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Otto Lilienthal - The Beginning

One hundred years ago Otto Lilienthal fulfilled a
lifelong dream and became the first to successfully fly a
glider ina repeatable, controlled and documented way,
see Figure 1. He is today recognized not only as a
courageous and skillful pilot but also as a careful and
observant flight test engineer, as an innovative de-
signer, as a tireless visionary who promoted gliding as
a sport and even as the first manufacturer of a produc-
tion glider. One should not forget Lilienthals’ scientific
achievements, in particular his work that is summa-
rized in his book Bird Flight as the Basis of Flying, pub-
lished in 1889, see Reference 1. Helped by his brother
Gustav, he combined care-

drag efficiency. He attributed this, without the help of
any flow visualization, to its ability to turn the air flow
at higher angles without producing “ eddies “. He
correlated this “eddy producing “ mechanism also with
the rushing noise produced by the different wings at
different angles, a first reference to aerodynamic noise.
He used the same reasoning — correlating lift with
downwash and drag with noise — to postulate that fora
given wing area a larger wing span would reduce the ”
eddy producing “ flow around the tips and he even
predicted that fora given span a planform with pointed
tips would be the most efficient. Aerodynamic theory
and airplane design have come a long way since O,

Lilienthal but the search for

ful observations of bird
flight with systematic mea-
surements and analysis of
model test wings into a
theory of aerodynamics that
formed the basis for his fly-
ing experiments.

Intests of model wings on
rotating rigs, the lift and
drag forces were referenced
to the drag of flat plates at
rightangles towind, see Fig-
ure 2. By systematic com-
parison tests, Lilienthal de-
termined that a properly
cambered section is much
superior to a flat plate in
terms of maximum lift and
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FIGURE 1. Otto Lilienthal - the beginning.

the most efficient wing sec-
tions and planforms is still
continuing The Develop-
ment of the Sailplane
Despite the success of
Lilienthals” experiments —
and those of Pilcher,
Chanute and the Wrights —
no serious glider develop-
ment took place until after
W.W.1. Then, in the early
20's, a loose association of
enthusiastic and idealistic
students started the mod-
ern soaring movement on
the Wasserkuppe. In 1921,
the firstmodern “sailplanc”
appeared, the “Vampyr”. It
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FIGURE 2. Otto Lilenthal - lift and drag data.

was the first to achieve low sink rates, not by low wing
loading, but by improved aerodynamic efficiency. It
featured cantilevered wings of relatively high aspect
ratioand a streamlined fuselage. Despite amuch higher
wing loading, it outperformed all competing designs
and quickly set the trend for the modern sailplane.
Aerodynamic performance — best expressed as the best
glide ratio or the (L/D)__ (maximum lift/drag ratio ) -

hasimproved Ic‘lpldl\f(‘\ er since, see Figure 3. The wood
and canvas designs of the 1930s exceeded already an (L. /
) of 30 and today’s composite construction, high-
aspect ratio super sailplancs are pushing twice that
value, see References 2 to 4. Such performance is un-
heard of for all other classes of airplanes and has kept

sailplane design in the forefront of aerodynamic and
structural development.
Drag Polars and Speed Polars

In nondimensional form, the glide ratio L./ D is equal
to C, /C,, the ratio of lift coefficient to drag coefficient.
For Lonventlona] configurations the drag coefficient can
be approximated by a quadratic function over the us-
able range of angle of attack — the sum of a constant
amountC__ and a term that increases with the square of

(3. %]
the lift coefficient, see References 5 and 6:

CD = CDn +k CLZ (1)

This formula is subject to attached flow and is there-
fore limited to a certain angle-of-attack range. (L/D),
(MLD) occurs when the constant drag contribution
equals the lift dependent drag contributions, i.e. for

C.= V {Cpo/k)

with Vygp = /WIS (o)
{ W/S wing loading, p air density )

