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ABSTRACT

The steady state flight performance of the Parafoil is computed by
using aerodynamic coeffici~nt data obtained from wind tunnel tests of both
small scale models (50 in.') and full scale aspect ratio 2. 0 units (147 ft2 ).
The actual free flight performance of the Parafoil is obtained from both
manned ascending flights and manned jumps from aircraft. Attention is also
given to the flight stability and control of the Parafoil and to its unique
landing flare. The agreement between the performance predictions based on
the wind tunnel data and the results obtained from actual flight tests is
presented. The performance of a more advanced aspect ratio 3. 0 Parafoil
design is considered.

iii



CONTENTS

Page

INTRODUJCTION . .. .. .. .. .. .. .. .. .. . .. 1

PARAFOIL PERFORMANCE THEORY ............. . . 2

Equations of Motion . ............. . .. 2

Aerodynamic Coefficient Data ......... .............. 3

Parafoil Performance Predictions ................. 3

PARAFOIL ASCENDING FLIGHTS ........ .............. 4

Ascending Flight Test Procedures ................. 4

Ascending Flight Results ........... ................ 4

Flare Maneuver ........... ............. 5

PARAFOIL JUMP FLIGHTS ................ . 7

PERFORMANCE ESTIMATION .................... 8

Ascending Flights ............... .................. 8

Jump Flights . .. . . . . . . . . . . . . . . . . . . . 8

COMPARISON OF FLIGHT DATA AND PREDICTIONS ..... 9

FLIGHT PERFORMANCE OF ADVANCED PARAFOIL DESIGN. . 10

CONCLUDING REMARKS ........ ................. .... 11

APPENqDIX: COMPJI'ED PARAFOIL PERFORMANCE ..... 40

REFERENCES ................ ...................... 74

iv



LIST OF FIGURES

Figure Title Page

1 NASA Tow Test ...................... ...... 12

2 Notre Dame Ascending Flight ...... ........... 13

3 Notre Dame Jump Test .... ............. ..... 14

4 Flight Dynamic System ......... .............. 15

5 Parafoil Aerodynamic Data, Aspect Ratio = 2 . . . 16

6 Parafofl Flight Velocities Wing Loading = 1 . ... 17

7 Parafoil Flight Velocity ... ............. ...... 18

8 Parafoil Horizontal Velocity o............ ... 19

9 Parafoil Vertical Velocity . . . ... .......... 20

10 Air Force 2000# Cargo Parafoil, A= 864 ..... 21

Ila Boeing Chief Test Pilot, Dale Felix ........ .... 22

1lb Start of Tow ........ . .......................... 23

1 lc Manned Ascending Flight ......... . . . . 24

12a Flare Landing ...... .................. ..... 25

12b Flare Landing .. . .. . ..... ..... 26

13a Air Force Ascending Flight Data (634) University of
Dayton ...... ........ .. ..... ..... ... ... 28

13b Air Force Ascending Flight Data (611) University of
Dayton o -...... ...... .... ..... ....... 29

14 Parafoil Maneuvering and Turning Flights 30

ISa Air Force Phototheodolite Data on Flare Maneuver -
University of Dayton ......... ............... 31

15b Comparison of Theory and Experiment on Flare

Maneuver .... ..... ..... .................... 32

16a U.S.Army Paracbute Team .............. .... 34

16b Air Force Jump Flight Tests ...... ........... 34

17a Comparison of Flight Data and Prediction ..... 36

17b Comparison of Flight Data and Prediction . ... . 37

17c Comparison of Flight Data and Prediction ..... 38

17d Comparison of Flight Data and Prediction ...... 39

V



NOMENCLATURE

A area (feet 2)
AR aspect ratio (span /chord)
CD drag coefficient
CL lift coefficient

D drag forc,. (pounds)
Fx force in x direction (pounds)
Fz fcrce in z "lrection (pounds)
g acceloraclon of gravity (32.2 ft/sec2 )
h altitude (ilee)

r.,.nent of inertia about pitch axis (slug-feet 2 )
L lift lorce (pounds)

