
F _r

so APFDI-T-70.146

At,.

PARAFOIL WIND TUNNEL TESTS

JOHN D. NICOLAiDES

UN.%IVERSITY OF .OTRE DAME

TFCHKI'C.L REPORT AFVDL-TR--'-146

'nt
JUNE 1971

A ,-ovrd (,- pu blic mst e d tsb ub unrJimiled,

NATIONAL TECHNICAL
INFCRmNk4TIoN SERVICE

AIR FORCE FLIGHT DYNAMICS LAORAT(,
AIR FORC•. SYSTEM CMMAcJL

WRIGHT-PATTERSON AIR FORCE BASE, OWO

40Vd



* tNLASSIFfl3D

DOCUME1, T CONTROL DATA -It & D
trl" tWnp Clsel~~n m0o t t" .01 b e* Mof~ s 0 f e and W*Mdm•are n Wý&O , GMS t* Ontemq A .. 1 •0ý*.el l•' •maf Is C180011

O0,69"ArtNa &C iv v ' 4 .V (!- t^ ') a*,, 10POINT OCCV";-• CLASS'IIr-ca"•O"

University of Notre Dame UNCLASSIFIED
Notre Dame, Indiana 26 G"O"r.

PARAFOIL WIND TUNNEL TESTS

C OCICaoPTvC MOT6I fi e1 Cl "lW' -d &h,-d .-e dltee

Final Report
T*. at# 01" ,1 (Phif , # . &lad-* #iMfi . ;Gof o

John D. Nicolaides

06001 Dae e TTA f*1 0 of WAGGS 0' war

June 1q71 201 t -8 -"

AF33615-67-C- 1670
R -- oj•c, "0 AFFDI.-TR-70-146

06 ..BtM OWPee' -0019 rAoe9O ft.--or@ Ow e w~ be eeslped
606.501 """

"This docn nnt Is subject to special export controls and each transmittal to
foreign governments or foreign nations may be made only with prior approval of
the Air Force Flight Dynamics Laboratory/FER.Wruj'ht Patterson AFB.Ohio.

Air Force Flight Dynamics Laboratory
N/A Wrtght-Patterson AFB,O1io 45433

Extensive Paraftil wind tunnel tests hawv been carried out by the University of
Notre Dame in its 2 ft x 2 ft tunnel and IJ the NASk Langley 30 ft x 60 ft tunnel.

Parafoil model sizes ranged fr-om . 09 ft" to 147 ft' and Parafoil aspect ratios range
from .5 to 3.0. The wind tunnel test velocities ranged from approximately 20 ft per

second to over 60 ft per second. The aerodynamic stability coefficients, CI., C f
CM, , Cn, and C!, were measurel. The Parafoil remained

inflated d rigkdover a range of angle of attack from -I0O to 80P and revealed no

istall characteristics. Maximum lift coefficients from 0. 751 to I. 005 were

measured for Parafoils of different aspect ratio. Maximum lift to drag ratios rang-

ing from 1. 83 to 6.40 were measured for the various Parafoil designs. The various

wind tunnel tests confirm both the static and the dynamic stability of the Parafoll In

pitch. yaw, and roll. The results of these investigettions are consolidated In this

report by summary plots and special presentations.

DtaIk of MhastraioM in
Sk document may be b.'tv

Iuudd on microhicho

DD .,,I1473 UNCLASSIFIED
Seem""t CIOSSIf.ratuoe



NOTICES

Wher Government drawings, speciflcations, or other data are used
for any purpose other than in connection with a definitely related Gnvern-
merit procurement operation, the United' States Gvernment thereby incurs
no responsibility nor any obligations whatsoever; and the fact that the
r-n-'wrnment may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data, is not to be regarded by
implication or otherwise as in any manner licensing the tjldier or an. other
person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related thereto.

F 

,

w ! i "

Copies of this report should not be returned unless return is
required by security considerations, contractual obligations, or notice
on a specific docmwent.

eu. LkOUWMSM, l tmW agt• Omel~s I,, -- 79.-O??M?



INNNSA Ll*.

S NONeS 410%R

Paratol'.

Para- FolI

Steei jbie Parac,•tac

Flexible Wing

Hi-Glide Canowp

Parach.•e

G,.•.- Par ,.•...ae I

Manewerable Paract, ute

Parachute Wlind Tunnel Tests

IJ

UNCLASSIFIED



PARAFOIL WIND TUNNEL TESTS

JOHN D, NICOL.41DFS

Detaib Of B aItons in
tli document may be t.'"'

studied on mcrotfche

Approve for pubhc rcklaw. distrlbutm 4unlimltcd



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 Laborator), who sponsored the University
in carrying out additional wind tunnel tests both at Notre Dame and at
NASA Langley. The resuits 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 pilnform wish aspect r tios ranging from .5 to 3.0 and with
areas ranging from .09 ft' 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 (I) numerous variations in the
basic Parafoil configurations, (2) various flap deflections, (3) completely
non-rigid models, (4) rigid models, (5) semnirigid models, anri (6) various
rigging configurations. The lift and drag coefficients, CL and CD , were
measured. The aerodynamic moment coefficient, Cm, vas determined by both
static and dynamic teeting techniques. ALso, the aerodynamic side force

coefficient, Cy, the yaw moment, Cn, and the roll moment coefficient, C!,
were measured. The aerodynamic pitch damping moment coefficients,
C + Cm& , were measured by a unique dynamic testing technique. The
Vt-M tina rel tests results showed that the Parafoil is able to remain self
ilated and rigid over 3 large range of angles of attack from -I 0° to 800
(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 Parafolil 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 coefficients 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 Parafoli
in pitch, yaw, end roll.

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

a Resultant force moment arm about quarter-chord reference

AR Aspect ratio, (=b/c)

b Parafoil span

c Parafolil Chord: The distance along the bottom surface from the

upper leading edge (projected down) to the trailing edge (Figure 6)

CA Axial force coefficient, Axial ForceqS

CD Drag coefficient of wing based on planform area, Drag
qS

CE~w Drag coefficient of lines based on line area, .Drag
qSline

CDs Drag coefficient of lines based on wing planform area, Dr

CL Lift coefficient, Lift

C Lift-curve slope, aCLI& per degree

CI Rolling-moment coefficient, RollnMoent
I qS side F

CIO Lateral stability parameter, CI1/0 per degree

Cm Pitching moment coefficient, pitChilg Moment

Cme Pitching stability parameter, 6m/ba per degree

÷ýCmdl Aerodynamic pitch damping moment coefficients,

Pitch Damping Moment + Lag Moment
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NOMENCLATURE (continued)

Normal force coefficient, Normal Force

Cn Yawing-moment coefficient, Yawings Mment
n ~qS sideb

C Directional stability parameter, aCn/aiS per degree
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R qS

C Side force coefficient, Side Force
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CPT

dia Line diameter
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I Length from A-flare tip to extended platform line

Li) Lift to drag ratio

M Moment abuts pitch axis
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NOMENCLATURE (continued)

mph Miles per hour
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q Free-stream dynamic pressurf:

RN Reynolds number

S,Swlng Parafoil planform area, bc
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oV Angle of attack determined by visual means
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INTRODUCTION

The Parafoil* is a true flying wing made entirely of nylon cioth and
has absolutely no rigid members, Fig. 1. Like the aeroplane 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 due to ram air pressure.
The Parafoil is composed 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 manner similar to a con-
ventional parachute. Flares or pennants are distributed along the bottom sur-
face to which the various suspension lines are attached. These pennants
serve three purposes: 1) they distribute the aerodynamic forces to the
suspension lines, 2) they partially channel the flow into a two dimensional
flow pattern which reduces tip losses and improves the aerodynamic efficiency
and, 3) they provide side area which aids in obtaining directional flight
stability.

