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INTRODUCTION

During the past few years, supercritical
airfoil sections have become a subject of
interest not only for designers of commercial
aircraft, but for general aviation and motor-
glider designers also. In 1973, NASA started
a new airfoil research program based on
Nhitcom?' 17% thick supercritical airfoil
GA(w)-11) . The GA(w)-1 airfoil has already
been used in several general aviation air-
craft and motorgliders. In 1977, Dornier AG
designed a 16% thick supercritical airfoil
with a Fo§1er flap for use in a modified Sky-
servant{2). In fact, the characteristics of
thick supercritical airfoil sections indicate
performance increases over conventional air-
foil sections not only at transonic speeds,
but also at Tow speeds.

The principal difference between conven-
tional subsonic aerodynamic technology and
supercritical technology 1ies in the cross-
sectional profiles of 1ifting airfoils. At
supercritical Mach numbers, a broad region of
local supersonic flow extends vertically from
both airfoils, as indicated by the pressure
coefficients above the sonic value and by the

shaded areas of the flow field shown in Fig. 1.

This region of supersonic flow usually
terminates in a shock wave, which causes an
energy loss and therefore a drag increase. In
addition, the shock wave produces a positive
pressure gradient at the airfoil surface,
which may cause separation of the boundary
layer with an associated Targe increase in
drag, severe airfoil buffeting, and stability
and control problems. The much flatter shape
of the upper surface of the supercritical
airfoil reduces both the extent and strength
of the shock wave, as well as the adverse
pressure rise behind the shock wave, with the
corresponding reductions in drag. To compen-
sate for the reduced 1ift on the upper surface

of the supercritical airfoil, resulting from
the reduced curvature, the airfoil has
increased camber near the trailing edge.

The characteristics of the supercritical
airfoil suggest some potential benefits from
applications to gliders and motorgliders.

The supercritical airfoil may permit reducing
structural weight by using thicker wing
sections without penalizing aerodynamic per-
formance. Another advantage of this airfoil
appears at low speeds. Because of the much
larger leading edge radius, it provides
higher maximum 1ift than a conventional
airfoil.

DESIGN CRITERIA

On the basis of performance calculations
for gliders, the following design criteria
for a basic airfoil of 17% have been fixed:

- minimum drag for 1ift coefficients in
the range of 0.1 < c, < 0.6

- maximum 1ift of the basic airfoil (flaps
in zero position): 1.6 < ¢y < 1.7

- maximum 1ift with flaps:

28 & Uy % BT

- pitching moment: | Cn | <0.1
0

DESIGN PROCEDURE

Several theoretical methods and computer
codes are in hand for analyzing the flow about
a given airfoil, and for optimizing airfoils
for a range of conditions. The theoretical
analysis basically consists of calculating
pressure distributions around arbitrary
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airfoils, including viscous effects. The
inverse problem is to calculate an airfoil
from a desired pressure distribution, or
other criteria. With today's computers, an
experienced aerodynamicist can design a near
optimum airfoil by an iterative approach
which produces high performance over a broad
range of operating conditions.

Our method is based on the small pertur-
bation transonic potential equation in
conservation law form

2 =

(Keyel) 7280 * 450
Q}x - ‘Xf =0
with the velocity components u and v in
x- and y- direction
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The method involves iteration between the direct
solution and the design solution. In the
direct solution, the Neumann problem for the
potential is solved. In the design step, the
Neumann condition is replaced by a Dirichlet
condition, that is: the pressure distribution
is specified. Based on the irrotationality

of the flow, the ¢x§ in x-direction gives

¢§, which is used in the same way as in the

direct problem. After convergence, an inte-
gral boundary layer calculation is used to
determine the displacement thickness and to
correct the profile coordinates and the drag
coefficient.

More details of the calculation
procedure are given in Ref. 3.

Optimal wave drag in the transonic speed
range has been used as design criteria for
the basic airfoil. Only a few modifications
have been made to adapt the airfoil shape to
provide low speed, high 1ift characteristics.

