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Abstract Nomenclature

The design requirements for an airfoil for hang-glider c — -a_irfoil chO}'d ‘
applications are reviewed. An airfoil design computer pro- ¢, —liftc 09-”“5{9‘ij per unit ?Paﬂ:l.‘/ qc
gram was used to develop an airfoil providing a high maxi- C[u —drag coeff mf"’m per unit span=D/qc
mum lift coefficient, a highlift-to-drag ratio,and adocile stall D _df ag per u_mt span
behavior, ata Reynoldsnumber of 1 million. Comparisons to L ==liff pe} unit span ] . P
other low-Reynolds-number high-lift airfoils are made. q — freestream dynamic pressure =1/2p V_
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Re —Reynolds number = V_c/v

V — local velocity from potential flow calculations
V. — freestream velocity
X —streamwise coordinate
y ——transverse coordinate
o —angle of attack
k) — coefficient of kinematic viscosity
7 — air density
Introduction
Prior to the current decade, the choice of airfoils for gen-

eral-aviation use was somewhat limited. Commercial air-
craft companies developed their own airfoils for optimum
transonic cruise, and there was little application of these
airfoils for general low-speed use. An exception was the
GA(W)-l airfoil, now designated the 1.5(1)-0417. It was not
uncommon forasmallaircraftmanufacturer orexperimental
homebuilder to select an airfoil with the text of Abbott and
von Doenhoff' as the only available source. Of course, sail-
plane competition had long before driven soaring enthusi-
aststoconsider more highly-optimized contours, resultingin
the development of many excellent airfoils by Wortmann
and Eppler. Recently, general and experimental aviation
have made great gains in aerodynamic improvements with
anincreased interestin reduced viscous drag’and the design
of a family of airfoils with natural laminar flow,* with re-
searchdirected by NASA-Langley. Advances havealsobeen
made in the low-Reynolds-number flight regime, with the
work of Selig® and with the publication of Eppler profiles.?
Both of the latter relate to airfoils designed for model sail-
planes, operating in the Reynolds-number regime of 60,000
to 500,000.

An area of airfoil development with less progress is that
pertaining to foot-launched weight-shift-tontrol flying wings,
orhanggliders. The Reynolds numbers for hang gliders, due
to their relatively large mean chords, range from 750,000 to 2
million. The recent general-aviation airfoils have been de-
signed forarange of 3 to 9 million. Also, the requirementls for
hang gliders differ greatly from those for general aviation
aircraft. Areview of the design requirements relating tohang
glider airfoils is given in the next sections.

General Design Requirements

Areview of low-speed airfoil designis given by Miley.*In
order foranairfoil to generatelift, theremust existatleast one
adverse pressure gradient on either the u pper or lower
surface. Thisrequirementis demonstrated in the three airfoil
types shown in Figure 1, taken from Reference 6.

Plotted is the velocity ratio (local to freestream) for the two
surfaces versus dimensionless chord distance. Airfoil type 1
has a favorable pressure gradient over the entire lower
surface atthe design condition shown; liftis generated by the
low pressure on the upper surface, which requires a strong
adverse pressure gradient to recover to the freestream value.
Airfoil type 2 uses strong pressure changes on both surfaces,
but with more moderate adverse gradients. This type is the
most common for aircraft application, due to its range of
attached flow and its gentle stall behavior. Airfoil type 3
achieves lift from high pressure on the lower surface, At the
same liftas the others, the recovery is the most moderate, and
therefore this type can tolerate extremely low Reynolds
numbers before laminar separation takes place. This type is
identical to airfoil contours found on birds” — highly-cam-
bered, thin sections. One problem with cambered lower
surfaces, though, is the formation of laminar separation
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FIGURE 1. Three airfoil types and their velocity distribu-
tions. (Reference 6).

bubbles at low angles of attack, making for an inefficient
high-speed condition.

Type 1 airfoils have been found to produce hi gh lift effi-
ciently at relatively low Reynolds numbers from 500,000 to 1
million. Air-foils of this type have been successfull y designed
by Liebeck? Lis-saman,” and Miley," and are generally re-
ferred to as “Liebeck [-type]” airfoils.

The general approach of type-l-airfoil design is: (1) to
accelerate the flow quickly very near the leading edge on the
uppersurface; (2) to have a run of constant-pressure flow; (3)
to have a short mild-adverse-pressure-gradient region over
which the flow transitions toa turbulentstate: and (1) to have
a severe adverse-pressure-gradient region over which the
flow returns to nearly freestream pressure. This extreme
pressure-recovery method was first proposed by Stratford'
as a way to return to freestream pressure over the shortest
distance and with the minimum loss of energy. The applica-
tion of this approach to airfoil design is discussed below.