The 1irW wind tunnel tests on the Parafoil were carried out by
Nicolaides",', in the tnque flow visualization wind tunnels at the University
of Notre Dame beginning in December of 1964, Fig. 2-4. 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, wash-in, wash-out, et al. The data from these
various wind tunnel tests revealed that the Parafoil had the same excellent
aerodynamic characterfisics as the lassical rigid wing of aviation. This
important finding was docuwented. o

Wind tunnel 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 (Langley) Series 1.*
3) Wind Tunnel tests at NASA (Langley) Series 2.*

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.

Tlhe Paraibil is a design and development of Dr. John D. Nicolaides
(patent pending), and is based on the multi-cell ram airfoil Patent
No. 328 554 6 held by SRRC. bn., Florida.

**Professor J. D. Nicolaides, Principal Investigator.
*"Supported by the Flight Dynamics Laboratory, U. S. Air ForceWright Field.

**'*Sipported by NASA (Langley). Two Parafoils furnished by Notre Dame.
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Primary emphasis was placed on detern ining the static aerodynamic
force coefficients, CL. and CD, for various Parafoil configurations. The
static aerodynamic moment coefficients, Cm,Cn, and C were also measured.
The static side force coefficient, C., was measured. 0/ particular importance
was the measurement of the dampirig and lag moment coefficients,Cma + Cm,
and the measurement of the static moment coefficient, Cma, from unilue
dynamic wind tunnel tests on a Parafoil model oscillating and damping in tree
pitching motion.

Numerous Parafoil configurations were tested which included variations
in aspect ratio, airfoil 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 reader, special suimmary curves are presented which allow a
definitization 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.
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TESTING FACILITIES AND TECHNIQUES

Wind Tunnel Facilities

Notre Dame Wind Tunnel

The University of Notre Dame wind tunnel is a low speed, indraftand
open circuit tunnel which has the characteristics summarized in Table 1. Also
see Figures 3 and 4. A series of anti-turbulence screens reduces the tur-
bulence level of the air. A smoke generator provides white smoke when flow
visualization is desired. Wind tunnel models 1-4 (Table I[) were tested in the
Notre Dame tunnel.

NASA (Langley) Full Scale Wind Tunnel

All NASA tests (series one and two) were carried out in the Langley
Full-Scale Wind Tunnel, Langley, Virginia. The Langley Full-Scale Wind
Tumnel is a low speed, double return and open test section wind tunnel with
the characteristics given in the Table I. The tunnel adid test section is
illustrated in Figure 5. Models 5-13 were tested in the Langley tunnel
(Table i1).

Description of Models

Notre Dame Models

Model 1 (Table I1) 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 6.1,2

Model 2, which was tested in the spring of 1966, is 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 metal fastened to
plexiglass ribs with an epoxy glue. The pennants were also 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. 6

0Paraloil number 125 denames a Iaricular Parafoil known as "Notre Dame 2",
which has an aspect ratio (ARM . )of 1. 77 and a chord of 6 ft. 10 Inches.

c
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Table I

WIND TUNNELS

Notre Dame NASA (Langley)

V 90 fps 120 mph
max

Turbulence Level : 0.01% 1. 1%

Test Section Shape : 2x2 ft (sq.) 3(60 ft (elliptic)

Test Section Length : 6 ft. 55.8 ft.

Contraction Ratio : 25:1 4.93:1

Horsepower 15
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Models 3-4 an. 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 aspect ratios 3.0, 2.5, and 2.0*.This
latter aspict rat-1, of model 4 served as the test model for the dynamic test
program. A schematic assembly of models 3 mnd 4 is given in Figure 8,
while Figure 9 contains the airfoil coordinates. 7,0

NASA Laniley Models"

line Parafoil models were tested, all employing a rectangular
planform and a truncated airfoil shape with flat undersurface*. The airfoil
section and dimensions of models 5-7 (series one) are given in Figures !0-12.
The configuration and dimensions of models 8-13 (series two) are given in
Figure 13. Model dimensions are given in Figures 14 - 16 for models
5-7; Figures 17-21 for models 8-13.

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 suspension 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 5-7 were made of apprmimately 2.0 on. per square yard low
porosity acrylic -coated.rip stop nylon. The suspension lines employd were
of 375 pound test and 550 poud test braided nylon card. The diameters of the
lines were determined under tension to average apprcmimately 0. 125 inches
(550 line) and 0.050 inches (375 line).

Model 3 was tesed in 1967; model"4 in 1968 under AFPDL contract.
"OThe NASA (Langley) Parafoil models were designed by Nicolaides and were

constructed under the direction of the University of Notre Dowe.
"O"Models 5-7 were tested in the Spring of 1966. Models 8-13 were tested in.

March of 1968.

6



Model 13 was initially an aspect ratio three design with the same
dimensions as model 12, however, in the test program side panels were
subsequently cut off from each end reducing the aspect ratio in increments
of 0.5, also atbctit4 a reduction in planform area. Hence in the remainder
of this analysis this model will be referred to as the Langley variable aspect
ratio model.

Model 5 was procurred from the Space Recovery aV 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 In the early Notre Dame tests, a conventional rigid wing
was tested, affecting a comparison between the Parafoil and the rigid airfoil.
Since a Parafoil is made from nylon 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 Ove rigid Parafoil model were therefore each tested in the follow-
ing manner:0

(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, C + C m, were measured by dynamic test-
ing techniques in the Notre Dane'*tunnel.8 The techniques used consisted of
photographing a pointer which was mounsed to the supporting strut outside
the top of the wind tunel 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) moumted under the pointer.

*Air Force Plight Dynamics Laboratory,Wright-Patterson Air Force Base,
Contract No. F33615-67-C-1670.P002-P003.
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The Parafoil was suspended from the axis of rotation by two steel
oars as shown in Figure 24. These bars serve to simulate, in a completely
rigid manner, the suspension lines of a Parafoil system in free flight. The
suspension bars also allow for selecting various trim angles as well as
various 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 installation and model position changes. A
pointer was attached to that portion of the supporting strut which protruded
outside and above the wind tunnel section. Figure 23 shows the pointer and
angle indicator, which when photographed as it oscillates, provides support
strut rotation in degrees.

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

The Parafolil model was mounted in a four square foot working tection
(Sec. #8) as shown in Figure 23. Notice that the model is mounted in what is
commonly referred to as the yaw plane. 0* Because the Parafoil was mounted
in this fashion a glass bottom working section was used and each trim position
as well as the angle between the suspension bars and the Parafoll 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, mrr, and suspension bar chordline angle,v, were ob-
tamined as also shown in Fiure 26.

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

*Th -ue of jewel bearings In this Ivestigation reduces de friction to a
negligible quantity. Any bearing friction in the support equipment would
eftat the damping momer coefficientsa, + Cm-, bu does not notan
afect the frequency of oscillation and thereibre Thes not afct the pitchinl
moment coefficient, Cm .

**By mounting :he model in'his manner a gravity moment is not introduced wheiý
the trim angle of the model is changed.
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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 pivot 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 die oscillations to damp varied from b 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 series 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. This 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 used 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
bars, the Moment of Inertia for that particular configuration was obtained. 8

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 eternally mounted six -component strain
gauge balance system. Reference 3 gives a detailed description of each
technique incorporated.

Force test were made over an angle of attack range from as low as
00 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%to+i10 and for angles of attack between
0 and 70A. 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
rebtrred to as (1) the Tether Testing Phase, and (2) the Strut Testing Phase.
Figures 27 and 28 show photographs of the models as they appeared in each
testing arrangement. The Tether Testing Phase yielded only the lift and drag
coefficients of models tested, whereas the Strut Testing Phase provided the

'see Nmenclature.
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primary means for data acquisition of all the force and moment coefficients
(Cf ., CDs Cm, CV,9 Cn,0 C 1 ).

