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Abstract

Drag reduction and the extension of the
flight region with high aerodynamic effi-
ciency for transonic airfoils has been in-
vestigated by applying the idea of an adap-
tive airfoil. With the aid of the elliptic
continuation method a basic airfoil has
been optimized with regard to shockfree
pressure distributions for three different
sets of Mach number and lift coefficient.
The resulting three airfoils, representing
an adaptive airfoil, have been investiga-
ted numerically and in windtunnel tests.
The results indicate that high aerodynamic
efficiencies are connected with pressure
distributions having already weak shock-
waves. Furthermore the anticipated exten-
sion of the flight region with high aero-
dynamic efficiency by applying an adaptive
airfoil could not be verified for all
flight conditions.

Notation

X,V coordinate system

c airfoil chord

a speed of sound

a* speed of sound at critical state

Vo velocity of freestream flow

% local velocity vector

q = I%l Value of local velocity vector

Re Reynolds number based on airfoil
chord

M=V_/a freestream Mach number

o angle of attack

¢ 1ift coefficient

¢1p 1ift‘cgefficient at design
condition

3 drag coefficient

Caw wave drag coefficient

M-cl/cd aerodynamic efficiency

c static pressure coefficient

c * stgtic pressure coefficient at
critical state

Po total pressure of freestream

Po1 total pressure in the airfoil wake

n isentropic exponent

o density of air

p* density of air at critical state

§* boundary layer displacement
thickness

P exponent in equ. (2)
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1. Introduction

Due to drastic rise in fuel prices the
direct operating costs (DOC) of commercial
transport aircraft have increased consid-
erably [1]. Therefore new concepts for re-
ducing DOC and fuel saving research pro-
grams have been established worldwide [2,
3,4] by applying new technologies in aero-
dynamics, structures and materials, pro-
pulsion technique and flight guidance and
control for aircraft. The predicted fuel
savings range from 4% to 10% at short sight
and 20% to 40% in the future.

For the new generation of transport air-
craft, which has gone into service now
(e.g. Airbus A310 and Boeing 757/767) the
transonic wing technology has been applied
as aerodynamic means to increase the air-
craft performance and to save fuel. The
basic ideas and the benefits of transonic
wing technology have been discussed exten-
sively [5,6] and should not be repeated
here.

This paper deals with the possibility
of a further improvement of the transonic
wing by considering so-called adaptive air-
foils to extend the economic flight regime
by adjusting the airfoil contour for opti-
mum wing performances at different flight
conditions. In the following a short de-
scription of the basic ideas of adaptive
airfoils will be discussed, the methods
used for the airfoil design will be out-
lined and finally experimental results of
such an airfoil will be presented.

2. Principles of an adaptive airfoil

As the aerodynamic behaviour of high
aspect ratio wings of transport aircraft
is mainly influenced by the wing section
generating the wing contour this basic
wing section plays an important role in the
wing design process. Therefore concentra-
tion of research work on improvements in
airfoil performance is reasonable for trans-
port aircraft and is highly influencing the
success of a wing design [7]. The new gen-
eration airfoils for transport aircraft,
transonic airfoils, mostly are optimized
for one design point of the wing, namely
the cruise condition. In order to minimize
the drag of the airfoil at the design point
a pressure distribution with no shockwaves
terminating the supersonic region or pres-
sure distributions with only weak shock-
waves were chosen thus reducing or sup-
pressing the wave drag [8].

The experiences with transonic airfoils
show that real shockfree pressure distribu-
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tions can only be achieved in one singular
point concerning Mach number and 1lift coef-
ficient, e.g. the design point. At off-de-
sign conditions above or below this point
shockwaves of different strength may occur
leading to increased drag. Whereas in ana-
lysis calculations shockfree pressure dis-
tributions could be verified, experimental
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Fig. 1 Expected dragrise curve for an

adaptive airfoil

results always show near the design condi-
tions weak shockwaves. This demonstrates
that the shockfree design pressure distri-
bution is a singular point which could
not be achieved in experiments. On the
other hand it can be stated that measured
pressure distributions with weak shock-
waves near the design condition do not suf-
fer from additional drag penalties [6].
But in off-design conditions the shock
strength can grow rapidly causing undesir-
able drag increments.

