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A theoretical analysis supplemented with an experimental program has been conducted to
determine the lift and drag characteristics of NASA-type parawings. The results of the ex-
perimental program showed that the flowfield at a given spanwise station is nearly two-dimen-
sional and that the aerodynamic characteristics of a parawing are similar to those of a con-
ventional wing. As a consequence, it was concluded that the lifting-line theory for con-
ventional wings should yield a suitable prediction for parawing aerodynamics even
though the parawings have low aspect ratios. Thus, lifting-line theory was applied to
several parawing configurations to determine the lift, induced drag, center of pressure, etc.
The skin-friction drag was estimated so that the total drag as well as the lift-to-drag ratios
could be calculated. Comparison of theory and experiment indicates that the lifting line
theory provides an adequate estimate of parawing aerodynamies within the linear range of

the lift curve.

In addition, a technique based on the center of pressure results has been de-

vised to predict the angle-of-attack at which trailing edge flutter begins.

Nomenclature
A, = parawing flat-planform area
A, = coefficients in circulation series
AR = aspect ratio, 2/4,
b = wingspan
Ch = actual chord
Cyp = drag coefficient, D /g4,
Chp; = induced drag coefficient
Cp, = profile drag coefficient
Chu. = leading edge drag coefficient
Caoy = local profile drag coefficient at zero lift
Cy, = local profile drag coefficient
Ca. = cross flow drag coefficient
Cr = lift coefficient, L./q4,
CiCh/8 = loading function
(CiCh/8) = loading function slope, per degree
Cp = root chord
C, = loeal lift coefficient
D = drag force
d = leading edge diameter
L = lift force
(L./D)max = maximum lift-to-drag ratio
l = length of tratling edge of planform of inflated
paraglider
Ix = keel length
lie = leading edge length
G = free stream dynamic pressure
S = parawing semispan .
X = local coordinate of leading edge

X, V.7 = coordinates defined in Fig. 2

ALY’ = coordinates defined in Fig. 2

X"y = coordinates defined in Fig. 2

Y = center of pressure on semispan

@ = geometric angle of attack, Eq. (3) and (&)

& = angle of attack for any section relative to the root
chord, Eq. (4)

ach = angle of local chord with respect to root chord

s = angle of attack where trailing edge flutter occurs
= keel angle of attack
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a=g = local angle of zero lift

A = maximum trailing edge ordinate

€ = semiapex angle of inflated parawing

0 = transformed coordinate in Prandtl lifting line theory
A = leading edge sweep angle of inflated parawing

A, = leading edge sweep angle of flat-planform parawing

“ = defined by Eq. (7)

Introduction

HE subsonie portion of space vehicle re-entry poses many

problems such as those dealing with the actual landing of
the vehicle. The paraglider (Fig. 1) is a device for de-
celerating the vehicle to impact speeds while providing steer
capabilities. Since Rogallo’s preliminary investigation® a
multitude of experimental investigations have been con-
ducted on a wide range of paragliders. These investiga-
tions?™® include a variety of subsonic static tests. The
studies consider the effects of canopy shape, leading edge
diameter, wing sweep, trailing edge bolt rope, and camber
and twist on the aerodynamic and control characteristics of
the paraglider. Studies of paragliders’—® have been made at
supersonic speeds up to a Mach number of 6.6. Pressure
distributions on three rigid wings simulating paragliders with
varied canopy curvature and leading edge sweep have been
obtained®~!2 for low subsonic, transonic, and supersonic
speeds up to a Mach number of 4.65.

Polhamus and Naeseth? investigated the theoretical lift
characteristics of paraglider aerodynamics by using rigid-
wing theory. An approximate technique was developed
based on the Pankhurst method!? for camber effects and the
Weissinger method!* for angle of attack and twist effects.
A conical geometry was assumed for each wing lobe and the
aerodynamic twist estimated by a combined linear and
quadratic distribution across the semispan.