Tether Test Phase. Figures 29a and 29b illustrate the test set-up.The maodels
were tested with its effective conflence point constrained. Since all suspension
lines did not jin at 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 centerlinm of the tunnel.Table 11-I in Appendix If dipicts the
mount position per aspect ratio.

A1; the A-flare* suspension lines were brough together to a connector
link, as were BC, and D-flare suspension lines each to a connector link
(Figure 29b). "he 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 modcI to be tested was raised into position by pulling up-
ward on two "guide" lines (375#t 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 tuanel 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 recorded. Simultaneously the angle of attack
was obtained from the side by two techniques: (I) 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 Pprafoil profile
was maintained by adjusting the risers. Dte to limitations in the mounting
astem and the available wind tunnel area, the angles of attack ranged fromto 20° .I

Tests were performed at tunnel speeds of 30,40,50 and 60 feet per
second for models 9-12,unnel speeds of 30,40.and 50 feet per second for
model 8; and speeds of 30 and 40 feet per second for thc variable aspect ratio
(Model 13). Each variable aspect ratio model was tested with its open leading
edge taped 33**(Figure 17a)closed and with a lighter line (100* test) replacing
757, of the heavier suspension lines (Figures 17-21).The viriable 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).

F laie A Is the leading edge iRare, successive letters Indicate successive flares
proceeding toward the trailing edge of the canopy.
"A I 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 100% tape
length. Thereft-re the 3.n length represented a cell decreased by 1/3.
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Flap deflectior? tests were performed for the basic models (8-13)
at a speee of 40 feet per sezond. Flap deflect-on condirins we-l- .--fined
as zero, .'ne-third, two-third, and full. No precisc measurements were
made as to the exact angle of flap deflection. llowevci, a zero flap condlion
corresponds to maintaining the Parafoil chord line straight, a full flap con-
dition is indicative of a flap deflection of about 75o with the hori7ontal,one-
third, about 250, and two thirds about 50(.

The tests yielded lift and drag data veri,,r; angle of attack.

Strut Testing Phase. The Strut Testing .-,zt-up is given in Figures 18 and 30.
The suspension limes were cut a distance approximately 33.q- from the flarez
to permit the Parafoil to fly essentially at the tunnel center-line. These line,
were then attached to a metal grid ft ,mework. The grid was attacheJ to a
strut mounting system extending from the groundb,.ard. Two strain g. vge
balances were positioned on the bottom surface of the Parafoil at the quarter-
chord locations on each side, in addition to various gartges located beneath
the groundboard which yielded all the force and moment coefficients. The
groundboard was mounted on a turntable, which could be rotated for data
acquisition as the model was yawed.

Unlike the tether testing ,iase, the model control hines were attached
to the grid, and could be adjusted according to flap deflections desired.
Tufts of wool were attached to the top cambered surface to• :ssist visual
analysis of the flow field (Figure 31).

The grid and mounting arrangement for each model was first "tested"
witet the Parafoil removed. By recording the force and moment -ffects due to
the mounting apparatus, this effect wai then removed from the wing-line
data. As a data point was recorded the angle of attack was measurcd by two
methods: (1) by photographing the main scrut support (this support was
attached perpendicular to the Parafoil chord line at the models mii-'ppan):
and (2) by visually observing th, near-side Parafoil chord line. The angle of
attack was varied mezhanically by r(ý,ating tie strut grid. Hence an arke of
attack range from - I0° to Po0 was achieved.

Parefoil moiels 8, 10, and 12 (AR 1.0, 2.0, 3.0) wt:re tested exten-
sively at a tunnel speed of 1.0 feet per second yielding the longitudinIal
coefficients CL, C., and C . and the lateral-directional coefft.ients: Cv.,
Cn .and C1 .-Loitudinal'dmta only was recorded for model (AR 1. )
at tunnel speeds of 30, *3,50 and 60 ieet per second. Mlodel II (AR 2.S)was
zested at 40 feet per becond yielding longitudinal dava. Models 8. 10. and 12
were tested at various flap deflection condAtions defined as zero, one-half,
and full. A zero flap conditior ,orresponds to maintaining a s:ratght Parafril
chord line, a full flap re-dition corresponls to a flap .ieflcted about, 750 with
the horizontal and a half flap conditarn., about 37.50.

"The rear 25% of the wing area is deflected by pulling in the control lines acruss
the entire span.
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Data Reduction

Static Tests. The Notrc Dame static model configurations yielded the lift
and drag forces measured by the balance system. The signals from the
strain gauge werc channeled to potentiometers where the lift and drag forces
were read indelpendently of each other. This technique involved a calibration
a',d balancing of circuits, and a conversion of milli-vok readings to pounds.
The drag measured by the balance included the drag of the metal sting on
which the model was mounted. This drag contribution was then subtracted
from the total drag, yielding the aerodynamic force of the wing itself. The
angle of attack was measured by means of a protractor dial and correlated
with the lift and drag measurements. 6 , 7

Dynamic Tests. The reduction of data obtained through dynamic tests was
accomplished in the following manner. A polaroid picture representing one
trim position of the Parafoil model was analyzed to determine (1) the angle
of trim, aT*c and (2) the anglek Y, as shown in Figure 26. This information
was tabulated for that specivflc test run to later compare with the results of
the dynamic analysis.

The 16mm high speed film docdumenting the oscillatory motion of the
Parafoil waA processed to a negative print from which the Parafoil motion in
degrees was read directly. By using a stop-frame projector, the pointer
position in each frame of the film was read in angular degrees to withha an
accuracy of .25 degrees. The change in the pitch engle, 0, with time was
determined by utilizing the camera film speed (128 franes/sec).

The zero position of the angle indicator was aligned with the x-axis
in the wind tunnel thereby permitting the direct determination of the angle
of attack from the rosition of the pointer.

Now that the motion has been reduced to a set of angles Ot knorn
increments of time this data was then fitted to the following equatlon:

Y= Ke At cos (u+6) +6 .T

Writing the above equation in symbolic form,

a= f (cFT,t,K,) ,w,6 )
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This equation consists of two variables (angle of attack and time) and four
undetermined constants which are

K - maximum amplitude
X - damping rate
w - angular frequency
6 - phase angle

By usipg the Method of Differential Corrections and obtaining the
initial approximation for the four constants from the plotted data, the
constants are determined.

The first appriimations for the various constants were determined
in the following manner from the plotted data ( 0 vs time ).

(I) T was determined as the mean of the two extreme points
orminimum amplitude.

(2) = (n-Ir
tn

where n is the nmnber of extreme points and t. is the
time interval between the first and last of the extreme
points.

(3) 6 is determired as 6 = oto where t is the time interval
between the normalized time zero (mAdile poit of sections
of data being fitted) and the preceding positive maximum.

(4) K is determined as the distance from the line to the
intercept at normalized time zero of the envelope of
positive maxim"m points.

(5) X=0

An example of the oscillatory motion of a typical test run is presented
An Figure 32 with the first apprcmtiations shown.

The "WOBLE PROGRAM".9 was used to extract representaive
values for K. XA, w and or as fhrctions of time from the pitching motion of
the Parafoil. Using these comn pud values along with the lateral moment of
inertia, I, of the Parafoil and suspension system, the wind velocity, and the
Parafoil characteristic length and area, the stability coefficients Cm and
CmrnCm, were determihed as functioti of time from the followit"
equattions.

