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Abstract

The lecture deals with the influence
of the wing aspect-ratio and twist on the
induced drag of transport aircraft. Where-
as the taper-ratio and the sweep of the
wing are given, the aspect-ratio and
twist are the two variable parameters.
With respect to the critical transonic
Mach-number a swept-forward wing has
similar qualities as a swept-back wing,
both at the same angle of sweep. The
spanwise lift distribution will be dis-
cussed with regard to two aspects:
elliptic 1lift distribution for the de-
sign lift coefficient and 1lift distribu-
tion for high lift coefficient in the
vicinity of stalling. The investigation
of induced drag leads to the result that
a twisted swept-forward wing is equivalent
to a twisted swept-back wing with an en-
larged aspect-ratio.

+ .
12th Daniel and Florence Guggenheim

International Memorial Lecture

Figure 1
a) taper-ratio, A = ct/co;

Geometric parameters of tapered wings
b) sweep, A S O;

1. Introduction
At each Congress of the International

Council of the Aeronautical Sciences
(ICAS) the "Daniel and Florence Guggen-
heim International Memorial Lecture"
should be presented on a subject of broad
general interest by a lecturer of the
host country. Whereas on the occasion of
the 6th Congress, which took vlace here
in Munich in 1968, Prof. A.W. Quick [10]
gave a paper on aircraft propulsion,

I should like to give today a contribu-
tion to the question of aircraft drag
and thus to the auestion of economy of
transport aircraft.

By means of a simple and clear study
of parameters the influence of wing
aspect-ratio and twist on the performance
of a long range aircraft shall be de-
monstrated for tapered wings, see fig. 1.
In this connection, besides of the

c) aspect-ratio, A = b/cm



taper-ratio, it is above all the sweep
that is particularly significant.

During the flight in the transonic
regime the aerodynamics of aircraft is
highly complex. Substantial improvements
can be achieved by application of super-
critical wing profiles in connection with
sweep. These possibilities have been dis-
cussed on several occasions. They will
not be subject of this lecture. It is
assumed that the profiles have been
optimized and that sweep is indispensable.
Measurements show that the transonic aero-
dyvnamic characteristics of a swept-
forward wing are not worse than those of
an equivalent sweptback wing; they proved

to be even better [15].

When the angle of incidence is large,
flow separates on the wing first outboard
in case of a swept-back wing, whereas in
case of a swept-forward wing the opposite
is true. With a swept-forward wing, the
tips remain active well past the point

where the inner portion of the wing stalls.

With regard to this advantage, compared
to the swept-back wing, the ailerons re-
main responsive even after the rest of
the wing has stalled.

If minimal drag in cruising flight is
postulated, and, in addition, if the wing
should remain aerodynamically controllable
at large angles of incidence, it appears
that a twisted swept-forward wing, com-
pared to a twisted swept-back wing, can be

built with a smaller aspect-ratio.

My own work on the design and testing
of the Ju 287 aircraft equipped with a
swept-forward wing, see fig. 2a, as well
as the HFB 320 aircraft of Hamburger
Flugzeugbau, see fig. 2b, which also has
a swept-forward wing, have given the
impetous to the selection of the topic

of my lecture.

The following survey covers the in-
fluence of the geometrical wing parameters

given in fig. 1 on the induced drag. The

interference of wing and fuselage will not
be treated. Therefore, this study will
essentially give general statements only.

Figure 2 Airplanes with swept-forward
wings

a) Junkers, Ju 287 (1944)

b) Hamburger Flugzeugbau,

HFB 320 (1964)



2. Aspect-Ratio and Induced Drag

2.1 Vortex System Behind a Wing

The 1lift of a wing of finite span re-
results from the pressure difference be-
tween the higher pressure on the wing's
lower surface and the lower pressure on
the wing's upper surface. As these
pressures equalize at the wing tips, very
strong free vortices develop behind the
wing. Fig. 3 shows this effect with an

airplane flying over a forest and

emitting dust.

Figure 3 An airplane flying over a
forest and emitting dust,
(2, Sig. 26]
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Figure 4 Vortex system behind a lifting
wing
a) Lanchester's drawing of the
vortex system around a wing
(1907)
b) rolled-up vortex sheet
(schematic)

This characteristic has been dis-
covered by F.W. Lanchester [6] as early
as 1907. He made the sketch of the
boundary vortex reproduced in fig. 4a.
The rolled-up vortex system behind a
wing is again represented in fig. 4b.
The energy required for the development
of the vortex svstem behind the wing is
the cause for the induced drag. It de-
pends to a high degree on the wing

aspect-ratio.

