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FOREWORD
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ABSTRACT

The first wind tunnel tests on the Parafoil were carried out at the
University of Notre Dame beginning in 1964, Numerous designs were
studied. Certain of these Parafoil configurations were of interest to the .
U. S. Air Force Flight Dynamics l.aboratory, who sponsored the Univcrsity
in carrying out additional wind tunnel tests both at Notre Dame and at
NASA Langley. The results obtained from these special wind tunnel tests,
and from some of the original Parafoil tests are presented in this summary
report. All of the Parafoil wind tunnel models tested in this program had
a rectangular planform w1th aspect fmoc ranging from .5 to 3.0 and with
areas ranging from .09 ft2 to 147 ft The wind tunnel test velocities
ranged from approximately 20 ft per second to over 60 ft per second. The
wind tunnel tests also included studies of (1) numerous variations in the
basic Parafoil configurations, (2) various flap deflections, (3) completely
non-rigid models, (4) rigid models, (5) semi-rigid models, and (6) various
rigging configurations. The Tift and drag coefficients, C;, and Cp , were
measured. The aerodynamic moment coefficient, Cy,, was determined by both
static and dynamic testing techniques. Also, the aerodynamic side force
coefficient, Cy, the yaw moment, Cj, and the roll moment coefficient, Cy,
were measured. The aerodynamic pitch damping moment coefficients,
Cmga + Cm » , were measured by a unique dynamic testing rechnique. The
wmg tunnel tests results showed that the Parafml is able to remam self
inflated and rigid over a large range of angles of attack from -10° to 80°
(maximum angle tested in the wind tunnel), The tests revealed that the lift
curve slope was approximately linear over a large range of angles of attack,
depending on the aspect ratio. None of the non-rigid Parafoil designs had
the usual abrupt stall characteristics of the classical rigid airfoil. Also,
the Parafoils retained a high lift coefficient over a very large range of
angles of attack. Maximum lift coefficierits from 0.751 to 1,005 are
measured (no flap deflection). Maximum lift to drag ratios ranging from
1,83 to 6.40 were measured for various Parafoil designs. The various wind
tunnel tests confirm both the static and the dynamic stability of the Parafoil
in pitch, yaw, and roll.

The results of these investigations are consolidated in this report by
summary plots and special presentations.
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AR

NOMENCLATURE

Resultant force moment arm about quarter-chord reference
Aspect ratio, (=b/c)

Parafoil span

Parafoil Chord: The distance along the bottom surface from the
upper leading edge (projected down) to the trailing edge (Figure 6)

Axial force coefticient, -Axial Force

qS
Drag coefficicut of wing based on planform arca, Dr_s&
q¢
Drag coefficient of lines based on line area, qTDr__a_g_
line

Drag coefficient of lines based on wing planform area, ___é%réﬁ

Lift coefficient, Lift
qS

Lift-curve slope, ‘\’CI‘/aa per degree

i M
Rolling-moment coefficient, Rgllsmgx (;)ment

side

Lateral stability parameter, 3C /38 per degree

Pitching Moment

Pitching moment coefficient, Se

Pitching stability parameter, 3Cm 3 per degree

Aerodynamic pitch damping moment coefficients,

Pitch Damping Moment + Lag Moment
gS c
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NOMENCLATURE (continued)

Normal Force

C Normal force coefficient,

N qQS
4 Yawing-moment coefficient, Yawing Moment

L QS ... b
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C“B Directional stability parameter, aC“/aB per degree
CR Resultant force coefficient, Resultzrslt bigrce
C Side force coefficient, _%SQe__[io_r_cg

y side
D Drag force
d Distance parallel to Parafoil chord from lower leading edge to

CPT

dia Line diameter
FPS Feet per second ( fps)
ft Feet
h Vertical distance from platform to A-flare tip
I Moment of inertia about Y axis (Pitch moment of inertia)
in Inches
L Lift force
L Length of A-suspension line from A-flare tip to attachment riser
1 Length from A-flare tip to extended platform line
L/D __Lift to drag ratio

M Moment about pitch axis
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NOMENCLATURE (continued)

Miles per hour

Integer (number of ...)
Free-stream dynamic pressure
Reynolds number

Parafoil planform area, bc
Total line frontal area

Time (seconds)

Free-stream velocity

Body axes (Figure I-1)

In longitudinal stability analysis: normal force moment arm
about CPT

In tether line drag analysis: projected length along platform
from CPT to A-suspension line

Distance parallel to Parafoil chord from CPT to refcrence
Distance parallel to Parafoil chord from reference to center of
pressure