Cma. 2 2w lv 2S c
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Cm+ 8• 4PvscZ
Cmq +m& =

By employing overlapping sectional fits in the data reduction technique. a
means of investigating the non-linearities of the stability coefficients with
angle of attack is provided.

NASA Langley (Series One)

The data obtained through this test program was taken from reference
3, and represents the forces and moments characteristics of the Parafoil
sv.zems. For comparison purposes the force data was referred to the basic
Parafoil by removing the suspension line drag as explained in
Appendix 11.

NASA Langley (Series Two)

Langley presented the data obtained to the Us. ft -slry of Notre Dame
for analysis in tabular coefficient form representing the system as tested,
uncorrected for unexposed suspension lines. Because the mounting technique
resulted in a percentage of the suspension lines being unexposed to the air-
stream, (tether phase) or a percentage being cut off (strut phase), the entire
drag force was not measured. Hence this data was corrected according to
two different approaches dictated by the analysis desired.

The first approach r -nsidered the removal of the drag due to the
suspension line let,'hs exp. aed to the airstream. Hence the corrected data
resulted in the drag of the r'arafoil alone and serves as an excellent method
of comparing the aerodynamic characteristics of the Parafoils to one another.
The procedure was to determine the length and number of suspension lines
exposed to the airstream. Knowing the diameter of the lines (under tension),
the projected fro.ntal area was computed. Assuming a drag coefficient of 1.0
based on the line+ frontal area, 10 the drag coefficient based on wing area
was determined. This line drag coefficient was then suttracted from the given
test drag coefficient, and resulted in the drag coefficient of the Parafoll it-
self. For a more detailed treatment refer to Appendix If.

The second approach considered the addition of the drag dte to the
suspension line 4engths not exposed to the air flow. The procedure is very
much similar to the former case but results In the drag of the total system -
Parafoil and suspension lines. For a more concise treatment of this approach
refer to Appendix Ill.

Wind tunnel data from all of the test programs was pumchd onto IBM
computer cards and programmed for various operations on the University of
*xre Dame Univac digital computer, Model 1107. Thus, the results could
tOwn be plotted by the computer in any desired manner.
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ANALYSIS OF RESULTS

Early Notre Dame Tests

The first wind tunnel tests were carried out on a completely fabric
model of an original Parafoil kite modified for wind tunnel testing. The unit
was placed in the wind tunnel with flow visua!ization made possible by the
use of smoke streamlines. The flow field over the Parafoil was observed.
Special attention was given to the location of the stagnation points, separation
of the flow, three dimensional effects due to the flares, general rigidity, and
stability characteristics Figures 2 and 33 show some of these smoke flow
pictures.

Following these flow visualization tests the first Parafoil wind tunnel
model was constructed and tested. This wind tunnel model is described in
the section on the model description (Model 1). Summary curves of the aero-
dynamic data for the flexible unit is given in Figures 34 and 35 as the AR 0.83
traces.

Extensive wind tunnel tests were also carried out on all rigid models
of the Parafoil. 6 Results for the all rigid model wind tunnel tests were com-
pared with data olbained on a rigid airfoil model (no openings in the leading
edge). WiWn tunnel tests were also carried out where fabric cloth was placed
over the rigid model and also used as flares. Summary curves for this rigid
Parafoil model (Model 2) are given in Figures 34 and 35 as the AR 1.77 traces.

A summary of the effects of the rigid airfoil and its model variations
is presented inFigure 36W. A summary of the effects of the rigid Parafolil and
its model variation is presented in Figure 37.-** In addition, Figure 37
also shows the CL curve of the Parafoil plus flares plus nylon cloth corrected
to a RN of 3,000,000, corresponding to a velocity of 70 ft/sec. on a Parafoil
having a chord length of 6'10".

Comparing the effects of the flares alone on the rigid airfoil and the
rigid Parafoil shows that on bcth models they increased the slope of the lift
curve, decreased CL4,, and increased the drag slightly.

NFigures 36 ind 3sho CL data appearing like a stall. This reduction in
lift is not a true stall phenomenon but is rather characteristic of testiag a
small model (c=5") in a low speed wind tunnel. In this case a laminar
separation occars which may be extrapolated to higher RN by using the
standard methods4 .

"*Due to mounting, the data from the rigid Parafoll had to be shifted 2P to the
left.
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The effect of the nylon cloth alone on the rigid airfoil and the rigid
Parafoil was to increase the slope of the lift curve, and increase the drag.

The effect of the flares and the nyion cloth together was to increase
the slope of the lift curve, and, increase the drag.

A comparison of the Parafoil Airfoil section and the conventional
airfoil section showed that the ParaIDIl airfoil section decreased the slope of
the lift curve, and increased the drag.

The rigid airfoil model variations produced an L/D range of 4.43
to 5.15. The rigid Parafolil model variations produced an L/D range of 3.90
to 5.0

There is a small reduction in the aerodynamic performance (L/D
ratio) of the rigid Parafoll as compared to the rigid airfoil as evidenced by
the increase in drag on the rigid Paraloll, and the decreased slope of the
lift curve.

Data obtained for free flight testa carried out at the University
confirmed Parafoil performance estimates based on the early w, A.Ml
data and also demonstrated lift to drag ratios in excess of four." "h "

The success of these early test sugested that more extensive wind
tuninel tests should be carried out on selected Per"afLl designs.
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Early NAS.A Tests

On the recommendation of Nicolaides, NASA obtained an original Para-
foil kite 3 (Model 5) from Space Recovery Research Center, Inc., and undertook
wind tunnel tests in the Langley 30 x 60 full scale wind tunnel in 1965. Some
difficulty was experienced in rigging these models. The University was pleased
to assist NASA in the rigging, and also loaned two of its Pajafoi! designs 3

(Models 6 and 7) for testing. The result of the NASA tests are given in Ref. 3
and are also sunmarized in Figures 38 through 41. (Line drag removed)

ýGo agreement was obtained b en the early Notre Dame wind
tunnel tests and the early NASA tests on lift coefficient, drag coefficient
and lift to drag ratio when line drag was removed from the Langley data, Fig.
69 and 82. In addition the Langley tests revealed that the Parafoil was statically
stable over the entire range of test angles of attack from 00 to 70P.

Notre Dame Wind Tunnel Tests

Notre Dame/Air Force Wind Tqpnnel Tests

Static. The early wind tunnel tests and flight tests of the Parafoil led to a
syst atic wind tunnel test program of various Parafoil designs, ranging in
aspect ratio from .5 to 3. This program was carried out for the U. S. Air
Force Flight Dynamics Laboratory at the University of Notre Dame.

Wind tunel models 3 and 4 were constructed of aluminum ribs and
flares and the top and bottom surface of the model was composed of nylon cloth.*
No rigging lines were used.The wind tunnel data from these tests is provided
in Ref. 7.

Figure 42 provides a summary of the lift and drag coefficient data ob-
tained on the variable aspect ratio Parafoil model 3. The data demonstrates
the normal inmprovement in lift curve slope resulting from increasing aspect
ratio. A summary of lift to drag ratios obtained from the various models Is
given in Figure 43. Again the improvement of lift to drag ratio with increasing
aspect ratio Is observed. Repeat tests are given in Figures 44 and 45 on Wind
Tunnel Model 4. Summary curves on flap deflection are given in Figure 46.

Dynmaic. Dynamic wind tunnel tests were carried out as described in an
eiFTO section. The data from these tests are given in Ref. 8.

OModel 3 tested in 1967; model 4 tested in 1968.
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A summary of results for the static pitching moment stability
coefficient, Cm i. is given in Figure 47 as a function of different trim angles
of attack and for 3 locations of the confluence point below the Parafoil. A
summary of the pitch damping moment stability coefficient (Cmo+ Cmn) is
given in Figure 48 for various trim angles of attack and for 3 ations of the
confluence point.

