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SUMMARY

ONERA hasbeeninvolved over the last twenty years in
different studies related to sailplanes and the objective of
this paper is to present the main contributions in airfoil
design.

The OAP airfoil family was designed to obtain a very
high lift-to-drag ratio mainly in thermal flight. These air-
foilswere used to define the wings of Pegasusand Marianne
sailplanes produced by Societe Nouvelle Centrair. More
recently, airfoils with flaps have been designed with thick-
ness-to-chord ratio between 13% and 18%.

Two airfoils devoted to ultralight aircraft and general
aviation are also presented.

For these applications, the paper describes the flow
phenomena which have to be considered for the design
(transition of the boundary layer, separation bubbles, stall
behaviour), thedesign process and the performances ofthe
different airfoils.
1.INTRODUCTION

ONERA has many years of experience in research on
airfoil design for various applicationsincluding civil trans-
port aircraft wings, helicopter blades and propellers. Dur-
ing the last twenty years, this know-how has also been
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applied to different studies related to low speed applica-
tion and the main objective of this paper is to present the
contribution to sailplane airfoil design.
2. AERODYNAMICS OF SAILPLANES

The flight conditions encountered by sailplanes include
climb in thermals at low flight speeds and high lift coeffi-
cients, and interthermal cross-country flight at higher
speeds. The performance in cross-country conditions
weighs strongly on the global efficiency of modern sail-
planes, which is why a code has been developed to predict
sailplane aerodynamic characteristics in these conditions.
This code allows the lift-to-drag ratio of a sailplane to be
estimated using the computed 2D airfoil characteristics
and the sailplane geometry. As an example, Figure 1 pre-
sents the comparison of measured and computed polars of
the Pegasus sailplane for a flight mass of 330 kg. Good
correlation between prediction and measurements shows
that thisapproach canbe used to estimate the sensitivity of
the sailplane polar to an airfoil modification.

The interest of using waterballastin soaring flightis also
underlined by Figure 1, as anincrease of the sailplane mass
improves the performance at high speed. In addition, this
approach provides data on the drag breakdown of sail-
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Figure 1. Measured and computed polars of the Pegase
sailplane.

planes and the Figure 2 shows the computed contribution
of the wing to the total drag.

At 100 km/h, the wing induced drag and the wing
viscous drag have the same relative value while at high
speed the wing viscous drag has the greatest importance.

Whatever the flight conditions, the wing drag repre-
sentsatleast75% of the total drag which shows the interest
of using efficient airfoils.

3. DESIGN METHOD

Airfoil performance is determined using 2D strong cou-
pling codes[1], [2] which compute the viscous flow around
airfoils indicating the extent of laminar flow, the presence
oflaminar separation bubbles and the regions of turbulent
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Figure 2. Drag breakdown of the Pegase sailplane.
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separation. Figure 3 shows the computed drag polar and
the pressure distributions of the FX61-147 airfoil at a
Reynolds number of 1.4 100, The low drag coefficient is
obtained with a great extent of laminar flow on both sides
of the airfoil, the transition of the boundary layer being
caused by laminar separation bubbles. At high lift coeffi-
cient the transition moves upstream on the upper surface
while a loss of laminar flow appears on the lower surface
for low lift coefficients. The sailplane airfoil design re-
quires then, great attention to these transition movements
and to the extent of the laminar separation bubbles [3].

-4 ~Cp
CL 3 K TRANSITION
1.5~ gl
— Qo
a a=18
0 F
X/C
1 . ;
1+ 0 0.5 1
15 -Cp
-1 a=1°
0.5
0.5
0
0.5
XC
1 . . .
0 0.5 1
oF .3 -Cp
-2
o=-5°
Co -1
0.5 1 1 ) g
o 0.005 0.01 0.015 s
1 . .
0 05 1

Figure 3. Aerodynamic characteristics of the FX61-147
airfoil. M=0.12, Re=1.4 10°.

The importance of the viscous effects on the pressure
distribution is shown in Figure 4. The difference in lift
coefficient is about 13.5% in these conditions.

