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FIXED-BASE VISUAL SIMULATION OF PILOT-CONTROLLED DESCENTS
OF AN ADVANCED APOLLO SPACECRAFT WITH
AN ALL-FLEXIBLE PARAWING

By G. Kimball Miller, Jr., Byron M. Jaquet,
and Douglas B. Price
Langley Research Center

SUMMARY

A fixed-base visual simulation study has been conducted to determine the ability of
an onboard pilot to control an all-flexible parawing and an advanced Apollo capsule com-
bination to preselected landing sites. The investigation employed a closed-circuit tele-
vision system in conjunction with an earth-terrain model for image generation and per-
mitted six rigid-body degrees of freedom of the vehicle. The pilot controlled the vehicle
through the use of a hand controller which activated simulated constant-rate reels to
induce rear keel-line changes for pitch control and differential wing-tip line changes for
lateral control. The simulated viewing system provided the pilot with a field of view of
34.60 by 48.3°. The optical axis of the viewing system could be controlled in pitch to
permit viewing anywhere between the local vertical and the local horizontal. The pilot's
task was to assume command of the vehicle at altitudes up to 18 000 feet (5486.4 meters)
and control the vehicle to the center of a specified landing site under the influence of var-
ious wind profiles with maximum velocities up to 27 ft/sec (8.2 m/sec).

The results of the investigation showed that the pilots could consistently land within
about 1400 feet (426.7 meters) of the center of the desired site regardless of the wind
conditions or instrumentation employed. The pilots' performances were only slightly
degraded when flying in unknown winds. When the maximum wind velocity was greater
than 15 ft/sec (4.6 m/sec), the pilots consistently terminated their flights headed in the
general direction of the wind to reduce ground speed, whether the winds were known or

unknown.

INTRODUCTION

Descent recovery systems suitable for land landings of advanced Apollo spacecraft
must possess a certain amount of glide~ or range-modulation capability. The feasibility
of the land-landing concept was demonstrated in the ground-controlled Gemini gliding-
parachute system and in the man-carrying vehicle described in references 1 and 2,



respectively. One of several candidate descent systems for advanced Apollo spacecraft
employs an all-flexible parawing of the type described in reference 3.

At the beginning of the present investigation, it was generally believed that the
candidate landing system should be controllable to within 3600 feet (1097.3 meters) of
the center of a specified landing site. A ground control system incorporating vehicle
tracking and current wind profiles was felt to be necessary to achieve the desired landing
point accuracy. In addition, it was believed that the onboard pilot would need a wide-
angle viewing system to permit simultaneous viewing of the landing site and the current
ground position. Turn rates for the parawing-payload combination up to 25° per second
were also considered necessary for the pilot to arrive at the desired landing site.

The present fixed-base simulator study was performed to determine the ability of
an onboard pilot to control an all-flexible parawing and advanced Apollo capsule combina-
tion from initial altitudes up to 18 000 feet (5486.4 meters) and to attain specified landing
sites without the benefit of a ground control station. Also, since the flight speeds of the
vehicle under consideration are of the same general magnitude as the wind speeds, deter-
mination of the effect of winds on the ability of the pilot to attain the landing sites was
desirable. Wind speeds of 0 to 27 ft/sec (8.2 m/sec) from various directions were uti-
lized. Whether certain instruments are beneficial in achieving the desired landing sites
was also investigated for the various wind conditions. The investigation employed the
1962 U.S. Standard Atmosphere. The basic wind profile was obtained from the NASA
Manned Spacecraft Center and was typical of summer winds in southwest Texas.

Since pilots seated in the Apollo capsule cannot see the ground when the capsule is
suspended with the heat shield downward, the simulated vehicle incorporated a viewing
system which was controllable in pitch by the pilot and which had a field of view of 34.6°
by 48.3°. With the viewing system at its maximum downward position, the pilot had a
view from the local vertical upward 34.6°. At its maximum upward position, the center
line of the viewing system was along the X body axis. A closed-circuit television sys-
tem and a terrain model were used for image generation.

Observation of wind-tunnel models and radio-controlled model flights indicated that
the parawing-payload combination behaved as a rigid body for small motions. Accordingly,
equations of motion permitting six rigid-body degrees of freedom were used to represent
the vehicle. The equations of motion were solved in real time by an analog computer
complex. The pilot, through a two-axis hand controller, closed the control loop and had
direct inputs into the force and moment equations. The inputs from the hand controller
actuated simulated constant-rate reels which changed the rear keel-line length for pitch
control and the right and left tip lines differentially for lateral control.



SYMBOLS
Measurements for this investigation were made in the U.S. Customary Units but are
also given in the International System of Units (SI). (See ref. 4,) Transformation matri-

ces for the assumed axis systems are presented in the appendix.

ay,ay,ay accelerations due to aerodynamic forces along X-, Y-, and Z-axes, respec-
tively, feet/second2 (meters/second2)

b span of flexible wing when flat, feet (meters)

_ Rolling moment about X-axis
QSb

%)

Pitching moment about Y-axis
Cm =

QSb
C. = Yawing moment about Z-axis
n QSb
Force along X-axis
CX =
QS
Force along Y-axis
Cy =
QS
Force along Z-axis
Cg =
QS
Cm,O value of Cy,y at zero angle of attack
CX,O value of Cx at zero angle of attack
Cz o value of Cy at zero angle of attack
aCm .
my = 5o per radian
aC

CXa = _E)FX’ per radian
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pitch control parameters, change in coefficients due to change in
rear keel-line length from nominal

8Cy 8C, 8C,
9 b

5 AL’ s AL’ AL

Ik I I

lateral control parameters, change in coefficients due to differ-
ential deflection of right and left tip lines from the nominal

Fx,Fy,Fg aerodynamic forces along X-, Y-, and Z-axes, respectively, pounds
(newtons)
=2 acceleration at surface of earth due to gravitational attraction,

32.2 feet/second? (9.814 meters/second2)

H direction of flight referenced to west, defined as angle between Vxy and
X.~axis, degrees

AH difference in terminal flight-path direction, defined as difference between
heading into wind and actual heading, degrees

h altitude above surface of earth, feet (meters)



Ix,lyslz,

L/D

AL

Al

Mx,My,Mg

p?q7r

R,V,Y;

moments of inertia about X-, Y-, and Z-axes, respectively, slug~feet2
(kilogram-~meters2)

lift-drag ratio

differential deflection of right and left wing-tip lines from nominal, right roll
is obtained by shortening right and lengthening left tip lines (positive AL),
feet (meters)

wing keel length when flat, feet (meters)

change in rear keel-line length from nominal, nominal length is that for trim
at a =300, feet (meters)

aerodynamic moments about X-, Y-, and Z-axes, respectively,

foot-pounds (meter-newtons)
mass of parawing-payload combination, slugs (kilograms)

vehicle angular velocities about X-, Y-, and Z-axes, respectively,
radians/second or degrees/second

dynamic pressure, pounds/foot2 (newtons/meter?2)

cylindrical coordinate system with origin at center of earth and vector R
and angle ¥ in XjZ;-plane (see fig. 1)

radius of earth, 20.9 X 106 feet (6.37 x 106 meters)
area of wing when flat, feet? (meters?2)

time, seconds

inertial velocity, feet/second (meters/second)
relative wind velocity, feet/second (meters/second)

velocity in plane parallel to surface of earth (ground speed), feet/second

(meters/second)



Any difference in terminal velocity, defined as difference between terminal
velocity and that which could have been obtained by heading into wind,
feet/second (meters/second)

X,Y,Z orthogonal reference system with origin at center of gravity of parawing-
payload combination, referred to as body axes (see fig. 1)

Xe,Ye,Ze, moving-reference coordinate system with origin at surface of earth and with
Z.-axis alined with the local vertical and positive inward, X;-axis positive
westward, and Y -axis positive northward (see fig. 1)

X;,Y;,Z; fixed-reference coordinate system with origin located at center of earth
(see fig. 1)