The static and dynamic stability of the Parafoll is demonstrated by
these unique wind tunnel tests.

NASA Langley Tests

During the period from 1964 through 1967 extensive flight tests of the
Parafoil were carried out in order to obtain performance data to supplement
the aerodynamic data from the wind tunnel testing program. 1 , 17 The results
from both the wind tunnel tests and the full scale free flight tests led to a
program of full scale Parafoil wind tunnel tests in the 30 x 60 NASA (Langley)
full scale wind tunnel. This program was carried out by Notre Dame under
the direction of the Air Force Flight Dynamics Laboratory commencing in
the spring of 1968. The all fabric wind tunnel models 8 through 13 were
designed by Nicolaides and were constructed under University supervision by
the Dutron Corporation.

All of this data was transferred to IBM cards which were used in
various computer programs. The various computer programs permitted the
preparation of numerous plots. In this way data of diferent test condlions
could be compared. Also, the various aerodynamic coefficients could be
computed both with and without rigging line drag for comparison with previous
wind tunnel tests. In addition special summary curves were prepared. For
example, a summary plot of the wind tunnel data obtained on the aspect ratio
I Parafoil at wind tunnel speeds of 30,40 and 50 per second is given in Figure
49. Similar summary curves for the other aspect ratio models are given in
Figures 50-53. Summary curves showing the effect of aspect ratio on lift
coefficient and on lift to drag ratio are given in FIgure 54 at a wind tunnel
speed of 40 ft per second. An examination of this dat suigests that
some effects of speed or wing loading are Indicated. Summary data br the
various flap deflection effects Is given in Figure 55 where it in noted that
increases in the lift coeffiient are obtained with increasing flap deflection as
expected for basic wing theory. Figures 49-55 are prepared with line drag
removed.

In order to improve Paralii perfbrmance the leading edge opening was

"wind tunnel and flight tests at Notre Dsme revealed better flight performance
due to improved nose flow as observed in smole potiographs.



decreased by using V" tape. The data resulting from this change in con-
figuration is given in figures 56 through 59 for the aspect ratio I and the aspect
ratio 3 models.

The strut tests enable determination of a restoring moment. A summary
of the moment data is given in figure 62 and 109. The static pitching moment
about the confluence point is plotted in figure 63 for confluence points located
1.5 span lengths below the Parafoil. Appendix I presents the method of per-
forming this transformation of moments. See summary curves 60-61.

A summary of lift curve slope vs aspect ratio is provided in "gure
64. The static yaw moment coefficient for aspect ratio 1,2,3 models is given
in figvmre 65 which shows good stability. The static roll moment coefficient for
side slip is given in figure 66 for 3 aspect ratio Parafoils. Again stabilizing
moments are observed.

Qualitative

In addition to the aerodynamic force and moment coefficient data pre-
sented in the preceding paragraphs, numerous valuable visual observations
were made. Of particular interest was the rigidity and self-inflation of the
Parafoll over a large range of angles of attack. In the tether tests the Parafoil
remained fully rigid and inflated over the entire range of test angles of attack,
from -50 to 700.

Any particular Parafoil is designed and rigged for a specific flight trim
angle of attack.This design trim angle is generally near +50. When force,
out of that trim angle by deflecting tether (Tether Tests) or by rotating saut
(Strut Tests), the pennants and their lines will become slack and will flap,
thereby causing unnecessary drag. The observations revealed that as the
angle of attack is decreased below the design trim, the D lines first flap and
then the C, and B.

At the large angles of attack the D lines first and then the C lines again
flap. In a special test the D lines were disconnected and their pennants taped
up. k was found that the Parafoil flew quite well with no flight stability or
rigidity problems.

In the series of tests where the Aspect -atio three Parafoil was cut off
at the tips to yield lower aspect ratio units, the outside rib sections had their
rib air passage vents exposed to the airflow, thus reducing the fabric internal
pressure constraint. It was 1ound that no change In Inflation or stability re-
sulted, and that the reduced AR sizes were as stable as the models with the
complete non-porous outboard rib sections.

An lnveatgatkn of the flow characteristics around the Parafoil was

19



made by taping wool tufts six inches in length on the upper surface of the
Parafoil models at varied locations on the upper surface (Figure 31a). At low
angles of attack the flow was clearly attached to the upper surface from lead-
ing edge of trailing edge. Ile flow remained attached until about a = 7.5°
(Fig. 31b). Between a = 7.5 and a = 150 the flow field changed significantly
and is definitely unattached on the latter half of the upper surface.

Comparison of Tether and Strut Data Conslerable differences are evident in
comparing the L /1) data obtained from the tethered tests (Fig. 54) with the data
obtained from the strut tests (Fig. 61). In order to understand these and other
differences in the Langley tests it is helpful to review some of the visual
observations which were made during the runs.

Tether. During the tether tests the Parafoil models did not fly absolutely
steady due to the gustiness of the tunnel flow, and the mount location in the
rear of the tunnel. The tether mount system was located downstream in the
test section where greater flow disturbances were prevalent. It was necessary,
therefore to hand control the Parafolils with control lines attached to the rear.
This controllability effect gave rise to residual motions resulting from the
necessity to control the model so as to obtain a steady condition for the re-
cording of a data point. Because of the multiplicity of data points recorded at
a given angle of attack, ail points at the same angle of attack were averaged
to yield one representative data point per a. The angle of attack of the Parafoll
was ausumed to be the same as the right wing tip which was measured from
side view photographs. The angle was noted to vary by as much as + 3r at a
given test condition. In addition, the models were not trimmed to opimum
performance conditions at each angle of attack. Hence, it is believed that all
of these factors account for the scatter and inconsistencies apparent in the
tether results.

The tether technique was employed to check general Parafoll rigidity
and performance (e.g. flight stability, trim, trim change, yaw and roll
control, etc... ). it should not, however, be used in a quantitative manner
but rather as confirmation of general Parafoil aerodynamics.

The tether tests, through visual observations and movies, clearly
confirmed controllability in yaw, roll, and pitch. The static and dynamic
stability of the Parafoils was observed for numerous pitch trim positiots and
for nunerous yaw and roll trim positions.
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Strut. In the strut tests the angle of attack of the Parafoil was measured by
SMeans: (1) by photographing the right wing tip (av), and (2) by photograph-
Ing the main bar support (which was positioned so as to always be perpendicular
to the mid-span chord line), (as). For angles of attack between 110 and 20P,
as and av are in good agreement. Figures 67-68 illustrate the shifting of the
lift curve and the lift to drag curve as a result of the angle of attack measure-
ment technique. However, for angles of attack less than 110, av > as, and
for angles of attack greater than 200, av <as. The method of strut support
utilized rigid tie bars which were attached to the Parafoil at its mid-area.
Because of this rigid attachment the Parafoil was not completely free to move
to the proper trim angle when the strut angle of attack was changed. As a
result the Parafoil was physically distorted and thus its angle of attack
distribution was distorted. It was observed that when the model was pitched
at a negative angle of attack, the angle of attack of the outboard wing tips
was greater than the angle of attack of the mid-span. When the model was
pitched to a high angle of attack, the angle of attack of the outboard wing tips
was less than that of the mid span. Although this phenomenon might be attri-
buted to the flow field around a non-rigid body such as the Parafoil, it was
observed from test film that this was a characteristic resulting from the
strut mount arrangement. As previously discussed a given Parafoil is designed
for a particular trim angle of attack. That is to say the pennant design and the
rigging lines are related to a certain confluence point which is determined by
the design trim angle of attack. Once the Parafoil is constructed there is
nothing which can be done to change this optimum design. The use of a rigging
platform, as employed in the strut tests, simply simulates the design confluence
point and thus permits the Parafoil to fit in the available wind tunnel test
section area. Any movement of the Parafoil to an angle of attack other than
the design trim angle results in an off design condition and results in a forced
distortion of the Paralfil from its destred flight position. This distortion waR
readily observed during the tests and could be seen in the test film. Therefore
the strut data is highly suspect at the low angles of attack ( a< 50) tested.
All strut data unless otherwise specWfed was plotted versus av and each data
point represents a recorded data point, that is, no averaging technique was
incorporated for values at the same angle of attack.
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WIND TUNNEL TEST SUMMARY

Sitmmary curves of wind tunnel data as obtained from the various
tests conducted at both the University of Notre Dame, and at NASA have
been presented. I lowever, the data from these various programs are not
in complete agreement. As a result, general summary curves representing
aerodynamic performance of tl:t- Paratcl are now given.