2.2 Prandtl's Theory of the Lifting Wing

The evaluation of induced drag Di of
simple unswept and untwisted wings was
achieved by L. Prandtl in 1918 [8]. His
theory does not take into account the
complex rolling-up process of the free
vortex sheet, as shown in fig. 4b.
Assuming an elliptic distribution of
circulation in the spanwise direction,
there is a simple relation between the
coefficient of induced drag Chi and the
lift coefficient L

I, 1
Cc.. = ~ (Prandtl) . (1)




The excellent agreement between theory
and experiment is demonstrated in fig. 5.
Fig. 5a shows the drag polars cp = f(cL)
for different wings with aspect-ratios
A =1 up to A = 7, whereas fig. 5b pre~
sents the drag coefficients transformed
to aspect-ratio A = 5 according to the
theory.

2.3 Induced Drag for Arbitrary Wing Plan
Form and Twist

The induced drag of wings depends
within the linear theory only on the
distribution of circulation in the span-
wise direction. It is of no consequence
in which way the distribution of circula-
tion is produced by wing plan-form and
twist. Major contributions to this sub-
ject for the non-rolled-up free vortex
sheet have been made by L. Prandtl [8],
M. Munk [7], K. Kraemer [5] and
W.R. Sears [12]. W. Kaufmann [3] con-
firms the validity of Prandtl's theory
for induced drag by taking into account
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Figure 5 The drag of wings after Prandtl's
demonstration of the experimental

a) polar curves for rectangular wings of
aspect ratio 1 A <7

the rolled-up free vortex sheet, see
[13].

In fig. 6 the coefficient of induced
drag according to eqg. (1) is represented
in logarithmic scale. To give an idea
of the order of the aspect-ratios a few
values of well-known aircraft are given.
One can see that the aspect-ratios vary
over a large range. The Md 27 and SB 10
aircraft are gliders, which were con-

structed by Academic Flight Groups of
the Technical Universities of Munich and

Brunswick.

lifting wing theory:
verification (1918)

b) polar curves transformed to A = 5
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Figure 6 Induced drag as function of

aspect-ratio (elliptic distribu-
tion of circulation);

"ot values of aspect-ratios for
some well-known airplanes

3. Twist and Induced Drag

3.1 Form of Wing Twist

The total twist of a wing section is
made up of geometric, aerodynamic and
elastic twist. Geometric twist is the
torsion of the chord line against a wing
reference plane. An aerodynamic twist
results for cambered profiles and flaps.
In such a case the local angle of inci-
dence has to be measured from the no-lift

direction.

Usually the wing structure is elastic.
If the conventional wing after fig. 7a
and b bends normal to the flectural axis
then the swept-forward wing is subject
to a positive twist with an additional
loading at the outer part of the wing
and the swept-back wing is subject to a
negative twist with a correspvonding lower
loading. The forward sweep causes an

unstable pitching moment due to elas-

ticityv. This structural instability is
called aeroelastic divergence. As the
degree of sweep increases, instability
becomes more pronounced. To overcome this,
an increasingly stiff and therefore
heavy wing is needed. Composite struc-
tures could overcome divergence of con-
ventional swept-forward wings. By vary-
ing the direction of the carbon-fibre
plies in the wing skins and the thickness
of those skins, it is possible to control
the direction of the flexural axis and
therefore the twisting of the wing under
load. It is now possible to reverse the
natural tendency of a swept-forward wing
towards increased angle of incidence.

The configuration becomes stable. By

flectural axis

Elastic twist of conventional
wings

a) swept-forward wing

b) swept-back wing

Figure 7



using composites the weight penalty for
increased forward-sweep is minimal. For
further details see [14].

In a program supported by the US Air-
force, the NASA and the Defense Advanced
Research Projects Agency (DARPA) an air-
craft with a forward-swept wing is at
present being investigated by Rockwell,

Grumman and General Dvnamics. Fig. 8

shows the project of Grumman.