An extensive investigation into the theoretical aero-
dynamics of flexible wings at low speeds is presented in a
five part series.’® 1% In these reports a fairly complete aero-
dynamic theory is developed for one- and two-lobed slender
triangular parawings. The theoretical development is based
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on two-dimensional sail theory® where the aerodynamic
shape and loading are directly related to each other in a
first order fashion. In part V, engineering prediction meth-
ods were developed for NASA-type parawings (leading edges
and root chord of equal length and large slackness ratios).
Only correlation techniques and empirical results were used
in developing satisfactory aerodynamic predictions. The
theory for triangular parawings was used only as an aid in
developing the correlation procedures for the NASA-type
parawing as it was not applicable for this type of wing. A
review of methods for predicting parawing aerodynamics has
recently been published.?,22 The methods devised in Refs.
15 and 16 for the low aspect ratio, low canopy slackness tri-
angular parawings are reviewed. In addition, use is made
of the lifting line techniques similar to those of Polhamus
and Naeseth for an investigation of two-lobed parawings
including a consideration of drag.

The purpose of the present investigation was to develop a
suitable theoretical method to predict the subsonic lift and
drag characteristics of general NASA-type parawings. This
analytical effort was intended to provide correlations for
experimental force measurements,?® which included only lift
and drag measurements. Several configurations were con-
structed and used in the experimental program to assist in
establishing a theoretical model for the flow. The theoretical
method was devised using rigid wing techniques and the re-
sults are compared with the experimental data for small-
diameter leading-edge parawings. These methods predict
wing lift and drag (both induced and profile) within the
operating range of the wing. Lift curve slope, angle of zero
lift, flutter boundary, spanwise load distributions, and maxi-
mum lift-to-drag ratio are predicted. Although it was not
originally included in the scope of the effort, it is believed that
the procedures could be extended to compute the pitching
moment also.

Experimental Program

The models used in the experimental portion of this in-
vestigation were of the conical type illustrated in Fig. 1.
The leading edges and keel of the model frame were con-
structed of $-in. drill rod, which resulted in a leading edge
diameter that was 2.559, of its length. The frame was
constructed such that all three of its members remain in the
same plane. The two leading edges were free to rotate in a
plane to allow variation of the sweep angle.

The basic canopy patterns are defined by their flat-planform
leading edge sweep angle A,. For the models with equal
leading edge and keel lengths, the basic eanopy shapes are
35°, 40°, and 45° and for those whose leading edges are 1.53
times the keel length, 35°, 45°, and 50°.

The tests were conducted in The Univ. of Texas subsonic
wind tunnel which has a 22-in. X 36-in. open test section.
Data included measurement of the aerodynamic forces of
Iift and drag within the linear lift range and visual observation
of the flow indicated by tuft patterns on the model surface
and eanopy distortion.

For a complete discussion of the data obtained in the cur-
rent program, the reader is referred to Ref. 23. However,
the principal results are as follows.

1) For each model tested the maximum L/D occurred
with the least canopy curvature.

2) Increasing the aspect ratio of conical paragliders gave
only a small increase in lift-to-drag ratio.

3) Increasing the leading edge diameter of a basic para-

glider model gave a slight increase in lift properties with a.

greater drag increase, thus, reducing the lift-to-drag ratio.

4) Larger wing sweep angles increase the angle of zero lift
with a corresponding decrease in lift-curve slope.

5) Dynamic pressure affects the trailing edge flutter point
at low dynamic pressures.
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Fig. 1 Conical paragliders.

6) At low dynamic pressures paraglider canopies become
distorted at low angles of attack in the region of canopy
flutter with the slacker ecanopies remaining distorted the
longest, but at high dynamic pressures the distortion and
flutter occur almost simultaneously.

7) Tuft patterns indicate that flow is approximately two-
dimensional within the range of linear wing lift.