Lift Summary

Figures 6-) and I0 give P complete summary of all the lift coefficient
data. Figures 71 throughI 81 present the suprorting data for the summary
curves, and the repreentative lines used.

Lift to Drag Ratio Summary*

A general summary of the lift to drag ratio data without line drag Is
given in Figure 82. The supporting data for determinirng t.e rep!reseIative
curve data is given in Figures 83 through 93. Figuirt; ý'C:7 anj 10 present
a general summary of this data with line drag effects inclu -hd.

Drag Summary*

The general summary of wing alone dreg data is given fn Figure 94,
and the supporting curves are given in Figu±'es 95 through 105. Figure 106
presents a general summary of this data inc!uding line drag effects.

Moment Summary

The static moment of the wing alone over the full range of angles of
attack is shown in Figure IM9. Supporting curves are given In Figures
110-114. The same data transferred to a -oiluence point 1.5 spans+*
below the Parafoil is illustrated ýn Figure 03. Sunlyrrtv curves are given
in Figures 115-119.

'Parafoil iodels used in the vests conducted at Notre Dame contained
proturbences which produce a drag component not taken into consideratbii
in these lift to drag or drag data presentations. Appendix IV includes an
analysis of the effects of correcting the data to reflect removal of this
additional drag.

"*Flight Parafolls now utilize a 1.0 span confluence p•iA. Also the
lines are of reduced number and diameter. Accordingly, all Pat efolls of any
aspect ratio are able to achieve static stabilly over their entire range of
angles of attack.
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V

?ARAFOIL FLIGHlT SYSTEMS

Incorporation of the Parafoil into a flight system requires consideration
of line and payload drag created by the configuration of the intended system.
Appendix V illustrates incorporation of line drag data for a PErsonnel size
Parafoil.

CONCLIDING REMARKS

A summary of Parafoil wind tunnel data has been presented. Data
from the various 'irid tunnel testing programs ha been reduced to a common
basis and numerous comparison plots have been prepared which illustrate
the effects of aspect ratio, velocity, trim angle, control deflection and
configuration.

The aerodynamic data confirms that the Parafoil is similar to the
airplane wing. The Parafoil has positive lift at zero angle of atack. Figta-es
show lift down to about -5o. The lift curve is quite linear with angle of
attack. Increasing the aspect ratio increases the lift curve slope and
improves the lift to drag ratio. The Farafoil has static and dynamic stability
in all modes of flight, pitch, yaw, and roll.

The Parafoil, because of its configuration and flexibility, does not
exhibit tli- stisI characteristics of the aeroplane wing at large angles of
arrackc. instead the lift falls off gently and thus the Parafotil may also be
safely flown at very large angles of attack (70°+).
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Figure Ia. Partfoil in Gliding Flight.
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Figure lb. Pfrafoil in Gliding Flight.
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Figure S. Lngley Fual-Scale Tunnel
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AIRFOIL

Station O1 rdinste-

0.0000 0.0481
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.1731 .1250
.1923 .1269
.2404 .I=2
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.3846 .1010

•.4327 .0981
.4aO .0962
.5288 .0913
.5769 .0m
.6250 .0750
.0731 .0673

! .0m0 .000

Figure 6. Parakbl Model I Airoil Section and Dimensions
(in fraction of chord).
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AIRFOIL

Station Ordinate

.000 .0677

.0322 .1048

.0645 .1322

.0806 .1455

.1290 .1661

.1612 .1774
.2258 .1887
.2580 .1919
.2903 .1887
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.4032 .1774
.4838 .1629
.5645 .1435
.6451 .1209
.7258 .0983
.8064 .0725
.8870 .0435

i.0000 .0000

Figure 7. Parakil Model 2 Airfoil Section and Dimensions
(in fraction of chord)
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AIRFOIL
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1 04000 .1592
.0600 .1518
.0S00 .1616
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.1056 .0000

.1200 1 .1730
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.1600 .1780

.1800 .1784
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.2200 .1790
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.2500 .1752
*: 2SC0 .1730

.3000 .1763
.3200 .1676
.3400 .1646
.3600 .1606
.3S00oo .1562
.4000 "1524
.42CC -i476
440 11426

1.000 o .o0oooo

Figure 9. Parafoil Models 3 and 4 Airfoil Section and Dimensions

(Yr. fraction of chord) Best Available Copy
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AIRFOIL

Station Ordinate
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.0125 .0888
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.0500 .1331
.0750 .1539
.I00 .1642
. 1500 .1805

.2000 .1953
.2500 .2012
.3000 .1953
.4000 .I805
.5000 .1539
.6000 .1317
.7000 .m065
.8w00 .0740
.9000 .0385

1.0000 .0000

Figure 10. Parafoil Model 5 airfoil Section and Dimenskorn
(in fraction of chord)
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.8000 .0504
.9000 .0288
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Figure 11. Parafoil Model 6 Airfoil Section and ý)imensions
(in fractkm of chord)
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AIRFOIL

I Station Ordinate

0.0000 1 0.0811
. 0125 ; .1081
.0250 , .1 208

.0500 .1399
.0750 .1526
.1000 j .1622
. ! -W .1749
.2000 .181
.2500 .1844
. M00 .1812
.400 , .1653

.1437
.6"0 .1208

.7000 i .0916

.8w000'

.9000 .0286
I1. 000 .0000

Figure 12. Parafoil Model 7 Airfoil Section and Dimensions
(in fraction of chord)
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.4003 ., .. :
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Figure 13. Parabll Models 8-13 Airfoil Section and Dimensions

(in traction of chord)
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2.) Leading edge taped 33% closed

Figre 17s. Tape on Leading Edge.
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Rigid Airfoil R d Irfoll Rigid Airfoil plus

Rigid Airfoil plus Flares ph N Ion Cloth Flares plus Nylon Cloth

Sym bols: + - X & 0 __

Cl'o .0500/deg .050e/deg .0530/deg .05 1O/deg
cLm ax :.980 17.5 .93@ 17.50 1.12@ 19.5° 1.20@ 2l.5

Stall :1.5 17.50 19.50 21.50

Drag (Basis) Approx. same Greater Slightly greater
L/Dmax: 5.00 10° 5.150 110 4.430 I°0 4.810 11.50

1.2

1.0,--

Cf

.8-4-

CL

C.

0.00

-5 0 5 10 15 20

Figure 36. RIgid Airfoil with Model Variations
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Rigid Parafoil Rigid Parafoil Rigid Parafoil plus
Rigid Parafoil plus Flares plus Nvikn Cloth Flares plus Nylon Cloth

Symbols• + x A 0

C1 . : .0400/deg .0408/deg .0440!deg .0410 v.g

CLmax .66fi 11.5 .58 u 95 4 .- 2 1 17 .