L/T) lift to dreg ratio
m mass (07gs)
M pitch moment (pound-feet)
ND 2.0 (360) Designates Notre Dame Parafoil of aspect ratio 2.0 and

area of 360 sq. ft.
R resultant aerodynamic force in z direction (pounds)
Rs steady state aerodynamic force (pounds)
Range horizontal distance along flight path (feet)
t time (seconds)
u horizontal velocity (ft/sec)
V total velocity (ft/sec)
w vertical velocity (rate of sink) (ft/sec)
W weight (pounds)
W/A wing loading (pounds/ft2)
x, yh down range, cross range, and altitude coordinates (feet)
x, z Parafoil performance coordinates (feet)
a pitch angle of attack (degrees or radians)
aT steady state angle of attack
v glide angle (degrees or radians)
P density of air (slugs/ft3)
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INTRODUCTION

The Parafoil is an aircraft or glider which can be packed and
deployed like a parachute. It is made of nylon cloth, and is completely non-
rigid. When in flight it takes the form of a rigid flying wing. The first aero-
dynamic data from wind tunnel tests and from flight tests was reported at
the 1st AIAA-Aerodynamic Deceleration Systems Conference and in Ref. 2.
Progress in applying the Parafoil to various aeronautical applications 3-7
was summarjzed at the 2nd AIAA Aerodynamic Deceleration Systems
Conference. A review of aircraft type applications is given in Ref. 10.
The flight performance of the Parafoil will be summarized in this report.

Since the Parafoil is both an airplane or glider and also a parachute
or deceL-rator, both aircraft and decelerator type flight tests have been
carried out to evaluate the performance of the Parafoil. These various flight !
tests include Ground Tow, Ascending Flights, and Jumps, Figs. 1-3.

Based on the aerodynamjq stability coefficient data as obtained from
the various wind tunnel tests, the steady state flight performance of the
Parafoil has been computed over a wide range of flight angles of attack
(-80< a < + 801) and over a wide range of wing loadings (.5< W/A•, 5).

During the validating full scale free flight tests of this report attention
was given to steady state flight, flight stability and control, and the unique
landing flare of the Parafoil.

Extensive kite tests2,5, nguided drop tests , ggided drop tests,
(payload recovery 4 and cargo ), and ground tow tests , Fig. 1, have been
carried out. The experimental data on Parafoil flight performance used in
this report was obtained from ascending flights, Fig. 2, carried out at Wright-
Patmerson AFB and from special jumps, Fig. 3, carried out at Wright- Patterson
AFB and at the University of Notre Dame.

The landing flare mancuver allows the Parafoil to be landed like a
bird with near zero forward velocity and near zero vertical velocity. A
theory of motion for the flare maneuver is programed for computer pre-
diction and is compared with the experimental flight tests.

The predicted flight performance of Parafoils of higher aspect ratio
and higher wing loading is given in the Appendix.

"*The Barafoil is a design and development of Dr. John D. Nicolaides "patent
pending" and is based on the multi-cell ram airfoil Patent No. 3285546 held
by SRRC, Inc., Florida.
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PARAPOIL PERFORMANCE THEORY

Eq.,ations of Motion

The equations of motion for Parafoil flight are given by,

EFx = md = LsinV-Dcosy (1)

SFz = m"= -R +mg (2)

EM e (2a)

L CL•V 2 A (Fig.4) (3)

CD _C V 2A (4)
D CD 2  A

CL =Ch (f) (5)

CD = CD (a) (6)

R D2 (7)as

The steady state flight velocity is obtained by setting Eq. (2) equal to zero and
substituting Eqs. (3)-(7) as

v - 71+ 2 o(8)
PCl

The rate of sink is given by

w = V sin v (9)
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The glide angle is given by Eq. (1) as

Y = co"1 (L/D) = tan-1 w (10)

Aero4ynamic Coefficient Data

Extensive wind tunnel tests on various Parafoils have been carried
out.1I Representa ive wind tunnel data for a Parafoil of aspect ratio two
is given in Fig. 5. oil, 10, Additional wind tunnel data exists on Parafoils
having aspect ratios of .5, 1.5, 2.5, and 3. Rigid, semi-rigid, and
completely non-rigid wind tunnel models have been tested.

