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Abstract

A survey on recent aerodynamic contri-
butions to phenomena of bird flight is
given, Three problems are studied in
some detail by theory and partly by
experiment, namely

(1 the formation flight of birds,
which leads to a reduction of
fliight power demand.

(ii) the slotted wing-tips of soaring
birds, by which static stability
is increased and induced drag is
reduced.,

the flapping flight of birds, for
which spanwise distributions of
vertical force and thrust have
been calculated.

The discussion of the results indicates
that the application of the methods of
aerodynamics "«cde to a better understand-
ing of flight in nature. .

1. Introduction

In the early days of aeronautics the
flight of birds has stimulated aeronau-
tical engineers very much. The principle
of human flight has been learnt from na-

ure and at that time almost all pioneers
in this field such as for instance O, -
Tilienthal [*] have studied the flight of
birds. After the first successful human
flights at the beginning of this century
tne aeronautical scilences on the one hand
have developped as a part of physics and
separate from biology. The flight of
birds was no longer important for the
development of the new scientific disci-
pline, even in details. The biological
sciences on the other hand continued to
investigate the flight of birds mainly

by observation and description such as
for instance by X. Lorenz [2] and later
by analysing slow motion films; see G.
Rilppell [3] and also W. Nachtigall [4].
The interpretation of the observations
turned out to be very difficult for
biologists and aerodynamicists too.

The problems of bird flight can only
be solved using the experience and the
methods of the well established aeronau-

tical sciences. In addition to this it is
necessary to analyse the geometry and the
motion of birds in flight quantitatively
in order to et precise formulations of
the problems which are the basis for the
application of the methods of aerodynamics.
In the last years remarkable progress has
been achieved by biologists in the
quantitative determination of positions
and motions of birds in flight. The
solution of some corresponding aerodynamic
problems is now possible and following
here some selected examples of this kind
are presented.

2. Notations

L= bi/Su aspect ratio of wing

b reference span (Section 3),span

b span of wing u

Bi = bu/b span ratio

o' reduced span, equ. (2)

c chord

ey, = I/qS Vift coefficient

ey = D/qS drag coefficient

ch vgrticab force coefficient,
Pig. 16

cy thrust coefficient, Fig. 16

Cpi induced drag coefficient

ch profile drag coefficient

e local relative power
reduction, equ. (10)

B total relative power
reduction, equ. (14)

f geometric function, equ. (4)

k wing rections, Figs.14,45,76

n number of wings in formations
(Section 3) or number of
winglets (Section 4)

N flight power demand

q = QV2/2 dynamic pressure

s = b/2 half-span
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8
E
1 =y/s

N, = Vo/8
Av = Ay/b

il

r

wing area

flight speed

upwash velocity, equ. (4)
mean value of w , equ. (1)
weight

rectangular coordinates

unslitted part of one half
wing, Fig. 10

stagger angle
twisting angle

dimensionless spanwise
coordinate

slitting ratio

dimensionless spanwise
distance

circulation, equ. (3)

2.2 Subscripts

ell

elliptical circulation-
distribution

leading
minimum

trailing (Section 4),
thrust (Section 5)

single flight
wing under consideration
inducing wing.

3. Pormation flight of birds
3.1 Background

It is well known that a number of mi-
grating birds such as for instance Swans,
Geese and Cranes fly in regular V-shaped
formations as shown in Fig. 1. The birds
are usually ordered in swept lines and
they keep so small spanwise distances
that the wing-tips of two adjoining birds
lie about one behind the other.

In the biological sciences different
opinions exist concerning the mechanism
of formation flight. BE. Stresemann (5],

M. Stolpe and K. Zimmer [6] and many
others suppose that in such formations a
power reduction occurs for each indivi-
dual, whereas L. Franzisket [7] and

others deny energetic benefits and assume
that regular formations of birds occur
only for reasons of good optical contact.
In the aeronautical sciences this pro-
blem has also been considered with res-
pect to the formation flight of airplanes.
C. Wieselsberger [8] was the first to
give the correct explanation of the power
reduction in such formations. After the
development of wing theory H. Schlichting
[9] performed some calculations of the
drag reduction in symmetrical V-shaped
flight formations. later P.B.3. Lissaman .
and C.A. Shollenberger [10] investigated
optimum formation shapes and D. Hummel
(11,121 extended the method of H. Schlich-
ting [9] to arbitrarily shaped formations
of wings having different span, weight
and aspect ratio. Following here the for-
mation flight will be analysed in some
detail. .

Pig,1: V-shaped flight formation of migrating geese (Branta bernicla).



3,2 Theoretical analysis

The investigations, following here,
are concerned with arbitrarily shaped
flight formations of different wings in
horizontal flight according to Fig. 2.

It is assumed that the shape of t%e for-
mation remains constant with respect to
time. This means that all wings fly at
the same speed V, The corresponding
dynamic pressure is q. It is further
assumed that the speed of the formation
is the same as that of each wing in single
flight which is used as basis for
comparisons. The different size of the
wings is described by their span b. (p =
1,2,¢.0,n). If all wing spans are

related to a reference span b, the corres-
ponding dimensionless parameter is the
span-ratio B = b _/b. The planform shape
of the wings" is ¥ gharacterized by the
aspect ratio A_ =1b5/S . For given values

of é ang B thet ¥ wing area is
S foH= BS/AY. In the various positions p
Yof the! formation the wing loading

W /S, may be different, According to the

o balance of the vertical forces the
corresponding dimensionless parameter is
the 1ift coefficient e, = (W /8 )/a of
each wing p. - HR

In horizontal flight of a single wing
p (index o) the 1ift L. equals the weight
W and the power demand is N = Do V.