Distance perpendicular to Parafoil chord, from CPT to Parafoil chord
Angle of attack of Parafoil chord line, lower surface ‘of Parafoil,
in degrees
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Trim angle of attack (Mean of the twc extreme points of

minimum amplitude)
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INTRODUCTION

The Parafoil* is a true flying wing made entirely of nylon cloth and
has absolutely no rigid members, Fig.1l. Like the acroplanc wing it has
both an upper surface and a lower surface, and also an airfoil section. How -
ever the leading edge is open to permit self inflation duc to ram air pressurc. i
The Parafoil is commposed of numerous airfoil shaped cells which give this
cloth wing its unique rigid shape in flight. It is fabricated of a low porosity
nylon cloth and can be packed and deployed in a manncr similar to a con-
ventional parachute. Flares or pennants are distributed along the bortom sur=
face to which the various suspension lines are attached. These penpants
serve three purposes: 1) they distribute the aerodynamic forces to “he
suspension lines, 2) they partially channel the flow into a two dimensional
flow pattern which reduces tip losses and improves the acrodynamic efficiency
and, 3) they provide side area which aids in obtaining directional flight
stability.

The iirzst wind tunnel tests on the parafoil were carried out by
Nicolaides'’¢ in the unique flow visualization wind tunnels at the University
of Notre Dame beginning in December of 1964, Fig. 92-4, Numerous Parafoil
designs were studied which had variations in aspect ratio, airfoil section,

planform, leading edge opening, trailing edge opening, pennant size-form-

location, rigging, dihedral, wach-in, wash-out, et al, The data from these

various wind tunnel tests revealed that the Parafoil had the same excellent

aerodynamic characteristics as the classical rigid wing of aviation. This
important finding was decumented.

wind tunne! tests on the Parafoil carried out under the direction or
cognizance of the University of Notre Dame include**:

1) Wind Tunnel tests at Notre Dame***
2) +'Wind Tunnel tests at NASA (L.angley) Serics ] EEE
3) Wind Tunrel tests at NASA (Langley) Series 2, Ex*

The results of all of these wind tunnel tests will be presented in this
report together with some of the results from the original wind tunnel
program.

¥The DParafoil is a design and development of Dr. John D. Nicolaides
(patent pending), and is based on the multi-cell ram airfoil Patent
1o, 3285546 held by SRRC, Inc., Florida.
**professor J. D. Nicolaides, Principal Investigator.
~=xxgypported by the Flight Dynamics l.aboratory, U.S. Air FForce, Wright Fie ld.

+x*x*gypported by N ASA (Langley). Two Parafo ils-furnished by Notre Dame.




Primary cmphasis was placed on detern ining the static aerodynamic
force coefficients, Cp and CD, for various Parafoil configurations. The
static acrodynamic moment cocfficients, Cp,Cp, and Cy werce also measured.
The static side force coefficient, C,,, was measured. Of particular importance
was the measurement of the damping and lag moment coefficients,Cm + Cmew
and the measurcement of the static moment coefficient, Cma’ from untque a
dynamic wind tunnel tests on a Parafoil model oscillating and damping in free
pitching motion.

Numerous Parafoil configurations were tested which included variations
in aspect ratio, airfo’! thickness, airfoil shape, pennant design, leading edge
opening, control surface deflections et al. Also, the tests were carried out for
a wide range in Parafoil size, wind tunnel velocity, and rigging. The various
data from these wind tunnel test programs will be presented. In order to
assist the readr, special summary curves are presented which allow a
detinitization of Parafoil aerodynamics.

In the sections which follow the wind tunnel facilities and testing
techniques will be reviewed, the various wind tunnel test results will be pre-
sented, and the general findings will be summarized.




TESTING FACILITIES AND TECHNIQUE S

Wind Tunnel Facilities

Notre Dame Wind Turnel

The University of Notre Dame wind tunnel is a low speed, indraft,and
open circuit tunnel which has the characteristics summarized in Table 1. Also
see Figures 3 and 4. A scries of andi-turbulence screens reduces the tur-
bulence level of the air. A smoke gencrator provides white smoke wiien flow
visualization is desired. Wind tunnel models 1-4 (T'able 'I) werce tested in the
Notre Dame tunnel,

NASA (I.angley) Full Scale Wind Tunnel

All NASA tests (series one anu two) were carried out in the lLangley
Full-Scale Wind Tunrel, lLangley, Virginia. The l.angley Full-Scale Wind
Tunnel is a low speed, double return and open test section wind tunnel with
the characteristics given in the Table I. The tunnel and test section is
illustrated in Figure 5. Models 5-13 were tested in the l.angley tunnel
(Table II).