Xop,Yop»Zop optics coordinate system with origin at center of gravity of vehicle

(differs from body axes by angle fop measured from X-axis in
XZ-plane) (see fig. 1)

vy displacement along the Y;-axis, feet (meters)

o angle between relative wind velocity and X-axis in XZ-plane, referred to as
angle of attack, degrees

B sideslip angle, degrees

v flight-path angle, degrees

0 bank angle, degrees

90p angle of optical axis of auxiliary viewing system in X,Z-plane measured
from X-axis, degrees

P air density, slugs/footS (kilograms/meter3)

Y,0,0 Euler angles of rotation relating body axes and fixed-reference system,
radians or degrees (see fig. 2)

Qx1,2v1,9274 wind components along Xj-, Yj-, and Zj-axes, respectively, feet/second

(meters/second) (see fig. 1)



' l absolute value

square matrix

[]
() comn
[

transpose of matrix [ ]

,: inverse of matrix [J
l:l"m,n] matrix which transforms a vector from axis system m to axis
m=B,C 1.0 system n; B, C, I,and O represent body system, moving-
n=B,C,1,0 reference system, fixed-reference system, and optics system,
respectively

A dot over a symbol indicates a time derivative.
EQUATIONS OF MOTION

The equations of motion employed in the present investigation permitted six rigid-
body degrees of freedom of the vehicle. (See appendix and figs. 1 and 2.) The force
equations were written with respect to the cylindrical coordinates, and the moment equa-
tions were written with respect to the body axes. The fixed-reference frame was located
at the center of the earth, which was assumed to be a nonrotating homogeneous sphere.
The pilot closed the control loop and had direct input into the force and moment equations.

VEHICLE DESCRIPTION

The simulated configuration consisted of a 45° all-flexible parawing with a one-
eighth keel-length nose cut, depicted in figure 3, and an advanced Apollo spacecraft sus-
pended as indicated in figure 4. Apparent mass effects for all-flexible parawings are not
yet determined and, hence, were not included.

The simulated all-flexible parawing was geometrically similar to the one described

in reference 3, including the number and placement of the risers. The wing loading of the
vehicle (parawing-payload combination) was 1.28 1b/ft2 (61.28 N/m2). The wing material
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was assumed to have a weight of 2.2 oz/yd2 (0.07 kg/m2) and the risers to have a weight
of 0.7 that of the wing. Some basic characteristics of the wing when flat were

Ik = 131.8 feet (40.2 meters)
b = 186.2 feet (56.7 meters)

S =12 000 feet2 (1114.8 meters?2)

The moments of inertia of the 15 312-pound (6945.4-kg) vehicle (parawing-payload
combination) about the vehicle body axes were

Iy = 176 637 slug-ft2 (239 487.5 kg-m?2)

177 934 slug-ft2 (241 245.9 kg-m2)

Iy

17 113 slug-ft2 (23 202.0 kg-m2)

Iz,

During descent with the heat shield down, the astronauts' view through the advanced
Apollo windows is upward in the direction of the wing. In order to obtain a view of the
surface of the earth, an auxiliary viewing system was included. The viewing system used
in the simulation had a field of view of 34.6° by 48.3°. The direction of the optical axis
of the viewing system could be controlled by the pilot to any angular position between the
X body axis and a point 80° below the X body axis. (See fig. 4.)

Flight control was accomplished through the use of a two-axis hand controller which
actuated simulated constant-rate (0.020lk /sec) reels to deflect the right and left wing-tip
lines differentially for lateral control and to deflect the rear keel line for pitch control.
(Maximum possible control deflections were £0.10f;, although they were not used.)

SIMULATION EQUIPMENT

The equipment used in the simulation is depicted in figure 5. The view through the
auxiliary viewing device of the simulated landing vehicle was generated by a closed-
circuit television system in conjunction with an earth-terrain model. A fixed-base
instrumented cockpit, shown in figure 6, was fitted with a television monitor that provided
a field of view of 34.6° by 48.3°. A two-axis hand controller with a dead band that was
25 percent of maximum deflection in pitch and roll was located to the right of the pilot's
seat. A pitch input activated the rear keel-line reel at a constant rate. Roll inputs acti-
vated the right and left wing-tip lines differentially. When the controller was released,
the control lines remained at their given position but could be returned to the neutral or
trim position by pushing a button on the two-axis controller or by deflecting the stick in
the opposite direction until the neutral position was reached.



An optical pickup, similar to that described in reference 5, was used in conjunction
with an image orthicon television camera with 875 scan lines to obtain the three rotational
degrees of freedom of the vehicle. The three translational degrees of freedom were
obtained by mounting the optical pickup and camera combination on a transport system
that moved relative to the terrain model in response to the output of the force equations.
The earth-terrain model was a 22.0- by 34.9-foot (6.7- by 10.6-meter) translucent back-
lighted screen, scaled at 9000:1, and was an adaptation of part of the lunar orbit and
landing approach simulator of the Langley Research Center (fig. 7). In order to provide
higher resolution than was possible with painted terrain features, a transparent aerial
photograph (fig. 8) was mounted on the front of the model. This transparency represented
an area approximately 15 000 feet (4572.0 meters) square in southwest Texas. It should
be noted that model protection considerations imposed a minimum altitude limit of approx-
imately 500 feet (152.4 meters), at which point an electrical stop was activated.

AERODYNAMIC PARAMETERS

The aerodynamic and control parameters employed in the present investigation are
shown in figure 9. All parameters are based on the flat-wing span and area. The data
in figures 9(a) and 9(c) were obtained from the static wind-tunnel measurements of an
18-foot (5.49-meter) keel-length model presented in reference 3.

The sideslip and dynamic derivatives in figure 9(b), however, were obtained from
forced oscillation tests of a 5-foot (1.52-meter) keel-length model in the Langley full-
scale tunnel. The small model was used because of its adaptability to existing test equip-
ment. It should be noted that using the oscillatory test technique yields combination
derivatives in which the dot or acceleration terms appear. (For example, see refs. 6
and 7.) Thus the derivatives shown in figure 9(b) are combination derivatives and were
obtained from measurements of the force and moment components in phase and out of
phase with the model motion. Since measurements of the acceleration derivatives do not
exist at present, separation of the combination derivatives was impossible., Reference 7,
however, indicates that the aerodynamic effect of the acceleration derivatives for rigid
leading-edge conical parawings appears to be negligible in the angle-of-attack range below
the stall. Thus, the oscillatory measurements were considered to be entirely due to the

derivatives as labeled in figure 9(b).

The aerodynamic data used in this study were generally available at angles of attack
of 30° and above in increments of 5°. Data below an angle of attack of 30° could not be
measured under dynamic conditions, because the parawing nose tended to collapse. Thus,
in some cases the data were extrapolated to obtain values at an angle of attack of 259,

The aerodynamic data were programed on function generators of analog computers in the
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straight line segments shown in figure 9. It should be noted that the data indicate the pos-
sibility of a pitch-up problem at angles of attack above 40° and an instability problem in
yaw due to a sign change in Cp, at angles of attack below about 28°. The variation of

the static lateral parameters with differential lateral control deflection was obtained
from reference 3.

TASK DESCRIPTION

A map of the seven landing sites used in the investigation is shown in figure 10.
These landing sites were to be attained from 10 initial deployment points with altitudes
which ranged from 8000 feet (2438.4 meters) to 18 000 feet (5486.4 meters) and inertial
velocities of 20 ft/sec (6.1 m/sec) vertically and 40 ft/sec (12.2 m/sec) horizontally.
Several wind profiles (fig. 11), scaled in decreasing magnitude from A to F and a zero
wind case, were used in the investigation.