Stall : 11.50 9.50 I l.•O
Dra : (Basis ) Slightly Greater Greater Slight!v Greas~r
VI ,5.0@ 7.50 4.006.50 3.9f C80 4.- 6(a /1I 4., I 10

/

Rigid Parafoil plus Flares
plus Vylon Cloth ata a

1.0 - Reynolds Nuumber of 3,000,000.- 7'
!

I

.8-6

C L 0

.6-

0.0. •

-5 0 5 a,10 is 20 23

Figure 37. Rigid Parafoll with Mlo-el Variatimns
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Figure 38. Early NASA Tests: Lift and Drag Summary
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APPENDIX I

Transformation of Moment Coefficients About Confluence Point

The stability axes systems used in the development and presentation

of the NASA Langley data and the positive direction of forces, moments, and

angles are given in Figures 1-1 ani 1-2.

As the Para-Foil moves through an air mass, forces are generarid

due to the dynamic reaction on the air similar to the forces associated with

the wings of an airplane. These generated aerodynamic forces are known as

12
the lift and drag forces of general airfoil theory. When considered as a

resultant force acting at the center of pressure varying with attitude, a

moment about the lateral axis is introduced (Figure I-1). This moment is

known as the pitching moment and affects the longitudinal stability of the

Para-Foil. 13,14,15

If the Para-Foil is flying directly aligied with the wind, the lift and

drag are the only fluid forces generated. However, if Lhis is io, :h, ..'csc,

additional forces are generated which act perpendicular to the lift and drag.

This occurs when the relative wind is making some angle to the Para-Foil

centerline (angle of sideslip, $ ). The resultant of these forces acting in

the lateral plane is the side force, and depending upon its position and

orientation with respect to the center of mass, additional momnents are

created. The moment tending to rotate the Para-Foil abouVt its longitudinal

axis is known at the rolling moment- aixout the vertical aix:- is known as the

13,14,15
yawing moment (Figure 1-1).
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The various moment coefficients are usually obtained experi-

mentally in wind tunnel testing techniques about an arbitrary chosen

reference point. Sometimes, as in the case of the Parafoll, it becomes

advantageous to transfer the moment information to another point in the

system (when a stability analysis of the total system is desired). For the

Parafoil this point Is the confluence point (CPT), that is, the point where

all suspension lines are joined together and the payload is located Figure

1-3.

Longitudinal Stability

The primary factor relating to longitudinal stability is the pitching

moment, hence the following development outlines the derivation of the

pitching moment about the CPT. To determine the pitching moment about

the CPT consult Figure 1-3. Summing moments about the CPT yields:

MCFT = qSCA z" -qSCNx (1)

in coefficient form:

CNC~cr = iCA-xCN

= i CA - (i + XCp) CN (2)

- !CA--iCN-XCPCN (3)

From Figure 1-3 the following geometric relationship can be determined:

CN= CRcos(1l- ) (4)

with

cCCCmref cR

CR - - () CM (5)

a Cmref
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CN -()Cmr coe( It- Oa, ) (6)

Now
SCa (7)

Therefore from equation (6) and (7)

XCp CNa - CCmref (8)

and upon substitution of (8) into (3), results

cCmFT aCA - 1CN + CCmref (9)

and upon division of the chord length, c. becomes

C i CA-i q +-(10)
Cmc c mre

where the independent variable is the angle of attack. 06 For a given ',

the coefficients CL, CD, and Cmr are measured. Knowing these values,

the axial force coefficient, CA, and the normal force coefficient, CN, are

daermlned from the eomiry of figure 1-3.

CA - CR5In( I,-o, ) (Oa)

CNU CRoM( - ) (1ib)

where

CR C (12)

B arctan (CD/CL) (13)

Hence, returning to equation (10) X and z, the horizontal and vertical distances

to the CPT from the reference point respectively, are the only remaining un-

known paramet ere of the r4h•t hand aide.
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For the scope of this analysis, all tests were conducted with 1 = 1. 5b.

Corresponding to this vertical distance there is only one value of x assoc-

iatcd with a condition of longitudinal balance. This condition of longitudinal
14

balance occurs when Cm. = 0. Imposing this condition on equation (10)

and solving for i yields,

CCmref CA (14)

CN

where the coefficients Cmref, CN, and CA are the values corresponding to

the angle of attack at which CL/CD is a maximum. The Para-Foil is then

rigged to fly at this trim angle-of-attack, which yields its best performance.

The behavior of the pitching moment about the CPT versus O. will

then determine the static longitudinal stability of the Para-Foil. Mathemat-

ically this corresponds to the sign and magnitude of the slope Cm, , where

a negative slope implies static longitudinal stability. 14

Directional Stability

When the Para-Foil is at an angle of sideslip, . , relative to its

flight path, the yawing moment produced must be such as to restore it to

symmetric flight. If the yawing moment coefficient is"as ihown in figure 1-.

the requirement for static directional stability is that the slope C. be
14

positive. Hence to deermlne the yawing nmmetm aboiu the C", see

figure 1-4.The side force coefficien and yawing nrmmnm coeficient are

measured about the reference point to be respectively, Cy and C,. The side

force coefficient acts perpendicular to the longitudinal plane which gives rise
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to the yawing moment coefficient which acts in the lateral plane. Therefore,

summing moments (coefficient form) about the CPT yields:

CnCpT= Cn ref -x! Cy (15)

where the geometry gives

x' = rsin(O.,÷ ) (16)

i(r 17)

arctan (i/i) (18)

Lateral Stabiit3

When rolling oscillations occur the problem is one involving the

lateral stability of the Para-Foil. If the rolling moment coefficient is as

shown in figureI-2 the requirement for leteral stability is that the slope

(CI ) be negative. 14 To determine the rolling moment about the CPT

reference Figure 1-47The rolling moment coefficient is measured about the

CPT to be CJt and acts in the vertical plane. Hence, summing moments

(coefficient form) about the CFT results in:

CLCPT Cref 5 C@ (19)

z' r cos ( 0. e) (20)

For a vehicle as the Para-Foil, the stability derivatives involving rolling

moment and yawing moment will reflect the influence of the wing side force

and sideslip characteristics to a considerable extent, whereas the p;:ctung

stability derivative depends upon the lift and drag forces. In transferring

this moment information about the contluence point, the effect ot the suspen-

sion lines is included. Whether or not the additional drag due to the hnes

produce a stabilizing or destabiliztng response is still open to analysis and
testing.
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vertical axis

Y • pitch. "•lngivudinai axis

X • later axis

waw

z

Figure 1- 1 Parn-Foil Axis System (Body Axs)
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Xi

a) Directional and L.ateral Forces and \ioments
(Pure Yaw)

L

x

VD

z
b) Longitudinai forces and monents (Pure [itch)

Figure 1-2. Axes Systems ano Convention used to define
positive sense of forces, moments, and angles.
Longitudinal data are referred to wind axes and
lateral data are referred to body axes.

6 6'.



/ CN C -•

c. CRC c

E

- 14

/ 1 xx

1 c164

7/4
/'

/ /

/

/

//

II

Figuze t, i Longltdiana1 stability anl ylElli geom etry.



V ----- f

II

r

z

z

/

x

Figure 1-4.Directional and Lateral Stability
Analyses Geometry. Side force
Act:ng downward at the reference.