The sailplanes airfoils are defined with a multipoint
design as the climbing in thermals and the cross-country
flight require good characteristics at different lift coeffi-
cients. Both inverse codes and numerical optimization
methods are currently used at ONERA for airfoil design.
The inverse methods allow an airfoil corresponding to a
prescribed pressure distribution to be obtained while the
numerical optimization method [4] combines a flow solver
withaconstrained minimization algorithm. The numerical
optimization method offers the possibilities to consider
global coefficients of the airfoil, to impose geometric con-
straints and to take into account several design points
whereas these specifications cannot be taken into account
by the inverse methods.

Generally at ONERA, the airfoil is defined in a first step
using the numerical optimization method to obtain a glo-
bal compromise between the different flight conditions
and is modified in a second step with an inverse code to
adjust the pressure gradients in order to obtain specific
characteristics related to transition location and stall
behaviour.
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Figure 4. The influence of viscous effects on the pressure
disétribution of the FX61-147 airfoil. M=0.12, a=1°, Re=1 4
10°.

4. AIRFOILS FOR THE STANDARD CLASS

In 1981, the Centrair company launched the Pegasus
with the objective of offering a Standard Class sailplane
which exhibits good performance in competition whilst
keeping safe flight behaviour adapted to beginners. Since
then, about 600 sailplanes of this type have been produced
and sold.

ONERA designed the wing airfoils of the Pegasus, named
OAP01, OAP02 and OAPO3 with the objective of obtaining:

* Very good performance in climb conditions;

* Progressive stall behaviour;

¢ Maximum lift coefficient insensitive to insect con-
tamination.

The computed aerodynamiccharacteristics of the OAPO1
airfoil have been compared to those of the FX61-147 airfoil
(which wasatthattime considered asareference) inFigure
5. Both airfoils have a thickness-to-chord ratio close to
14.7%. The OAPO1 airfoil has a greater lift-to-drag ratio for
the lift range 0.4 < C1, < CLmax and the absolute value of
the moment coefficient at 25% of the chord is reduced by
abOUt 20“']-

The performance of the OAP01 airfoil which was mea-
sured in the 510 wind tunnel of the CEAT in Toulouse is
presented in Figure 6. It shows that for a Reynolds number
of 14 106, the maximum lift coefficient of this airfolil
reaches 1.45and thattheloss of liftbeyond C|_max appears
progressively.

The performances of the OAP02 and OAPO3 airfoils,
having thickness to chord ratios 0f13.3%and 15.6% respec-
tively, are compared to the OAPO1 characteristics in Figure
7. The increase of the thickness-to-chord ratio allows the
laminar bucket to be maintained for alarger lift coefficient
range but leads to a rise of the minimum drag.

This OAP airfoil family has also been used to generate
the wing of the Marianne, a two-seater high-performance
sailplane.
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Figure 5. Computed drag polars of the OAP01 and FX61-
147 airfoils. M=0.12, Re=1.4 10°.
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Figure 6. Measured polars of the OAPO01 airfoil. M=0.12,
Re=1.4 100,

2 -C
| T ..
1 =
[
0.5 |-
OAPOI 147
o — — — -DAPD2 133
e OAP O3 156
1 :
1 4 B I
0 0.005 0.01 0.015

Figure 7. Computed drag polars of the OAP airfoil family.
M=0.12, Re=1.4 10°,
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For some Pegasus evolutions, the airfoil family, named
OAPC, was derived from the previous one in order to
increase the performance in interthermal flights at low lift
coefficients. The OAPO1 and OAPCO1 airfoil characteris-
tics are compared in Figure 8. The laminar bucket of the
OAPCO1 airfoil is shifted to lower lift coefficients and has
a slightly greater extension in lift coefficient. The two
families whose main differences are the leading edge ge-
ometries (from 0% to 20% of the chord) canbe used toadapt
the sailplane characteristics to specific conditions.
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Figure 8. Comparison of computed characteristics of
OAPO1 and OAPCO1 airfoils. M=0.12, Re=1.4 106

5. AIRFOILS WITH FLAPS

For the 15-Meter Class and the Open Class, flaps are
used to adapt the camber of the wing to flight conditions:
the flight between the thermals is usually carried out ata
low flap setting (zero or slightly negative) while the flight
in the thermals requires a high lift coefficient and positive
flap settings of about 10° depending on the airfoil. Three
airfoils, named OAPV13, OAPV15 and OAPV18 were de-
signed for a thickness-to-chord ratio of 13%, 15% and 18%
respectively and for a flap chord of 15%.

