
control the flight path. For this series of tests, the thrust-
line offset dy was set at zero. A summary of the effects of
thrust-vector angle on Cooper pilot rating of handling quali-
ties is shown in the upper poriion of Fig. 7. The results show
that the use of vectored thrust with manual throttle resulted
in handling qualities that were much more satisfactory than
those of the basic aireraft (8, = 1.0°) with manual throttle,
and that handling qualities with thrust-vector angles greater
than about 40° and manual throttle were essentially as satis-
factory as those of the basic aireraft with an approach power
compensator.  Pilot comments indicated that, as a result of
the reduction in approach speed with increasing thrust-vector
angle, more time was available for making flight path correc-
tions, and less anticipation was required for making flight
path corrections and for initiating wave-off maneuvers on poor
approaches.  The reduced levels of dynamic pressare at the
lower vectored-thrust approach speeds had very little effect
on the oscillatory dynamies, and adequate longitudinal eon-
trol effectiveness was available at all thrust-vector angles.
As approach speed decreased with increasing thrust-veetor
angle, less attention was required for holding precise attitude,
since sink rate was less sensitive to angle-of-attack ervors.
Although all of these factors were important, the most im-
portant benefit of vectored thrust was the improved sink rate
control made possible by having a controllable component of
thrust normal to the flight path.  Although thisimprovement
was quite substantial when the thrust-vector angle was in-
creased to 50°, there was no significant additional improve-
nent in controllability as thrust-vector angle was further
increased to 76.5°.

The results presented in Fig. 7 also show that, for the two
thrust-vector angles that were investigated (basic aireraft
and 50.0°), handling qualities with an approach power com-
pensator were found to be more satisfactory than with a
manual throttle. This general improvement is a result of a
reduction in the over-all levels of effort and concentration
required, since there is only one longitudinal control loop for
the pilot to close (sink rate controlled using longitudinal con-
trol stick). Operation of the angle-of-attack-sensing APC
[Eq. (D] was found to be quite compatible with vectored
thrust; the only modification required was to reduce the APC
gains to 25% of their values for the basie aireraft [listed after
Eq. (1)] in order to reduce sink rate response sensitivity to
angle-of-attack errors caused by turbulence and unintentional
control inputs.
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One adverse pilot comment assoeiated with APC control at
all thrust-vector angles was that sink rate and flight path
corrections were somewhat limited near the ramp, since
proper piteh attitude had to be maintained for engaging the
cable.  Although not studied in the flight simulator experi-
ments, this problem could be resolved in vectored-thrust
aireraft by providing a manual throttle override of the APC
s0 that near the ramp the pilot could make sink rate cor-
rections manually using the throttle while holding pitch
attitude constant. It is believed that the inclusion of such a
throttle override on the APC would result in Cooper pilot
ratings slightly better than those shown in Fig. 7.

Experiments also were conducted for a thrast-vector angle
of 50.0° and a landing weight of 23,412 Ib. This combination
of thrust-vector angle and increased landing weight required
the same 141-knot approach speed as the basic aireraft at a
landing weight of 20,000 Ib. Tigure 7 shows that a slightly
poorer Cooper pilot rating was assigned to this eonfiguration
than to the 20,000-1h aireralt for the same 50.0° thrust-vector
angle.  Small decreases in longitudinal control stick and
throttle sensitivitier were evident for the heavier aireraft,
but the primary reason for the slightly poorer rating was its
higher closure rate with the carier.

Quantitative data on flight path control

The quantitative flight simulator data also show that
improved flight path control results using vectored thrust.
The lower plot in Fig. 7 shows (hat when thrust-veetor angle
wax incereased to 50.0° a reduction of about 509 was obtained
in the frequeney of wave-offs plus unsuceesslul approaches
for control using both manual throttle and approach power
compensator.  The improvements in control alxo resulted in
reductions in the standard deviation of sink rate at the ramp
for both manual throttle and APC control (upper portion ol
Fig. 8).  These reductions in standard deviation of sink rate,
when combined with the lower mean sink rates and approach
speeds (Fig. 4), reduce the probability of hard landings and
indicate possible savings in the weight of the landing gear and
arresting gear.  Iigure 8 (lower portion) also shows that sub-
stantial percentage reductions in the standard deviation of
approach speed result with inereasing thrust-veetor angle,
particularly with an APC.