Prior to participation in the program, each pilot was given a description of the sim-
ulated vehicle, was told the scope of the investigation, and was given a map (fig. 10) of the
area showing the various landing sites. The task of the pilot was to control the vehicle to
as close to the center of a specified landing site as possible with the vehicle preferably
heading into the wind at flight termination (500-foot (152.4-meter) altitude) to reduce the
forward speed relative to the ground. The pilots had knowledge of the approximate down-
range capability of the vehicle in still air at a given altitude. In some cases, the terminal
magnitude and direction of the wind were known by the pilots. In other cases, the pilots
had to determine wind conditions by visual observation of the ground. It should be noted
that for a given flight, the wind profile was always chosen so that the landing site could be
attained with proper maneuvering.

VEHICLE MANEUVERING CAPABILITY

The computed maneuvering capability of the vehicle in still air is shown in figure 12
which presents the results of a digital-program solution of the simulated vehicle. The
digital results indicate that the turn rate varies linearly with differential wing-tip deflec-
tion up to about 9° per second in steady turns. Turn rates of less than 8° per second were
generally preferred by the pilots because of stability and control problems at angles of
attack above 40° and below 28° and because of the limited field of view. The stability
problems at the indicated angles of attack limited the useful lift-drag ratio L/D to
between 1.5 and 1.8. This range afforded little control over vertical velocity which in all
cases was between 14 ft/sec (4.3 m/sec) and 18 ft/sec (5.5 m/sec). The minimum steady
turn radius used by the pilots was approximately 250 feet (76.2 meters) ata AL/lk of
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0.06. A turn rate of 5° per second permits a 360° turn to be made while decreasing the
altitude by approximately 1000 feet (304.8 meters).

The grodnd track of a simulated flight of the vehicle performing 360° turns at con-
stant rates up to 6.99 per second is presented in figure 13 for a zero wind case and a low
wind case (profile F). A comparison of the results presented in figure 12 and the results
of the zero wind case presented in figure 13 shows good agreement between the digital and
simulation solutions. The low wind profile used in figure 13 has a maximum wind of
2.7 ft/sec (0.82 m/sec) and does not displace the vehicle significantly during a 360° turn.

The data presented herein were obtained by using reel rates of 0.020ly/sec. This
value was considered desirable on the basis of achieving small and large inputs without
overcontrolling. Reel rates below 0.015Zk/sec resulted in a response which was too slow
and values above 0.025lk/sec resulted in overshoot problems in which a desired control-
line position was difficult to obtain.

RESULTS AND DISCUSSION

Two research pilots and three research engineers acted as pilots during the inves-
tigation. Each pilot performed six introductory flights for familiarization purposes before
any data were recorded. No significant difference exists between the performances of the
various pilots, and in general, no differentiation is made in the presentation of results.

Miss Distances

Of primary concern in this investigation was a determination of the miss distances
in attaining the center of the desired landing sites under the influence of various winds.
This information is presented in table I, in the form of the arithmetic mean and the
standard deviation from the mean of the miss distance from the center of a given landing
site for flights performed in low winds, high winds, and winds which were unknown to the

pilots.

Low wind conditions, which had maximum velocities of 0 to about 12 ft/sec
(3.66 m/sec), resulted from using wind profiles C to F and a zero wind case. High wind
conditions A and B had maximum velocities that were greater than 15 ft/sec (4.57 m/sec)
but less than 30 ft/sec (9.14 m/sec). Four additional wind cases with maximum veloc-
ities less than 30 ft/sec (9.14 m/sec) were used in the unknown wind flights so that the
pilots were required to detect winds blowing from any quadrant. Flights performed
under the influence of high wind conditions resulted in larger miss distances than flights
performed in low winds. When the winds were unknown, the miss distances were gener-
ally greater than those for high winds. In all cases, however, the miss distances are
small, being generally less than 1400 feet (426.7 meters) as compared with the accept-
able miss distance of 3600 feet (1097.3 meters).

12
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TABLE I.- MISS DISTANCES

Miss distance
Wind Instrumentation | Arithmeti n | Standard deviation | NO- °f
conditions 1 etic mea ar eviation runs
‘ ) ft m ft m
Low Full 725.1 | 221.0 | 427.9 | 130.4 32
Low AL .nd AL oniy| 325.4 | 99.2 | 2918 88.9 32
Ik Iy
High Full 770.1 | 234.7 | 567.7 | 173.0 30
High AZ—L and % only | 409.1 | 124.7 | 333.3 | 101.6 22
K K
Unknown Full 883.7 | 269.4 | 512.4 | 156.2 34
Unknown AZ_L and ?l only| 552.7 | 168.5 | 375.9 | 114.6 50
K K
All flights 618.6 | 188.5 | 446.4 | 136.1 | 200
. . . . . . . AL Al
The miss distances for flights made with partial instrumentation <T_ and - onl;?
K K

are considerably smaller than those experienced with full instrumentation regardless of
the wind condition. Two factors contribute to this difference in miss distance. The pri-
mary factor is the effect of training on the pilots' performance. The flights made with
partial instrumentation were performed late in the study and had uniformly low miss dis-
tances, whereas the flights made with all the instruments were performed prior to the
partially instrumented flights and had more scattered miss distances. The second factor
contributing to the attainment of smaller miss distances with partial instrumentation was
that the pilots used somewhat different flight techniques. When full instrumentation was
available, the pilots monitored angle of attack rather closely during their terminal maneu-
vers in order to avoid regions of instability. However, when no instrumentation except
control-line position indicators was available, the pilots merely used controls which they
knew would not result in operating in regions of instability and concentrated more heavily
on observing the desired landing site during terminal maneuvers. This latter effect was
noted by comparing the last 10 flights performed with full instrumentation with the last
10 flights performed with partial instrumentation. All these flights were performed at
approximately the same time in the study and show a mean distance of 475 feet

(144.8 meters) with full instrumentation and 325 feet (99.1 meters) with partial
instrumentation.
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It should be noted that all miss distances were measured at an altitude of 500 feet
(152.4 meters). If the simulation had permitted flight to zero altitude, the resulting
improvement in the pilots' ability to judge altitude and velocity should have resulted in

smaller terminal miss distances.

Piloting Techniques

Low winds.- Ground tracks of flights made under the influence of several low wind
profiles are presented in figures 14 to 16. The pilots generally flew to the vicinity of the
landing sites before maneuvering to lose altitude, regardless of the instrumentation avail-
able. With the low wind profiles, the pilots generally performed spiraling descents to
lose altitude in the vicinity of the landing site, but they occasionally flew to the downwind
side of the site and made S-turns into the wind to lose altitude. During a given flight, the
pilots generally positioned the controllable viewing system to see the landing site initially
and repositioned it downward to keep the site in view as the site was approached.

The ground tracks (figs. 14 to 16) indicate that the maneuvers performed by the
pilots did not vary significantly whether they had all the instrumentation available or had
only control-line position indicators. Also, time histories of flights performed with full
or partial instrumentation do not differ significantly. Figure 17 is typical of either degree

of instrumentation.

The terminal velocity in the horizontal plane (ground speed or ny) and the vehicle
flight-path direction at flight termination are presented in figure 18 for several flights.
Plain, flagged, and lined symbols indicate that the yaw rate at flight termination was 0
to 19 per second, 1 to 5° per second, or 5 to 9° per second, respectively. The solid curve
is based on a vehicle trimmed at an angle of attack of 30° with a velocity in still air of
29.5 ft/sec (9.0 m/sec) and represents the variation of the terminal horizontal velocity
with terminal flight-path direction for the various low wind profiles. For the low wind
profiles, little reduction in ground speed could be achieved by heading into the wind. Con-
sequently, the pilots generally ignored the low winds and concentrated on flying as close
to the landing site as possible. As the wind magnitude increased, the pilots became more
selective in their terminal flight-path direction. For wind case C (fig. 18), the pilots
began to fly into the wind, and this maneuver resulted in about a 35-percent reduction in

ground speed over that experienced in still air.