Figure 8 Project of a modern aircraft
with swept-forward wing;
Grumman (1979)

The advantage of a large aspect-ratio
with respect to induced drag can be used
in the case of several aircraft flying in
a close formation or likewise in the case
of birds on their long distant flights.
The drag reduction in formation flight
has been investigated theoretically by
C. Wieselsberger, H. Schlichting and
D. Hummel [1]. Fig. 9 shows some crane
birds on their flight to Africa. Whereas
the single bird has an aspect-ratio of
A= 3, the formation allows an effective
aspect-ratio of A' = 20. As every bird
takes advantage in some wav of the up-
wash of its fellow-birds, the birds in
formation move at different angles of
incidence while keeping their lift co-
efficient constant. This is similar to

a twisted wing having constant local 1lift

coefficient in spanwise direction. The
distribution of twist angle depends
whether the wing is swept back or for-

ward.
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Figure 9 Flight of birds in formation
(swept wing) to obtain a
larger effective aspect-ratio

3.2 Determination of Induced Drag

Once the spanwise distribution of
circulation " (y) has been calculated for
a given wing, see fig. 10, one finds

the coefficient of induced drag
1
cpy = A_{T('Q)Dti('q)d‘q (2a)

with the induced angle of incidence

. 1Y) dy
i 1 2
() = >p g eTim —_f _“!"Z"z ]. (2b)

In eq. (2a,b) ¥ =r /b V is the distribu-
tion of circulation made dimensionsless
by span b and air speed V, andm = v/s
is the spanwise coordinate related to
semi-span s = b/2. First one determines
from eg. (2a,b) the coefficient of in-
duced drag at incomnressible flow. The
influence of Mach-number (0<Ma< 1) can

be obtained by means of the Prandtl-



Glauert-Goethert rule. The flow is trans-
formed to an incompressible reference
flow (Ma = O, index "ic") for any subso-
nic Mach-number (Ma< 1). The parameters
of the wing plan form are transformed

as follows {11, chap. 4.4]:

Ajc =H s cotA  =f cotA, A, =gA (3a)

where f3 = V1-Ma2< 1. For the dimension-
less distribution of circulation the
following transformation applies:

T =Tic M), =1y, » ®=o, ). (3b)

The circulation distribution of a
twisted wing may be represented by

superposition of the distribution of the

circulation My)

L . +8
spanwise circulation —ae

Figure 10 Spanwise distribution of cir-
culation for untwisted wings
({A=0,5; A = 9,0) at Mach-
Number Ma = O,1

a) wing without sweep, /A= 0

b) swept-back wing, A= + 45°
c) swept-forward wing, A = -450

wing without twist Tu and the distribu-
tion of the twisted wing To for which the
total 1lift is zero. Consequently ‘the
distribution of the circulation and the

induced angle of incidence are given by

x:ru+ro,“ =

1% %y (4a,b)

+(x'io .

Thus eq. (2a,b) for the induced drag
of the twisted wing leads to [11, chap.
3.4.2]: '

2
c

= ¢ ST Cq €, * Sy - (5a)

c ZfFrA L O

Di

If the wing has no twist, the in-
duced drag is determined just by the

term 02:21. The wing with twist re-
quires, in addition to this term, a term

c1§ O- that is proportional to c_, and a

’
term Co> O that is independent ﬁf S
For the wing without twist, the factor
¢, represents the ratio of the induced
drag to its minimum value for elliptic
circulation distribution

o2
_L
TA

( (0= Ma<1) (5b)

°pi'min

It has to be pointed out that eq. (5b)
is valid for the whole Mach-number range.

3.3 Distribution of Circulation and Lift

in Spanwise Direction+

For untwisted wings with a taper-ratio
A = 0,5 and an aspect-ratio A = 9,0, the
spanwise circulation distribution [ (y)

+ I am very much indepted to P. Sacher

(Messerschmi tt-B6lkow-Blohm, MBB) and
to H. Brust (Institute of Fluidmech-
anics, Technical University Munich) for
their help in calculating and. evalua-
ting the numerical results.



is represented in fig. 10a,b,c for three
different sweeps.A.¥ 0o,=+ 45°, = - 45°
at Mach-number Ma = 0,1. The elliptic
circulation distribution providing the
same total 1ift is also represented. The
circulation is higher at the outboard
sections of the swept-back wing and
higher at the inboard sections of the

swept-forward wing.