This situation is not without problems
for the operational conditions of a trans-
port aircraft as the flight conditions at
cruise cannot be matched always with the
design conditions because the aircraft
often is forced to fly at other conditions
than those with optimum performances. This
can be due to changes in flight level and
flight speed coming from operational con-
traints of flight safety.

This demonstrates the necessity to apply
an airfoil with optimum performance in a
certain region of Mach number and 1lift coef-
ficient. To achieve this goal the following
possibilities may be considered:

® development of an airfoil with a certain
region of good performance but with a
reduction in performance compared to an
optimized airfoil for one flight condi-
tion or
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e making use of a so-called adaptive air-
foil as proposed by Sobieczky, Fung,
Seebass [9].

An adaptive airfoil is equipped with a
flexible upper surface contour which can
be adjusted for different flow conditions
in that way that always shockfree pressure
distributions can be achieved thus result-
ing always with an optimum airfoil perform-
ance. This will lead to an extended flight
regime as it is demonstrated schematically
in a Mach number 1ift coefficient diagram
for the dragrise curve in Fig. 1. It is
expected that the dragrise curve for the
adaptive airfoil is generated by the enve-
lope of the dragrise curves of several
optimized airfoils with the same basic
shape with various design points. The case
presented in Fig. 1 shows three airfoil
variations with different Mach numbers and
constant lift force, e.qg. Mz-c1 = const..

As up to now only theoretical consider-
ations have been made on this subject [9]
a combined theoretical and experimental in-
vestigation has been carried out at the
Institute for Design Aerodynamics of DFVLR,
Braunschweig. This investigation is not
aimed for providing hardware solutions for
a flexible upper surface airfoil contour,
but will concentrate on the aerodynamic
behaviour of such an airfoil. Therefore the
adaptive airfoil is split up into three
separate airfoils having the same shape
with the exception of a certain portion of
the upper surface contour, which still has
to be designed. These airfoils represent
three flow conditions of an adaptive air-
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elliptic continuation for
transonic airfoils



foil with shockfree pressure distributions
at the design 1lift coefficients for a Mach
number range of 0.71 £ M<£0.75. The design
1lift coefficients corresponding to the
Mach numbers M = 0.71, 0.73 and 0.75 are
aimed for to vary with M2°c1=const. giving
a constant 1lift force.

Having specified the problem now the
difficulty remains to provide an airfoil
with upper surface contours which under
prescribed conditions show shockfree pres-
sure distributions. This problem is solved
by the "elliptic continuation method" which
will be discussed next.

3. Method of Elliptic Continuation

The principle of the method of elliptic
continuation was first introduced by
Sobieczky [10] and Eberle [11]. The basic
ideas are demonstrated in Fig. 2. At tran-
sonic flow conditions the flowfield around
an airfoil with an embedded supersonic
region can be solved by the full potential
equation, which is outside the supersonic
region of elliptical type and inside of
hyperbolic type. This mixed type of flow-
field is one of the major difficulties for
solving the full potential equation. Fur-
thermore the supersonic region is normally
terminated by a shockwave. The occurrence
of this shockwave can be suppressed if the
type of potential equation is artificially
changed to elliptical behaviour in the su-
personic region, too. This can be accom-
plished by introducing into the analysis
code for solving the full potential equa-
tion a fictitious gas law [12]. The correct
density relationship of isentropic flow

27t
R - |ntl _ n-1 (il n=1 (1)
p*fisentropic 2 2 ax*

is changed into an artificial relationship
when entering the supersonic region of

L - (49\P
[é*]fictitious (a* (2)
with g = |§| representing the velocity vec-

tor. Values of P> 1.0 result in a hyperbol-
ic type of the equation while values of