High winds.- The ground tracks of flights performed under the influence of high
winds (figs. 19 and 20) indicate that the pilots generally flew to the downwind side of the
landing site, turned into the wind to land, and performed S-turns to lose altitude if they
were going to overshoot the center of the landing site. No significant difference between
fully instrumented and partially instrumented flights was detected in either the ground
tracks or in the time histories of high wind flights. Figure 21 is typical of the time

14
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histories of flights made with either degree of instrumentation. Significant reductions in
ground speed Vxy can be realized by flying into the wind with high wind profiles (up to
90 percent for the highest wind condition). Consequently, the pilots consistently termi-
nated their flights in directions which gave near-minimum ground speed. (See fig. 22.)

Unknown winds.- A number of flights were made in which the. pilots were not given

wind information and were required to determine the wind direction from observing their
passage over the ground. The ground tracks of five typical flights are presented in fig-
ure 23. In all cases, the pilots (research engineers only) initially alined the vehicle with
the desired landing site.

When the winds were low, the pilots often could not detect them early in the flight.
In these cases, the pilots often flew up to a road or ditch and then turned to fly along the
landmark in an attempt to detect a wind component normal to the landmark. The pilots
then generally made a 90° turn toward the desired landing site and attempted to detect the
wind component normal to their flight path. If these two maneuvers indicated that the
winds were low, the pilots flew to the landing site and performed a spiraling descent.
This technique was employed in three of the low wind flights presented in figure 23. In
some low wind flights, the pilots initially alined their vehicle with the desired landing site
and maintained that heading until reaching the vicinity of the site. If the vehicle had not
been blown very far off course, the pilots concluded that the winds were low and spiraled
in the area of the landing site to descend.

High winds were generally detected early in the flight. The pilots observed that
when the vehicle was initially alined with the desired landing site, it was quickly blown off
that heading. The pilots generally attempted to fly to the landing site in high winds but let
the wind blow them toward the downwind side of the site. They then turned into the wind
and flew toward the center of the site. If the vehicle was going to overshoot the center of
the landing site, S-turns were performed to lose altitude. In the high wind flight shown in
figure 23, the pilot was late in beginning his S-turn maneuver and had to loop back to the
downwind side in order to approach the center of the landing site headed into the wind.

The time histories of flights made in unknown winds are typified by those previously
presented and are not included. When the winds were unknown, the pilots could determine
the approximate wind direction and magnitude sufficiently well by tracking terrain fea-
tures to head into the wind when high wind profiles were being used. This technique is
exemplified in figure 24 in which the terminal flight-path direction and velocity errors
for flights made under the influence of a high and a low wind profile are presented. When
the pilots felt that the winds were low, they made no particular attempt to terminate the
flight headed into the wind.

Pilots' comments.- The research pilots indicated that the simulated flight charac-

teristics, including turn rates, would be satisfactory if they are representative of the
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full-scale vehicle. Various reel rates were investigated, the rates below 0.0157k/sec
resulting in sluggish control and the rates above 0.025/k/sec resulting in overshoot. A
reel rate of 0.020lx/sec was considered the most satisfactory and was used for all data
presented herein. A greater usable angle-of-attack range would be desirable, however,
so that more L/D control would be available. The heading and altitude indicators were
felt to be beneficial. The lateral control-line and pitch-line position indicators were felt
to be mandatory in order to avoid inadvertently operating in a region where divergence
could occur. Although the small-angle movable field of view was adequate, the research
pilots recommended a wide-angle field of view that would permit the simultaneous moni-
toring of the landing site and the current ground position. In addition, the pilots felt that
their performances would be improved if the simulation provided greater depth cues
below 2000 feet (609.6 meters) and provided the capability of continuing the simulated
flights to ground level.

CONCLUDING REMARKS

A fixed-~base visual simulation study has been conducted to determine the ability of
an onboard pilot to control an all-flexible parawing and advanced Apollo capsule combina-
tion to attain desired landing sites without the benefit of a ground control station. The
investigation included all six rigid-body degrees of freedom of the vehicle. The pilots’
task was to assume command of the landing vehicle at altitudes up to 18 000 feet
(5486.4 meters) and control the vehicle to attain the center of a specified landing site
under the influence of both known and unknown winds.

Within the limits of the simulation, the results of the study showed that regardless
of the wind conditions or the instrumentation used, the pilots could consistently attain
small miss distances with respect to the center of the desired landing sites. Flights
performed under the influence of wind profiles with maximum velocities greater than
15 ft/sec (4.6 m/sec) resulted in larger miss distances than flights performed in lower
winds. When the winds were unknown and the pilots were required to track surface fea-
tures to evaluate the winds, the miss distances were somewhat greater than those for
high known winds. In all cases, however, the miss distances were generally less than
1400 feet (426.7 meters). When the maximum wind velocity was greater than 15 ft/sec
(4.6 m/sec), the pilots consistently terminated their flights headed in the general direc-
tion of the wind to reduce ground speed whether the winds were initially known or unknown.
When the maximum wind velocity was less than 15 ft/sec (4.6 m/sec), the pilots generally
ignored their final heading and concentrated on attaining small miss distances.

For the specific task investigated, the simulated flight characteristics including
turn-rate capability were satisfactory, although a larger usable angle-of-attack range and
the resulting increased modulation in the lift-drag ratio would be desirable. Heading and

16



altitude indicators were desirable, and control-line position indicators were felt to be
necessary instruments. The small-angle movable field-of-view system used in the simu-
lation was adequate, although a wide-angle field-of-view system may be desirable.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., December 13, 1968,
125-19-01-22-23. '
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APPENDIX
COORDINATE SYSTEMS AND EQUATIONS OF MOTION

The equations used in the simulation allowed three translational and three rotational
degrees of freedom. The choice of the forms of the equations and the axis systems was
based on the requirements of the lunar orbit and landing approach simulator at the Langley
Research Center.

Coordinate Systems
The five coordinate systems used are shown in figure 1. They are

(1) Fixed-reference set Xj, Yj,and Z; with origin at the center of the earth and
axes fixed with respect to the earth.

(2) Cylindrical set R, ¥,and Y;j with origin at the center of the earth and the
vector R and angle V¥ in the XjZ;-plane.

(3) Moving-reference set X, Y., and Z. with origin lying on the surface of the
earth and the X¢Zc-plane lying in the XjZj-plane. The positive direction of
the Z¢-axis is along the vector R toward the center of the earth.

(4) Body set X, Y,and Z with origin at the center of gravity of the combined
parawing~payload vehicle and corresponding to the principal axes of the
vehicle.

(5) Optics set Xops Yop; and Zgp with origin at the center of gravity of the com-
bined vehicle and differing from the body set only by the angle 6pp of the
optical axis of the viewing system with respect to the body X-axis. The angle
fop 1is in the XZ-plane and positive in the direction shown in figure 4.

The Euler angles Y, 0, and ¢ which describe the orientation of the body axes
with respect to the fixed-reference axes are shown in figure 2. The matrix which trans-
forms a vector from the fixed-reference system to the body system is given by

211 a1 a3
,:FI,B:’ =|agy a9 ag3 (A1)
ag1 g 233

where

ajq = cos 6 cos v
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ajg = cos 6 sin ¥

ajg = -sin 6

agq = sin ¢ sin 0 cos Y - cos ¢ sin ¥
agg = sin ¢ sin 6 sin Y + cos ¢ cos ¥
a9g = sin ¢ cos 6

agq = €os ¢ sin 6 cos ¥ + sin ¢ sin ¥
agg = COS ¢ sin 0 sin Y - sin ¢ cos ¥
agy = cos ¢ cos ¢

The matrix which transforms a vector from the moving-reference axis system to the
fixed-reference system is given by

cos ¥ 0 ~sin ¥
[rC’I] =l 0 1 0 (A2)
sin ¥ 0 cos ¥

The matrix which transforms a vector from the moving-reference axis system to the

Fes]- [ua] e

The matrix which transforms a vector from the body-axis system to the optics-axis sys-

body-axis system is given by

tem is given by

cos Oop 0 sin Oop
[FB’O] = 0 1 0 (A4)
—Sin eop 0 CcOSs eop
L. s
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Since each of the transformation matrices is orthogonal, each has an inverse equal to its