The distribution of local 1ift coef-
ficients cl(q) follows from the distri-
bution of circulation? (q) =T (q)/bV =
cL(q) c(q)/2 b with the local chord
c(q):

2D ey °m
C.L ("Z) = W T('?) = 2 A —c(,,l) a‘('fl)- (6a)

In this equation A = b/cp is the
aspect-ratio. The local chord for tapered
wings is given by

C(‘ll) - 1 - (1 "/'L)?I £ o
=2 (0£m=1). (6b)

m

Fig. 11 shows the spanwise distribu-
tion of local 1ift coefficient ct(q) for
the three untwisted wings of fig. 10
with the total 1lift coefficient ¢y, = 1,0.
The maximum local 1lift coefficients are
marked by circles. They are located for
the swept-back wing in the vicinity of
the tips and for the swept-forward wing
at the center of the wing. This re-
markable effect of sweep 1is of major
interest for the discussion of the
characteristics of flow separation of

swept wings at high angles of incidence.

In addition to this sweep effect
caused by the spanwise lift distribution,
swept wings are moreover subject to the
influence of a boundary-laver effect on
flow separation. Due to the sweep a
pressure gradient on the upper surface
of the wing causes a flow of the boundary
layer in lateral direction. This leads
to the consequence that the local maxi-
mum 1lift coefficients are limited.
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Figure 11 Spanwise local 1lift distribu-
tion at high angles of in-
cidence
a) effect of sweep, untwisted.

b)

wing (A = 0,5; A = 9,0;
A=0-, = - 459, = + 459),
cL = 1,0

effect of boundary layer,
section 1lift limit for
swept-back and swept-for-
ward wings (schematic)



Fig. 11b represents schematically the
section lift limit in dependence on the span-
wise direction for the swept-back and
for the swept-forward wing. The section
lift limit depends not only on the sign
of sweep (swept-back or swept-forward),
but also on the stalling characteristics
of the airfoil and on the presence of
the fuselage.

Both the sweep-effect and the bounda-
ry-layer effect work in the same way
causing the flow separation at high
angles of incidence for swept-back wing
at the tips and for the swept-forward
wing at the center. The statements made
above are confirmed by measurements.
Fig. 12a,b shows the 1lift coefficient
versus the angle of incidence for a

swept-back wing and a swept-forward wing.

L stalling at tips

0.8

0.6

By wing twist an elliptic spanwise
distribution of circulation can be ob-
tained for a given design lift coeffi-
cient. The following results are based
L= 0,45.
This flight condition corresponds for

on a design lift coefficient c

piston engine aircraft approximately to
p as
coefficient for total drag and for jet

an optimal value for cL/cD with ¢

engine aircraft to an optimal value for
Ma(cL/cD) with Ma as flight-Mach-number.
The distribution of the circulation is
equivalent to the load distribution in
the spanwise direction. According to

eq. (5b) the minimum induced drag for

a given aspect-ratio A and wing lift
coefficient e, is obtained by an ellip-
tic load distribution. Other load

distributions are discussed in [4].

statling in cemter

0.8
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0.4 / j

0 5° 10 &

Figure 12 Lift coefficients for untwisted wings at high angles of incidence,

development of the boundary layer

a) swept-back wing, boundary-layer dis-
placement outboard the wing

b) swept-forward wing, boundary-layer

displacement inboard the wing



Fig. 13a shows the distributions of
spanwise l1ift coefficients at the high
lift coefficient bL = 1,0)for the twisted
wings having elliptic load distributions
at the design 1lift coefficient(&L = 0,45).
Fig. 13b demonstrates the different on-
set of flow separation as a consequence
of the above described sweep effect and
boundary-layer effect. For the section
1ift limit the following relations have
been used:

for A = + 45° (7a)

n
i

Cq 1,3 - O,ZQ

for A = - 45°, (7b)

1§
it

cl 1,1 + 0,27
The flow around a swept-back wing will
stall first outboard, resulting in seri-
ous deterioration of the efficiency of
the ailerons and a possible loss of
lateral control. The opposite happens in
the case of a swept-forward wing, with
the flow separating inboard. The ailerons
remain effective at high anales of in-

cidence.