P < 1.0 introduce an elliptic behaviour al-
so in the supersonic region. After [12]
values 0.5 <P £0.9 turned out to be rea-
sonable for the calculation process. Doing
this a supersonic region without any shock-
waves is always achieved. The calculated
flowfield outside the airfoil and the su-
personic region is elliptical and is gov-
erned by the correct equations. The real
flowfield inside the supersonic region and
the location of the sonic line does not
correspond to the airfoil shape due to the

application of the fictitious gas law there.
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As the flowfield in the supersonic region
is only influenced by the flow conditions
at the sonic line and the location of it-
self it is now possible to calculate start-
ing from the given sonic line the correct
flowfield in the supersonic region by the
method of characteristics. The streamline
running through the footpoints of the sonic
line on the airfoil contour will be the

new airfoil shape in this region. Thus the
composition of the two flowfields, ellipti-
cal flowfield outside, flowfield calculated
by the method of characteristics with a new
contour inside the supersonic region yields
a redesigned airfoil with a completely
shockfree pressure distribution. Special
smoothing procedures applied to the end of
the new contour make sure that a smooth
airfoil contour without gaps and steps is
achieved.

The method used here for the analysis
calculations with the fictitious gas law is
based on the FL06 code of Jameson [13].
Experiences with this kind of optimization
process showed that values of P = 0.9 [14]
provide good starting values for the re-
design process. Further details of this
procedure can be found in [15].

Thus the optimization process after this
method comprehends the following steps:

® Analysis run with the fictitious gas law
in the supersonic region for the basic
airfoil including viscous effects by
adding an appropriate displacement
thickness.

® Calculation of the flowfield in the su-
personic region by the method of charac-
teristics starting from the sonic line.

® Determination of the new contour in the
supersonic region as the streamline
running through the starting and end
point of the sonic line.

® Construction of the redesigned airfoil
by matching the basic airfoil contour
with the new one with special smoothing
procedures.

® Subtraction of the displacement thick-
ness to get the real airfoil shape.

® Analysis run with the correct gas law
to check the design result.

This short description of the principles
of the method of elliptic continuation
shows that it turns out to be a valuable
tool for redesigning airfoils for several
new design points with shockfree pressure
distributions because the airfoil contour
is only changed in a limited region on the
upper surface where supersonic flow is pres-
ent. This property is an important feature
for the design of an adaptive airfoil due
to two reasons:

® The airfoil contour remains unchanged
outside the supersonic region, and



the actual contour change to achieve
shockfree pressure distributions is
small (Ay/c < 0.005).

The type of the shockfree pressure dis-
tribution is dependent upon the basic air-
foil contour and through the sonic line
upon the value P of the fictitious gas law.
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Fig. 3 Scheme of boundary layer dis-

placement thickness model

In order to account for viscous effects
also in the redesign process airfoil shapes
including the displacement thickness are
used during the calculation. The displace-
ment thicknesses along theairfoil contour
are modelled by generalized parabolas as
schematically shown in Fig. 3. The super-
position of a set of parabolas provides
reasonable displacement thicknesses for
upper and lower surfaces of airfoils as
shown in Fig. 3, too. The real contour then
can be generated by subtracting the dis=-
placement thickness from the viscous con-
tour. As in the redesign process only shock-
free pressure distributions are considered,
no care of shock boundary layer interaction
has to be taken into account.

4. Design process and airfoil analysis

As explained in the previous chapter a
basic airfoil is necessary for the applica-
tion of the method of elliptic continuation.
For the purpose of this study the airfoil
DFVLR-R44S has been chosen as basic air-
foil. It represents a modification of the
airfoils DFVLR-R4 [16] and DFVLR-R4/4 [17]
which are transonic airfoils of 13.5%

thickness and serve as basic sections of
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a transonic wing. The design point of the
airfoil DFVLR-R44S is at M = (.73 andc1=0.6.
In order to extend the application range
of this airfoil the upper surface contour
should be redesigned in such a manner that
shockfree pressure distributions in the
Mach number range 0.71 £M<£0.75 can be
achieved. The corresponding lift coeffi-
cients should be varied by the expression

2,

M c1
prescribing a constant 1ift force when
changing the Mach number. For the adaptive
airfoil three Mach numbers have been se-
lected which lead to the following design
points:

const. 0.3197

Design . .

Point. M c1 Airfoil
) 0.71 0.634 | DFVLR-A71
@ 0.73 0.600 | DFVLR-A73
@ 0.75 0.568 | DFVLR-A75

The Reynolds number of the numerical
study was fixed at Re = 10°+10° with transi-
tion fixed at 7% on upper and lower surface.