The drag consists of the ¥
friction drag and of the induced drag
whereas the drag due to the flapping
motion of the wings can be neglected [10].

The aerodynamic principle in flight
formations is the fact that each wing u
of the formation flies in a upwash field
generated by all other wings v of the
formation. Due to the upwash w_ at each
wing p the flow direction and thus the
direction of the vift (I, = LOH) is turned

A simple analysis leads to an estimate of
the upwash w_: Each inducing wing v can be
replaced by a single horseshoe-vortex

of span
bg:-}bv (2)
and circulation
L c
2 "Lv
M=t =% _ Y yy (%)
VT Q) T W TE, v

according to Fig. 2. The induced upwash
L at the wing p generated by this
Wyortex system of the wing v is

w (y ) -c
vl Ly
v nAV fuv(yu) ? (4)
where f is a geometric function given

by Biot"¥ Savart's law. The upwash accor-
ding to equ. (4) is a very good approxi-
mation for the values produced by a plane
vortex sheet (9] having an elliptic span-
wise distribution of circulation., Since )
the upwash w is a function of the span-
wise W coordinate y. an integradl
mean value is calculated according to

w c
WV o LV o=
—%— A, Tuv (5)-
with +b11/2
_ A o)
TP’V = By j fu\,(yu) dyu . (6)
Lo —bl'L/Z '

The upwash W
all other

at the wing u generated by
wings v of the formation is

<=
0]

noe
Lv
V=

at an angle _ v
w
o =7 - (M
[
Flight speed V°
¥
¥ ¥
I - ’
1! Ay,z } C§> | ) x3
4 2 X
ey, | | -
| @ : | |A2'('$_)2 | r-.__T___
% b lr T @ T ' [ Tt
}.——————bi '| b—l—b_?————’- 1

i Pig.2: Arrangement of wings in
an arbitrarily shaped flight
’ formation (example n = 4).

117



The drag reduction at the wing y due to
the upwash angle ou according to equ. (1)

is ;;L
L, v (8)

and the corresponding reduction in flight
power demand is

AD =
i1

A = w .
Nu L, vy, (9)
Based on the power demand for the same
wing in single flight at the same speed V,
the relative flight power reduction of
the wing p is

AN Loy, :73_&
NS ik ol (10)
on on

Using equ. (7) and after some rearrange-
ment equ. {10) can be written as

n
Cs A (W/S)
Di,ell 1 v
T et Bl A _l7_7,7_ T .(11
“u < °p >uo vza AU v

The relative power reduction of the wing
n under consideration is proportional to
the ratio of induced drag (for elliptic

istribution of circulation, °piell
¢ /nA) to total drag at the 1,€

single flight condition. This ratio ic

0.5 for maximum range flight and 0.75 for
minimum power demand flight. Equ. (11)
shows the influence of the different
parameters A,B and W/3, where B as well as
the geometry of the formation are included
in the different values of the geometric

function fuv'

The total reduction of flight power
demand of the whole formation of n wings
is n

AN = 3 AN (12)
p=1
Based on the power demand of all wings in
single flight

(13)
p=1

the relative power reduction of the whole

formation can be expressed using equ. (10)

as n
ey
Z 2., Cx,, B‘;/ ,‘/\1,
o Duo TS T
w_ AN ="
B= = = (14)
o
e
c B /A
2 Dpo u/ B
p=1

This relation shows how the various span
ratios B and the different aspect ratios
A enter”™ anew. The different wing loadings

(W/S%ldetermine the lift cocefficients
CLuo which are connected with the drag

coefficients Sy o through the

relation e, o(cD YoP° Phe calculations
have been P "0  carried out for
quadratic polars

2
Cc
= Lp
Cpy, chu + = (15)
and the special value of the profile drag
coefficient Cp = 0.03,

The present simple analysis has the
advantage of showing clearly the influ-
ence of certain parameters. The results
have been checked by some calculations
according to Vifting surface theory after
%. Truckenbrodt [13] for n = 2 wings. 1%
turns out that for moderate and large
spanwise distances of the wings, the re-
sults are nearly the same. For very low
spanwise distances the present analysis
leads to slightly lower values of the
power reduction than the more exact so-
lution.

3.3 Results and discussion

Example calculations have been carried
cut for various flight formations. Some
results are presented here., Further details
may be taken from D, Hummel (11,121,

3.%3.1 Homogenious flight formations

In the case of equal wings the problem

reduces considerably. The aspect ratio

A has not to be specified and the span
ratio is B, = 1., The only significant

parameter is the drag ratio according to

equ. (11) which has been chosen as

(eps,e11/®p)po = 0-5

for the maximum range condition. Following
here, some typical results are presented
and discussed.

Fig. 3 shows the total power reduction
E in flight form2tionsof equal wings as a
function of spanwise distance A= Ay/b

0,3

02

s ns=

0,7

N

=—=

1.0 Ay 20
an=3

DY
O~ )

4}

Pig.3: Total power reduction in flight for-
ma%ions of equal wings as a function of
spanwise distance and of number of wings,

°pi,e11/%n)o= 0-5-
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and of the number of wings n. It turns
out that the power reduction increases
considerably with decreasing spanwise
distance of the wings. The power reductim
increases also with increasing number of
wings n, but there exists a limiting curve
for n+® which has been given by H.
Schlichting (9]. The result of Fig. 3 is
independent of the actual shape of the
formation. This is the well known
displacement-theorem of M.M. Munk [14].
It turns out, that all flight formations
having the same spanwise distances bet-
ween the wings and the same number of
wings achieve the same total power re-
duction.