Establishment of Analytical Model

Three types of experimental data were studied to deter-
mine a suitable method for predieting the 1ift and drag char-
acteristics of parawings. The first type was lift and drag
measurements from the literature and from an inhouse study,
that were compared with the results for conventional wings.
The second type was pressure datal’ in order to establish
the trends in the pressure distribution on the parawing sur-
face. The third type provided an understanding of the
flowfleld using tufts to study the parawing flow patterns.
The results of these observations indicated that the applica-
tion of finite wing theory should result in a suitable predic-
tion of parawing lift and induced drag.

Since parawings of the NASA type can have large canopy
slackness, they are unlike most conventional wings that are
relatively flat except for small amounts of camber and twist.
However, examination of the experimental lift curves for
NASA parawings indicates that, as with conventional wings,
they exhibit a linear rise in lift with angle of attack up to some
point where the flow separates from the wing surface. The
lift then decreases with angle of attack. The drag proper-
ties of these wings also compare favorably with conventional
wings. Empirical relations!® which are based on drag data3
tend to substantiate this fact, i.e., parawing drag increases
approximately as the square of the lift within the linear lift
range of the wings.

The second approach was to examine pressure datal® in
which three rigid models simulating a 45° basie flat planform
parawing with leading edge sweep angles of 48.6°, 52.5°,
and 61.6° were constructed. Pressure data were obtained
along the surface from the leading to the trailing edge at four
positions of 0.2, 0.4, 0.6, and 0.8 of the semispan. Only
pressures in the angle of attack range in which the wing lift
was linear (as determined from Ref. 3) were examined. This
range was approximately 15-35°, 18-40°, and 21-45° for
the 48.6°, 52.5°, and 61.6° models, respectively.

An over-all review of these pressure data indicates that
within the operating range of these parawings the chordwise
pressure is approximately constant over a large percentage of
the chord and at any angle of attack certain sections exhibit
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Fig. 2 Parawing coordinates.

this property more so than others. The spanwise pressure
distributions are typical of wings with washout.

The third method employed was to observe the flow indi-
cated by the tuft patterns on flexible models in the University
of Texas subsonic wind tunnel. "Tufts were attached to the
surface of a A, = 45° NASA parawing model. Flow patterns
were- observed for various angles of attack for leading edge
sweep angles of 50°, 60°, and 70° at a dynamic pressure of
5.0 psf.. The tufts lined up well with the freestream for all
three sweep angles at angles of attack near the flutter bound-
ary, which corresponded to angles of attack of 14°, 22°, and
27° for.sweep angles-of 50°, 60°, and 70°; respectively. As
the angle of attack was increased to the midrange of linear
wing lift, the flow pattern near the nose and leading edge
tended to turn outward but the tufts near the keel and trailing
edge still remained ‘aligned with the freestream. Also, the
tufts attached to the leading edge did not exhibit any separa-
tion effects, indicating that the flow meets the canopy surface
rather smoothly. For the 50° sweep angle, separation was
observed at an angle of attack above the linear lift range
which was an angle of attack of 34°. At this angle of attack,
separation near the leading edges and over the majority of
the canopy surface is evident from the tuft patterns. How-
ever, near the keel the tufts still remain aligned with the
freestream. '

The trailing edge tufts indicate that the flow was tangent
to the canopy surface except near the wing tips at high angles
of attack where the tufts began an oscillating motion. The
tuft studies also indicate that the flow is approximately two-
dimensional over the majority of the wing surface, while
cross flow patterns typical of low aspect ratio, highly swept
delta wings were not present. This two-dimensional flow
pattern was most apparent between the two canopy lobes in
the vicinity of the keel. It would appear from these studies
that the shape of the canopy lobes tends to prevent the air
from flowing from the leading edges toward the center of the
wing. The result being that the flow is forced to move be-
tween the lobes and parallel to the keel near the center of
the wings and is forced slightly outward in the vicinity of the
leading edges.