M o €4 |Remarks
———lo.71]0.634 |0.0091
—|o73]0.600 [0.0091| Degien
——lo.75]0.568 [0.0100

16 s ' ' '

DFVLR-R4LLS

04 Re = 10-108 -
Trans. 7/7
08 1 i 1 |
0 02 04 06 y/c 10
Fig. 4 Pressure distribution of the air-

foil DFVLR-R44S at three Mach
numbers for the design lift coef-
ficients (BGKJ-method)



Fig. 4 presents calculated pressure dis-
tributions after the method of Bauer/Gara-
bedian/Korn/Jameson (BGKJ) [18,19 ] includ-
ing viscous corrections after the Nash/Mac-
donald [20] method for the basic airfoil
at the three design points. At M = 0.71 and
M 0.75 shockwaves can be seen whereas at
M 0.73 only a weak disturbance at x/c=0.5
on the upper surface is present. Through
the optimization process all three pres-
sure distributions are aimed for becoming
shockfree. The optimization process for
all three airfoils is exemplarily described
for the case of the second airfoil DFVLR~
A73 at M = 0.73. As the pressure distribu-~
tion for this design condition is very near
to a shockfree one (Fig. 4) a first opti-
mization cycle was started with the basic
airfoil contour. Fig. 5 presents a shock-
free pressure distribution obtained in an
analysis run by the viscous BGKJ-method.
The figure below the pressure distribution
gives an indication of the contour modifi-
cation necessary to achieve this aim. Al=-
though a shockfree recompression has been
achieved the pressure distribution is not
satisfactory due to the concave character
indicated by the attached tangent. Experi-
mental experiences show that such a type
of pressure distribution in the supersonic
region tends to break down forming a shock-
wave. Therefore a further design step was
done making use of the possibilities to
influence the pressure distribution as men-
tioned in the previous chapter by changing
the sonic line. This can be achieved by two
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Fig. 5 Calculated pressure distribution

by BGKJ-method and contour modi-
fication relative to the basic
airfoil of the first design run

ways:

® Changing the exponent P in equation (2)
for the fictitious gas law or

e changing the contour of the basic airfoil
in the expected supersonic region.

For the purpose of this study the second
choice was made. The optimization code pro-
vides an easy way to add busters or bumps
to the basic contour, thus influencing the
pressure distribution in the desired way.
For an adaptive airfoil this can only be
done in the expected region of the super-
sonic flow on the airfoil.

In a further design step a proper buster
was applied to the contour and the design
process was repeated. The result is shown
in Fig. 6 with the indication of the sur-
face modification. The presented pressure
distribution of this design step is also
shockfree and looks favourable due to a
slight convex type of pressure distribution.
This modification was selected as the second
design point of the adaptive airfoil, DFVLR~-
A73.

BEquivalent procedures for the two other
design points yield the two airfoils DFVLR-
A71 and DFVLR-A75 [21]. The analysis runs
for the three airfoils at their design
points are presented in Fig. 7 and show for
all three cases shockfree pressure distri-
butions which develop in a special manner.
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*
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—_ Contour Modification
ly/c| added to Basic Airfoil
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N modified Basic Airfoil
0.2 04 06 1.0
x/c
Fig. 6 Calculated pressure distribution

by BGKJ-method and contour modifi-
cation, relative to the basic air-
foil of the final design run
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At M = 0.71 a more peaky type of pressure
distribution is present with a moderate
length of supersonic flow which tends to
change at M = 0.73 to a more sloping roof-
top and at M = 0.75 a long supersonic roof-
top pressure distribution is achieved up

to x/c = 0.7. According to this variation
the surface contour modifications for the
three airfoils are presented in Fig. 8.

One can see that contour changes only
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Fig. 7 Pressure distribution of the adap-
tive airfoil at three Mach numbers
for the design conditions
(analysis by BGKJ-method)
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Fig. 8 Contour modifications of the three

designed airfoils, relative to the
basic airfoil

occur in a limited region of the upper sur-
face. The airfoil DFVLR-A73 has only a very
small contour change due to the fact that
the pressure distribution of the basic air-
foil for this case (Fig. 4) is nearly shock-
free. The largest modification is presented
for the airfoil DFVLR-AT75.