OFF DESIGN CALCULATION

To calculate the complete polar of our
designed airfoil, we need an analysis program

e

capable of giving very accurate results not
only for small angles of attack, but over the
whole range in which the airfoil may be used.
Observing that our small perturbation method
fails for large angles of ?ttack, we have
used Garabedian's method'®). This method is
based on the full potential equation and
involves the rapidly convergent finite
difference scheme of E.M. Murman in a coor-
dinate system tried out successfully by
C.C.L. Sells. This involves mapping the
exterior of the airfoil conformally onto the
interior of a unit circle.

The analytic function which maps the
interior of the unit circle ¥ < 1 confor-
mally onto the exterior of an airfoil in the

(x,y) - plane, so that the origin corres-
ponds to infinity, has the form

Xx+1iy = F (r eit = . n _int
( ) :E: a r e
n=-1
The point r=1, t =0 corresponds to the

cusp at the tail.
To remove the singularity in the poten-

tial at r =0 , we make the substitution
¢ = cos(t+a) . o
r
where o is the angle of attack. In terms
of Sells coordinates t and r , the second

order partial differential equation for the
velocity potential becomes

+ -l (ﬁz + ?2) (u we +r v mr) =0

where

= m'l [r o - sin {(t + ﬂ}]

=1

sl [rz ¢, - COS (t + u)]
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At r =0 the velocity potential satis-
fies the boundary condition

o] [\h - M2 tan (t +a)]

r
¢:_..
Zx tan

involving the circulation T , and at r =1
the Neuman boundary condition is fulfilled

¢. = cos (t +a)

The circulation, which is a period of ¢ ,
will be determined iteratively so that the
Kutta-Joukowsky condition is satisfied at
t=0, r=1

¢t = gin o

For more details consult Ref. 5.

BOUNDARY LAYER CORRECTION

In order to use inviscid flow theory
successfully in the design of airfoils, it
is imperative that no significant boundary
layer separation exists. If the boundary
layer separates, it introduces a perturbation
in shape caused by the wake. It is therefore
necessary to calculate a boundary layer
correction that will predict separation and
indicate where the airfoil must be stream-
lined so as to moderate the adverse pressure
gradient and bring the point of separation
back to the last two or three percent of
chord. Moreover, for Tifting airfoils, even
the very thin unseparated boundary layer
diminishes the effect of the angle of attack
and causes a smaller circulation because it
is thicker on the upper surface than on the
lower. Without a boundary layer correction,
the only way to recover this loss is to
increase the angle of attack and the free-
stream velocity slightly. But the effects
of such corrections are never certain.

To overcome these difficulties, our
design program includes a laminar/turbulent
boundary layer correction. The potential
flow we compute is supposed to be the invis-
cid flow outside the boundary layer of an
actual airfoil. To find the true airfoil

generating our inviscid flow, it is necessary
to subtract from the calculated streamline
g =0

a displacement thickness obtained from
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an appropriate boundary layer correction.
For this p?r?ose we use the integral method
of A. Walz\bl/

This method is based on the differen-
tial equations of momentum thickness &,

dud/
id—z + d . : ;3 2 + il_
dx pa Ug &2
- Mi - Tw =0
P (7
dud

and on the energy thickness &,

du
d6 3 4+ ¢ Vagx 3+2 2
aiBb ) T a0 8y
dx ud

d
2 tdu=20
= |

Pgly

To facilitate the mathematical treatment &»
is replaced by

o n
z d2 Re

]

where n = 0.268 for a turbulent boundary
layer and the Reynolds number is

Re =

Introducing this, the equation of momentum
thickness becomes

ul
7' +7 4 Ex _ =
Z Ud FI' F2 0
with
F.,=2+n+ (1L +n) ¢,/ 6, - M2
i 0 Ly 2 )
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Fp = (1 +n) a 6)/(d;),

The universal functions Fi1 and Fj
may be evaluated independently of the
specific problem if the form of the basic
velocity profile in the boundary layer is
known.

The derivative yy = dp,/dx of the
molecular viscosity, the poten%ia] velocity
ug(x) and the local Mach number Mgs(x) at
the outer bound of the boundary layer, are
known from the potential flow calculations.