The closest approximation to potential flow about a finite
wing is obtained by using a distribution of vorticity over the
wing surface. Since the application of surface theory is
laborious and requires a large amount of computer time, one
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of the lifting-line theories is usually employed. The Iifting-
line approach proceeds on the .assumptions that the flow
about each unit span is two-dimensional and this is supported
by the tuft study. Also, the tuft study upholds the Kutta
condition at the trailing edge. The lifting line theory pre-
dicts a linear Lift curve and the experimental evidence reveals
that this is typical of NASA parawings. To account for the
large canopy slackness of these wings when using lifting-line
techniques, twist and camber distributions are treated as an
aerodynamic variation in angle of attack across the wing
span. In view of this, the Prandtl lifting-line theory was
applied to the wide range of parawings with small diam frame
members reported in Ref. 8. With regard to drag properties,
it should be pointed out that wing theory does not predict
profile or friction drag. These components of drag were
predicted by application of available methods in the litera-
ture at various stations across the span and obtaining an
integrated average for the entire wing.

Canopy Geometry

The use of rigid wing theory requires an appropriate mathe-
matical model to describe the parawing eanopy surface.
The assumption was made that each panel shape is conical
and parabolic. The geometry of the canopy in the X'Y”’
coordinate system, described in Fig. 2, is given by

Z = [A/CrX’ cos(e/2)1[X"" — Y cot(e/2)] 1)

To determine A/Cr in these equations it is assumed that the
trailing edge is of the parabolic form and, when the boundary
conditions are applied, is described by the equation

Z,= A(l — 4Y*/I») 2)

The use of Eq. (1) to describe the parawing surface does
not account for the geometry of the frame members nor any
canopy distortions that may occur at low angles of attack.
However, it does present a model for high slackness canopies
which is impossible with a conical model.

The geometric twist distribution (variation in angle of
attack of local chord) may also be determined from Eq. (1).
The angle of attack of the local chord relative to the root

Fig. 3 Twist distribution of the basic Ay = 45° parawings.
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chord, or keel (ae, in Fig. 2) is defined
acn = tan"YZ,/C) 3)

The geometric twist distribution is presented in Fig. 3.
The results indicate that for a section near the wing tip, the
local chord is at large negative angles of attack with respect
to the root chord. The value of e, at the wing tip is a
limiting value, as both the projected chord and the trailing
edge ordinate become zero at the tip.

The local angle of zero lift also varies across the wing span
because the local camber is not constant. To determine the
local angle of zero lift due to camber, thin airfoil theory was
employed. In order to use the results of thin airfoil theory
in determining the section angle of zero lift, a translation and
rotation of the coordinates used in Eq. (1) was necessary.
This manipulation was performed in order to place the center
of the coordinate system at the leading edge of each local
chord such that the X” axis lay along the local chord and the
Z" axis was perpendicular to the local chord with the ¥/ axis
remaining unchanged, as indicated in Fig. 2.

Results for the camber distribution for the basic 45°
parawing with leading edge sweep angles of 50°, 60°, and
70° are presented in Fig. 4. For a given parawing the maxi-
mum eamber oceurs in the neighborhood of 0.4S.  The actual
location of maximum camber proceeds from approximately
0.3Ch at 0.28 to 0.5Ch at 0.8S. The cffect of increasing the
canopy slackness is to correspondingly inerease the maximum
camber across the span.

The computed section angle of zero lift is presented in
Fig. 3. The results indicate that increasing the sweep angle
increases the angle of zero lift at a given spanwise position.
The angle of attack for any section relative to the root chord
can now be obtained from the relation

Qo = Qcp -+ a=p (4)

The absolute angles of attack are also given in Fig. 3.

