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APPENDIX 1

Transformation of Moment Coefficients About Confluence Point

The stability axes systcius used in the development and presentation
of the NASA lLangley data and the positive direction of forces, moments, and
angles are given in Figurcs I-1 and I-2.

As the Para-Foil moves through an air mass, forces are generated
due to the dynamic reaction on the air similar to the forces associated with
the wings of an airplane. These generated acrodynamic forees are known as
the lift and drag forces of general airfoil theory. 12 When considered as a
resultant force acting at the center of pressure varying with attitude, a
moment about the lateral axis is introduced (Figurel- 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 ali ghed with the wind, the lift and
drag are the orly fluid forces generated.  However, if this is not the case,
additional forces are generated which act perpendicular to the lift and drag.
This occurs when the relative wind is making some @ nele to the Para-Toil
centerline (angle of sideslip, B ). 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 moments are
created. The moment tending to rotate the Pa ra-Foil about its longitudinal

axis is known as the rolling moment: about the vertical axis is known as the

S L0 TS | 1.5
)

4
I y & Xy 1

yawing moment (Figure 1-1)



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 Parafoil, 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

I-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 I-3. Summing moments about the CPT yields:

Mepp = 95Cp Z - gSCx (1)

in coefficient form:

cCpmepp = ZCp - XCy

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

Cy=Creos (¥ -a) 4)
with

c( M e = - aCR

Cp= 12 ) Copray ‘ ) (5)
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hence

cos ( ¥, - &) (6)

Cn= -(S
N (E)Cmref

- a
“cp T s (g - ) )

Therefore from equations (6) and (7)

XcpON = ~Cry ¢ (8)
and upon substitution of (8) into (3), results
CCmCPT = 2CA - T(CN 4+ chnref 9)

and upon division of the chord length, ¢, becomes

- —

z X
c. =-2cya-Xcy +C (10)
mepT ¢ AT ¢ N Mref
where the independent variable is the angle of attack, oL . For a given X,
the coefficients C;,, Cp, and Cpyy__» are measured. Knowing these values,
e Mref

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

determined from the geometry of figuce [-3.

Ca = Cg sin ( ‘6"0(« ) (11la)

CN = Cg cos ( 3"00 ) (11b)
where

cr =4/ C2 +Ch (12)

X' = arcian (Cp/Cy) (12)

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 ers of the right hand side.
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For the scope of this analysis, all tests were conducted with z = 1.%b.
Corresponding te this vert.cal distance there is only one value of x assoc-
iated with a condition of longitudinal balance. This condition of longitudinal
1
balance occurs when C = 0. Imposing this condition on equation (10)
CP1
and solving for x yields,

—

CCmref +2 Cp (14)

X tn

"

where the coefficients Cpp_ e Cn, and Cp are the values corresponding to
the angle of attack at which Cp /Cp 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 L will
then determine the static longit udinal stability of the Para-Foil. Mathemat-
ically this corresponds to the sign and magnitude of the slope Cmd/ , where
14

a negative slope implies static longitudinal stability.

Directional Stability

When the Para-Foil is at an anglz of sideslip, $ , relative to its
flight path, the yawing moment produced must be such as 1o restore it to
symmetric flight. If the yawing moment coefficient is ‘as shown in figure 1:2
the requirement for static directional stability is that the slope Cnp be
positive. 14 Hence to determine the yawing moment about the CPT, see
figure 1-4.The side force coefficient and yawing moment coefficient are

measured about the reference point L0 be respectively, Cy and C,. The side

force coefficient acts perpendicular to the tongitudinal-ptane-which-gives rise
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to the yawing moment coefficient which acte in the lateral plane. Therefore,

summing moments (coefficient form) about the CPT yields:

Cncpr © C“ref - 5)5' Cy o (15)
where the geometry gives
x' =rsin(@+€ ) (16)
T = i’z-t- 22 (17)
€ = arctan (X/Z) (18)

Laterai Stability

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 figure ¥2 the requirement for lateral stability is that the slope

(ClA ) be negative. 14 T4 determine the rolling moment about the CPT
£
reference Figure F4The 1oliing moment coefficient is measured about the
CPT to be Cﬂrei and acts in the vertical plane. Hence, summing moments
(coefficient form) about the CPT results in:
'

) \
CLepr=Clret * § v (19)

z'=rcos (L +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'rching
stability derivative depends upon the lift and drag forces. In transferring
this moment information about the confluerce point, the effect of the suspen-

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

produce a stabilizing or destabilizing response is still open to znalysis and

testing,
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vertical axis

pitch longitudinal axis
c.g
\ 4 x /v v
X lateral axis
P yaw
Y
yA

Figure 1-1 Para-Foil Axis System (Body Axes)
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a) Directional and Lateral Forces and Moments
(Pure Yaw)

b) Longitudinal forces and moments (Pure Pitch)

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

Figure I-4 Directional and Lateral Stability
Analyses Geomerry. Side force
Acung downward at the reference.
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APPIENDIXN B

FINE DRAG ANAL YSIS - REMOVAL

NASA-Tanglev (Series Two): Tether Phase L !