In flight formations of birds the span-
wise distances are narrow, In this condi-
tion the total flight power reduction
reaches remarkable values, which are the
reason for the fact that the behaviour
of forming regular formations has been
developped in nature by evolution.

The distribution of the power reduc-
tion on the wings of the formation de-

EF&/Formaﬁon A

|

dy
adnz —==z0
°%
Formation B ’
+45° +45°
. ‘ ! b
r Formation C
0,3;
[}
(2 b
02
E=0,23 for all -

3 formations

r T Y

1 3 5 7 9 n 13 15
Positions of the wings p

Fig.4: Disgribution of flight power reduc-
tion in 45% swept V~shaped formations of

n = 15 wings at = 0 and (cDi,eL cD)o =
0.5 for various leading positions ng.
Formation A: Oblique line, n, = 1
Formation B: Unsymmetr, formAtion, nA = 4

Formation C: Symmetrical Formation, 1= 8

pends strongly on the shape of the for-
mation. Fig. 4 shows a typical example for
formations of n = 15 equal wings at a
spanwise distance Aw = 0., The wings are
arranged on swept lines and the leading
position n, is varied from n, = 0. (obligue
line) over n, = 4 (unsymmetrical formation)
to n, =8 (symmetrical formation). First
of all the total power reduction is
the same (E = 0,23) for all these forma-
tions. In the leading position the power
reduction is very low, This is due to the
fact that the upwash decreases rapidly in
upstream direction. The positions at both
sides of the formation are also unfavoursble,
gsince no neighbour-wings are present which
would produce upwash, The worst position
is those of the leading wing of a swept
line formation (n. = 1) since both effects
add. In the center of straight lines the
power reduction lies over the average
value.

V-formations are very often observed
in nature though there exist some unfa-
vourable positions. The birds make allow-
ance for this disadvantage in favour of a
good optical contact, The sweep angle of
the V-formations has no effect on the to-
tal power reduction of the formation. Ne-
vertheless, birds fly at certain sweep
angles which are characteristic for the
species. Short-necked birds such as for
instance Lapwings (Vanellus vanellus) and
Black-headed Gulls (Iarus ridibundus)
keep small sweep angles; whereas long-
necked birds such as Geese (Anser spec.,
Branta spec.) and Cranes (Grus grus) fly
at larger sweep angles. An estimate shows
that the connecting line between the eye
and the wing-tip of the bird, which is
important for the optical contact within
the formation, coincides with the oblique
lines of the formation.

Due to the very low power reduction in
the leading position of a formation the
corresponding individual should easily
become tired. That this is true-can be
concluded from the fact that changes of
the positions in the neighbourhood of the
apex of a formation are often observed in
flight formations of birds. But for the
individuals at the apex of a formation
there exists although a possibility to
increase their flight power reduction by
flying in more rearward located positions.
Pig. 5 shows an example of this kind. The
positions of the wings have been varied
systematically until a nearly constant
local power reduction witgin the formation
has been obtained. The 45  swept V-shaped
formation having the same number of birds
n = 15 at the same spanwise distances
A% = 0,2 is also drawn for comparison. For
constant local power reduction a forma-
tion with a considerably rounded apex
turns out. Flight formations of this kind
are also observed in nature., It must be
assumed that in such formations the birds
are tired and that they allow optical
disadvantages in favour of a proper dis-
tribution of flight power reduction.
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f Formation E

.
Lo

0,15 ,
&
0101 E:0,124 for both
formations
0,05
1 3 5 7 9 ] 13

Positions of the wings 1
Fi .5 PlLight formation of n = 15 wings at
¥ 0.2 with constant local power reduc—
tlon, (cDi eLL/ D)o = Oe5.

Formation D: Symmetr. formation, 45°
Formation E: Optimal formation, eu

swept
= const.

3,3,2 Inhomogenious flight formations

The calculations have been carried out
for wings having a quadratic polar ac-
cording to equ. (15) with a profile drag
coefficient of cp = 0.03%. Symmetrical
V-shaped formations of n = 7
wings have beeg chosen. The wings were
arranged on 45 swept lines.

total values

0,50

e A Formation F
gvAN e
L

Different wing spans in a formation
are 1investigated in PFig. 6. The basis of
the study is a symmetrical V-shaped for-
mation of equal wings (formation G).
two other formations the wing p = 3 1
replaced by a wing of half span B3
(formation F) and of twice span B
(formation H). The aspect ratio A
wing loading (W/b) as well as the sp
wise distance betwéen the wing-tips
(AM = 0) remained constant. In the forma-
tion F the wings p # 3 lie closer together
than in formation G. Therefore the upwash
produced by interference between the wings
1 ¥ 3 increases. On the other hand the
wing u = % has in formation F only the
half circulation according to un. (3).

The upwash induced by the wing p = 3 is
therefore considerably reduced. This
second effect is predominant. As compared
with formation G, the relative power re-
duction e decreases in all positions

v £ 3 of P formation F. The reduction of
the benefit is extremely large at the
downstream neighbour wing p = 2. The
smaller wing p = 3 is placed in stronger
upwash due to the smaller spanwise dis-
tances and since its power demand for
single flight is very small, its relative
power reduction e, is very large. Accor-
dingly contrary s%atements apply for for-
mation H. For the whole formations it
turns out that in both cases the inhomo-
geneity leads to a reduction of the tots]
flight power reduction E.