1.4
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0.6
0.b
0 0.2 0.4 0.6 0.8 W 1.0
a
Figure 13
A= O,--45°
coefficient EL = O 45)

a) effect of sweep, ¢, = 1,0

L

So far results were obtained for
swept-back wings with a taper-ratio
A = 0,5. Since the taper-ratio has a
strong influence on the spanwise load
distribution other taper-ratios than
A = 0,5 have been investigated, see
fig. 14a to 4. Curve (1) describes the
distribution of spanwise 1lift coeffi-
cient for the twisted wing at high lift
coefficient(cLNv1,O)having elliptic load
distribution at the design lift coeffi-
cient(EL = 0,45). The straight line
labeled (2) according to eq. (7a) for
the section 1lift limit is also repre-
sented. The points where flow separates
first are marked by'?*. The more tapered
the wing, the more the point of separa-
tion moves to the wing tips. By twisting
the inboard area of the wing
(0em= 7*) the flow separation can be
shifted inboard. The twist should be
made in such a way that the spanwise
1ift distribution follow the section
lift limit in the range of 0« <7*

T T T
effect of boundary layer .

0.8 m 10

b

Spanwise local lift distribution for twisted wings (A = 0,5; A = 9,0,
= + 450; elliptic load distribution at de51gn 1ift

b) effect of sweep and boundary layer
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Figure 14 Spanwise local 1lift distribution for swept-back wings (A = 9,0; A= + 45°)

for different taper-ratios A in the vicinity of stalling(cy = 1,0,

Ma = 0,1)

a)A =1,0; b)A =0,75; ¢} =0,5; d)A =0,25 ,

curve 1: twisted wing (elliptic load distribution at design
lift coefficient € = 0,45)

curve 2: twisted wing (linear decreasing lift coefficient inboard the
wing , reaching the local maximum lift coefficient)
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and remain unchanged with respect to
curve (1) in the range of ’?'é n= 1.
Wings having such a spanwise 1lift dis-
tribution can be considered to have
favourable stall characteristics.

As in the case of swept-forward wings
flow separation always occurs at the
center of the wing, a similar study as
for the swept~back wing is not necessary.
Swept-forward wings which are twisted in
such a way that they have elliptic load

distributions at ¢c. = 0,45 do not need

L
additional twist in order to have
favourable stall characteristics.

4. Conclusions

4.1 Maximum Lift Coefficient

If the swept-back wings are twisted
in such a way that the flow separates in
the inboard area of the wing according
to curve (2) in fig. 14a to d the maximum
lift coefficients will thus be more or
less enlarged as compared to the values
according to curve (1). The figures con-
tain explicit values for the lift co-

efficients (cL)2 > (c . They are

)
plotted in fig. 15 ve?sls the taper-
ratio 1 . The values (cL)2 do not depend
very much on A . The lift coefficients
(cL)1 are also included in fig. 15. They
vary considerably with the taper-ratio 4.
In the case of swept-forward wings these
1ift ccefficients (cL)1 are of the same
order of magnitude as the lift coeffi-
cients (cL)2 in the case of swept-back

wings.

4.2 Optimum Wing
Within this study a wing will be con-

sidered to be of optimum design if it
fulfills the following two conditions:
(I) design lift coefficient (¢ = 0,45},
elliptic spanwise load distribution

12

maximum Lift coefficient ———a

(IT) high 1ift coefficient (cL:u1,0),

flow separation always inboard.

The present investigation on the use
of twist as a means of changing span-
wise lift distribution showed that the
swept-back wing does not fulfill both
conditions whereas this is the case for
the swept-forward wing. However, it has
to be pointed out that by applying
spécial measures on the flow around the
wing tips, e.g. winglets, as well as
boundary-layer control the results ob-
tained above can be altered to some ex-
tent.

0.2
0 0.2 0.4 0.6 0.8 A 10
taper ratio —e
Figure 15 Maximum lift coefficients of

swept wings (A = 9,0,
= I 4590) in dependence on
taper-ratio A

curve 1., curve 2: see fig. 14



4.3 Drag Polar

The twisted swept-forward wing has an
elliptic load distribution at the design
lift coefficient EL = 0,45. Hence it
follows that such a wing with a given
aspect-ratio A has the minimum coeffi-
cient for induced drag. For a twisted
swept-back wing an elliptic load dis-
tribution at the design lift coefficient
(EL = 0,45) cannot be achieved because
of the requirement that the flow sepa-
rates inboard for a high lift coefficient
(cIJes 1,0). Thi; means that this wing
with a given aspect-ratio has a higher
coefficient for induced drag than the
minimum coefficient. Summing up the

following is valid for EL = 0,45:

! o2

€y; = (cDi)min = FX for A<«O (8a)
2

cDi>(cDi)min= Ta for A>0 . (8b)

For A = 9,0 the value of the minimum co-
efficient of induced drag is
(cpydmin = 0,00716.