Analysis Based on Finite Wing Theory

The fundamental equation of Prandtls finite wing theory?*
18

a = o, + « 5)

where «, is the angle of attack for the two-dimensional wing
of infinite span and «; is the additional angle of attack pro-
duced by the trailing vorticies of the finite wing. The sum
of these two angles of attack at any wing section must equal
the geometric angle of attack a at that station. The
induced angle of attack at any position on the span can be
written in terms of the downwash velocity caused by the
trailing vortex. The two-dimensional angle of attack is

o, = Ci/a, - (6)

where a, 1s the two-dimensional lift curve slope. The two-
dimensional lift curve slope was assumed to be constant and
equal to 5.15/rad as given® for the Farman airfoil, which is
somewhatl similar to parawing sections. Upon substitution
of these equations together with the series for circulation into
Eq. (5), the geometric angle of attack becomes

1
Hosing

Z A, sitnf(un =+ sin) (")

=1

a(f) =

where
u = a,(6)Ch(8)/8S

and, in general, the parameters «, a,, and Ch can all vary
with 6 across the span. Equation (7) is valid at any value
of 8 and the number of coeflicients 4, is determined by the
number of locations on the wing where this relation is satis-
fied. Introducing the parawing geometry into the basic
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equation of finite wing theory at a given number of spanwise
stations and determining the coefficients A4, in the circula-
tion series allows the parawing lift and induced drag coeffi-
cients to be obtained.

To determine the series coefficients for a given paraglider
at a given angle of attack, the various parameters must be
expressed in terms of paraglider geometry. The geometric
angle of attack is

a = ag + a. (%)
where ax is the angle of attack of the keel member or root
chord and a. is defined in Eq. (4).

Equation (7) is then solved at a finite number of positions
on the semispan to evaluate the A, coefficients. Since the
wing is symmetrical about its root chord only the odd coeffi-
cients remain in the sine series. Other investigators have
found that the sucecessive coefficients A, As, As, . . . decrease
rapidly in size so that satisfactory accuracy is obtained by
choosing only four points to satisfy Eq. (7). However, since
the parawing sections change drastically from root to tip,
8 positions on the semispan were chosen to satisfy Eq. (7).
The values of 8 corresponding to the 8 positions are 7/16
through w/2 in increments of #/16. This corresponds to YV
coordinates at 0.981, 0.925, 0.832, 0.707, 0.568, 0.383, 0.192,
and 0.0 of the semispan. This distribution places emphasis
on the stations near the tip where the wing sections and the
circulation pattern change rapidly. Rearranging Eq. (7)
with the proper substitutions, one obtains

[ax + a.(8)] sinf = > A, sinnf <n + ll;:—a> 9)
n=1,3,5...

The following procedure was used to solve these equations
and, thus, determine the lift and drag properties for a given
parawing geometry. First the (A/Cr) parameter was deter-
mined for the given employed and basic sweep angles.
Second the keel angle of attack was set at some arbitrary
value. Next the coeflicients of Eq. (9) were determined for
each 8, from 7/16 to w/2. The resulting 8 X 8 matrix was
solved numerically using Gaussian elimination with partial
pivoting followed by backward substitution. The solution
to this matrix produced the first eight coefficients in the
circulation series.
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Fig. 5 Comparison of theoretical and experimental lift
and drag coefficients of the basic A, = 45° parawings.

Because the induced drag does not account for the total
wing drag, the profile drag must also be predicted. This
type of drag can be attributed to skin-friction drag and the
pressure drag that occurs along the rear of the cambered
sections. The total wing drag for parawings must also in-
clude the effect of the leading edge drag of the frame members.
Therefore,

Cp =Cp;+ Cpy, + Ch, (10)
The induced drag coefficient after integration becomes
CL2 bt ’I’LAn2
L= = 11
Cos TAR = A (1)