Extensive analysis runs for all airfoils
have been performed with the BGKJI-method
and the results for the drag polars of all
three airfoils for the Mach numbers M=0.71,
0.73 and 0.75 are presented in Fig. 9. It
comes out that the airfoil DFVLR-A71 gives
the best results concerning drag for the
Mach numbers M = 0.71 and M = 0.73 mainly
resulting from a smaller wave drag at high
lift coefficients also plotted in Fig. 9.
At M = 0.75 the airfoil DFVLR-A75 has the
best performance near the design 1lift coef-
ficient which is also a consequence of a
lower wave drag coefficient for this air-
foil.
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0 0.004 0.008 0.012 0016 ¢ 0.020
0 for M=0.73 d
0 for M=0.75
Fig. 9 Calculated drag polars for the

adaptive airfoil at the design
Mach numbers

Dragrise curves for the three airfoils
DFVLR~A71, A73 and A75 and also for the ba-
sic airfoil DFVLR~-R44S have been derived
from the polars and are plotted in Fig. 10.
It turns out that the desired extension of
the flight envelope did not occur at all
M-cj~-combinations as expected in its full
entirety presented in Fig. 1. Fig. 10 shows
that for the airfoil DFVLR-A73 no improve-
ment in dragrise compared to the basic air-
foil DFVLR-R44S has been achieved. In the
Mach number region M < (.75 the expected
extension of the flight regime is predicted
by the better performance of the airfoil
DFVLR-A71, which is also nearly the same
at M® (0.75 as for the airfoil DFVLR-A73.

In the low lift coefficient region the ex-
pected shift of the dragrise curve to high-
er Mach numbers for the airfoil DFVLR-A75
did not occur, only a small benefit can be
seen near the design lift coefficient of

¢, 2 0.55. The reason for this behaviour at
16w ¢, might be due to the long extension
of theé supersonic region on this airfoil
leading to shockwaves at low lift coeffi-
cients which influence the dragrise unfa-
vourable.
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In order to clarify this situation an
experimental program was initiated.
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Fig. 10 Calculated dragrise curves

(Ac M=0.6-0-002) for the basic
air?éil and for the adaptive air-
foil

5. Experimental Results

The experimental results were obtained
in the Transonic Windtunnel of DFVLR Braun-
schweig (TWB) [22], which is a blowdown
windtunnel (Fig. 11) and especially suited
for airfoil investigations at transonic
speeds (0.4<M<£0.95). The rectangular test
section (34 cm x 60 cm) with slotted top
and bottom walls (2.35% open area ratio)
allows to test airfoil models of 15 cm
chord length up to Reynolds numbers of
Re = 1.4+107. Lift and pitching moment coef-
ficients are evaluated from static pressure
measurements on the airfoil surface whereas
drag coefficients are calculated from wake
traverse measurements.
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i il
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| ——"— L q B
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gy ]
= ===
Schlieren window

11

Fig. Transonic Windtunnel Braunschweig

(TWB) of DFVLR

Three models of 15 cm chord length of
the designed airfoils DFVLR-A71, A73, A75
have been manufactured with an accuracy in
contour of approximately 0.02 to 0.03 mm.
Such high accuracy is required for this set
of models because the smallest contour dif-
ferences between the airfoils are according
to Fig. 8 in the order of 0.06 mm.

The model tests have been performed at
a Reynolds number of Re = 6°10° which is
a reasonable compromise between economic
windtunnel operation and the demand for
sufficient high Reynolds numbers. This Rey-
nolds number is normally used for airfoil
tests in the TWB. The tests were all car-
ried out with free transition although the
design calculations have been performed
with transition fixed at 7% on the upper
and lower surface. It seems not to be worth-
while to do the tests with transition fixed
due to the following reasons:

® Transition strips normally generate addi-
tional drag. As it is nearly impossible
to reproduce a transition strip, the com-
parison of drag coefficients of differ-
ent airfoils is often questionable.