Usually the formation flight is ner-
formed by birds of a single epecies.
Yevertheless there may exist differences
in size between adult and Jjuvenile birds.
The present investigations indicate that
in this case the larger birds favour the
gmaller ones. Occasionally flight for-
mations of birds of different snecies are
observed; cee e.g. R. Berndt, D.
Hummel [15) and D. Hummel [12]. In
this case for instance wmedium-
sized birds should welcome iarge
birds in their formstion whereas
small birds should be cast offl.
This behaviour of the redium-sized
birds should take its rise from
those positions jocated downstream
of the larger or smaller birds
gince the benefits or disadvantages

030 N Formation G are most intensive there. However,
%i lL\ B3=10 it must te borne in mind that slso
—L L} . non-aerodvnamic factors effect the
_R; :T %’f;? v occurrence of mixed flight for-
: mations.
020 ?42 Siﬁ}
\ Formation H
B3:20
0,10 0
e | 5" Fig.6: Distribufion of flight power
73 ¢ 6 reduction in 45° swept V-formations
22 u=7 of n = 7 wings. Variation of the
0 1 span of one wing,

12 3 4 5 6 7
Positions of the wings u

(Am=0,B =1 (p+3), 4

= 6
B
and ep, =1 (g = 1,2,004,7)

1.
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Formation K

Fig,T: Distribugion of flight power
reduction in 45 swept V-formations

0,50 A3=12 of n = 7 wings, Variation of the
~ - aspect ratio of one wing,
Hbmfp  [An =0, 4 =6 (p#3),cp =1
eu 3 4 5 L
/ \ A ¥2 f 6¥ ('p. = 1,2,.00,7)].
040 ! K7 now at a 1ift coefficient c, =0,3%
\ total values (p = 1,2,...,n). The wing p"% 3
/ then replaced by a twice loaded

Formation G wing (cL3 = 0,6, formation M) and
Aj3:=6 by a half loaded wing (0L3 =
0,30 0,15, formation N). The inter=
wile { e/ ference between the wings p % 3 is
d43 5 unchanged, The higher loaded wing
*®2 t 63 induces more upwash and therefore
1 =7 the relative flight power reduction

0,20

Formation L

increases for all positions p #* 3
as compared with formation G. The
benefit is extremely large for the
wing p = 2 flying downstream of
the heavier wing y = 3, Whetherthe
relative flight power reduction of

010 wib ‘o /v the varied wing p = 3 increases or
o 3 f 5 S decreases depends on the lift co-

g2 6= efficients. In the present case,

1 =7 the power reduction in position

12 3 4 5 6 7
Positions of the wings

Similar results have been obtained for
varying aspect ratio A in a formation.
Pig. 7 shows again the" distribution of
local flight pgwer reduction e in the
symmetrical 45 swept formatioff of n = 7
equal wings with an aspect ratio A, = 6
(p = 1,2,...,n; formation G). The P wing
p = 3 is now replaced by a wing of twice

aspect ratio A, = 12 (formation K) and of
half aspect ratio A, = 3 (formation 1L).
Since the wing spané and the spanwise dis-
tances are unchanged the interference be-—
tween the wings p + 3 is the same as in
formation G. According %o equ. (3) the
high aspect ratio wing p = 3 (formation K)
has a smaller circulation, which leads to
a decrease of the relative flight

power reduction for all positions 0,12

p = % is also increased. This is

due to fact, that the level of lift

coefficients ¢ = 0,3 (n * 3) in

the formation has been chosen

- very Low and wing p = 3 flies at )

¢rz = 0,6 at a better drag ratio (c.. ../
cfj)z. Lccordingly ovposite estatemerte®™ '
apply to formation N. For the present
examples it is evident from the ‘iocal
values of the relative power reduction
that the total relative power reduction =
increases for formation M and decrease
for formation N as compared with forma-
tion G.

In flight formations of birds of a
single species there exist sometimes
considerable differences in weight,
especially between males and females.

The present investigations show, that the
heavier individuals favour the light ones.
Vice versa a weak induvidual is automati-

B ¥ 3 as compared with formation G.
The high aspect ratio wing itself

has a large relative flight power
reduction due to its low flight
power demand in single flight. Ac~

cordingly contrary statements apply
for formation L. The inhomogeneity
of a formation with respect to the

tot;zl values >
c [
/ o Ve ??Z

aspect ratio can lead to larger or
lower values of the total flight

e

VAR N A -
Formation M

power reduction E. Details are dis-
cussed by D, Hummel {12].

/

AN

L=

e

(G/F)y =2(G/F)# +3

—y —

The effect of varying wing

loading is studied in Fi%. 8.

Starting-point is again formation 003

&

@ @ Formation G
G/F=const.

G of n = 7 equal wings which fly
Pig,8: Distribugion of flight power

Formation N

reduction in 45" swept V-formations
of n = 7 wings. Variation of the
loading of one wing,

(G/F)3=(1/2)(G/F), .3

/
\VA
T

0
[A'!]:O, A =6 ('P» = 192’-0-97)’ !
CLu = 0,3 (}l ¥ 3)]-

2 3 4 5 6 7
Positicins of the wings u
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cally favoured by all other individuals
of the formation. This means that in
flight formations weak individuals have a
better chance for survival. In mixed for-
mations of birds of different species
medium-weight birds should welcome heavier
birds in their formation whereas lighter
birds should be cast off. This behaviour
should again take its rise from those in-
dividuals flying downstream of the
heavier or lighter birds.