[Fie] = [Fo] = sl

Force Equations

transpose; that is,

The equations of motion for the three translational degrees of freedom are written
in the cylindrical-axis system:

-F R.\2
. -2 _ 7c @
R - R¥” = — —gEB(R) (A5)
RY + 2R¥ = —XC (A6)
m
. Fye

The second term on the left-hand side of equations (A5) and (A6) was found to be much
less than the first term and was, therefore, neglected in the simulation. The symbols
Fxc, Fye,and Fy. are the aerodynamic forces along the X¢-, Y-, and Z¢-axes,

respectively, and are given by

r I "SR
Fxe Fx
T
Fyc) = l:l“ C,B:I FyS (A8)
Fzc Fz
- J -
where
aC aC
Fx =QS8ICx o +Cx,2+Cx ab + X£+ X lﬁ—, (A9)
) L2VR ALl a.A_I_iIZk
Ik R
aC
pb rb  ®Cy aL " Yp laL]
Fyv = QS|C +Cy —+C + —_— Al0
¥ =B Y avy T e v aAle+aAL | % | (410
lk I
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2VR 4 Allg aA_LIZk
U N

(A11)

FZ = QS CZ,O + Czaa + CZq

Moment Equations

The equations of motion for the three rotational degrees of freedom are written in
the body-axis system:

. 1 . N
=L My + (Ty - Iz)ar A12
P Il X (Y Z)Q_ (A12)
E;_:ILTVIY+ (IZ - Ix)rp— (A13)
Y_ -
P =L Mg+ (1x - Iv) pa (A14)
1L o

The aerodynamic moments are given by

pb b %CL AL aCZB AL
Mx =QSb|C;, B+C; —+C; —— +——— == + — B|=— (A15
Ik lk
gb 3Cm a7, Cm |AL
My = QSb{Cm 0 + Cma® + Cm + al (A16)
12V AL ik 4|AL |lk
Ig Ik
aC
pb rb = 9Ch AL Ng AL
M- = QSb|C +Chy—+Cppp —m4m + ———— + a2 Al7
7 = Q| g+ Cnp oy * Chr ave TSAL Ik ' AL | & (A1
g Ik

The angles Y, 6,and ¢ are Euler angles of the body-axis system with respect
to the fixed-reference axes. The Euler angle rates are given by

1

= — B(q sin ¢ + r cos ¢) (A18)
6=qcos ¢ - r sin ¢ (A19)
21
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¢ =p + tan 6(q sin ¢ + r cos ¢) (A20)

The order of rotationis ¢, 6, and ¢. These equations are integrated to get the Euler
angles used in equation (A1).

The angles used to drive the optical pickup are ', 6', and ¢', the Euler angles
of the optics-axis system with respect to the moving-reference axis system. The matrix
which transforms a vector from the moving-reference axis system to the optics-axis

system is given by

Y11 Y12 Y13
EC,CJ =791 Y99 Yo3| = [FB,O:I [FC,B] (A21)
Y31 Y32 y33J

where
¥11 = cos 6' cos Y!
Y19 = COS 8' sin Y
Y13 = -sin @'
Y91 = Sin ¢' sin §' cos Y' - cos ¢' sin !
Y99 = Sin ¢' sin 6' sin Y' + cos ¢' cos Y’
Y93 = 8in ¢' cos ¢'

cos ¢' sin ' cos Y' + sin ¢' sin Y’

Y31

Y39 = cos ¢' sin ' sin Y' - sin ¢' cos Y’
¥33 = €Os ¢' cos §'

Thus, the angles ', 6',and ¢' are given by

sin ' = Y13

cos 8' = +”1 - (y13)2

T ' T
<z<9<2> (A22)
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Y =
. 23
-
sin ¢ cos o'
> (A23)
Y
coSs ¢' =__£_'
cos 6 Y
\
Y12
sin Y' = ——
v cos o'
(A24)
Y
cos Y' = 11
cos 6'
~/
Auxiliary Equations
Dynamic pressure is given by
= 2oVR? (A25)
where
_l, 2 2 2
VR = (u+§2x) +(V+QY) + (W+QZ) (A26)

and u, v,and w are components of the inertial velocities along the body X-, Y-, and

Z-axes, respectively, and Qy, vy, and Qg are the wind components along the X-,
Y-, and Z-axes, respectively, with

(o) (i)
{QY> = [rl,éwnﬁg (A27)
Q7 Q71
- - J
(4 (%o |
{v}= E“C’%@'rcg (A28)
VNG
~
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given by
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Ze = -R
¢

sin @ = v QZ )
J(w + QZ)Z + (u + QX)Z
cos o = v+ %
\I(W + QZ)Z + (u + QX)Z
ﬁnﬁ:v;:Y ]
u 2 2>
cos @ = (u+QX) + (W+QZ)
VR J
5 ~
siny = ¢
|Gce)? + () « (20’
sy o M)+ (5)°

(ke + (¥ P + (26)°

h=R - 20.9 %106 t
h=R-6.37x106m

P

(A29)

Equations for the angle of attack, sideslip angle, flight-path angle, and altitude are

(A30)

(A31)

(A32)

(A33)
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Figure 1.- Assumed axis systems and wind components.



Figure 2.- Relation between body and inertial axes.
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l. Optical viewing head
2. Image orthicon camera

3. Camera transport system

Figure 5.- Simulation equipment.
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[. Attitude and angular rates
2. Angle of attack

3. Angle of sideslip

4. Flight path

5. Inertial velocity

6. Rate of descent

Figure 6.- Cockpit and instrumentation.
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S. Trim selector
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|. Optical viewing head
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Figure 9.- Aerodynamic and control parameters used in simulation, Data are referenced to the body system of axes as located in figure 4.

Ali parameters are based on area and span of wing when flat.



Ge

0]
Cﬁ;-4
-8 | |
A
Cnﬁ
ol | |
0
CZB -+
-2 ] _J
25 35 45

Angle of attack, a, deg

0 1 _
0
Cmq -
- i
%5 35 45

Angle of attack, a, deg

Czr

=2r

-4 ! |

25 35 45
Angle of aftack, a, deg

-6 | 1

25 35 45
Angle of attack, a,deg

(b} Variation of the B, q, r, and p derivatives with o for undeflected controls. (These parameters are combination derivatives obtained
from measurements made during forced oscillation tests of a 5-foot (1.52-meter) keel-length model described in the text.)

Figure 9.- Continued.



9¢

aCy

Al

-1.2

25 35 45

Angle of attack, a, deg

0 0
acx OCY —/\
T oo
Zk -2 1 1 k -4 | !
4~
2 —
aCZ 622
3 AL] 07" ©
Z—— k
kl o I |
-4 | i |
8r (0]
oC,
ALl 4T -4
[’] 'Z'k—' OCZ
aAL
I
0 L ' -8
25 35 45
Angle of attack, a, deg
12 ‘ L
25 35 45

Angle of attack, a, deg

(c) Variation of control parameters with a.

Figure 9.- Concluded.

| -

4
25 35 45

Angle of attack, a, deg



Case Initial altitude, ft(m)

18 000 (5486.4)
10 000 (3048.0)
16 000 (4876.8)
13 000 (3962.4)
15000 (4572.0)
13000 (3962.4)
10 000 (3048.0)
8 000 (24384)
8 000 (24384)
8 000 (24384)

3l

|
2
3
North g
6
7
8
9
j i
7,890 10
X
v 1=
” 6 6
Z-RE AN
if{ 2 + 27,8 5&
’\- {_l}g 4
-
5
X

Figure 10.- Map of landing area.