The drag polars for swept wings with
an aspect-ratio of A = 9,0 are plotted
in fig. 16. The swept-forward wing ful-
fills both conditions (I) and (II) as
formulated in section 4.2, whereas the
swept-back wing only fulfills condition
(IT). One can see that in the case of
swept-forward wings the taper-ratio near-
ly has no influence on the drag polar,
and in the case of swept-back wings the
polar drags deteriorate with decreasing
taper-ratio. For comparison, the drag
polar for elliptic load distribution is
given by a dotted line.
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Figure 16 Drag polars for swept wings

(A =9,0; A= 450; Ma = 0,1)
at various taper-ratios
(0,25 = A <= 1,0)
a) swept-forward wing: ellip-
tic load distribution
(cr, = 0,45, Tpj = 0,00716)
b) swept—-back wing: local 1lift
coefficient (cyp, = 1,0),
see fig. 14.



1 2 3 4 5 6 7
sweep aspect~ratiol taper-ratiol condition Di aspect;ratio __Di
A a A (n @D | Pilmin A 3 min
N7
0,25 NV
swept~forward 0,50 iiihh;;;;;;
= - 45° 9,0 1,00 9,0 1,00
e \/
N\
- 0,50 1,38 12,5
swept bacﬁ 9,0 ' ' ' 1,00
(A =+ 459 0,75 / 1,13 10,3
1,00 / 1,04 9,4
Table 1 Geometric parameters of wings having the same induced drag at the design

lift coefficient &y, = 0,45

(I) elliptic load distribution
(IT) flow separation inboard (cL

For the aesign lift coefficient
(EL = 0,45) table 1 shows the drag
characteristics (ratio of induced drag Di
to minimum induced drag (Di)min)‘of dif-
ferent tapered wings. The values for the
swept wings at the same aspect-rétio
A = 9,0 are listed in columns 2 and 5.
For example, one can see that the swept-
back wing with a taper-ratio A = 0,5 has
an induced drag which is 38% higher than
the minimum induced drag which can be
realized by swept-forward wings. The
above mentioned results are plotted in
fig. 17a. \

If all wings should have the same
minimum induced drag at the design 1lift
0,45, cp; = 0,00716)
then the aspect-ratios for swept-forward

coefficient (EL =

(cy, = 0,45)
~ 110)

wings remain unchanged A = 9,0. However,
for swept-back wings the aspect-ratios
must be increased, a*> 9,0, see table 1
(columns 6 and 7). In order to determine
the new value of the aspect-ratio a*
condition (II) concerning flow separation
at high 1ift coefficients (thN 1,0)

must be taken into account. For example,
the original wing (4= 0,5, A = + 459,

A = 9,0) has to be altered to the new
wing (A= 0,5, A= + 45°, a¥ = 12,5).
For all taper-ratios (0,25 < A <1,0)

the results for the new aspect-ratios A*
17b. The
enlargement of aspect-ratio for swept-

are presented in the fig.

back wings is undesirable from the
structural point of view.
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Figure 17 Influence of taper-ratio

a) ratio of induced drag to
minimum induced drag at de-
sign 1ift coefficient for
swept wings
(a = 9,0, A =+ 459

aspect-ratios for swept-
back wings (A¥>9,0,
A= + 459) having the same
value of induced drag as
the swept-forward wing

(A = 9,0, A= - 450)

b)

15

In fig. 18 the drag polars for a swept-—
forward wing (A = 0,5, A = - 45°,
A = 9,0) and for a swept-back wing
(A=0,5 A=+ 45°, a* = 12,5) are
shown. At the design lift coefficient
{(c, = 0,45) both have the same coeffi-
= 0,00716) .
The difference between the d;ag polars
for 1ift coefficients other than the
design 1lift coefficient stems from the
different aspect-ratios A respectively a*,
All investigations are related to a flight
Mach-number Ma = O,1. By means of eq.
(3a,b) the investigations can be ex-
subsonic Mach-numbers.

L
cient for induced drag (cDi

tended to higher

002

0.03

0 0.01 0.04 CDi 0.05

Figure 18 Comparison of drag polars of
swept wings ( A = 0,5,
A= - 450, A = 9,0; A = 0,5,
A= + 450, a¥ = 12,5)

(I) elliptic load distribu-

tion

(EL = 0,45, EDi= 0,00716)
(ITI) flow separation inboard

(cL ~ 1,0)
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