3.4 Outlook

for small spanwise distances the re-
lative power reduction in flight forma-
tions reaches considerable values.More-
over, the relative flight power reduction
can be further increased by a reduction
of the flight speed of the formation
below the speed in single flight. This
reduction is due to the fact that taking
into account the reduction of induced
drag the optimum drag ratios for maximum
range flight or minimum power demand
flight lie at larger 1ift coefficients or
at lower speeds.

In order to reduce the fuel consumption
of aircraft and thus to reduce the direct
operation costs (DOC) it would be desirable
to make good use of this interference
effect. Mor the symmetrical wings of air-
craft in formation flight an unsymmetrical
spanwise distribution of circulation turns
out. The corresponding rolling moment can

Fig.9: Soaring White-Tailed Eagle (Haliae—
etus albicilla) from below (after a photo
by E. Hosking).

122

be compensated by a proper deflection of
the ailerons. Calculations after the 1ift-
ing surface theory of E. Truckenbrodt [13]
showed that the needed flap deflection
angles are very small and that a final
spanwise distribution of circulation can
be achieved, which is very close to the
elliptic one and which leads to a drag
reduction as compared with single flight.
This means that the positive interference
effects might also be utilized by aircraft.
A study of the possibilities based on
1ifting surface theory is in progress.

Formation flights of sailplanes at very
low spanwise distances have been carried
out at the Technical University of Braun-
schweig by the Akademische Fliegergruppe
Braunschweig (AKAFLIEG). It turned out
that in swept formations of two equal sail-
planes at small spanwise distance a
smaller sinking velocity is obtained at
the sailplane in the rearward position.
This result must be regarded as a
verification of the theoretical con-
siderations.

4. Slotted wing—tips in birds

4,1 Background

In gliding flight a large number of
birds such as for instance Hawks (Acci-
pitridae), Storks (Ciconiidae), Cranes
(Gruidae) and Pheasants (FPhasianidne)
show distinctly splitted wing-tips. The
wings of the birds of these families have
a relatively small aspect ratio. On the
other hand Swallows (Hirundinidae), Swifts
(Apodidae) and all seabirds such as for
instance Albatrosses (Diomedeidae) and
Gulls (Laridae) have high aspect ratio
wings with pointed wing-tips which are
really not splitted.

The geometry of slotted wing-tips has
been comprehensively described by R.R.
Graham [16]. Recent quantitative addit-
ions are due to H. Oehme [17). According
to Fig. 9 the wing consists of a closed
inner part which is equipped in the tip
region by some winglets. The wing planform
is therefore split up. The wing is closed
up to the proximal part of tae outer pri-
maries where the webs overlap. The wing-
Lets themselves concist of the emarginatal
distal part of the outer primaries. The
winglets are bent upwards by aerodynamic
forces in such a way that the winglet at
the leading edge is located in the upper-
most position whereas the winglet at the
trailing edge is the lowest one. This
means that the winglets are staggered in
height. Some of the winglets, especially
those near the wing leading edge, are
twisted in such a way that their geometrio-
al angle of incidence increases in distal
direction. These details have been
analyzed recently by D. Hummel [18],

On the aerodynamic meaning of slotted
wing-tips in the biological sciences exist
some suppositions based on comparisons
with man made wings. A first assumption is
that slotted wing-tips are a high 1ift



device since they look like a multi airfal
system. But this explanation might not be
correct for two main reasons: Firstly, the
distance between the winglets is too larze,
especially in their tip region, in order
to obtain a multi airfoil effect. Second-
1y, high lift devices should be located at
the proximal part of the wing rather than
in the low loaded distal parts where the
local Vift coefficient tends to zero at
the wing tip. A second assumption is that
stotted wing~tips might be a device to
reduce drag. This explanation has been
proposed originally by R.R. Graham [16]
and has been supported later by H. Hertel
(19, H. Oehme [7) and others. H. Hertel
[19) treats the problem only as a matter
of course, whereas H. Oehme [17] performs
calculations of the drag reduction which
are in contradiction to well known
principles of aerodynamic theory.

In the aeronautical sciences it is well
known since M.,M, Munk [14] that the in-
duced drag of plane wings cannot be re-
duced below the minimum value

b, . 212 (16)
im nQV2 bé
(L = vift, q = QV2/2 = dynamic pressure,

b = span) which occurs for elliptic span-~
wise distribution of circulation. B.G.
Newman [20) has shown anew that plane
LVifting systems of tandem wings cannot
lead to any reduction of induced drag as
proposed recently by H. Oehme ([17]. The
1ifting system has to be a non-planar one
to obtain an effect of drag reduction.
C.D, Cone Jr. [21,22) and G. Lobert [23)

" investigated the possible induced drag
reduction for various non-planar lifting
systems. Since then a large number of
papers appeared on the drag reduction of
wings of aircraft by a supplementary wing-
let equipment, see for instance G. Lobert
(23], H. Zimmer [24), B. Ewald [25], R.T.
Whitcomb et al. [26), K.K. Ishimitsu ([27].
The principles of drag reduction by non-
planar Vifting systems are now available
to be applied to the corresponding prob-
tem of bird flight. Following here some
theoretical and expesrimental results for
bird configurations with winglets will be
presented.,