An x denotes
the initial position
and a+ denotes
the desired end
condition

Initial vehicle
direction
- —————e

10 000 -ft

(3048.0-m)

scale

37



8¢

Altitude, ft

20%103 - - - T P ; 16X|O3
Sre T
i Y \
ipes | ;
|6
N,
N
AR Wind SmL
REELSENS cose x ,' T
12 5 , o A , %
] 8 r ' y £
i 1o & C 7 -
4138 A D 13 3
/ T B E ‘\I \ 2
B AW i ) F / =
8 (" 45—'! <
\\ P - I
\ N N —
| W T — &
\ { WHEAY
\‘I
) \ \ , \ i}
4 — < 5 ' | d
_4& | 4 \ [ _
u i 7 i
N \ L= CSs : ] ks
.\ ™ ~~ ; yaili | y
2 ™ ST I . 1 1
ok T el _ T NN g
0 10 20 30 o) 100 200 300 400

YVind vqlocify, lft/sec |

0 2 val 6 8
wind velocity, m/sec

Wind direction from west, deg

Figure 11.- Wind profiles.



6¢€

Turn rate, deg/sec

Turn radius, ft

8
+4|-
0 | | | [ | J
+2x103 ~£6X10°
£
t4 4
2
nd S
c
—+.2 E
0 ] 1 | | | | 0
0 + .0l +.02 +03 + 04 +05 +.06 + 07

Differential tip deflection, fraction of keel length

Figure 12.- Computed vehicle maneuvering capability in still air.



FIX103

3
gEy h = 80001t 3.2x%10
2) (2438.4m)
1O ) T < NEEEERENN
L e ‘\‘ [ENEEFEEEREN N
X AT NH AL |, deg
A ft \(4) y. ; (3) f (l) A TUrn Zk . r,-gg
o e X gl (| 02| -25 [28¥.M
~ % (2 | -06 | 89%I1.0
SUNREZA (3y| .04 | -4.8
@) |-06 |69t10
8 -
Maneuvering cases 24
Wind case Instrumentation
— —— Zero Full
—_— F Full
I 1103
[V 3
[;— N h =8 OOO ﬂ. 32x IO
LH (@) BEs (24384 m)
IO AN \l u L RN IR
an {3 = u X deg
i /] H Turn | AL |, 289
y, ft BERE 1 == / o 7k sec
: ‘ (1 |02 ] -25 m
9 (L4 - A Al @) |04 | 52 PR
N : u (3) | .06 [|-69%10
1 ' 4) |-06 | 69%10
8 . : ; =24
7x103 6 5 4 3 2 I 0
RY, ft
| | 1 I | ]
20x10° 1.6 1.2 .8 a4 0
RY, m

Figure 13.- Ground tracks showing vehicle maneuvering capability in still air and low winds. (Tick marks indicate
1000-foot (304.8-meter) increments in aititude decreasing from the indicated initial values.)

40



3. : T ) '
10XI10° 11, | L ' h=8000 ft

T ' (2438.4m)
""/’ . ‘4
IRl s cti R R R sRRAARE ~24x10°
ATEN | L | RERRAE '
LT ¥l LA = "~
AR PN - ]
A T TR -
G inusnAgREEsan A EEREEN i
A A T g s {11417 . ' :
_ T 4ITA T : A
y, ft nggigngss TR T 6
i 1 i 1 | .
N 2 7-ft/sec (:823-m/sec) X ¥, M
pal . BN | .
“HI wind at EENUAN L\‘i\' -H
M =s00ft (1524m)  FLTHTTHHH TG
HHH R R R B HTH ; -1-8
) JEESREES ] ’ h=10000 ft
Wind case F . (3048.0m)H]
Instrumentation| ™~ 1
Partial {
_— Partia! ammi
0 _ Partial -0
T4 I ]
ST 1 HHHHAH
8x103 JL i T : —24x10°%
C 1T 0 1 1 I
SRERERSsEAr~Si” I8 1 SRNEEESERNS 1
L | 1] ] ;,;}w,“__ | W \'\, BN 1
uEERRRTES: S35 mNUREARN
i ' [REEERaNUGERRES
| . e S0 O
1 i 1 __"_,.,jf,‘ 1] ""‘*‘* *“!\"‘ —|6
! H 27-ft/sec (.823-mssec) 1] | | H1THTE :
4 1 111 b
y, ft 4 Wind at S Y y,m
\h =500 ft(152.4m) i 1]|]] NG
R 1 H MHTh = 10000 ft HH
: i 30480m)A] 18
2i = TETTT T -
o — - S o

“12xi0® 10 8 6 4 2 0 =2
RY, ft-
b R R R S L . N 3
4.0x[03 32 24 1.6 .8 0 - .8
R¥Y,m .

Figure 14.- Ground tracks of flights made under influence of low wind case F. (Tick marks indicate 1000-foot
(304.8-meter) increments in altitude decreasing from the indicated initial values.)

41



(47

y, ft

8xI10® EEEEE EEEE T . 24X |03
© Wind case F h=13000 ft
Instrumentation (39624 m) =116
Full -
4 P
/) '/
\ ’/'
2.7-ft/sec (823m/sec) . = .8 Y,Mm
2 Wind at =
\h= 500t (152.4 m) :
//, !

0 mEs N - 0

V ,w("/

A /'/

A { % )

- E

o HH e T : ] ] mu|
2 0 -2 -4 -6 -8 -10 -12x103
RY, ft
L l [ | i
o) -8 -16 -24 -3.2x103
RV, m

Figure 14.- Concluded.



|0x103

A DA T
5 h= 8000 ft
gazZ2 ' (2438.4m)
L .
8- §rcad =2 4x103
-;57/ - |
/”::/,/ ] [
etz sl i
6" {} Py ARP '} A T i L. h
AT 3.5ft/sec (1.067m/sec) EI 6
»ft = Wind at . I
h =500 ft (152.4m) ‘
a4l i) NREASRERREERENENENENN -  ym
Wind case E - ;
Instrumentation 1 ]
Partial Bak |.8
2 _— Partial 1
B —_— Partial TTTH .
—_———— Full 111 :
Al L T S
O-8x10° S ' . =5 . 0424x103
] ’/ 3.5-ft/sec {1.067-m/sec) y
Wind at ' RRRE
-1 h=500 ft (152.4m) 1]
6 AN T :
LI AT
{. \\\\h ™~ _|6
_~—\\\ "\\N\\ [ |
y,ft 4 \\\ P\\*\ - HH
1 THU T y,m
N It 1]
ke It ] mu
N ML heiooooft i |8
2 T h = 8000 ft <[] (3048.0m) —
- (24384m) | [[TF B
\\\. \\\\* B \
O i2xi03 o 8 6 4 2 0 2 °
RY, ft
[ B I | 1 | ]
40x103 32 24 1.6 8 0 -8
RY¥,m

Figure 15.- Ground tracks of flights made under influence of low wind case E. (Tick marks indicate 1000-foot

(304.8-meter) increments in aititude decreasing from the indicated initial values.)

43



10%10° A e ]
RN Wind case D |
Instrumentation |4
Full ]
8- & = — ——— Full H24x%10%
sy s .
N 1
6_ - \\\ \\
y, ft 6.7-ft/sec (2042-m/sec) & 4 016
wind at ™ - A ¥ _ 1
a4 h = 500 ft (1524 m) N o y,m
i N
. T
A
\
2 . N
\
=i
y u
- & 3 | [
o 8xo h = 8000ft R e ooe [ 2
(24384 m) = B mrE
W 3048.0m T
o LA % 11.8-ft/sec (3.597m/sec)
\ vy
wind at
Rl h=500 ft (152.4m) L6
i
y, ff 4 : \\‘ } H
S H Wind case C as m
Tamnl H ] Instrumentation 11
SSHERE —-— Full o g
- insns mEi ———— Rl |
2 ENEELS 0 e 0 ot g
SN 1 h=10000 ft
S LD 1 (3048.0m)3
1 h=8000 ft | nE \ama
: - (2438.4m) paN SNEm .
O 3 T Y 20 T T U O T O O O B - - ) O
12%10 10 8 6 q 2 0 -2
RV, ft
1 I ! | I [
40x10% 32 24 1.6 .8 0 -8
RV, m

Figure 16.- Ground tracks of flights made under influence of low wind cases D and C. (Tick marks indicate 1000-foot

44

(304.8-meter) increments in altitude decreasing from the indicated initial values.)