Parafoil Performance Predictions

Utilizing the wind tunnel data of Fig. 5 for an aspect ratio 2.0 Parafoil
and the basic equations of motion, the steady state flight performance of the
Parafoil has been computed. For example, in Fig. 6 the total velocity, the
horizontal velocity, and the vertical velocity of the Parafoil are given over a
range of angles of attack from -80 to 800 for a wing loading of one. It is
noted that the lowest sink rate occurs near the angle of attar7k for the best
L/D value.

In Figs. 7-9, the various flight velocities are given for wing loadings
ranging from .5 to 5 for an aspect ratio 2 Parafoil.

3
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PARAFOIL ASCENDING FLIGHTS

The Parafoil was first tested as a kite whern it flight stability and
aerodynamic efficiency, L/D, could be observed.' However,the variations
in the wind made accurate measurements difficult. When the wind was light,
a tow car was used. Fig. 2. When the tow car was stopped, the Parafoil would
glide stably back to earth. Fig. 10. Ribbons and small parachutes were tied to
the payload in order to provide a measure of the glide angle. Subsequent
ascending and giide tests utilized smoke for the measurement of lift-to-drag
ratios. B As on board instrmnentation increased, special flight carts were
constructed. The flight measurements included total velocity, rate of sink,
vertical glide angle and on board movies.

lDuring the early kite tests of large Parafoils (165 ft2Thu en

360 ),it was not unusual for students to be lifted into the air. Thus,when
the flight test carts were available it became possible to carry out the first
manned ascending flights. 7,8, 10, 1 The purpose of these ascending flights
was to investigate Parafoil performance and controllability and to study the
unique landing flare maneuver. The simplicity and safety of these ascending
cart flights led to the elimination of the cart and to direct manned ascending
flights.

Ascending Flight Test Procedures

The ascending flight testing technique 4is illustrated in Fig. 11. The flier
wears a standard jump harness with special tow harness and release. Fig.
1Ia. A tow line is tied to the tow vehicle. Fig. 2. When the launch team is
ready and suitable commands are provided by radio, the tow vehicle moves
forward. The two wing men assist in inflating the Parafoil and in providing a
coordinated release. Fig. l1b. The flier upon leaving the ground ascends
smoothly to altitude (500 ft to 1000 ft). Fig. 11c. When he is nearly overhead,
a signal is given to him to release himself. He then glides stably to earth. 11

At an altitude to approximately 6 ft., he is given a signal to flare out thus re-
ducing both his forward velocity and his vertical velocity to near zero. Fig. 12.

Ascending Flight Results

Numerous manned ascending flights have been carried out, the most
extensive of which were those carried out in April and August of 1969 at Wright-
Patterson AFB under the directio,. of Air Force Flight Dynamics Laboratory.
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In these A!.: Force-Notre Dame tests, two phototheodolites were used to
determi•,. three position coordinates, x-down range, y-cross range, and
h-altitude. By differentiating this position data, values are obtained for the
horizontal velocity, the total velocity and the sink rate. Representative data
reduced by University of Dayton are given in Fig. 13. Values are also
estimated for the lift to drag ratio; however, it can be seen from Fig. 13b
that the data is quite oscillatory.

Figure 13a illustrates a typical up wind flight (Wind 4 mph). Fig. 13b
is a down wind (Wind 7 mph) flight. Here the flier is towed to altitude into
the wind and upon release he makes a right 1800 turn and flies down wind. At
the end of the flight he makes another 180D turn placing himself into the
wind for his flare landing.