Maximum thrust change requirements

Iixpermmenis were conducted 1o determine the maximum
change in thrust about the nominal approach thrust sctting
which 1= required by the pilot for satislactory control of sink
rate with vectored thrust and o manual throttle. In Fie.
9a, Cooper pilot rating ix plotted vx bandwidth of thrust-to-
weight ratio available for flight path control.  The results
show that, a~ the bandwidth of thrust-to-weight ratio avail-
able was reduced from its maximum to =0.10, there was no
appreciabie change in pilot rating.  However, a bandwidth of
+0.03 was found (o be msufficient for normal operation, as
shown by the unsatisfactory pilot ratings.  On the basis of
these results, it can be concluded that a bandwidth of thrust-
to-weight ratio available of more than =£0.05 but not more
than £0.10 15 required for satisfactory flight path control.
These results appear to be compatible with the normal ac-
celeration requirements of aireraft using the fast-acting-flap,
direct-liit-control (DLC)Y concept.t#

Effects of pitching moments due to thrust changes

For a thrust-vecetor angle of 50.0°, the effects of pitching
moments due to changes in thrust for flight path eontrel
were investigated also.  An important effect is the infaence
of pitch attitude disturbances caused by thrust changes on
the ability of the pilot to control the flight path.  The param-
eter (M/I,)/(AT/m), which expresses the ratio of pitehing
acceleration to linear acceleration of the aireraft, was used
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speed at ramp.

i the flight simulator experiment=. A plot of Cooper pilot
rating vs pitching-moment parameter is presented in Fig.
9b. Al results shown in this figure are for manual-throttie
approaches,

It ean be seen that satisfactory handling qualities resulted
for values of this parameter within the range +=0.02. For
the mass and moment of inertia of the F-8A aircraft, the cor-
responding thrust-line-offset distances dyp are approximately
=3 ft. At a parameter value of —0.035 (thrust-line offset of
5 It), the attitude-throttle interaction was annoying par-
ticularly near the ramp. where preeise attitude control wax
most needed.  This interaction and the unnatural aft-stick
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motion required with increasing throttle displacement would
make this amount of pitching moment greater than the prac-
tical limit for normal operation with a manual throttle.

Although no quantitative data were recorded, it was found
that, with a thrust-vector angle of 50.0° and an approach
power compensator, the effects of pilching moments due to
thrust changes could be tolerated with thrust-line-offset
distances up to £5 ft. These larger allowable offset dis-
tances with APC result because the pilot is able to devote
more attention to controlling pitch attitude, and the thrust
changes commanded by the APC are smaller and more gradual
than those introduced by the pilot using manual throttle.

Results Pertaining to Wave-OIf Performance
g

The prime objective in improving wave-off performance is
to minimize the loss in altitude and the distance traveled to the
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Fig. 11

point of minimum altitude. This maneuver must be per-
formed without reducing the stall-speed margin.

Unpiloted analog-computer caleulations were made to
examine the effects of thrust-vector angle on the flight profiles
during wave-off maneuvers. 1t was assumed that the aireraft
was initially in a mominal approach condition (Table 1).
The throttle was advanced in a step from the approach setting
to the military thrust setting. An automatic controller on
the computer was used to rotate the aircralt to 0.90 Uy,
and to control angle of attack and airspeed during the ma-
neuver. If airspeed decreased below the nominal approach
speed, the controller reduced angle of attack to hold airspeed
at or slightly above the nominal approach speed.

Flight profiles are shown in Fig. 10 on a plot of altitude
change vs distance traveled relative to the carrier {t.e., with
effects of wind and carrier speed included) following the
change in throttle setting. The substantial improvements
in wave-off performance which are shown with vectored
thrust result from having a component of exeess thrust normal
to the flight path. The reductions in altitude less and dis-
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Fig. 12 Effect of thrust-vector angle on wind-over-deck
requirements for catapult-launched takeof.
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tance traveled to the point of minimum altitude indicate that,
with vectored thrust, successful wave-off maneuvers may be
initiated much closer to the ramp than with the basic air-
craft.