‘
95/W .m sas/u \_/m oas/w ._w N
0 O W coQ 2 o0¢ ES

| _||]_ _ll_ll__ | T 2_|_|._

Il 1 ] NI 1
r EERENN Il ]
4 1N I
et Jf i
3 1] Fi I 1
R iNENNER ClaT . B
-1 LI A L

!/ A
o N o<

2x10°
I &

||

1
I

T
1
T

T

T
[
Il
I
I
P
[P
T
T
111
T
]
N
h
Pl
\llJ_H%
]
1
T
T
1
!
I I
Il
I {
I
I
A—‘;‘Ill
T
1
1

b
T

[
L

—
i
1 T
By -
I

n
N

»‘_I;r.4.i_..A
I R

l;l‘l -

i
i

=

J_‘,{i
ST RRTE
|

el
i

i A

|
TS

==
!
PSRN SRR S
)

rﬁL%"w—Hu*

-
I
-

P

1
T 17

T e
.‘ 1]

H
H_f__,_._f, . .
e
A S A I ENEEE R IR

[ I S S S

S S P

>‘Y7
—
i tir
'
e
[
. ll‘l 1
‘;I
|t ———
e
i)
| 11
Il
1 |

p—

e
T

— -

N i sSSP
TR
-

T

- N

i —

| —

— —
| 1

Il
T A R e o
T
I A S N I e e e e
Lo
e
v
t
J S
T
T
I
e
7
==

ﬂ Al n H
T f ElEE e
% o Ui o ] T q
! L] (1] . T Ngan NANN 704 [ : ]
GASEutSi 11 e85 S 1 s i
T ONLEE T o e sl flilig
RSiRaiN o T dn o f.uw
Juis g i i
nEual I : w i 17
1 , B ]

12x10°
loxio?
4
|oF|o‘
T

5
0

[eXexeXe]
M~ M —

ECLY T

o0 9o g O ©
v

o n/.._ < <
3

J9s/l ‘Y 235713 ‘AY sas/yy 8 H'y ¥ Ay Bap 4

40
=
=

T

540 560

180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520
Time, !, sec

40 60 80 100 120 140 160
Figure 17.- Time history of typical flight under the influence of low wind case E.

20



46

1IN

oY

11

L

L I

-
T
T

3
i

i
P

TT”T—’
|

T
i

F S A

|
!

jna [ I
[N N [ I I . ,
ot I RN SN N D . | !
e [ A I O I B 1

- 1 DN [N T N Y
R S e o R S R i i

R A N
% L

\¥j

oas/Hap

e

‘¢

= ]IZ%
o

=

I 5
o sl G I 5 8 O |

T

|

I S O S
0V M T Y Y

I N Y O A A

ST L T L L T 1T 1T T 1=

|

PR
AT
I I
| A B A

L

THH

=
Tt

|
1

PR T PR H
i H— i

BB

i
-+

T

50 1 ] S T A |

S

EESBSERSaSSESEEsEastn,

| 0 o i it e O O O 0
SRSEESESES

A

45|:
25

2357y Y7

[

LT

R
n

=3

|

=T

1

I O A G

HH

= 0 i = =
TR T

8

L
i

1
I

P

g3zssssss
Y A B
| L A U

i

P

I A |

I T Y A
L

{

PP T PRI

TR R
A R R

100
o
* 0o

¥

=
¥:

ek
. A
-t

AR
i

3

0
-20)
-40)
-60
-80)

¥
$

1

1
180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 S20 540 560

1 1 ] L
4 60 80 100 120 140 160

1
20

|
0]

Time, t,sec

Figure 17.- Continued.



180 200 220 240 260 280 300 30 340 360 380 400 420 440 460 480 500 520 540 560

80 100 120 140 160

60

Time, t, sec

Continued.

Figure 17.-

T T HH “. T | A H H
i H dikE } 3 Wi Sunan R N R ua
H _N 1 H yaRgan T T
jr f \ B S [ el ‘mmﬁ
i e I T L
i |5iesE jaak @TM a 1, 1 QM
ToiEe R b - - T
| : FH T | IH L
e T e et bl
filk sl | i e
DR IRt i EEm
AREaHRRP A EH IR
Sy 1
SRR R RS S PR EEEN RS C S
j:_.__%” Ep AT AL
SR RE V S IEE r“
_m_—_ﬂ | j FE 4_
SRR R Y “ IR E
S K 1R N
SRt m-” : 1 ._“W
EENNE : o
I b w , _
,, ! ) S SR N . _
B Co L IR vl : Ny
_ SRERE 0 V;.x_ , _ N : ol
Rk AHRRE ok U e D
AHEE AR R 1 EamhnY [ e
: ot AN L1 _H Sl el
AR mm‘w 14 l% s ,, ; ey e
IRRRHEHRIE T I ki e :
e Fete L auy NN KA T N O i S E
| L ] TR L AHST
| _ o %l A ) ; _T#
i 11T i NI Eawi
; u ] 1 ' 1Al

T

+ -

+

1

I
H

H

kil
|
E
|

|
T

I R g B O
i1

i ‘(:V’

T
-
I
[
:

e

!
*
|
i
-

20 40

9

O_l

Vi
rd
Y
-

ol T
R, ,'_,;-1
i
T

0
0

20~ -
I
o+
.
-

L 1 ) |
N—OT =0y SO OWOL &
' = TN

o9s/Dap ‘b

8
¥
o
¥
[
g
@,
il
w
3=
=



8¥

ay, ft/sec’
[e3N4)]

ayx, ft/sec?
n
T

i

20

|
a0

!

60

\
80

L L
100 120

I
140

1
160

I
180

—

put il 1 1 L] i 1 1 i i il 1 1 i i) 1 L 1
200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
Time, t, sec

Figure 17.- Concluded.

ax, m/sec?

ay, mAec?




|

6%

50
! |
‘ f l‘ : t \ T -4
I N I - . i N !
| F——+—+—4— Windcase C f <
REBEEEE] ; : |
; N T i
40 i SNR i N T 12
; - St S =1,
IR % L1 ; Ll
T i MR I N . N @Q
& Vi N A Vehicle velocity o ¥
- s Heading 180° out of wind AN L=/ in still air E
0 e e e T T e T o N I M N o i e 1 il e B o e s e i -
>>< ameis i - H L - - < 2
T e e e T : 48>
= = - ; EEEEE Heading into wind i
T s et et
20 ' ‘ A — ' =B : = T ©
! ‘i | o 7 -
—4
10
Pilot [ | Pilot 2;Pilot3|Pilot 4] Pilot 5| irl, deg/sec
0 O O A N 00—t
© 2| | a|an | 5-9 : R
- F ] —l4
T T 11 T ‘
: ey H ]
FiHeading 180° out of wind =
g 40 : ' . . 12
= : — Wind case D —— §
- 1 P A NN | 7 .
- ] I - NS SN BN N I — E
= N i Heading into wind — L =0 =
> SNERRSUREEEaEREE T e J z
30_ ] = [ == = = = = = ; L ] (3} g e -_‘-_ == —"— == === L-I—_ = [ == =] | =] =] == =t ~— ""E >
£y/ehicle velocity SEEENaSSNREN o BER=2aus P
in still air - =
I T T T T T T T
NN ENENRNEN 1
2OIIIIIII|IIIHJJJII | [ 1 [N ] 1 JG
0 40 80 120 160 200 240 280 320 360

Direction of flight, H, deg

Figure 18.~ Terminal ground speed, direction of flight, and turn rate for flights made in low winds.