Hang Glider Airfoil Design

The performance of hang gliders, most commonly mea-
sured in terms of lift-to-drag ratio, L/D, has drastically
improved since early pioneers wrapped plastic sheeting
around bamboo frames and leaped off of sand dunes. Cur-
rent L/ 1)'scanbe on the orderof 10 to 12 for a hang elider of
aspect ratio from 6 to 8. Rigid -wing hang gliders, with even
higher aspect ratios, may reach values of 18" Early single-
surface hang gliders had upper surfaces similar to that for a
Liebeck airfoil; but the lack of a lower surface (even with a
double-surface leading edgze) meant that the glider would be
a poor performer at cross-country speeds. For the reason
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mentioned for thin highly-cambered airfoils, drag would be
high. The advent of 100 double-surfaced ghiders meant that
theairfoil technology for type-lairfoils could be fully utilized.

Somerigid-wing gliders have used advanced airfoils, such
as the learus V by Taras Kiceniuk in 1974, which used the TK
7315 airfoil developed by Liebeck and Lissaman.” Probabl y
the most well-known of the low-speed high-liftairfoils is the
[.1003 by Licbeck "whichachieved a phenomenal maximum
/D of220 at a Reynolds number of 1 million. The lifl curve
and drag polar for the Liebeck L3 are shown in Figures 2
and 3. But the L1003 was designed for a laminar “rooftop”;
that 15, for a laminar constant-pressure region before the
adverse pressure gradient. And though the airfoil was de-
signed fora Reynolds number of 2 million, it was tested ata
Reynolds number of 1 million, because freestream turbu-
lence in the wind tunnel caused premature transition on the
rooftop at higher Reynolds numbers. The suggestion is that
with this early transition, airfoil performance was degraded.
Sensitivity to freestream conditions (as well tocontamination
from bugs, etc.) must be considered in the adoption of an
airfoil for current use.
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FIGURE 2. Lift curve for Liebeck L1003 airfoil. (Ref. 14).
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FIGURE 3. Drag polar for Liebeck 11003 airfoil (Ref. 14).
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Another consideration in the use of a high-lift airfoil is its
stall behavior. Liebeck, in the design of the L1003, ap plied a
severe Stratford-type pressure dh‘%tl]bLIthHOVLFIhLI‘L[_(i\{’r}
region of the upper surface. This distribution is designed to
maintain attached flow over that recovery region by a con-
stant margin from separation. This means that when the aft
section does separate, it should (b\ design) separate all at
once. The test data for the L1003 airfoil indicate that this
extreme behaviorisatleast partially realized, as the lift curve
shows a very abrupt loss in lift at the stall. A gentler stall
behavior is pro]_ml ly desired for an actual hang 5_1|ldu con-
Ilgur’ltlon The purpose of Liebeck was to determine the
maximum lift coefficient for a single-element airfoil at low
Reynolds numbers, not ta design a high-lift airfoil for practi-
cal application. More recent d('%]gl‘lh by Liebeck, such as the

LNVI09A," are more practical air- foils. The I NV 109A, ata
Reynolds number of 650,000 and with a restricted pitching
moment of -0.05, hasa C, . of 1775 and a maximum L/ 2

of 120.
HG(1)-1715 Airfoil

Anairfoil design was requested by a hang glider manufac-
turer with the foll ”me characteristics. It should have very
high L/D at high lift, but also at lower angles of attack. 1 he
stall behavior should be progressive. It was desired, for case
of manufacture (requiring straight ribs), that the recovery
region of the upper section be as straight as possible (W:ll
little or no curvature). It was also noted that, because of the
use ofamylarsheetleading edge and fabric pocket, a zig-zag,
stitch line exists slightly ahead of the point of minimum
pressure on the upper surface (at about 16% chord), and at
about 7% chord on the lower surface.