One of the primary purposes of the Air Force-Notre Dame tests was
to determine the stability and contrcllability of the Parafoil. Accordingly, on
certain flights, the flier executed various turns of different steepness and
diameter. Plots of selected data from these maneuvering flights is illustrated
in Fig. 14. Various control deflections from 1/4 to full were employed. The
Parafoil is controlled by deflecting the right or the left trailing edge by pulling
a cointrolline. The area of each control surface is 1/2 b x 1/4 -, which is
25 ftW for the 200 ft2 Parafoil, ND 2.0 (200). The exact angle of control
deflection is difficult to determine. Full deflection is 900; thus 1/4 deflection
is 250, etc. Following aircraft practice the path of the center of gravity de-
fines the turn. In view of the light weight of the Parafoil (121bs), the center
of gravity of the Parafoil plus flier system is taken to be at the flier. As seen
in the ground tracks of Fig. 14, when the effects of wind drift are removed,
turn circle diameters of 50 It to 400 ft were obtained. This represents good
aircraft performance In view of the fact that the span of the Parafoil ND 2.0
(200) is 20 ft. During these maneuvering flights, the Parafoil exhibited
excellent flight stability.

In order to provide an Indication of the average flight performance, the
reduced data was punched on IBM cards. The results obtained from computer
averaging are given in Table I.

Flare Maneuver

One of the most impressive features of the Parafoil is its ability to
land like a bird. On landing the flier heads into the wind. His nominal for-
ward velocity is 25.6 MPH and his rate of sink is 10.5 ft/sec. , Fig. 3. When
he reaches an altitude of approximately 20 ft * he begins to pull down on both

*An experienced flier who commands his own flight normally initiates the flare
maneuver at an altitude approximately 20 ft by slowly pulling down both
control lines so as to program CL and CD in a near optimum manner.

5



control lines. Approximately 3 seconds later his hands are down to his
knees and the entire trailing edge of (bx 4 c) of the Parafoil is fully

deflected (8 E z 900). The Parafoil appears to come to a complete stop in the
air and the flier simply steps down lightly on one foot. Figs. 12a and 12b.

One of the purposes of the Air Force/Notre Dame Paraobil Flight
Test Program was to measure and to compute this unique flare maneuver.
Flight data on Parafoil total velocity and sink rate during the flare maneuver
is given in Fig. 15a. In Figure 15b the flare maneuver data in flights 609,
605, and 633 have been normalized to steady state flight conditions of
V = 40.5 ft/sec and w = 12.02 ft/sec.*

The equations of motion for transient flight are given by Eq. (1), (2),
and (2a). These equations were coded for computer (Univac 1107) integration
using programed CL and CD aerodynamic data. The agreement between the
flight data and the computer integration of the equations of motion are given
in Fig. 15b and are itemized in Table II where it is seen that a substantial
reduction in flight velocity and in rate of sink are obtained.*

*'lese conditions are representative of the final phase of the ascending flight
tests. The differences from nominal Parafoll steady state flights are due to
pilot anticipation and minor controlling.

"**These data reproduce the flight performance and agree with the wind tunnel
data for flap deflection except for the last four steps which were extrapolated.

6



PARAFOIL JUMP FLIGHTIS

Seven jump flight tests were carried out at the Air Force Flight
Dynamica Laboratory by the University of Notre Dame in conjunction with
the U. S. Array Golden Knights. Excellent flights were obtained with jump
training Parafoil ND 2.0 (360), Fig. 16b. However, due to the high winds and
the runway thermals, abnormally high values of L/D were obtained.