165



APPENDIX 11

LINE DRAG ANALYSIS - REMOVAL

NASA- Iangley (Series Two): Tether Phase

The length of line exposed to the airflow was determined in the following

manner. Reference Figure I1- 1 and Table II- 1. Given the geometry in Figure 11- 1,

h is determined accordingly:

h = L cos (c4.+ 0R ) - (21.3 -7 ) (1)

Knowing h, L can be determined, as follows:

Lh (2)h
h+ (21oý3 - (2)

Assuming the air flow turns an angle of 100 and also that the incremental

length, a is perpendicular to the j-streamline,

al• x sin 100 (3)

where x = (21.3-f )tan(ok + OR) (4)

Then (Z +62) is the length of one of the A-suspension lines exposed to the

airstream. Consulting the rigging schematic (Figures 17-21, main report) the

total frontal area of all the suspension lines exposed to the air stream is:

Ssus = (n 375) (.2. +04.) (dia 3 7 5 ) + (n5 5 0 ) (I +At.) (dia 5 5O) (5)

Note that all the suspension line lengths exposed are assumed to be of

equal length and all are assumed to tle fully exposed to the airstream. All

lines were also assumed not to stretch.
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The control lines of each unit are joined together at a wing on each

side of the Parafoil a distance 4 below the trailing edge. From these rings

two primary control lines run down to the controller. Hence the frontal area

of exposed control line lengths is

Scont (cont) ( ) (dia 375) + 2 ( 2 A I.) (dia 375) (6)

where the distance from the ring to the J-streamline is assumed to be

(2 AL).

For the two guide lines a length of 300 feet per guide line was

assumed exposed to the airstream. Hence the frontal area is:

Sguide = 2 (30) (dia 3 7 5 ) (7)

The total frontal area of all lines exposed to the airflow is then:

Sline = Ssus + Scont + Sguide (8)

Assuming a drag coefficient of 1.0 (from Hoerner) for the line

based on the line frontal area, the drag coefficient of the line drag based on

wing planform area can be computed, as follows:

D = q Slne" CD, (9a)

D = q Swing CDs (9b)

Sline CD, = Swing CDs

Sline

CDs = 1---Ce (10)
Swing

The component of this drag coefficient that contributes to the drag

of the system is (CDs cos a ) and hence this drag component was subtracted

from the given data drag coefficient to yield the drag coefficient of the Parafoil
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alone.

Some tests of the variable aspect ratio unit were conducted with 100

pound test line. When these situations occurred the same procedure was

followed in removing the line drag, noting the diameter of 100-line to be

0.040 inches.

All computations were programmed and run on the University of Notre

D3me's Univac 1107 computer.

NASA Langley (Series Two): Strut Phase

The length of line exposed to the airflow is

I = C.339L (ll)

where L is the length given in Table IH and mentioned in the Tether Testing

Phase. (Figure. 11-2)

The resulting frontal area is determined as in the preceeding tether

analysis, and hence the line drab coeffcients based on wing planform area

are found. All computations were performed on the Univac 1107 computer.

NASA-Langley (Series One)

The length of lines exposed to the airen-eam was determined from the

geometry of the various test configurations. 3 All lines were assumed to be

fully exposed to the airstream and not to stretch. Knowing the lengths and

line diameters the total frontal area of the lines was determined. In a manner

similar to that of thO previous section the drag coefficient of the suspension

lines based on wing planform area was compLted and then subtracted from the

total drag yielding the drag of the Para-Foil wing only.
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Figure I-1. Tether Testing Lane Drag fDeterminauon.
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APPENDIX III

LINE DRAG ANALYSIS - ADDITION

NASA - Langley (Series 1'wo): Tether Phase

The length of line nct exposed to the airstream was determined in
the following manner. Reference Figure 1I-I and Table Il-1. Knowing the
total length of the A-suspension lines ( L ) and the length of line exposed to
the airsrream (t +&L : from Appendix 1), the difference yields the line not
exposed to the airflow:

s = L - (L +&A)

where the same assumptions employed in Appendix lire incorporated.
Hence, following the approach in Appendix I1, the total frontal area of all
suspension lines not exposed to the airflow is:

Sline = S + S + S
sus cent guide

not
exposed

where

Ssus 375 550

= (n375) (s) (dia3 7 5 ) + (n5 0 ) (s) (dia5 5 O)

Scont = (2) (18) (dia3 75)

Sguide 0

The remainder of the method Is exactly similar to Appendix II but for the
fact that the drag coefficient due to the unexposed lines is added to the given
drag of the system.

NASA - Langley (Series Two): Strut Phase

The same p:ocedure as Appendix II was followed except for:

L -L= 0.661 L .
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APPENDIX IV

NOTRE DAME MODEL.

DRAG DATA CORRECTION

Upon completion of the analysis conducted in preparation for this
report it was discovered that Parafoil models used in the tests conducted
at Notre Dame included drag producing proturbences which were not taken
into consideration in developing the drag or the lift-to-drag data. The
purpose of this appendix is to prescnt the effects of correcting the data to
reflect removal of this additional drag.

Inspection of models 3 and 4 employed in the Notre Dame tests
(see Table II and Figure 8) reveals that four nuts, two bolts, and aluminum
flares of 24 ga. thickness were employed, the drag contributions of which
were not previously taken into account. Accordingly, the incremental
reduction in drag coefficient due to these proturbences is given in Figuare
IV-l. A new summary of the drag data for Parafoils of aspect ratios
1.0 - 3.0 is given in Figure IV-2 and a new summary for the lift to drag
ratio is given in Figure IV-3.
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AR VA CD ACD Nxuts (4) ACD Bolts (2) i') Flares

1 .04030 .0266 .008,34 .00542

I., .02800 .01773 .05 7 .004476

2.0 .02251 .0.33 .00,12 (050-

2.3 .0185b .01053 .00340 .00 463

3.0 .01639 .00887 .0027S .00471

A = 0.283 in. 2 (2 of this area)

N1rIT: CD .80* A 0. 132 in. 2 (2 of this area)

BOLT CD 0 . 80* A = .1303 in. (2 of this area)

FiLARE. CD - 0.48"*" AA - .5250 in.2 (AR = 2.0)

"Tluid Iyinmic Drag, toerner, p.5-8, Fig. 14a
"0[bid, p. 5-8, Fig. 13e

""[bid, p.5-8, Fig. 13c

Figure :,-I . Protuberance Drag.
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APPENDIX V

PARAFOIL FLIGHT PERFORMANCE

The aerodynamic data for the various Parafoil designs without line
drag was given in the summary Figures 69, 70, 82 and 94. Correction of
these figures to reflect removal of drag due to model protmubences was
presented in Appendix IV. In actual flight systems it is necessary to include
drag created by lines and payload in predicting the overall system per-
formaince. The purpose of this appendix is to illustrate incorporation of line
drag for a personnel size Parafoil.

In considering the additional drag due to lines, a drag coefficient
of one is used as was used in Appendices II and III. Although in actual
practice, the drag coefficient is less than one due to the angle of the line to
the flow field, line to line interference and improved separation points a
drag coefficient of one was also used in these line drag calculations for
consistency.

Figure V-1 illustrates the flight configuration of lines for the standard
200 sq.ft. jump Parafoil, ND 2.0 (200). It is noted that the line diameters.
are all. 0125 ft., and that the total length of lines are reduced by cascading
the rigging. The incremental drag coefficient due to incorporation of lines
is . 033. Based on the figures in Appendix IV and this line drag contribution,
Figure V-2 illustrates the drag coefficient for the flight configuration to-
gether with the lift coefficient and the lift to drag ratio. Figures V-3 and
V-4 provide similar aerodynamic data for the AR - 2.5 and AR = 3.0
Parafoils. A summary is provided in Figure V-5.
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A AR 2.0 (200 ft. 2)
18'5-4/1

Diameter of line = .0125 ft.

CD line = 1.0

Figure V-1 . Line Drag Calculation AR 2.0.
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