The skin-friction drag was estimated!® as that for the turbu-
lent flow at a Reynolds number R; based on the mean aero-
dynamic chord. The pressure drag associated with the
adverse pressure gradient along the afterbody of streamline
airfoil sections was ineluded.” This pressure or separation
drag was assumed to be proportional to the friction drag.
For a section with thickness (¢/Ch) the viscous drag (friction
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60° &
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Fig. 6 Comparison of experimental and theoretical lift-
to-drag ratios for basic A, = 45° parawing.
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plus pressure) at zero lift is

0.148 sine, t £\ 4
Core = an i+ 2 () * 0 (@) ] o

for sections where the maximum thickness occurs at 309,
of the chord, and

0.148 sine, St ¢\
Capy = R;ﬁ e |:1 + 1.2 <0h> —+ 70 (Ch> :| (12h)

for sections where the maximum thickness is located at 40
to 509 of the chord.

Equations (12a) and (12b) permit the determination of
profile drag coefficient at each section on the parawing span.
However, these values of profile drag are valid only when the
local lift coeficient C, is zero. As the wing angle of attack is
increased, the lift coefficient rises and the boundary layer
along the wing surface is altered. The effect is to increase
the profile drag. This has been estimated?® as

Cio = Cagy + 0.0093C3 (13)

The local lift coefficient in Eq. (13) can be determined in
terms of the eirculation series

il sinnf
C; =88 A,
l 7zZ——:1 Ch

(14)

Because the camber and the loeal lift coefficients vary across
the parawing span, the profile drag is different at each span-
wise station. To determine the wing profile drag an in-
tegrated average of the local profile drag coefficients was
taken across the wing semispan since the parawing is sym-
metrical about its root ¢hord. This wing profile drag is de-

fined as
Cp, = fos C,,(Y)dY/fOS iy (15)

The drag of the leading edge members was estimated in
Ref. 19 by using simple sweep theory as

Cpy, = 2(d/1.)Cp, sin% (16)

where Cp, is a cross flow drag coefficient based on canopy
attachment. Thus, the addition of Eqs. (11), (15), and (16)
yields the total parawing drag coefficient.

Results and Discussion

The theoretical analysis was applied to the basic 35°, 45°,
and 55° small-diameter leading edge parawings tested in Ref. 3
to provide a basis of comparison between the theoretical
and experimental results. Only the theoretical results for
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Fig. 7 (L/D)n.x as a function of sweep angle for the basic
Ao = 45° parawings.
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the A, = 45° parawings will be presented as they are typical
of the results. The other parawings are compared in Ref. 23.

The parawing lift and drag characteristics are presented
1 Fig. 5. The limiting value of the flat planform condition
ix given. The theoretical results are compared with experi-
mental data® at the various sweep angles only at angles of
attack within the linear lift range of the wing. The predicted
lift 1s in good agreement with the experimental data.

The parawing drag characteristics are also given in Fig. 5.
The theoretical drag curves are in satisfactory agreement with
the experimental data. It isalso observed that the theoretical
drag is in better agreement with the data at low angles of
attack, but the total wing drag is slightly underestimated
at high lift coefficients especially for the low slackness wings.
This rise in wing drag at high lift may be attributed to an
increase in the viscous or profile drag due to changes in the
boundary layer and the approach of separated flow.

The lift-to-drag ratio for the various sweep planforms is
given in Fig. 6. The agreement between experiment and
theory is reasonable (especially when one considers the
scatter in the literature results) for all configurations. The
maximum L/D ratio is presented as a function of the leading-
edge sweep-angle in Fig. 7, where good agreement is observed
between the theory and the experimental data. The largest
(I./D)max predicted by theory for a given basic planform is
that for the flat-planform configuration. The results indicate
that the change in (L/D)max with sweep angle is most pro-
nounced near the flat-planform condition.