This quadratic drag polar can be converted into a
speed polar in which the sink rate Vs in steady straight
flight is calculated as a function of the forward speed V.
This is how gliding performance has been traditionally
established. By using normalized speeds, in which the
sink rates and forward speeds are referenced to their
values at (L/D)__, the effects of wing loading and air
density can be eliminated, resulting in a normalized
speed polar of the form
Vs=(VP+1/V )2

with V. =V/Vy (3)
and Vs =Ve/Vsigp

This normalized speed polar is depicted in Figure 4
which also shows the measured speed polars of the
Vampyr and of the Nimbus 3, representative of over 60
years of sailplane development. Both follow clearly the

idealized shape, but fall significantly
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FIGURE 3. Development of (L/D) max.

short of the minimum sink potential,
obviously because of increasing flow
separations near stall.
Lift Induced Drag

Lilienthals’ deductions about lift-
related tip losses, effects of aspect ra-
tio and of planform, were pretty much
borne out by Prandtls” lifting line
theory and elliptic span loading has
long been established as the optimum
for minimum induced drag of planar
wings (Reference 7). [t has also long
been known that spreading the trail-
ing vortices vertically can reduce in-
duced drag further. Vertical winglets
(see Reference 8) at the tipsof a planar
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wing can reduce induced drag rela-
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insects and rain. On a more positive
V =VNyp note, recentresearch (Reference 14) has
i shown that small streamwise grooves
5 i 2R b A4 B2 7 can reduce turbulent skin friction be-
86 ‘ (1Mmax:| Cp=2 ‘ low that for smooth surfaces — indica-
Ll) A t \/ S tion that the traditional skin friction

5.5 T Y i laws are still Sl.illbjl?.Ct to change.
Vs =Vs/Vaun vt l Ipsummary,w_fdr‘ag dueto flow sepa-
3,0 o2 ! ration and due to interference can be
"—Tﬁ;;fa’ \.|=.—__- sl ol eliminated, the constant (parasite or
4.0 . - 1' 3 —=— zero lift) drag can be determined by
5o | A i the sum of skin friction over the ex-

\ posed ("wetted”) areas.
g o | ] : % Maximum L/D Potential

for Cp - Cpg + k€2 Combination of the above described
FIGURE 4. Nottnalized speed polars, parasite and induced drag contribu-

tive to an elliptically loaded planar wing of the same
span by about the same amount as a biplane layout of
the same span and same vertical spread and are now
widely utilized. The induced drag constitutes the qua-
dratic term of the quadratic drag polar (ignoring minor
contributions from flow misalignment, Reynolds num-
ber changes, etc.).

Friction Drag Contribution

For clean, streamlined shapes such as used on sail-
planesskin friction over the exposed surfaces is the only
constant (i.e. Tift independent) drag contribution. This
skin friction—the resistance created by viscous effects on
surfacesexposed toa fluid hasbeenscientifically treated
since the days of Froude and is commonly referenced to
the skin friction of perfect flat plates without pressure
gradients or supervelocity. These viscous effects are
limited to a thin layer over the exposed surface (“wetted
surface”) - Prandtls” boundary layer. While thisbound-
ary layerisnormally turbulent, i. e. full of small, random
vortices, a special form of the boundary layer exists
characterized by smooth, almost stratified flow — the
laminar boundary layer. This laminar boundary layer
creates significantly lower skin friction, butis also much
more sensitive to surface imperfections and adverse
pressure gradients. Sailplanes have been using natural
laminar flow over partof the exposed surfaces since the
mid-1940’s.

The measured minimum drag coefficients (at low to
medium lift coefficients) of a number of interesting
wing airfoils (from References 9 to 13) indicate that these
airfoils indeed achieve substantial laminar boundary
layer flow (up to 70% averaged for upper and lower
surfaces) up to over RN = 107

Allthese considerations, so far, assume perfectsmooth
surfaces. However, actual configurations have numer-
oussurface imperfections thatcan cause early transition
and additional roughness drag. Suchimperfections range
from distributed roughness to individual discontinuities
(from doors, controls, etc.), and roughness created by
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tions yields the minimum drag achiev-
able within the configuration param-
eters of effective aspect ratio, surface areas and skin
friction.