4.2 Aerodynamic theory

The aerodynamic characteristics of
wings with slotted wing-tips have been
investigated by means of aerodynamic theo-
ry. The calculations have been carried out
using a numerical panel method such as for
instance described by S.R. Ahmed ([281. The
wing thickness has not been taken into
account. This means that actually a vor-
tex lattice method with straight free
vortices parallel to the free gtream di-
rection has been used. The induced drag
has been calculated for given distribution
of circulation in the lifting surface by
integration along the trace of the vortex
sheets in the Trefftz-plane. Subsequently
some results are presented.
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Fig.,10: Position of the local and total
aerodynamic centre for wings without and

with slotted wing—tips (A = 2s/c = 4,
n°=y0/5=006, n=20

Yo

Fig. 10 shows the planform effect. For
a rectangular wing of aspect ratio A = 4
the spanwise slope of the local aerody-
namic¢ center as well as the total aero-
dynamic center are indicated., The basic
wing has been slitted at a slitting ratio
M, =Y /s = 0,6 in two different ways into

two winglets at each wing-tip. It
turns out that the local aerodynamic center
is shifted rearwards in the tip region of
the wing. Accordingly also the total aero-
dynamic center is shifted rearwards by
slitting the wing-tips. This leads to a
considerable increase of longitudinal
stability.

A typical example for the drag chaeracte-
ristics is shown in Fig., 11. As a bhasis
a rectangular wing of aspect ratio A = 4
is used, the wing-tips of which are split-
ted at a slitting-ratio v, = Yo/ into n
winglets of equal chord-léngth, First of
all it turns out that for all plane con-
figurations (6L ;= 0) with arbitrary
values for 7 '’ and n including the
limiting casés of n tandem winglets (y
the induced drag D, is larger than thd
minimum value for %LLiptic spanwise distri-

:O)

" bution of circulation according to equ.

(16). The ratio D,/D._ is close to unity
and depends sLigh%Lylmon the number of
winglets and on the slitting ratio 7 _.
PMig. 11 contains also results for nof-
planar 1ifting systems. In these calculat~
ions the leading winglet yas set at a
stagger angle of 6L = +28 and the trai-
ling winglet at 6t = -20°, For n>2 wing-
lets the angle

_ o
88 = 6, - &, = 40

has been divided into equal parts A&/
(n-1). For the non-planar wings a drag
reduction results which increases with
decreasing slitting ratio m, and with in-
creasing number of winglets n. If the
stagger angle 6 % is increased the in-
duced drag reacﬁés a minimum, which de-
and n. For n = 3 and

1, = 0,7 its value is D,/D;, = 0,86 at
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0,84
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6, ¢ = * 35°, These results indicate that

’” the possible drag reductions are
moderate., Moreover, it has to be borne in
mind, that the friction drag is increased
in the slotted region of the wing since
the number of lLeading-edges has increased
there, This means, that the net drag re-
duction is really moderate,

Another result of these calculations,
which is not shown here, are very large
local 1ift coefficients which occur in

8,4 =+ 20°

Pig,11: Theoretical induced
drag characteristics of planar
and non=planar wings with slot-
ted wing-tips (A = 2s/c = 4),.
Planar: 6L = 6t =0

- : = o
Non=planar: 6L,t + 20%,

the root section of the winglets located
close to the leading-edge. Since flow
separations at these winglets would re-
duce the benefit once more, the winglets
have to be twisted in such a way that
their geometrical angle of incidence de-
creases in proximal direction, These de-
tails are observed in bird wings and have
been described in section 4.1; see also
D, Hummel [18]1. It turns out that the drag
reduction may only be achieved be a
proper arrangement of the winglets.
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’ bl ¢ Pig,12: Experimental 1ift—
s drag characteristics of planar
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ted wing—-tips (Notations 1 to

014 13).

4 see Fig.
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4.3 Experimental investigations

The measurements have been carried out
in the 1,3 m wind-tunnel of the Institut
fir 3tromungsmechanik at the Technische
Universitdt Braunschweig. The model con-
sisted of an inner rectangular wing which
could be eguipped at each wing-tip with
up to 3 winglets. The slitting ratio was
W, = 0,71 and the aspect ratio of the
uBsiitted outer rectangular wing was A=4.
The main wing and the winglets had sym—
metrical airfoil sections NACA 0015. The
winglets were pointed from 2¢/7 at their
root to ¢/7 at their tip (¢ = chord of
the main wing) and could be arranged at
certain stagger angles & and at twisting
angles € which were constant along their
span.

Fig. 12 shows the polar diagramm for
different configurations. The unslitted
rectangular wing (curve 1) has the lowest
drag coefficients. Slitting of the wing-
tips (curves 2,3%,4) increases the drag
coefficient at zero Lift due to increased
friction drag. Slitting the wing-tips into
a plane untwisted system of winglets
(curve 2) leads to a considerable increase
of drag and to a reduction of maximum Lift
coefficient due to flow separations at the
winglets. These can be avoided by a proper
distribution of the twisting angles £ at
the winglets. The best plane configuration
(curve 3) has again about the same maximum
Lift - coefficient as the rectangular wing.
If the winglets are staggered in height
(curve 4) the drag is reduced at the same

amount as indicated by the theoretical
predictions.

In order to show the effect of drag
reduction on the velocity of sinking in
the case of a gliding flight the experi-
mental results ar939§awn again in Fig. 13.

The gquantity c./c. which is propor-
tional to the sinking velocity
w 2 Cp
s | T o 377
L

is plotted versus the Vift coefficient,
It turns out that the relatively small
drag reduction by staggering the winglets
in height causes a considerable decrease
of the minimum sinking velocity.