® The transition strip is disturbing the
pressure distribution at the beginning
of the supersonic region on the upper
surface and thus influencing the devel-
opment of the pressure on the whole air-
foil.

A comprehensive test program for all
three airfoils has been carried out at Mach
numbers of 0.6 £M<£0.79 and 1ift coeffi-
cients of 0.1 £c1scypax in order to deter-
mine the performance boundaries. Only se-
lected results, comprehending pressure dis-
tributions, drag polars and performance
boundaries will be presented. Detailed dis-
cussions on the experimental results are
beyond the scope of this paper.

Pressure distributions at the design
Mach numbers and nearby the design 1lift
coefficients are plotted together with the
correspending calculated results in Fig. 12
to 14. Fig. 12 shows the pressure distribu~
tions of the airfoils DFVLR-A71, A73 and
A75 at M = 0.71 anda= 1.5° as obtained in
the windtunnel in ccmparison with those cal-
culated for nearly the same 1ift coeffi-
cients. These lift coefficients c} are very
near to the design value for the airfoil
DFVLR-A71 at this Mach number of cjp = 0.634.
Looking at the experiments one can state
that at the lower surface nearly the same
pressure distribution has been measured for
all three airfoils. On the upper surface
characteristic differences occur in the
development of the supersonic region and
in the pressure curves up to x/c=0.7. In
all three cases shockwaves appear and no
shockfree solution has been measured for
the design case of the DFVLR-A71 airfoil.
But this airfoil has the smallest super-
sonic region and the weakest shockwave
which leads to the lowest drag coefficient.
For the airfoil DFVLR-A75 the largest super-
sonic region with the strongest shockwave
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Measured and calculated pressure

distributions of the adaptive

airfoil at the design Mach number

M= 0.73
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Fig. 14 Measured and calculated pressure

distribution for the adaptive
airfoil at the design Mach number
M 0.75
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has been measured connected with the high-
est drag coefficient. Comparing the measured
pressure distributions of the three air-
foils with the calculated ones it can be
seen that apart from the fact that no shock-
free solution has been obtained in the tests
the calculations are in good agreement with
experiments with regard to typical differ-
ences in pressure distributions such as
leading edge suction peak, development and
beginning of the strong recompression at
x/c = 0.65.

The same situation at M 0.73 anda =0.5°
is given in Fig. 13. The pressure distribu-
tions of the airfoils DFVLR-A71 and A73
show a nearly shockfree behaviour with only
minor disturbances at lift coefficients of
€1 = 0.57 which is a little bit lower than
the design value of cip 0.6 for M = 0.73.
The pressure distribution of the airfoil
DFVLR-A75 shows a shockwave at x/c 0.2
on the upper surface, a re-expansion and
a longer supersonic region with a more pro-
nounced recompression in the region of
x/c = 0.65. The measured drag values differ
only by a small amount of Acg = 0.0004. This
typical behaviour of the measured pressure
distribution has been also predicted by
theoretical calculations with regard to the
suction peak development, shockwave occur-
rence and differences in length of the su-
personic regions.

For the Mach number M = 0.75 and o =0.5°
measured and calculated pressure distribu-
tions for 1ift coefficients of ¢1 =0.5
which is lower than cjp 0.569 are pre-

sented in Fig. 14. For the airfoils DFVLR-
1.0
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Fig. 15 Comparison of measured drag polars



A71 and A73 supersonic rooftop pressure
distributions with a slight expansion ended
with a shockwave have been measured. The
optimized airfoil for this Mach number
DFVLR-A75 develops a double shocksystem
with a long supersonic region. With regard
to the drag coefficients the latter type

of pressure distribution gives the smallest
one. This can only be explained by a favour-
able influence of transition location and
the boundary layer development. The general
agreement between measured and calculated
pressures is not as good as for the other
two Mach numbers of M 0.71 and 0.73.