T!wIebulhngau foil, designated the HHG(1)-1715, is shown
inFigure 4, and the velocity distribution at 8" angle of attack
is shown in Figure 5. Coor dinates for the airfoil are given in

FIGURE 4. HG(1)-1715 airfoil.
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TABLE 1. HHG(1)-1715 airfoul coordi

x ¥

1.00000 0.00000 0.00792 Q.
0.99662 0.00127 0.00222 G0
0.97308 0.01090 0.00c02 0.0
0.95434 0.01752 0.00141 0.0
0.93056 0.02453 0.00753 -0_'
0.90170 0.03216 0.01921 —O_O?f‘JfJ
0.86817 0,04051 0.03626 -0.02276
0.83041 0.04953 0.05898 -0.,02182
0.78895 0.0591% 0.08754 -0.01836
0.74436 0.06940 0.12327 -0.01328
0.69727 0.08006 0.16443 -0.00729
0.64834 0.09101 0.21081 -0.00086
0.59828 0.10208 0.26172 0.00560
0.54783 0.11306 0.31642 0.01176
0.439773 0.1236% 0.3/7410 0.01731
0.448773 0.13364 0.43320 0.02198
0.40163 0.14252 0. 49487 0.02553
0.35721 0.145356 0.55602 0.02783
0.31579 0.15403 0.61636 0.02885
0.27695 0.15494 0.67494 0.02861
0.24022 0.15242 0.72081 0.02722
0.20528 0.14681 0.78315 0.02484
0.17222 0.13876 0.83116 0.02158
0.141138 0.12869 0.87418 001800
0.11308 0.11692 0.91159 0.01402
0.08757 0.10376 0.94292 0.01002
0.06503 0.08949 0.96773 0.00626
0.04571 0.07446 0.98564 0.00304
0.02969 0.053900 0.95641 0.00081
0.01708 0.04348 00000 000000

Table 1. The airfoil was designed using the Eppler method

which is documented in Reference 16. The method takes
prescribed velocity-distribution characteristics to conformally-
map the design-airfoil surface. The pnf9nt1a1 flow about the
airfoil is solved by a panel method, and is combined with an
integral-boundary-layer analysis to produce lift curve, drag
polar, and transition and separation predictions. Based on
the mean chord for a typical hang bl]dt‘l’, the stall Reynolds
number is about 1 million and the cruise Reynolds number
1.75 million. Results were run for these two cases; graphs
are shown for the first case and some differences are noted
for the latter.

From the airfoil contour, one can note that the upper
surface is essentially straight from 40% to 90% chord, as
desired in the design. The last few percent of chord is cam-
bered for a consistent pressure recovery on both surfaces. It
isexpected that this camber would not be built into the actual
configuration; in fact, it is expected that some reflex of the
trailing edge would be necessary for proper trim condi-
tions of the hang glider. Of course, the reflex would also
serve to reduce the C, ... of the airfoil, as it effectively
unloads the aft section,

The velocity distribution in Figure 5 is at a L near the
design value of 1.7, The flow can be seen (o J(L(—‘lt rate to a
velocity ratio of about twice the freestream value. Afterarun
of constant pressure, the flow goes through a “transition

ramp” and transitions to turbulent flow at about 26% chord.
—[ hL’. ”L_)\,‘\.- th(?n PI ()?_’I 5505 thr(_)l_lbh dooncave ].')I CSSUIe recov-
ery withanabrupt recovery near the trailing edge. The lower
surface is seen to slowly accelerate all the way to the trailing
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cdge. Atthis high C, and angle of aliack, the rise in velocity
at the leading edge is still we || bebove “ and not “peaky.”

Figure 6 shows the transition and separation characteris-
tics for the two surfaces as functions of the arclength along
each surface fora Reynolds numberof 1 million. The angle of
zero lift is 8457,
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FIGURE 6. I’redicted transition and separation characteris-
ties for 11G(1)-1715 airfoil.

First consider the upper surface. Transition from laminar
to turbulent flow moves forward smoothly from 32% to 21%
arclength as angle of attack increases from -6 to 147, Separa-
tion on the upper surface stays within 5% of the trailing edge
untilanangle of attack of 1 ¥ , the condition of maximum In‘t
and 2.7° beyond the design pomtand the condition of maxi-
mum L/D. Looking at the lower surface, transition is seen to
take place near the leading edge until 27 angle of attack is
reached, at which point the flow over the lower surface