Parafoil ND 2.0 (242) jump flight tests have been carried out by the
U.S.Armyl3, 7 , (approximately 500+) Fig. 16a. Approximately 180 Parafoil
ND 2.0 (200) jump flight tests have been carried out by the University. In
these Notre Dame tests a Magnus rotor was used to measure total flight
velocity; a rate of sink aircraft instrument was used to measure vertical
velocity; altitude and time of flight were recorded in the aircraft; smoke was
used to measure glide angle, and motion pictures of the deployment and
flight were taken. From these flights (W/A 1 1. 0) representative values were
obtained for the rate of sink (11 ft/sec) and the total velocity (29 MPH). On
these jumps the deployment bag and two pilot parachutes are attached to the
Parafoil so as not to loose them. When this extra drag was cut away, the
flight velocity increased (31 MPH) and the rate of sink decreased (10 ft/sec).
By measuring the smoke angle, lift to drag ratios in excess of 5 have been
consistently obtained. For additional lift-to-drag ratio values see Ref. 8 and
9.

7



PERFORMANCE ESTIMATION

Ascending Flights

Various Parafoil ascending flights have been carried out, some straight,
some turning, and some with intentional pitching disturbance, Table I. * It is
noted that the straight and longer flights better permit the Parafoil to reach
steady state flight performance. Of the quantities measured from these flight
tests, the best determined is the rate of sink since it is relatively insensitive
to wind indeterminancy. A review of Table I suggests that a representative
rate of sink** for the ND 2.0 (200) is approximately 10.5 ft/sec., for the
ND 2.0 (360) is approximately 6.5 ft/sec., and for the ND 2.0 (242) is
approximately 8.0 ft/sec. Representative values for horizontal velocity are
difficult to determine because of wind changes and inaccuracy of wind measure -

ment. It is suggested by Table I that the horizontal velocity for ND 2.0 (200)
may be 36 ft/sec, for ND 2.0 (360) may be 24 ft/sec, and for ND 2.0 (242)
may be 30 ft/sec. A summary is provided in Table I1. Measurements of the
flight angle of attack of the Parafoil were found difficult to obtain. However
measurements from the sequence still photographs of the flight angle of
attack of ND 2.0 (200) were found to be approximately 30.

jump Flights

The representative quantities measured in the jump flights were given
previously and are also summarized in Table I11. The measurements of total
velocity are considered quite good. The values for rate of sink are approxi-
mate. The values for the lift to drag ratio are considered good since they are
obtained from smoke tracks of steady state flight ove-" long observation
times, Figure 3.

•The data in Table I was obtained by computer averaging all of the AF/Dayton
University Parafoil data for each flight. All transient as well as steady state
data is included.

"•For Parafoil ND 2.0 (200) flights 604, 608, and 611 were used since they
were of long duration and therefore allowed the Parafoll to reach steady state
performance. For Parafoll ND 2.0 (360) flight 630 was used because of its
long duration. For Parafoil ND 2.0 (242) flights 625 and 627 were used be-
cause of thtir long duration.

8



COMPARISON OF PREDICTED AND MEASURED
PARAFOIL PERFORMANCE

It is now possible to compare the predictions of Parafotl flight per-
formance, Figures 5-9, with the actual measured Parafoll flight performance
as obtained on the Standard Jump Parafofl, ND 2.0 (200), and on the Training
Jump Parafoil, ND 2.0 (360). This comparison may begin by considering the
measured rate of sink for Parafoil ND 2.0 (200) which is 10.5 ft/sec. Enter-
ing Fig. 9 or Fig. 17b with this rate of sink and using the curve prepared for
a wing loading of one, we find a predicted angle of trim of approximately
30. The angle of trim measured from the sequence stills of actual flight was
approximately 3S. Thus there is good agreement between the measured
value and the predicted value of trim as obtained from Figure 17b using the
measured rate of sink.

A comparison between predicted total velocity and measured total
velocity may be obtained by using Fi we 7 or Figure 17c. By entering
Figure 17c with an angle of trim of 3 we obtain a value of the predicted
total velocity of approximately 38 ft/sec. The valLw z a velocity "
from the ascending and glide tests is 37.6 ft/sec,W(36 + 10.52), and from
the jump tests is 42.5 ft/sec. The agreement between the predicted total
velocity and the value obtained from the ascending flights is quite good.
However, the measured Jump value is high.