4.4 Discussion

Apart from the planform effect of in-
creased longitudinal stability which
might be used by birds for control pur-
poses the main effect of slotted wing-
tips is the moderate drag reduction due
to staggering the winglets in height., The
same, effect cculd also have been achieved
by a slight increase of wing span. If the
way of life of a bird allowed a slightly
larger wing span to increase its aero-
dynamic efficiency the evolution might
have developped the wings in this direct-
ion. Examples are Swallows, swifts and all
seabirds which have really unslitted wing-
tips. If on the other hand the way of life
of a bird did not allow to exceed a .
certain wing span sltitting of the wing-
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tips and staggering the winglets in height
is a device to increase the aerodynamic
efficiency at this limiting condition. An
example of this kind are the Pheasants.
Their span is so strongly limited that
they have developped the largest number
of winglets of all birds in order to
achieve sufficient flight performance.

A large number of birds such as Storks,
Cranes, Hawks and Vultures use their wings
in two different configurations: Tn glid-
ing flight the wing span is reduced and
the wing-tips are closed. In this flight
cendition the 1ift coefficient is low and
the main portion of drag is friction drag
which is kept small by a small surface.
There is not need to reduce induced drag
and, therefore, the wing-tips are closed.
In soaring flight these birds circle in
thermals at low speed. In this flight
condition the Vift coefficient is high
and the main portion of drag is induced
drag. "n oxrder to keep this portion of
drag small and thus to achieve a small
sinking velocity the wing span has to be
as large as possible and the wing-tips
must be slotted.

According to D. Hummel (18] the basic
results reported here nmight also be im-
portant for certain periods of the flap-
ping cycle of an even larger number of
bird spocies. Almost all songbirds are
equipped with emarginated primaries which
ars extremely spread during the down-~
stroke., This indicates that slotted wing-
tips are also used in this flight condit-
ion - -to produce a maximum of thrust from a
wing of -‘Vimited span.

5., Flapping flight of birds

5.1 Background

The thrust force necessary for the
forward motion of a bird is generated by
beating and pitching oscillations of the
wings., This kind of thrust production has
been studied and described by means of
simple examples in the papers of D, Kliche-
mann and 4.v.Holst [29,30]. The sequence
of wing motions of a bird is qualititively
well known from many slow motion films, -
but quantitative investigations of the
wing geometry during the flapping cycle
did not exist till a few years ago. For
the lack of precise data Z.v.Holst [31]
analysed artificial birds the wing motions
of which were realised in experiments by
flying models with simple mechanisms. A
few years ago D. Bilo [32,33] succeeded
in the gquantitative experimental deter-
mination of the complete flapping-cycle
kinematics of a bird.The measurements
have been carried out using high~frequency
stereo-photogrammetry on a House-sparrow
(Passer domesticus L.) flying free in a
wind-tunnsl., These experiments are till
now unique and they are concerned with
the most complicated flapping motion in
forward flight of birds. There exist other
flapping modes in birds, e.g. that des-
cribed by H. Ochme [34] for a medium-
sized bird, which have not yet been in-

vestigated quantitatively.

The flapping flight of birds will only
be understood in details, if all the dif-
ferent modes have been determined quanti-
tatively and if the corresponding aero-
dynamics have been calculated over the
whole flapping cycle for all these modes.
A first attempt in this direction has
been carried out by D, Hummel and W, Mol-
lenstddt [35]) for the experimental data
of D. Bilo [32]. Following here the
analysis is summarized and some results
are given,

5.2 Aerodynamic analysis

Although the geometry has been deter-
mined by D. Bilo [32,33] for the whole
flapping cycle the details are completely
described only for one moment in the
middle of the downstroke when both wings
were nearly in a horizontal position.
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Pig,14: Wing planform of a Sparrow during
the downstroke

— — — — measured by D, Bilto [3%2]
replaced for calculations

For this special moment the wing plan-
form is drawn in Fig, 14, In addition the
dorsal wing contours are available for 11
particular sections, indicated in this
figure. In order to carry out aerodynamic
calculations it is necessary to determine
the mean camber lines of the profiles in
these particular sections. This problem
has been solved approximately using the
thickness distribution of a House-sparrow
wing given by H. Oehme [36]. The resulting
airfoils are shown in Fig, 15.

According to D. Bilo [32] the flapping
frequency is f = 21.8 [1/secl. For a
beating part of the semispan (semispan s
minus half width of the body b,/2, s' =
s - bp/2, see Pig, 14) of s' = 97[mm]and
a flight speed of V = 9 [m/s] the reduced
frequency according to D. Kiichemann and
E.v.Holst [29,30] is w = 0.23, For this
value instationary effects may be present.
Because of the lack of geometrical details
for the whole flapping cycle a theoretical
treatment including instationary effects
is not possible, Therefore, these effects
could not be taken into consideration, but
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Fig,15: Profiles of a Sparrow wing during
%gg?sfroke after D, Bilo [32] and H. Oehme

it is thought that the present results are
a reasonable approximation for that part
of the forces acting in phase with the
motion,

For the special moment during the
downstroke for which the geometrical de-~
tails are-available from the measurements
of D, Bilo ([32] the aerodynamic forces and
moments have been calculated by a quasistat-
ionary theory., The momentary position of
the wings as well as the local velocity
vectors resulting from the momentary for-
ward—-beating- and pitching-motion have
been taken into account. The calculations
have been carried out using the lifting
surface theory after E. Truckenbrodt [13].
Details of the analysis may be taken from
D. Hummel and W, Mollenstddt ([35].