The results shown in Fig. 10 indicate that, at thrust-vector
angles above approximately 50.0°; the performance gained by
having the thrust vector more nearly normal to the flight path
18 offset by the rapidly diminishing excess thrust available for
the wave-off mancuver (sec upper portion of Fig. 5). The
effect of reducing the thrust margin available for wave-off is
further shown in Fig. 11 on plots of maximum altitude loss and
distance traveled to minimum altitude vs thrust-vector angle
for values of maximum thrust-to-weight ratio of 0.65, 0.55,
and 0.45. The optimum thrust-vector angle from the stand-
point of minimum loss of altitude is seen to be dependent upon
the installed maximum thrust-to-weight ratio. The smaller
this ratio, the smaller the optimum thrust-vector angle.

Conclusions

This investigation has provided preliminary information on
the carrier landing characteristics of vectored-thrust aireraft.
Piloted flight simulator studies have shown that the concept
of controlling the flight path using vectored thrust is feasible.
The results also show that reductions in approach airspecd
and sink rate are obtained with veetored thrust, and that sub-
stantial improvements in flight path control and wave-off
performance are obtained. The results indicate that mod-
erate thrust-vector angles (in the neighborhood of 45° to 50°)
appear to offer the best over-all performance considering
approach conditions, flight path control, and wave-off per-
formance. In addition to these results for the landing task,
preliminary caleulations (discussed in the Appendix) indicate
that important rmprovements in catapult takeoff performance
alzo can be obtlained using vectored thrust.

Appendix: Catapult Takeoff Performance
with Vectored Thrust

Catapult takeoff performance 1s another important factor in
the design of carrier-based alreraft, since it determines the
maximum takeoff weight (and therefore the payload ecapabil-
ity) of the aircraft and the wind-over-deck requirements.
Two essential conditions that must be met at the end of the
catapult are 1) sufficient airspeed to sustain flight, and 2}
adequate longitudinal acceleration for climb-out. Factors
that most directly affect takeoff performance are the per-
formance characteristics of the catapult (catapult end speed
vs takeoff weight of the aireraft), the wind-over-deck condi-
tions, and the amount of pitch attitude rotation which is re-
quired to attain the 1ift coeflicient for climb-out.

Calculations were performed {o examine the effects of
thrust-veetor angle and aireralt gross weight on wind-over-
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deck requirements. It was assumed that the aireraft attitude
at the end of the catapult was cqual to the climb-out angle of
attack (corresponding to a lift coefficient of 0.85 Cp,..). It
was required that the airspeed at the end of the eatapult be
equal to the minimum flight speed of the configuration (i.e.,
lift plus vertical component of thrust equal to weight).
Results of these calculations are shown in Fig. 12 on a plot
of wind-over-deck requirement Vigp vs thrust-vector angle
for the F-8A for a takeoff thrust of 12,390 1b and hot-day con-
ditions (89.6°F). The catapult performance assumed was
representative of the large steam-driven catapults on modern
carriers.  Figure 12 shows a significant reduction in the wind-
over-deck requirement with inereasing thrust-vector angle at
a given gross weight. It can be seen, however, that the re-
quirement to meet the Navy’s minimum longitudinal accel-
eration criterion (0.065 g) places a limitation on the maximum
usable thrust-vector angle. For this particular aircraft-
catapult combination, the thrust-vector angle at which the
longitudinal acceleration is reduced to 0.065 g increases {rom
about 30° at a weight of 38,000 Ib to about 55° at a weight of
26,000 1b. This increase 13 due to the smaller drag forces
associated with the lower airspeeds required to sustain flight
at lower gross weights.  The results show that, by increasing
the thrust-vector angle to the 0.065-¢g acceleration limit, the
takeoff gross weight can be increased by about 4000 1b at a
given wind-over-deck, or the wind-over-deck requirement can
be deercased about 20 knots at a given takeoff gross weight.
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