A comparison between the wind tunnel measured lift-to-drag ratio
and flight measured lift-to-drag ratio may be obtained by considering Figure
5 or Figure 17a where for a trim of 30 we obtain a value of 3.8. The value
of lift-to-drag ratio measured in the ascending and glide flight tests wps
3.4 and in the jump tests was 3.7. (See Table 1li. The ascending flight value
is low. However, as mentioned previously, the wind correction is uncertain
as is the measured aT.

The agreement with the jump value Js misleading since the jump units
carried considerable extra drag due to two pilot parachutes and the deploy-
ment bag which are all tied to the trailing edge of the Parafoll. As indicated
in Table IIl, the lift-to-drag ratio increases to 4.4 when thits extra drag is
removed. Also, the jump unit is trimnmed at a larger angle of attack which
accounts for their improved lift-to-drag ratio which agrees quite well with
the wind tunnel value for best trim. Figure 17a.

Figures 17a-17d also contain similar performance comparisons for
Parafoil ND 2.0 (360). In general the agreement between the predicted and
the measured performance for both Parafolls is good.Thus the Parafoll
performance curves given herein should prove useful to designers in con-
sidering the application of Parafoils to various missions and requirements.
Excellent flare agreement is illustrated in Figure 15b.

9



FLIGHT PERFORMANCE OF ADVANCED PARAFOIL DESIGN

The first multi-cell kites (Falcon and Hawk)" 1 1  had an aspect ratio
of approximately 1/2 and 1. The first Parafoil had an aspect ratio of 2.0.
Since most Parafoil studies and tests had been carried out on the aspect ratio
2.0 units, it was decided to use nominal AR=2 units in the various application
programs which arose. The flight tests carried out under this current
program also used aspect ratio 2.0 units. (An147, 200, 242, and 360 ft2 .)
Wind tunnel tests, however, have been carried out on Parafoil designs having
aspect ratios of .5, 1.0, 1.5, 2.0, 2.5, and 3.0. Thus, since the com-
parison of the predicted and the measured flight performance on the aspect
ratio 2 Parafoil was good, it is of special interest to consider the predicted
flight performance of the other units. These calculations of flight performance
of various Parafoil designs are given in the Appendix.

The flight performance of Parafoil ND 3.0 (200) with a wing loading of
one, Fig. 1-24, is of special interest when compared with Parafoil
ND 2.0 (200).

_ _ L/D V w aT

ND2.0 (200) 4.6 32.6 6.9 80

IND 3.0(200) 6.5 30 4.6 60

Thus, by using a Parafoil of aspect ratio 3.0 the total flight velocity and the
rate of sink are reduced and the glide distance is improved.

10



CONCLUDING REMARKS

An ascending and gliding Parafoil testing technique has been developedand has been successfully utilized for the determination of steady state flightperformance data. Both straght flights and turning flights have been carriedout from altitudes of approximately 1000 ft. The unique landing flare
maneuver has been measured and analyzed.

A technique for manned jumping the Parafoll from aircraft has beenevolved and has been employed for the determination of Parafoil flight per-
formance.

The equations of motion for steady state Parafoll flight have beendeveloped and coded for computer computation utilizing basic Parafoll windtunnel data. The computer runs have provided predictions of Parafoil per-formance for various wing loadings and trim angles.

A comparison of the predicted flight performance of the Parafoll withthe measured flight performance of the Parafolil, as obtained from ascendingflight and glide tests and from jump tests, has been made. The agreementbetween the predicted performance and the measured performance is good, andthus a designer, desiring to use the Parafoil in various applications, may
with confidence employ the curves and data in the report.

The flight performance of various aspect ratio (1-3) Parafotl designs#t difrent wing loadings (1-10) and trim angles (-80 - 670) is given in theAppendix...

i
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