The spanwise loading is determined from the variation in
the local lift coefficient C; across the span. This 1ift coeffi-
clent, as defined by Eq. (14), is indeterminant at the wing tip
because both the circulation and the local chord become zero.
A loading function defined as C,Ch and normalized with
respect to the wing semispan S is presented in Fig. 8a for a
keel angle of attack of zero degrees.  Although the parawings
will not operate at ax = 0°, this load distribution was used
as a reference point. The loading at any other keel angle
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Fig. 8 Spanwise loading for the basic A, = 45° parawings.
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keel angle of attack.

of attack can be determined from the relution

(CCh/S)lax = (C.CH/S) ax + (CiCA/S)ax=0 (17}

where (C;Ch/8S)’ is the change in the loading {unction with
respect to keel angle of attack. Since the local lift curves
are also linear, this loading lift curve slope along with the
reference distribution allows the spanwise loading to be
caleulated at any keel angle of attack. The loading lift
curve slopes across the semispan are presented in Fig. 8b.
The load distribution as determined from Eq. (17) for a keel
angle of attack within the wing operating range reveals a loss
of loading near the wing tips.
The spanwise center of pressure is given hy the relation

v/8 = [P yvionavss [ inay S
/8 = [ minarss [ (s)

and ix presented as a function of the keel angle-of-attack in
Fig. 9. The center of pressure is near the keel at low keel
angles of attack, but at higher angles of attack, the center
of pressure moves toward the wing tip and approaches the
limiting value of the no-twist flat-planform configuration.
The limiting flat-planform value, which does not change
with angle of attack since all sections are at the same absolute
angle of attack, compares favorably with the results of Ref. 28
for flat swept wings of similar planforms. The trend in
center of pressure location for the twisted wings is expected
because, at low keel angles of attack, the wing tips are un-
loaded and the eenter of the spanwise pressure distribution
is near the keel. However, as the keel angle of attack is in-
creased, the tip scctions become loaded and the center of
pressure location is shifted toward the wing tip. Also, at a
given keel angle of attack, the parawings with the largest
canopy slackness (the greatest sweep from the flat planform
condition) have their center of pressures nearest the keel.
This trend in center of pressure location at a given keel angle
of attack is also expected because the higher slackness can-
opies have less loading in the vicinity of the wing tips. These
center of pressure locations are valid over the entire angle of
attack range below separation for rigid wings. However,
the results will be valid for flexible parawings only within
the range of linear lift and will not apply below the flutter
boundary nor above separation.
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Fig. 10 Comparison of experimental and theoretical
flutter boundary for the basic Ay = 45° parawings.

With regard to flutter boundary, the center of pressure data
may be used to determine the keel angle of attack where
flutter occurs. The flutter condition is caused by the canopy
distortion which results from the wing tips becoming un-
loaded at low angles of attack. An examination of the
center of pressures at low angles of attack reveals the follow-
ing results. When the spanwise center of pressure reaches a
certain position on the wing semispan, the wing tips experi-
ence such a loss in loading that canopy flutter is induced.
Based on the present experimental data this position is at
159, of the semispan for a freestream dynamic pressure of
3.8 psf. Using this criterion to determine the flutter bound-
ary at this dynamic pressure, the keel angle of attack at
Y/S = 0.15 is presented as a function of wing-sweep-angle
in Fig. 10. The experimental results of the present investi-
gation and those of Ref. 3 are compared with the resulting
curve. The over-all agreement between the experimental
data and the theoretical curve is good and indicate that the
position of the center of pressure is an important parameter
for determining the flutter condition. As previously pointed
out, the flutter condition is a function of freestream dynamic
pressure but the initial condition of canopy distortion is not.
The flutter condition and canopy distortion oceur simul-
taneously at high dynamic pressures. In order to estimate
this latter point theoretically, and thus determine a safe
operating range for all parawings, results of the present ex-
perimental program, for the initial condition of canopy flutter
at ¢, = 15.0 psf, were examined to determine the position
of the center of pressure when flutter occurs. The center
of pressure location based on the results of this investigation
is ¥/8 = 0.24 and the keel angle of attacks corresponding to
this center of pressure are given in Fig, 10. They therefore
represent the lowest keel angle of attack for safe parawing
operation.