5.3 Results and discussion

As a result of the calculations the
spanwise distributions of the local ver-
tical and horizontal force coefficients
are shown in Fig. 16. It turns out that
all parts of the wing-span are concerned
in producing vertical forces. The corres-
ponding 1Vift coefficients lie in the same
order of magnitude as the vertical force
coefficients. With respect to the low
Reynolds number the resulting values must
be regarded as large. However, it is
remarkable that the bird moves its wings
in such a way that the highest 1ift coef=-
ficients occur about the middle of the
semispan near the wrist. In this region
the birds are equipped with a small wing-
let called Alula spuria which might be
used as an auxiliary device to produce

targe Lift coefficients. The distribution
of the thrust coefficient shows that the
body of the bird as well as the proximal
parts of the wing cause small negative
values of thrust (this means drag) while
large wing portions in the distal region
produce positive thrust, Instead of pit-
ching-moment characteristics in Fig. 14
the local centres of pressure as well as
the total centre of pressure have been
drawn. Although the centre of gravity of
the bird measured by D. Bilo [32] is not
known it can be recognized from the posit-
ion in Fig. 14 that the theoretical re-
sult seems to be in a reasonable order

of magnitude.

The results presented here are concer-—
ned with one special moment during the
downstroke. It would be most interesting
to carry out calculations of this kind
for other moments too, on order to be
able to pursue the mechanism of producing
vertical and horizontal forces through
the whole flapping cwele., If the wing
positions and motions would be available
for other moments the calculations could
also be extended in principle to include
instationary effects. But it has to be
borne in mind that as a result of the
measurements of D, Bilo [32,%%] the wings
perform a very complicated threédimens-
ional motion: The downstroke is combined
with a forwardstroke. At the beginning
and at the end of this part of the

. flapping cycle the positive and negative

dihedral is considerably. This means that
a nonplanar lLifting system has to be.
treated., At the beginning of the upstroke
the primaries are folded and at the end
of the upstroke they are unfolded, This
means that the aspect ratio of the wings
varies considerably during the flapping
cycle, Probably there exist also not so
much complicated wing motions in birds.
Therefore, further measurements after the
method of D. Bilo [32] are needed for
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Pig.16: Spanwise distributions of the lo-
EE%—VEbticaL and horizontal force coeffi-
cients for a Sparrow wing during down-

stroke as calculated after Lifting surface
theory.. :
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other birds. Moreover the theoretical
methods should be extended to include
instationary effects as well as the very
complicated motions which occur in the
flight of birds.

6. Concluding remarks

It has been the purpose of this survey
to show some aerodynamic problems which
arise if the flight of birds is analyzed
in detail. For all three selected problems,
presented here, it turns out that they
cannot be solved directly by measurements
on birds. The aerodynamic forces acting
on bhirds in soaring or flapping flight
cannot be determined by wind-tunnel ex~
periments. The only approach which could
tead to a satisfactory solution of the
problems and to a deeper understanding
of the mechanisms of bird flight seems
to be a quantitative experimental
investigation of the positions and motions
of birds in flight and a subsequent
analysis by means of aerodynamic theory.
ALV three problems described here have
been treated in this way. The present
results indicate that this approach is
very useful and leads to new insights in-
to the mechanisms of flight in nature.

Another conclusion which can be drawn
from the present approach is the re-
cognizance that the problems of bird
flight cannot be solved either by the
biological sciences or by the aeronautical
sciences themselves, The quantitative
deternmination of the positions and motions
of birds in different flight modes are
problems of zoology whereas calculations
of the corresponding aerodynamic charact-
eristics are nroblems of theoretical aero-
dynamics. Therefore future progress in
this field can only be expected from a
close connection and cooperation beiween
both scientific disciplines.

As a basis for asrodynamic investigat-
ions in the biological sciences the
qualitative description of the flight of
birds has to bhe replaced by guantitative
investigations. A large number of
problems are still unsolved. The method
of D. Bito [32,3%3) should be applied to
all flight-modes of birds and the details
ghould be described for the whole flapp-
ing cvele, Similar investigations are
alsn needed for the stationary gliding
and soaring flight of birds in order to
obtain quantitatively the vrofiles as well
as the tending and twisting of the
primaries in the vicinity of the wing-
tips.

In the aeronautical sciences a large
number of theoretical methods are availab-
le for the calculation of the stationary
and instationary aerodynamic characterist-
ics of planar lifting systems of fixed
planform shape. In most cases a direct
application of these methods to the prob-
tems of bird flight is not possible since
the geometry is much more complicated and
variable in birds. Therefore the methods
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have to be extended and improved for
application in bird flight problems.

In both scientific disciplines interest
ing problems of bird flight are still un-
solved. Efforts on both sides and a close
cooperation will lead to further progress
in this field.

1. Summary

In the last years remarkable progress
has been achieved by biologists in the
quantitative determination of positions
and motions of birds in flight. The aero-
nautical sciences are now challenged to
contribute to the solution of the corres-
ponding flow problems. Three of them are
analysed here in some detail, namely

(i) +the formation flight of birds, It
is shown by aerodynamic calcula-
tions that a power reduction occurs
in such formations which depends on
the number of birds, on their span-
wise distance, on the shape of the
formation as well as onrn the distri-
bution of weight, span and aspect
ratio of the wings in the format-
ion.

~

the slotted wing-tips.It is shown
by theory and experiment that this
device increases static stability
and reduces induced drag. The bene-
fit is moderate and can only bve
realised by a proper arrangement

of the winglets.

the flapping flight of birds. Sone
calculations have been carried out
for measured wing positons and
motions during the downstroke
period, Spanwise distributions of
vertical force and thrust are
given,

o
=N
~—

(1ii)

The rosults, presented here indicate that
the application of the methods of aero-
dynamics to this kind of problems is very
useful and leads to a better understan-
ding of principles and details of flight
in nature,
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