Asanexample, the Figure 9 presents the pressure distri-
butions ofthe OAPV13airfoil for three flap settings §=-10°,
8=0°and 8=10° atanangle of attack of 1°. The laminar flow
extent obtained on the OAPV13 airfoil with zero flap
setting is about 80% of the chord on the lower surface and
60% of the chord on the upper surface ensuring a very low
drag coefficient. Changing the flap deflection has a strong
effect on the lift coefficient (from 0.09 to 1.13). Some pres-
sure peak appears at the hinge position on the lower
surface for negative flap deflections and on the upper
surface for positive ones. Some interesting discussions of
the effects of the sailplane flap can also be found in [5].

The performance of this airfoil was measured in the 510
wind tunnel of the CEAT. The use of the flap increases the
maximum lift coefficient from 1.4 to 1.53 when the flap
setting changes from zero to 10°. Figure 10 compares the
computations and the experimental results for the C[_ (¢)
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Figure9. Computed pressure dlstnbutmnqoftheOAPVH
airfoil. M=0.12, #=1°, Re=1.4 10°.
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Figure 10. Computed and measured characteristics of the
OAPV13airfoil. M=0.12, Re=1.4 10°.

curves. The effects of the flap setting is correctly predicted
in the linear region and close to the maximum lift, but the
stall characteristics can only be determined by wind tunnel
tests.

The laminar bucket is also strongly modified by the flap
setting as shown in Figure 11: it is shifted by ACy =0.3 for a
modification of flap setting of 10°.

Based on these polars, the code described in section 2
canalsobe used to predict the modification in the sailplane
polar with the flap setting. The sailplane performance is
piL‘HLﬂted in Figure 12 for the three flap settings 8= -10°,
6=07and 6=10°. In thermals, the sailplane typically climbs
with positive setting. The maximum lift-to-drag ratio is
obtained between 80 km/h and 125 km /h with zero flap
setting while the greatest performance in interthermal
flightat high speed is obtained with negative flap setting.
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Figure 11. Influence of the flap setting on the polar of the
OAPV13 airfoil. M=0.12, Re= 1.4 10°.
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Figure 12. Influence of the flap deflection on the sailplane
performance.

This approach shows that it is possible to optimize
numerically the flap settings of a sailplane.

Figure 13 presents the computed drag polars of the three
airfoils which constitute the OAPV family. The increase of
the thickness-to-chord ratio leads to the rise of the mini-
mum drag coefficient but allows the laminar bucket to be
maintained for a greater range of lift coefficients.

As the same tendencies have been noticed for the Stan-
dard Class airfoils, the Figure 14 summarizes the influence
of the thickness-to-chord ratio for the OAP, OAPC and
OAPYV families. The increase of the drag coefficientis about
1.6 counts for an additional 1% in the thickness-to-chord
ratio that is to say about 2.7% of the airfoil drag. These
results can be used as basic data to study the compromise
between the aerodynamic and the structural characteris-
tics for the optimization of the sailplane configuration.
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Figurel3. Computed dra(g polars of the OAPV airfoil
family. M=0.12, Re=1.4 10°.
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Figure 14 . Influence of the thickness-to-chord ratio on the
drag coefficient at C =0.75, M=0.12 and Re=1.4 100,
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Figure 15. Geometries and computed suction side shape
factor of airfoils for ultralight aircraft. M=0.12, C1 =1.65,
Re=1.4 106, transition triggered at 5%.
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Figure 16. Experimental lift coefficient of the OAULMO02
airfoil with a single slotted flap. M=0.12, Re=1 .4 10°.
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Figure 17. Geometry and computed pressure distribution
of the OAAG04 airfoil. M=0.12, C[ =1.2, Re=2 10°.