Description of Models

Notre Dame Models

Model 1 (Table II) is one of the numerous original nylon fabric Parafoil
scale models tested in the Notre Dame wind tunnels in the spring of 1965.The
airfoil shape and dimensions are given in Figure 6. L

Model 2, which was tested in the spring of 1966, 1s a rigid Parafoil
model that was a replica of Parafoil number 125.* "The dimensions
of this model which was constructed in the Aero-Space Engineering Department
of Notre Dame is given in Table II. Figure 7 gives the airfoil coordinates. The
skin or covering of the model was 24 gauge aluminum sheet mectal fastened to
plexiglass ribs with an epoxy glue. The pennants were ~iso made from 24 gauge
aluminum sheet metal. In order to simulate the full-scale Parafoil a nylon
cloth was laid over the aluminum upper surface,©

>

*Parafoil nunber 125 denotes a particular Parafoil known as "Notre Dame 27,
which aas an aspect ratio (AR= b_)of 1,77 and a chord of ¢ ft. 10 inches.
c




Tahle 1

WIND TUNNELS

) Notre Dame NASA (I.angley)
V I : 90 fps 120 mph
Turbulence level ¢ 0.019, 1 19
Test Sectien Shape 2x2 ft (sq.) 30x60 ft (elliptic)
Test Section lLength @ 6 ft. 59, 8 ft.
Contraction Ratio 251 4,93:1
Horsepower ; 15 8000
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Models 3-4 are semi-rigid scale models constructed at the University
of Notre Dame. The pennants and rib sections were made of galvanized
iron (0. 19 inches thick). The rib-only sections were made of aluminum shim
stock of 0.01 inch thickness. The upper and lower surfaces were made of non-
porous nylon cloth which was attached to the ribs with glue.  Different aspect
ratio models were formed by cutting off the end of the model at the rib-flare
locations. Hence, these models can be referred to as the Notre Dame variable
aspect ratio models. Model 3 yielded aspect ratios of 3.0, 2.5, 2.0, 1.5; 1.0
and 0.5 while model 4 resulted in aspact ratios 3.0, 2.5, and 2.0%*.This
latter aspgct ratio of model 4 served as the test model for the dynamic test
program.® A schematic assembly of models 3 and 4 is given in Figure 8,
while Figure 9 contains the airfoil coordinates. "’

NASA Langley Models**

Nine Parafoil models were tested, all employing a rectangular
nlanform and a truncated airfoil shape with flat undersurface*** The airfoil
section and dimensions of models 5-7 (series one) are given in Figures 10-12.
The configuration and dimensions of models 8-13 (series two) are given in
Figure 13.  Model dimensions arc given in Figures 14 - 16 for models
5-7; Figures 17-21 for modelc 8 =18

Structurally each model is composed of individual "air" cells sewn
together. Each cell consists of a top cambered surface, a flat bottom surface,
and airfoil section sides. Attached to the bottom surface are triangular shaped
pennants to which the suspension lines are attached. The suspenzion lines are
joined together at a confluence point located beneath the Parafoil. The position
of the confluence point is determined from the desired trim angle and stability
requirements for the Parafoil.

The confluence points of models 8-13 were determined to be 1.5 spans
below the bottom surface and a distance forward determined by the testing
mount arrangement.

Models 3-7 were made of approximately 2.0 oz. per square yard low
porosity acrylic-coated, rip stop nylon. The suspension lines eniployed were
of 375 pound test and 550 pound test braided nylon cord. The diameters of the
lines were determined under tension to average approximately 0. 125 inches
(550 line) and 0.050 inches (375 line).

*Model 3 was tested in 1967; model 4 in 1968 under AFFDI. contract.
**The NASA (L.anglev) Parafoil models werc designed by Nicolaides and were
constructed under the direction of the University of Notre Dame
~ *#*Models 5-7 were tested in the Spring of 1966. Models 8-13 were tested in |
March of 1968. -_—



Model 13 was initially an aspect ratio three design with the same
dimensions as model 12, however, in the test program side pancls were
subsequently cut off from each end reducing the aspect ratio in increments
of 0.5, also affecting a reduction in planform area. Hence in the remainder
of this analysis this model will be referred to as the l.angley variable aspect
ratio model.

Model 5 was procurred from the Space Recovery aréd Research Center,
Incorporated and models 6-7 were supplied by Nicolaides.” Models 8=13 -
were supplied by the University of Notre Dame under contract to the Air
Force.* The Dutron Corporation of South Bend fabricated the models.