The drag polars of the three airfoils
at the Mach numbers M 0.71, 0.73 and 0.75
are plotted together in Fig. 15. This fig-
ure can be compared with calculated results
from Fig. 9. The polars for the Mach numbers
M 0.71 and M 0.73 show nearly the same
behaviour as predicted by the calculations,
although the absoclute values differ. In the
lower 1ift coefficient region the drag co-
efficients of the three airfoils differ
only about approximately Acg = 0.0005
whereas the calculations show a constant
drag value. These differences in measured
drag values may have the following reasons:

® The accuracy of measured drag coeffi-
cients from the wake traverse is in the
order of Acg = *0.0002,

® the measurements have been performed

with free transition. Thus differences
in transition location result in a drag
difference.

At higher 1ift coefficients cj 2 0.65 it
turns out that for M 0.71 the airfoil
DFVLR-A71 has the lowest drag values where-
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Fig. 16 Comparison of total pressure loss

in the wake one chord length be-
hind the airfoil
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Fig. 17 Maximum 1lift and dragrise bound-
aries of the adaptive airfoil in
its three design conditions
as at M = 0.73 the airfoils DFVLR-A71 and
A73 have equal drag coefficients. For both

Mach numbers the airfoil DFVLR-A75 provides
the highest cg-value. This is in. accordance
with the predicted behaviour. At M 0.75
significant drag differences already appear
at low lift coefficients in contrast to
the calculations. It is assumed that remark-
able differences in transition location on
upper and lower surface are responible for
this behaviour which might be due to sur-
face contamination. The airfoil DFVLR-A75
shows the lowest drag values for the whole
polar. This is also in contrast to the cal~-
culations.

In order to gain a deeper insight the to-
tal wake pressures for two cases which are

marked in Pig., 15 (M = 0.71, o = 1.5° and
M= 0.75 and ¢ = 0.5°) are compared in
Fig. 16. For the first case (M = 0.71 and

a= 1.5°) the drag differences can be ap-
pointed to differences in the wake total
pressure on the upper surface resulting
from different shock strengths. In accord-
ance with the calculations in Fig. 9 the
airfoil DFVLR-A71 has the lowest wave drag
and the airfoil DFVLR~A75 the highest one.
The second case (M = 0.75 and @ = 0.5°)
shows a different behaviour. The total pres-
sures in the wake of the three airfoils
mainly differ in the region of the minimum
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value. This behaviour can be attributed to
a different development in boundary layer
coming from a variation in transition loca-
tion on the upper and lower surface. These
effects have not yet fully understood and
further investigations concerning transi-
tion have to be carried out.

Measured performance boundaries of the
three airfoils as dragrise and maximum
lift coefficients versus Mach number have
been plotted in Fig. 17. At Mach numbers
M< 0.7 the airfoil DFVLR-A71 has the
highest c¢ipax~values, whereas the airfoil
DFVLR-A75 shows the lowest ones. In the
region of 0.7 $M<0.79 cypgx-values of the
airfoils DFVLR-A71 and A73 are nearly the
same. The airfoil DFVLR-A75 indicates two
regions of higher cipgx-values: around
M=0.75 and M= 0.77. The dragrise curves
of the three airfoils show nearly the same
tendencies as predicted in the calculations
(Fig. 10). An extension of the flight
regime due to the airfoil DFVLR-A71 to
higher 1ift coefficients at Mach number
M2 0.75 can be stated. At greater Mach num-
bers Mz 0.75 the dragrise curves only dif-
fer in Mach number of AM = (0.01, whereby the
airfoil DFVLR-A73 always tends to the low-
er Mach number. The predicted extension of
flight regime for the airfoil DFVLR-A75 at
lift coefficients cj1 = 0.5 to 0.55 can
hardly be seen at c} ~0.6. As the dragrise
curves are derived with the increment cri-
terion small differences in drag values

at M = 0.6 may influence the dragrise Mach
numbers. This can be seen for the airfoil
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Fig. 18 Measured aerodynamic efficiency

of the adaptive airfoil DFVLR-A71
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DFVLR-A71 which has an extremely high drag-
rise Mach number at cj-values of ¢} ¥0.4.
If the Mach number M = 0.65 is chosen as
reference for the drag increment a reason-
able approximation to the curves of the
other two airfoils takes place. From this
figure one clearly can state that only a
remarkable extension in flight regime to
higher 1ift coefficients has been achieved.
A shift of the dragrise curve to higher
Mach numbers in the low 1lift coefficient
region with the aid of the airfoil DFVLR-
A75 has not been achieved apart from a very
small region near ¢j = 0.6. This is mainly
due to the fact that all three dragrise
curves include all three design points into
the flight regime, inspite of the predic-
tion made in Fig. 1.