The molecular viscosity may be calcula-
ted with the well known Sutherland formula

T+ST

u Do ¢ 153/2 i e
E _;L ("ﬂ) . T
where T s total temperature and S 1is a

constant equal to 0.3424.
With the shape parameter

the equation of the energy thickness may be
written in the form

*0 *

W o+ H u; /ugFy+F/2=0

The universal functions Fz and Fy

defined as

are

F. =1 - d'if '52+2 641’53

o < ¥
f o0 d
F, = ReT (2 —-H)
d *
=I—)—2 (28RN - a H)
92y %2
The parameters o« and g are determined with

a one parameter theory for the velocity
profile. N =1
More computational details of this

for turbulent boundary Tayers.
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integral method are given in Ref. 6. The
method is valid up to the separation point.

THE SLOTLESS FLOWLER FLAP

Fowler flaps have been used for some
tiem as landing aids and are usually built
as slotted flaps. Because of the increase
of drag, however, they are not suitable for
glider application. Fowler flaps for gliders
must have, at all deflections, a smooth
surface variation without slots and other
irregular surface modifications. An airfoil
fulfilling these requirements has been
developed by F.X. Wortmann(4) It is a 17%
thick airfoil with maximum camber at 43% and
a 36% chord Fowler flap to change camber.

To avoid construction difficulties, we
propose a 30% Fowler flap, where the flap
deflection angle may be changed in the
completely extended position. 10% of the
Fowler flap is always outside the basic
airfoil contour so that it may be used as a
conventional flap to change camber of the
basic airfoil.

ATRFOILS WITH SLOTLESS FOWLER FLAPS

For general application, it is suitable
to use a set of airfoils of different thick-
ness for variation in the spanwise direction.
Therefore, a group of airfoils has been cal-
culated with thickness between 17 and 12%.
Special care has been taken to produce
equivalent polars for the airfoils with
similar shapes. Thus, it is possible to
interpolate airfoils with equivalent aero-
dynamic characteristics.

The aerodynamic coefficients have been
computed for a 17, 15, 13, and 12% thick
airfoil in its basic configuration (Fowler
flaps in zero position) and with Fowler
flaps in fully extended position. No
attention has been given to the change of
camber of the 10% chord flap at the end of
the Fowler flap which could be used to
diminish drag at low lift coefficients.

The coordinates of the profiles are
given in Table 1 where the first two numbers
give the design year and the last three the
thickness of the basic airfoil. The Fowler
flap is always 30% chord. The polars are
given in Figs. 2 to 5 with the Fowler flap
in zero position and in fully extended
position with a deflection of 20 degrees.

A higher deflection may cause boundary layer
separation on the upper surface as indicated
by the boundary layer calculations.

In Fig. 6 the pressure distribution of

e



the 17% thick airfoil is compared with those
of the GA(w) - 1 airfoil at 4 degrees angle
of attack. The pressure peak at the nose has
been diminished and on the Tower side the
pressure distribution has been filled up,
resulting in a Tower moment coefficient.

In Fig. 7 the polar of the 17% thick
airfoil is compared with the FX 67-VG-170
of F.X. Wortmann. The maximum 1ift coeffi-
cient is higher but so is the minimum drag.
This behaviour is to be expected because of
the high 1ift design criteria of our airfoil
and the minimum drag criteria for the
FX 67-VG-170.

CONCLUSION

In general, our supercritical airfoils
show a more gradual increase in velocity on
the suction side than conventional Fowler
flap airfoils. The pressure does not peak
at the leading edge, but rather is distribu-
ted over the entire airfoil. Thus, 1ift is

distributed over much more of the wing chord.

Since the drag is proportional to the
square of the velocity, by reducing the size
of the pressure peak, the drag is reduced.
And, since the pressure is distributed
farther over the airfoil surface, 1ift is
increased.

This combination of reduced drag and
incrzased 1ift results in smaller wings with
less drag and less weight, or higher pay-
loads may be carried as it has been demon-
strated in motorgliders and two-place
gliders for training purposes. The feasi-
bility of such airfoils for highly efficient
sailplanes remains to be demonstrated.
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Fig. 5 Aerodynamic coefficients of S 78-F-120 airfoi!
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