Testing Techniques
Notre Dame

The Notre Dame static test models were supported vertically on a
force balance system, located atop the test section as shown in Figure 22.
This system uses a strain gauge balance to measure the lift and drag forces.
The determination of the force coefficients from the strain gauge system
will be treated in the section on data reduction. The angle of attack was re-
corded from a calibrated degree dial attached to the support sting atop the
test section. 1,6,7 Inthe early Notre Dame tests, a conventional rigid wing
was tested, affecting a comparison between the Paratfoil and the rigid airfoil.
Since a Parafoil is made from nvion cloth and has pennants.
attached to its bottom surface, it was desired to establish the effects of these
factors on aerodynamic performance. The conventional wing model (rigid
airfoil) and gne rigid Parafoil model were therefore each tested in the follow-

ing manner:

(1) rigid model

(2) rigid model plus pennants (flares) _

(3) rigid model plus nylon cloth
(4) rigid model plus pennants plus nylon cloth

The pitching moment stability coefficient, Cma’ and the pitch damping
moment stability coefficient, Cjj;  + Cjyy 0, Were measured by dynamic test-
ing techniques in the Notre Dameqtunnelf%3 The techniques used consisted of
photographing a pointer which was mounted to the supnorting strut outside
the top of the wind tunnel section as shown in Figure 23. The pointer oscillated
with the same angular motion experienced by the Parafoil. The data points
were read directly in degrees from the calibrated disk (referred to hereafter
as the angle indicator) mounted under the pointer.

*Air Force Flight Dynamics _aboratory, Wright-Patterson Air Force Base,
_Contract No. '33615-67-C-1670, P002-P003.




The Pa:afoil was suspended from the axis of rotation by two steel
bars as shown in IFigure 24, These bars seive to simulate, in a completely
rig'd manner, the suspension lines of a Parafoil system in free flight, The
suspension nars also allew for selecting various trim angles as well as
var ious positions of the model above the axis of rotation,

The supporting strut was a 3/8 inch diameter steel rod, twenty -seven
inches long with a needle point (7/16 inches) mounted on one end and separable
into two sections to allow ease of installaticn and model position changes. A
pointer was attached to that portion of the supporting strut which protruded
outside and above the wind tunnel section. igure 23 shows the pointer ana
angle indicator, which when photographed as it oscillates, provides support
strut rotation in degrees.

The mounting arrangement for the snpport strut consisted of a low
friction jewel bearing* in which the needle point rotated and two roller bear-
ings prevented translation of the sicut, The mounting system which contained
these bearings was nermaneatly attacned to the door section of the wind tunnel
as shown in Figure 25. This allowed eas2 of assembly and disassembly prior
to and following each test scquence.

The Parafoil modei was mounted in a four square foot working scction
(Sec.#8) as shown in Figure 23. Notice that the model is mounted in what is
commonly referred to as the yaw plane.** Because the Parafoil was mounted
in this fashion a glass boitom working section was used and each trim position
as well as the angle between the suspension bars and the Parafoil chordline
were obtained from a photograph taken through the bottom of the section as
shown in Figure 26. A graphflex, still picture camera with polaroid attach-
ment was used to take pictures of the Parafoil trim positions. From each
picture the trim angle, @, and suspension bar chordline angle,y , were ob-
tained as also shown in Figure 26,

A 16mm high speed motion picture camera was mounted as shown in
Figure 23, This camera ran at a film speed of 128 frames per second and
photographed the pointer and angle indicator. The angular motions of the
Parafoil were then read directly from the developed 16mm high-speed film,

The procedure used in acquiring the desired data after the test apparatus
was assembled consisted of arbitrarily selecting a Parafoil trim position.

*The use of jewel bearings in this investigation reduces the friction to a
negligible quantity. Any bearing friction in the support equipment would
effect the damping moment coefficients,Cmyy,, + Cpp 2, but does not normally
affect the frequency of oscillation and therefore does not affect the pitching

et it temie e ———— e
**By mounting the model inthis manner a gravity moment is not introduced when
the trim angle of the model is changed.




This was achieved by fixing the angle between the suspension bars and the
chordline after which the Parafoil assumed a trimmed condition (i.e. there
were no moments about the pivol point). At this point a polaroid picture of
the Parafoil was taken through the glass bottom of the test section. The Para-
foil was then disturbed from its trim position by manually rotating the
support strut (i.e. twisting by hand that portion of the strut which protruded
through the top of the working section). Normally the Parafoil was displaced
from its trim position approximately 8-10 degrees.