Concluding Remarks

A theoretical analysis supplemented with an experimental
program has been presented for the determination of the lift
and drag properties of NASA-type parawings. The experi-
mental program was conducted to aid the theoretical analysis
as well as to obtain lift and drag data on a unique series of
models. The theoretical analysis enables one to determine
the wing lift, induced drag, total drag, spanwise loading and
center of pressure for a wide range of both high and low slack-
ness parawings. Also, a technique based on the center of
pressure results has been presented to determine the parawing
angle of attack where trailing edge flutter occurs. This
theoretical analysis has been applied to a large number of
parawing configurations for which experimental data are
available. A comparison of theory and experiment indi-
cates that the theory yields a realistic prediction of parawing
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lift and drag characteristics within the linear lift range of the
wing. The theoretical analysis also gives a good estimate of
maximum lift-to-drag ratio and the center of pressure results
can be used to give a useful estimate of trailing edge flutter.

It is significant that the present theoretical results exhibit
considerable agreement with the experimental measurements
of parawing lift and drag properties and therefore support the
present approach based on finite wing theory. This correla-
tion of experiment and theory indicates that, even though the
theoretical approach was based on a vortex system which
was confined to the plane of the parawing frame, by treating
the twist distribution as a variation in the absolute angle of
attack and by using the actual chord length at each station
on the span, an adequate prediction of lift and drag is ob-
tained even for high slackness parawings.
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Use of Coles’ Universal Wake Function for Compressible
Turbulent Boundary Layers
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A two-parameter profile representation based on the law-of-the-wake and the law-of-the-

wall is proposed for isoenergetic compressible turbulent boundary layers.

The method of

least squares was used to fit the proposed profile to experimental boundary-layer velocity
profiles for a variety of flows including a normal shock induced separation, an oblique shock
reflection and a flat-plate flow. Results indicate that for cases in which there is a significant
departure of the boundary layer from flat-plate flow the proposed “wall-wake” profile pro-
vides a substantial improvement over the power-law representation of the velocity distribu-
tion. For both the normal shock induced separation and the oblique shock reflection, the
proposed profile provided a good representation of the actual flow in the redeveloping region
downstream of the interaction, indicating that the wall-wake representation should be useful
in integral analysis of such flows. For all cases considered the two parameters of the profile,
the boundary-layer thickness and the skin friction were found to be physically realistiec.

Nomenclature Res = Reynolds number based on 8
uw = velocity in streamwise direction
A = function of M and wall temperature, {[(v — 1)/2] u* = Van Driest’s generalized velocily, Eq. (G,
M2/ (T/T ) ur = friction velocity (7w/pw)"?
B = function of M and wall temperature, {(1 + [(y — 1)/2] W = Coles’ tabulated universal wake function
M2/ (Tw/T)} — 1 y = coordinate normal to wall
C = constant in law of the wall (usually 5.1) v = ratio of specific heats
C; = skinfriction coefficient & = boundary-layer thickness
K = constant in law of the wall (usually 0.4) w = viscosity
M = Mach number v = kinematic viscosity
B = = coefficient of wake function
Received June 2, 1969; revision received October 13, 1969. p = density
The results reported here evolved from informal discu.ssions o = [y = D/2IME/{1 + [(v — 1)/2] M2
among the authors on studies which they were conducting of 7 = shear stress
shock wave boundary-layer interactions. The portion of the
work which was conducted at the University of Washington was Subscripts
supported by NASA Grant NGR-458-002-047, under administra~ ¢ = conditions at the edge of the boundary layer
tion of the Airbreathing Propulsion Branch, Ames Research w = conditions at the wall
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1.

FOR incompressible boundary layers, either with or with-
out pressure gradient, Coles’ Universal Wake Funetion,!
when combined with the “law of the wall,” provides a good -
representation of turbulent boundary-layer velocity profiles.

Introduction