The dragrise curves and the cipax-bound-
aries are not the only factors determining
airfoil performance. Another important pa-
rameter is the airfoil efficiency M- cj/cg
which is plotted for the three airfoils in
a lift coefficient Mach number diagram in
terms of lines with constant M® cy/cy in
the Fig. 18 to 20. Highest values or this
airfoil efficiency indicate regions of best
airfoil performance. Apart from differences
in the curves which are present for the
three airfoils one common feature can be
stated. The best performances of the air-
foils are not achieved in the estimated
shockfree design conditions which are marked
in the figures, but appear at higher 1ift
coefficients, where shockwaves are present.
This can be explained by the fact that the
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gain in lift with the occurrence of shock-
waves 1is greater thar the increase of drag
coefficients due to shockwaves.

Looking at Fig. 18 (airfoil DFVLR-A71)
two regions of highest airfoil efficiency
can be found: one at M 0.71 and c 0.75
(M - cl/cd = 50), the other at M = 0.74 and
c, 0.7 "(M*c,/c, = 48). At M 0.73 a
cértain breakddwn in airfoil efficiency
occurs which is not fully understood now.
The airfoil efficiency of the DFVLR-A73
(Fig. 19) is only higher compared to Fig.18
(DFVLR-A71) at M 0.73 and c¢,-values
around ¢, ¥ 0.7 although the maximum value
also is reached at M = 0.71. Fig. 20 ex-
plains the situation for the third air-
foil (DFVLR-A75). Compared to the airfoil
DFVLR-A71 an improvement in airfoil effi-

ciency can only be found at M = 0,75 and
lift coefficients around c, = 0.67
(M+*c,/c, = 46). This is t%e maximum value
for this airfoil.

6. Conclusions

Summarizing the results of these inves-

tigations the following statements can be
made:

® The elliptic continuation method is a
valuable tool for designing airfoils
with shockfree pressure distributions.

® For a basic airfoil different upper sur-
face contours corresponding to different
L I s s e e e e e e L A
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Fig. 20 Measured aerodynamic efficiency

of the adaptive airfoil DFVLR-A75

[1]

(2]
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flow conditions can be designed with
shockfree pressure distributions repre-
senting an adaptive airfoil.

Shockfree pressure distributions for
these conditions could be confirmed in
analysis runs.

Calculated dragrise curves revealed that
an extension of the flight regime by an
adaptive airfoil could not be confirmed
in the anticipated range of Mach numbers
and 1ift coefficients.

Experimental results indicate that shock-
free pressure distributions could hardly
be obtained.

The maximum airfoil efficiency was not
obtained at flow conditions having no
shockwaves or small weak shocks but with
pressure distributions with weak to mod-
erate shockwaves at higher 1ift coeffi-
cients than the prescribed design values.

An extension of the flight regime with
high aerodynamic efficiency with the aid
of the adaptive airfoil could be con-
firmed for the range of Mach numbers

M < 0.75 where the experimental dragrise
curve was shifted to higher 1ift coeffi-
cients.

No great effect could be experimentally
verified in shifting the dragrise curve
to higher Mach numbers at low lift coef-
ficients for the special higher Mach
number design point.

One of the investigated airfoils (DFVLR-
A71) turns out to have nearly the best
performance at all flight conditions ex-
cept some singular points compared with
the performances of the other two air-
foils.

Thus these investigations revealed that
an adaptive airfoil seems not to be con-
clusive for the case considered here, be-
cause most of the advantages could be
achieved by an airfoil designed for one
point. This might be due to the fact
that the prescribed design points for
all designed airfoils lie well within
the economic flight regime below the
dragrise curves. The situation may be
different for airfoil types which are
extreme in their design conditions (e.g.
at dragrise or very near to it) but for
this case difficulties in off-design
conditions are expected.
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