The support strut was then released at which time the high speed
camera began photographing the pointer oscillations until they appeared to be
completely damped. The time for the oscillations to damp varied from 8 to
15 seconds. Having completed these data acquisition requirements the entire
procedure was repeated after selecting another trim angle which in effect
simulated a different rigging of the Parafoil. Once a scries of tests were
completed for various trim angles, the Parafoil suspension system was dis-
assembled and a change was made in the suspension bar length. Thi.. was
accomplished by cutting the bars to a shorter length; thereby, simulating
"different rigging'' of the Parafoil by a method other than changing trim angle.
With the shorter suspension bar the same procedure was uscd in obtaining
the dynamics of the Parafoil at various trim positions. The Parafoil dynamics
at three different suspension bar lengths were analyzed.

Following each test series and prior to shortening the suspension g
bars, the Moment of Inertia for that particular configuration was obtained.

NASA Langley (Series One)

Four test set-ups3 were used in this technique in obtaining the aero-

dynamic data of models 5-7 . The forces and moments acting on

the Parafoils were measured by an externally mounted six-component strain
gauge balance system. Reference 3 gives a detailed description of each
technique incorporated.

Force tests were made over an angle of attack*range from as low as
0° to as high as 70" to determine the static longitudinal stability character-
istics of the models. The static lateral stability characteristics were measured
over an angle of sideslip range from -10%0+10° and for angles of attack between
0° and 70°. Test wind tunnel velocities measured 20 to 40 feet per second.3

NASA Langley (Series Two)

The models were tested with two different mounting systems hereby
referred to as (1) the Tether Testing Phase, and (2) the Strut Testing Phase.
Figures 27 and 28 show photographs of the models as they appcared in each
testing arrangement. The Tether Testing Phase vielded only the lift and drag
———————coefficients of models tested, whereas the Strut-Testing Phase provided-the—— =

*See Nomenclature.




primary mecans for data acquisition of all the force and moment coefficients
((,]‘,(.l),(,”],c\‘,cn,(,l).

Tether Test Phase . Figures 29a and 29b illustrate the test set-up.The models
were tested with its effective confluence point constrained. Since all suspension
lines did not join ai one point, the confluence point was considered to be the
point where all the "front" lines were joined (effective confluence point). A
strain gauge balance was mounted at this constraint measuring the lift and
drag forces. The strain gauge-constraint was attached to a vertical I-beam
and varied according to the aspect ratio model tested. This enabled the Para-
foil to fly at the centerline of the tunnel.Table I1-1 in Appendix II depicts the
mount position per aspect ratio.

All the A-flare* suspension lines were brough together to a connector
link, as were B,C, and D-flare suspension lines each to a connector link
(Figure 29b). The four connector lines were then attached to four adjustable
(web) risers. The risers were attached to a metal bar with connector links,
with the bar attached to the strain gauge balance system.

The Parafoil model to be tested was raised into position by pulling up-
ward on two "guide' lines (375# cord) attached to the forward outboard flare
on each side. Once the model was elevated, the tunnel was turned on and
gradually brought to the desired test speed. The two "guide" lines remained
attached to the Parafoil and secured above the tunnel exit, but allowed slack
so as to affect no additional constraint on the model. Control was maintained
by employing an individual to operate the two control lines near the strain
gauge balance,When the model appeared to be steady, the controller relaxed
the controls and a data point was rccorded. Simultaneously the angle of attack
was obtained from the side by two techniques: (1) photographing the near side
chord line and (2) visual inspection of the near side chord line, incorporating
a window-mounted protractor in a plane parallel to the Parafoil chord line.

The angle of attack was varied by adjusting the position of the bar
relative to the strain gauge mount, and, when necessary, the Parafoil profile
was maintained by adjusting the risers. Due to limitations in the mounting
s(};stem gnd the available wind tunnel area, the angles of attack ranged from
0" to 20" .

Tests were performed at tunnel speeds of 30,40,50 and 60 feet per
second for models 9-12;tunnel speeds of 30,40.and 50 feet per second for
model 8; and speeds of 30 and 40 feet per second for the variable aspect ratio
(Model lB).fZacil*variab]e aspect ratio model was tested with its open leading
edge taped 337 (Figure 17a)closed and with a lighter line (100* test) replacing
757, of the heavier suspension lines (Figures 17-21).The variable aspect ratio
1.0 model was also tested with its nose untaped (to afford a comparison to the
taped condition) and with the standard distribution of heavier line (Figure 17).

*T'Tare A is the leading edge flare,successive letters indicate successive flares
proceeding toward the trailing edge of the canopy.

** A 1" width tape was placed in the center of each cell running from the top sur-
face to the lower surface. The normal cell opening height defined the 1009, tape
lengti. T'hercefore the 337 length represented a cell decreased by 173

10