Jos/W ..%x> Jas/ul a>x>
o o ) © o e © ©
|_|‘ |_ f ] I | [ i
s ] = I T 1]
'4 -1 h b
ERIE :\ SR
g _xﬁ 1] \AA (IR -
HH o T TTEN T
MT1]]1 e M ST N J ol
T = - -1 17 :
N f % ] > | X
I G S A‘ 111+ 03 1= i 44
[r11s 0 g B
> Dﬁ. O i1 © o~
H.nlu N MU HM V.m_ LT
e} T - 60 H U =11 1T
S ) e t
0 %5 11— O o = 1T
> T o A = i g
Sl RIS 5 T
16« [l 194 ro > =10 2
CEenE T BE | & RER AT
DL e A HTIHH | o | —|w| o i =
= 0 i &
T i T o t|! I m..
T 1T mu. Ol —lwn HHHMIL_“ I ]
] _]\. | L = } %
- -1 1 T
HyHH L 5| alza|a umn RASHE
T W L e RO - B
rvH g1 | $ - S
o2 (<|x|«a ) g
© °H & i1 as
2 o /e
O ST |0 o1 S
- sH |5 oo =
EH : a ]
o ~ +
c E = LI 0
SH 2 m BT E B
1] n L Q tél*w-l =
il i - CEOFITT = T
EEREE 1 B|olo|o i -
[ 1] ! i — I 3
l_x\ H I o __ ! @]
; t o
B C it Q
a1 2
mupisisiils HHHHH P o
T Hin S
iy ] < 3
e - H 2
Jl.l\T 41 RN
Rrvaiaigunngl BIRSRRARE
u LT L x HHHH i
I ! h
. i i ki
I A\ _ H aill
@) o Q
¢ 8 & 8§ 8 8

50

sas/y MXp

295/ AN

N O o o
[ I I 13
L IERREERER L
1 1
T ]
— \Jl# o
man
[aV]
RoRRACE 1™
- Av\_ I -
R
P
» T ®
5 13
BT
£ oy
i R ie)
> 1
=T N
Q I 1]
o 5 T
L
o = 1
S I L 1o
2 FH 9
& T, Qo
> O [
" 1 e
L4 L] [
3
N ‘= 1
T F g
I 1 m N
ISRREENguE
i} ]
muEAN _ |
11 _ | I m
. IS =
LR
11 T
uadl ARREEN 4
1 : (@]
T P @
1 f
ERed i
I
T !
T |
FF A o
11" v <
e
T
i
OO
@]
g ™ X

sespy Axp

Direction of flight, H, deg

Figure 18.- Concluded.



16

3
12XI0° T . .
— ‘ ] T
+ ) J}L
i L : I i N
— ; 1 R ; i T -
- ; T 1 T O ma T
— i B ) BT T r=32x103
| O ———— o ?
T T T = HEEEE
N T i -
= I:Fi NP T 1 \ wind case B s
I O B B - | Instrumentation |
e == Porfial -
1 TR N ; . 1
8 Irl B JT I~ = Full =24
i B D N S S — Partial
N - ; 1 -_
! o S R R 3 - - Full —
] S S . VHE - R —---—  Full ]
‘6 T TS - NC REyR : i T
j 3 L - ; I" | 1 ‘ i T i , } ;
2 ] A S
G NEEENEAY I SN EEEN 5 R
- e e e e g
i ; o - ST T i
% |9ft/sec (5.79km/sec) S I — NI I B A S
451 Wind at e S\ e Ml s B e
4 h=5001t (152.4m) 1 R : N+ -
e ; ! BREN 4 I -
g
I I : il i o L :
: T R o ! ! A\ I L : \
- ; ' N am 8
T H; I(Q.»;‘» — T [1 M }
2 S S I B Y T NG N
e — ' RS 3
A L T MO AW
| I | I ! T | i iy o 1 N
; L] | \‘
EL \ I~ N
. [ i ~ —1 1
0
12x10® 10 8 6 4 2 0 -2
RV, ft
L 3 I ) 1 ! 1 1 }
40XI10 32 2.4 1.6 8 0 -
RY, m

(a) Tick marks indicate 1000-foot (304.8-meter} increments in altitude decreasing from an initial altitude of 8000 feet (2438.4 meters).

Figure 19.- Ground tracks of flights made under influence of high wind case B.



4%

12%x103
=3 2x103
Wwind case B |
8 Instrumentation 1og
Partial -
,ft < i
y ST 1.6
4 N T T N 7 ; y.m
|9-ft/sec (5.791-m/sec) S 1 5
wind at ' . '
h = 500 ft (152.4 m) =
O- O et .‘\:O
-26 -30 -34 -38 -42 -46 -50 -54x103
RV, ft
I | | | 1
-8 -10 -12 -14 -16x103
RWY, m

(b) Tick marks indicate 2000-foot (609.6-meter) increments in altitude decreasing from an initial altitude of 18 000 feet (5486.4 meters).

Figure 19.- Concluded.



o

T , 52 4%103
3 ' S R
'aN N ] 1 1.6
T 26.8-ft/sec (8.169-m/sec) \\\ N HEH
y, it ag Wind at il e k REE : Yo m
T h =500t (152.4m) \ N Hi
N N R
T ) N
T PN ] - L
5 ' 11 N h=8000 ft :'8
EEEE A 2438. T
wind case A N (24384 m)
' Instrumentation L DR LFH
T —_— Partial FTRIY
8x|030_ HH - Partial - N SSuny o s
§ R o h=10000 ft ~24x10
N - (3048.0m)
N 5\ X—t' HITHEH
a || H
\\\\ FE T
MK - 1 —1.6
N N
f\\\ \\ 11
y, ft 4 JNERI o i ’
JREEN \\\ § 1 y,m
26.8-ft/sec (8169-m/sec) \\_ _\A,‘ 1l I
Wind at TR THH 4 1 g
ol h =500ft(152.4m) NN TI1
| TR h=8000ft |H114H
TiE X (2438.4m) 1=
¥, v
O e - - 10
|2XI03 IO 8 6 4 2 0 -2
RV, ft
I ! - | _ 1 I | l
40x103 32 24 1.6 .8 0 -8
RY, m

Figure 20.- Ground tracks of flights made under influence of high wind case A. (Tick marks indicate 1000-foot (304.8-meter)
increments in altitude decreasing from the indicated initial values.)



54

de5/w N/m

o O

03s/W ._+
o ©

7

£
o
[i4

6xI0°
o}

i

|
et e S
1HH] ‘ B T P T
TR FINTH EEE HHH e ..uw
BN s LIl
ik : Miﬁ ) w‘ : ] _ www I

SNEE

b
"
I
[ ————— I

‘
7
T

T

SSSaE

T
I

| ()
A,‘.Tl; =

- -p

SSEEEEE
[ B i
—

i

=

L L 0 2 O O O 1
T T

S W

3

i
PSRN atny == SN0

B '_,*'___AA_L_‘,__A_‘.__L:

T
T
T

1
t

MO T

l\rl\\ 'W‘
I

I e 1 0 o

+

[
=TT

I
{
Ry

S

T
;

| R : I
S

PR PR

I
i
[T

bt -t

[ e il
(e

._ o

RE A,

T

SEESSERNARESNS NN

Tt

I

S L

H

]

T"“i-

ppS——

TR

TR

23s7yy .\w,m

REN NN

0 O S Y P
- T ———
T T LT

Q
<

LRI

-40

IZEO’

€
>

2xI0°
-1 :|0

U0 I A

T

N O e s . e A

T

I

I g

O 0 I A
t
+

H

I T
Jlm,H_l_L_{_l.

I
o

P ER

by

ri
Y E e

'H'iﬁj

i

1

lisEEaERa:

T
L
;

r1

o

34

10x10°

das/w A

[e]
o

N g

I
|

A O
. 1

1
L]

T
[

T

I

!
i

T

FEFEEEE]

e

e
) .

I
80

y—

EREd

Ly

e

E

70
50
> 30

23s/4;

&

|
160

180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560

I L
120 140

1
100

Time, t, sec

Figure 21.- Time history of typical flight under the influence of high wind case A.
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