Cp=X(CpA/S)+ CL2 /(R (4)

{A exposed arcas of components)

This equation is basically a more detailed version of
Equation 1. If the exposed areas for the individual
components (wing, tail surfaces, etc ) are adjusted to a
standard reference skin friction coefficient of C, = .002
(Reference 14) this leads to a new expression for (L./
D) asa function of adjusted area ratio and effective
aspect ratio:

m]max =19.817 I:R'KAIJ{S}
with A'= ZA (Cg/.002)

adjusted total wetted area (5a)
and R = R e effeclive aspect ratio

or

(l.fD)max = 19.817 h'f}f(A‘) ) (W,b)
with b’ =be effective span &

Thisexpression canbe regarded asrepresenting 100%
efficiency for the given parameters and serve as an
evaluation tool for the aerodynamic quality of any con-
figuration.

Key Performance Parameters

The key parameters defining the acrodynamic poten-

tial in Equation 5 are:
aspect ratio (/R);
wetted area ratio (A/S); and
extent of laminar flow (x¥c).

These three parameters are nondimensional and geo-
metric; they are also descriptive and indicate graphi-
cally the aerodynamic and structural quality builtintoa
configuration. A historical survey of these three param-
eters forsailplanesis presented in Figure 5. Tt reflects the
evolutionary drive to improve the aerodynamic effi-
ciency and complements theactual (L/ D)rm datashown
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is unlikely that cockpit space require-
ments can be further reduced and -
considering human factorsand crash-
worthiness requirements - they might
actually increase. Therefore, further
reductions inwetted area ratiowillbe
increasingly difficult.

The boundary layer transition de-
notes the extent of laminar flow on a
surface which characterizes the level of

— 1 skin friction. Use of natural laminar
el ram girfoil hang ghders N . .
. | flow (NLF) airfoils has made great
Y .- £5E0 TR - progress. Today’s airfoils can provide
over 80% laminar flow (lower wing
Welted Area Ratio surfaces) at RN = 10¢ and further im-
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Development of Aerodynamic Effi-

ciency

Once the above explained geom-
i etry related parameters are estab-
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FIGURE 5. Key performance parameters.

the potential (1./D)__ can be calcu-
lated with Equation 5. Evaluating the
actual performance against the theo-
retical limit provides then the true
measure of acrodynamic quality or
efficiency. Figure 6 shows to what
extent various gliding vehicles have
realized their performance potential.
The development of the sailplane in
particular illustrates the steady im-
provementinaerodynamicefficiency.
From Lilienthals’No. 11 design (1895)
with less than 40% to the Vampyr
(1921) with about 70%, to the designs
of the 1930's with over 90% there was
a dramatic improvement due to con-

in Figure 3.

A high aspect ratio has always been the most visible
indication for the aerodynamic quality of a sailplane. It
is limited by structural efficiency - i.e. providing ad-
equate strength at acceptable weight — and by con-
straints stemming from flutter, etc. Realized aspect ra-
tios with wooden designs reached up to 20, while mod-
ern composite sailplanes nearly double that value - a
remarkable achievement.

The wetted area ratio - the ratio of exposed surface
area to wing area —would ideally only represent upper
and lower wing surface. Conventional configurations
require tail surfaces and a body with wetted area ratios
0f 2.5 to 3 determine currently the (I./D) _ potential. It
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tinuous smoothing and streamlining,.

Further configuration cleanups and detail refinements
have brought this acrodynamic efficiency up to over
97% on modern competition sailplanes. The modern
competition sailplane has thus virtually reached its
performance potential for given effective aspect ratio
and adjusted wetted area ratio and further performance
increases depend on improving these parameters.
Outlook

What performance gains can be expected for the fu-
ture? Evolutionary refinements in effective aspect ratio,
area ratio and particularly laminar flow extent will con-
tinue to drive the performance higher, perhaps for unlim-
ited class sailplanes to maximum L/D ratios of over 80.

However, predictions that are based on the past are
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FIGURE 6. Development of aecrodynamic efficiency.
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