becomescompletely laminar. The [low remains laminarover

the lower surface for all increasing angles of attack. The
Eppler code predicts the existence of a separation bubble at
-6” angle of attack on the lower surface, and turbulent sepa-
ration at 10% chord. This lift coefficient would correspond to
a high-speed condition at a speed 2.7 himes the stall speed
(based on theairfoil values), and provides the lower limit of
the range over which the dmlgn isoptimized. Atany higher
angles of attack, the flow remains attached until the trailing
edge on the lower sur face.
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FIGURE 7. Lift curve for FIG(D-1715 airfoil,
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The lift curve is shown in Figure 7. The maximum C
predicted 15 1.95 at Re=1 millionand 2 O‘% atRe=1.75 mL]lmn
(notshown). To be noted is the gradual reduction in lift after
the stall; no strong stall break is predicted. The actual design
point where the maximum L/D is reached isata C of 1.7,a
safe margin below C. - In the Eppler inethod described in
Reference 16, the bound ary-layer characteristics are caleu-
lated from the potential- flow pressure distribution; no itera-
tion between the boundary-layer displacement thickness
and the pressure distribution is performed. Boundary-layer
codes cannot solve throughaseparated r L‘?.)Il)l'l here, viscous
correctionsare applied to take theboundary-] J\ercpamlml‘l
intoaccount. Correlationbetweenanaly tl.L(l].dﬂdLX]_"}LLI.I'].ILFI-
lal results through stall using this method have been good;
see Reference 17 for an example.

Figure Bshows the drag polar forthe airfoil. The dotted line
at the low end of the Lift range is to indicate that separation is
predicted, witha higher dlabt’\pmfodthnnmnbe‘:cunatcly
determined in the code. The dragj is fairly constant over the
r"m;,u froma C, of 0.5 to 1.35. The reduction in value at (S
1.35isdueto the lowersurface becoming completelyla mma r
at thisangle of attack. Between a LJ of 1.3 and the maximum
value ofl 95, the slope of the polar isalmostidentical with the
slope of a line drawn from the true origin to the polar,
indicating a nearly-constant value of (L/D)__ over this C,

range. The design condition falls near lyin the middle of this
range, providing a constant value of (L/D)_ _evenatan off-
design C . This h] oad range for the maintenance of (L/D)_
can h& seen it the plot of L/D in Figure 9. The value at the
de k:;,n( 15124, and the curve isso broad such that the value
of L/ remains above 120 for a C, between 1.5 and 1.9.

The HG(1)-17151s obv mualvophmved forhighlift—with
aCL_ of1.95and an1./D of 124 at CL = 1. 7 at the design
Reynolds number of 1 million. At half the lift coefficient, the

a!uez of L./ Dis still 77. Of course, these are two-dimensional
values, and the airfoil must be integrated into a hang glider
design for the configu-ration lift-to-drag ratios. The airfoil
designation follows current NASA PIE{LULC‘ “T1G” for hang,

hdu “(1y" for the first in the series, “17” for the design C, of
1 7 (where /12 is a maximum), .md “15" for 14.8% maxi-
mum thickness.

Tripped Boundary Layer Results

Whathappensifboth the upper-and lower-surfacebound-
ary layers are tripped to become turbulent at the locations of
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FIGURE 8. Drag polar for HG(1)-1715 airfoil.
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the stitching? If fixed transition is assumed, al 67 angle of
attack the drag over the upper surface increases by 40%,
while over the lower surface it increases by a factor of 2.4
(though initially still at a low value), with a resulting 50%
increase in airfoil C . It is not known whether the stitches
would in fact trip the boundary layer. P'or a roughness less
than a critical Reynolds number based on the roughness
height, no effect will be made on the location of natural
transition. The value for the critical Reynolds number based
on the local flow conditions at the top of the roughness is
approximately 600."" Work has also been done looking at the
effects of insect debris contamination on transition location.”
It was found that only 25% of the insects collected during the
experiment actually tripped the boundary layer. For insect
excrescence below a certain height, the boundary layer re-
mains laminar. If it turns out that the stitches migjht be
tripping the boundary layer, it would be helpful to locate the
upper stitch at or near the naturally-occurring transition
point, and either move the lower slilch to the slagnation
point, or get rid of it altogether.
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FIGURE9. Lift-to-drag ratios for HG(1)-1715 airfoil.

Summary

Development of high-lift airfoils for hang-glider applica-
tions has not kept pace with that for competition sailplanes.
An airfoil, designated the HG(1)-1715, has been designed at
aReynolds number of 1 million with a maximum C, of 1.95,
avalueofL/Dof124ataC, of 1.7, avaluc of L/Dof ] 200over
therangeof C from1.5to0 1. 9 and astall behavior gentlerthan
for an airfoil with a severe Stratford pressure distribution. It
is expected that continued competition in the sport of light
foot-launched gliders will spur the development of more
airfoil designs and other acrodynamic improvements as
well.
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