The dength of Tine exposed to the airflow was determined in the following
manner. Reterence Hgure -1 and table 1I-1.Given the geometry in Figure 11-1,
his determined accordingly:

h = L cos (- IR ) - .3 - 7") (1)

Knowing h, £ can be determined, as follows:

| B Lh
L = h+ (21.3-7) (2)

0 4 .
Assuming the air flow turns an angle of 107 and also that the incremental

length, A 4, is perpendicular to the j-streamline,
AL = xsin 10° {3)

where  x = (21.3-fF )tan (A + 6R) : ‘ (4)

Then { £ +AL) 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 airstream ie:

= (n 375) (2 +04) (diagqs) + (ngs) (£ +A1) (diagsq) ()

sus i

Note that all the suspension line lengths exposed are assumed to be of
equal length and all are assumed to be fully exposed to the airstream. All

lines were also assumed not to stregch.,
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The control lines of each unit are joined together at a wing on each
side of the Parafoil a distance ¢ below the trailing edge. From these rings

two primary contro} lincs run down to the controller. Hence the frontal area

of exposed control line lengths is

cont
where the distance from the ring to the j-strcamline is assumed to be
2ak),

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) (diagys) (7)

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

(8)

Stine = Ssue * Scont * Sguide
Assuming a drag coefficient of 1.0 (from Hoerner) for the line
based on the line frontal area, the drag cocfficient of the line drag based on

wing planform area can be computed, as follows:

D = q Sjjne ©p, (9a)
D = q Swing CDS (9b) !
Sline CD,, = Swing Chg
Sy,
liie
Cp.= =—— ©Cp 10
s Swing " (10)

The component of thic drag coefficient that contributes t the dray

of the system is (CDS cos a ) and hence this drag component was subtractad

m-the-given data drag coefficicnt to vield 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 he
0.040 inches.,

All computations were programmed and run o the University of Notre

Dame's Univac 1107 computer.

NASA Langley (Series Two): Strut Phase

The length of line exposed to the airflow is

£ =0.339L (11)

where L is the length given in Table Ikl and mentioned in the Tether Testing
Phase. (Figure 11-2)

The resulting frontal area is determined as in the preceeding tether
anal/sis, and hence the line drag coefficients based on wing planform area

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

NASA-l.angley (Series One)

The length of lines exposed to the airstream 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 the previous section the drag coefficient cf the suspension
lines based on wing planform area was computed and then subtracted frorﬁ the

total drag vielding the drag of the Para-Foil wing only.
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L< Guide line

~ontrol line

\'
-|‘——/——‘ —— -
!
h
Platform
i
; |
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!
21.3 ft
‘ “~
!
| [
; r—— Attachment bar
) :
5 ' Strain gauge balance
I |
Floor

Figure II-1. Tether Testing Line Drag Determinauon.
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APPENDIX I

LLINE DRAG ANALY SIS - ADDITION

NASA - Langley (Series Tw_o): Tether Phase

The length of line not exposed to the airstream was determined in
the following manner, Reference Figure II-1 and Table II-1. Knowing the
total length of the A-suspension lines ( L) and the length of line exposed to
the airstrean (L +A L @ from Appendix II), the difference yieids the line not
exposed to the airflow:

s=L -(L+Ad)

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

S, =S + S + 5
line sus cont guide
not
exposed
where
S =
sus S375 + 8550

]

i

(2) (18) (dia

Scont 375)

sg uide

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

NASA - lLangley (Series Two): Str'n Phase

The saime procedure as Appendix II was followed except for:
1. - L=0.601 L
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APPENDIX IV

NOTRE DAME MODEL

DRAG DATA CORRECTION

Upon completion of the analysis conducted in preparation for this
report iv was discovered that Parafoil models used in the tests conducted
at Notre Dame included drag producing protuibences which were not taken
into consideration in developing the drag cr the lift-to-drag data, The
purpose of this appendix is to préscin the cffects 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 11 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 Figure
IV-1. 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 1V-3.
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AR A Cp
! L 04036
i.5 . 02806
2.0 L0225%
2.5 01850
3.0 01639
NUT: Cp = .80*

BOLT CD = (0. 80**

FILARE: Cp = 0.48%**

. 0266
.01773
.0133
.01053

. 00887

AA

ACpy Nuts (4) ACpH Bolts (2) 8CH Flares

. 00834 . 00542
. 00557 .00476
.0042 . 00503
.00340 . 00463
.00273 . 00474

0,283 in.2 (2 of this area)
0.132 in.2 (2 of this area)

non

1303 in? (2 of this arca)

5250 in.2 (AR = 2.0)

1

*FTuid Dynamic Drag, Hoerner, p.5-8, Fig. l4a

**Ibid, p.5-8, Fig.13e
***bid, p.5-8, Fig.13c
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APPENDIX V SR

PARAFOIL FLIGHTK PERFORMANGE |
\\\ . ' \ \

\ i

\

g H 4 \
The aerodynamic data for the g\a{iOus par'afoil Uesigns without line
s\69, 70, 82 and 94. Correction of

rag was given in the sumrary Figures?{
ese figures to reflect removal of drag due to model proturbences was
resented in Appendix V. |In actual flight systems it is necessary to include

rag created by lines and payload in predicting the overall system per-
yymance. The purpose of this appendix is ™ illustrate incorporation of line

rag for a personnel size Parafoil.

itional drag due to lines, a drag coefficient

f one is used as was used in Appendices II and II1. Although in actual
ractice, the drag coefficient is less than one due to the angle « f the line to
he flow field, line to line interference and improved separation points a
irag coefficient of one was also used in these line drag calculaticns for

-onsistency.

In considering the add

Figure V-1 illustrates the flight configuration of lines for the standard
200 sq.ft. jump Parafoil, ND 2.0 (200). Itis 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 TV 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 ratic. 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-3,
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C 6'5”
B 9'8-8/1
18'4-7/14"

t

AR 2.0 (200 ft.2)
Diameter of line = .(125 ft.

CD line = 1.0

Figure ¥-1. Line Drag Calculation AR 2.0.
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