6. AIRFOILS FOR ULTRALIGHT AIRCRAFT AND
GENERALAVIATION
6.1. Airfoil for ultralight aircraft
ONERA also designed airfoils for general aviation air-
craft. As far as the ultralight aircraft are concerned, the
design specifications are summarized by the following:
* A very high maximum lift coefficient at low
Reynolds numbers to fly at very low speed and to
make very short landings;
e Asmoothstallbehaviour due to therelative inexpe-
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Figure 18. Computed characteristics of the OAAG04 air-
foil. M=0.12, Re=4.5 10°.

rience of the potential users;

* A pitching moment lower than 0.05 in absolute
value toreduce the drag penalty due to the balance of
the aircraft;

¢ A thickness-to-chord ratio of 14% and a flat lower
surface to simplify the manufacture.

A first airfoil was designed and tested in the S10 wind
tunnel. The results showed that the aerodynamic charac-
teristics of this airfoil were of interest for the application
considered, except that the stall was too steep. To remedy
this, the airfoil was modified so that the turbulent separa-
tionappearsinthe trailing edge regionand grows progres-
sively. The OAULMO2 airfoil is the result of this second
design and Figure 15 compares the geometries and the
computed boundary layer shape factors along the upper
surface of both airfoils. The margin with respect to the
turbulent separation limit is small at 30% of the chord for
the OAULMO1 airfoil while the shape factor of the
OAULMO2 airfoil grows progressively in the turbulent
region.

Following a second test campaign whose results are
presented in Figure 16, the airfoil OAULMO2 exhibits a
very high maximum lift coefficient of 1.96 at a Reynolds
number of 1.4 100 with the absolute value of the moment
coefficient remaining less than 0.05. In addition, it can be
equipped with a single slotted flap having a 27% chord
length. The Figure 16 shows that in this condition the
maximum lift increases from 1.96 to 3.24 for a flap deflec-
tion of 30° without a large modification of the stall angle.

Thisapplication shows how some specifications related
to the airfoil stall can be taken into account despite the
inaccuracy of the method enabling the maximum lift coef-
ficient and the type of the stall to be computed directly.

In addition to ultralight aircraft, the OAULMO2 airfoil
has also been applied, with success, to racing car wings,
rigid sails forboats, and paragliders, for which the Reynolds
numbers are moderate and close to the design conditions.
6.2 . Airfoil for general aviation

The OAAGO4airfoil of a thickness-to-chord ratio 0of 12%
wasdesigned for general aviationapplications. The design
specifications are related in this case to the maximum lift
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coefficient, the drag and moment coefficients and to geo-
metrical constraints as follows:
e CLI‘I’IE!X >1.6 at Re=2 106,
e CD<0.008and |Cm |<0.025for 0.2 < Cp £0.6 at
Re=4.5106;
* Linear shape between 30% of the chord and the
trailing edge on both surfaces.

The computed pressure distribution of the OAAGO4
airfoil which was designed for this purpose is presented in
Figure 17 atalift coefficientof 1.2. Itappears that this airfoil
exhibits a low leading edge expansion and a suitable
pressure recovery to obtain a high maximum lift coeffi-
cient. A CLmax of 1.75 was measured in the 5§10 wind
tunnel.

Figure 18 presents the computed characteristics of the
OAAG04 airfoil in cruise conditions and shows that both
design specifications related to drag and moment coeffi-
cienthavebeenachieved. In particular, thelow drag region
of the airfoil has been well adjusted to the desired lift
coefficients.

The OAAG04 airfoil has been used to define the wing of
the CAPX, which is a two-seater training aircraft.

These two examples shows how specifications related
to the drag and to the maximum lift coefficient can be
fulfilled and that the problems encountered in general
aviation are close to those of the sailplane activities.
7.CONCLUSIONS

ONERA has developed methods for both airfoil design
and performance calculation taking into account the vis-
cous phenomena which govern the flow at moderate
Reynolds numbers. Several airfoil families were designed
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for Standard Class sailplanes and for sailplanes with flaps:

the first family was successfully applied on Pegase and

Marianne wings. Two other airfoils were also designed for

ultralight aircraft and general aviation applications.
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