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HATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

TECHNICAL MEMORANDUM NO. 334

THEORY OF FLAPPING FLIGHT.*

By Alexander Lippisch.

The announcement of the 1935 Rhoen goaring-flight contest
containg, among other things, the effort of a prize for flights
in mugcle-propelled aircraft. Obviously the aviator must
first construct his flyingz machine and then try his luck with
it.

Before attempting to construct such a flying machine, the
aviator will firct try to post himself theoretically on the
possible method of operating the flapning wings. It is not
possible to include all the aspects of this difficult problem
in the prescnt article. W e will, however, give, on the basis
of a simpler case, a graphic and mathematical method, which
renders it possible to determine the power requlrcd, so far
as it can be done on the basis of the wing dimensions.

We will first consider the form of the flight path through
the air. The simplest form is probably the curve of ordi-
nary wave motion (Fig. 3, at the fop). This curve would be
produced, in flight at uniform spced, by alternately moving
the wings up and down (Fig. 1). No account is taken of the

fact that a lenger stroke (1f the wing of a bird is taken as

a pattern) is wade by the outer then by the inner portion of

* From "Flugsport," Junc 17, 1925, pp. 246-353.
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2 wing. The wing 1s here assumed to move as a whaolg, without
the twisting of any portion with relation to the rest. The
cese 1s therefore as simple mechanically as can be concelved.
On thoe other hand, the wethod of operation of o wing working
like the wing of a bird can be derived from the results ob-
tained in the siwmpler case. Morcover, this case acsumes still
zreater importance when it represents the converse of dynamic
soaring flizht in eir moving in the form of waves.

After findine the flight curve, we must next deteormine
the change in the argle cf attack whilc passing through the
differ=snt ovhaces of the wave. Since the angle of attack, how-
ever, 1is directly proportional to the 1ift, we will, for sim-
plicity, determine the 1ift distribution along the flight
path. We will refer the air forces themselves to the horizon-
tal axls of the flight path and resclve them into a horizontal

and a vertical component (Fig. 3). We thus obtain

== 3 :K__ 2 1
v = oy S g (1)
X = Cy S %? = (2)

For the nondimensional coefficients oy and cy, we obtalin the

values
Cw- = Cp * Cy tang (3)
— @ 4
Cy = Gy tand Cyr (4)

cy a2nd ox are generally represented, as In the case of ¢, and cw
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“by the 100-fold values

tary diffe

tangent to the flight path and is found by

v

of the equation of the flight curve.

in the

Herein.

Then
With

nentary values of

Cx and C’y,

functions

Since the angle ¢ 1s generally very small,

proximately) and thus determine the 1ift distri

cy and cx

-
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¢y and cx. The angle 9 is the momon-
rence in direction petween the horizontal and the
the differentiation

The general formula is:

v = m gin x (5)

cale of the actual motion of tho wing:

r
N 3 il x\} v .
) — i[ n_z. £ O

7 }l } ( o V/ | 3T (6)

= flight spoed (m/scc.),

= time taken for a cowmpletc stroke (ﬂec-),
with return to original position;

wn (m), measured on the

tan® = m 0 o T X\
ban c s< ) . (7)

tie help of thesc forimlas, we can calculate the mo-

A

X and y, oOr the corresponding valucs of
and plot them along the flight path as running
of x.

it is not nec-

compute c., Dbeocause the member cp tan® is smaller

possible error in cy. We therefore put oy = ¢ (ap-

v

] "

pution directly.
are positive, when there is a thrust or nezative

order to determine the begt kind of 1ift distribution

C'l
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4
we will congider three cases:

Case 1 (Fig. 3,a), when thg 1ift is constant. No change
occurs in the angle of attack with relation to the flight
CUrves

Case 2 (Fig. 3,b), when the 1ift fluctuates botween its

maximum value on the down—-stroke and itgs minimum value on thc
up—-stroke.

The angle of attack with relation to the flignt

the up-strcke.

-

curve is greater during the down-stroke and smaller during

Casge 3 (Fig. 3,c),

when the 1ift fluctuates still nmore.
The angle of attack with relation to the horizontal rcmains

. =z =0
nearly constant (o, = - 3.37).

Further data may be obtained from the diagroms.

%

We lenrn
from the diagramg that there is no forward wing thrust in
case 1, while there is in case 2 and still more in case 3.

; . . . L
The diagrams were drawn for & wing with the Gottingen
profile Ho.

433 and an aspect raotio of 1

.
.

10, the maxinum ‘
value of tae angle @ (in passing through the middle position)
. -0 _

The equation for the flight curve is accordingly

TO v
2T

v = | 0.140 .sin (87 X\
. \

TO \'

Vi o v

Any desired velues may be given

7o, and v, so long as it
is simply a matter of the computation or graphic rcpresenta-
tion of the coefficients cx and cy.
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For the computation of the required power and of the

by the integration of the hatched areas. In order to do 1

we represent the polar curves by the following equation:
- S 2 /
CW‘”(" +k>o.a P cy t g (8).

This form of equation for a parabola agrces best with the
form of ordinary polars because it tokes account of the fact
that the minimum resistance or drag occurs at small positive
valuzs of cg- When computed {by way of example) for profile

433, it gives the following values:

/S
‘\\102 T

Cyr +0.0188) off - 0.0093 oy + 0.0151

The cgreement fully suffices for our investigation and
within the limits ¢y = 1.8 to ¢y = - 0.3, as shown by Fig. Lo

The meon values obtained from the integration are then

-
i

P _ S 2 _ :
m - Aca(\wﬁw + k> (2 + k> ca? — D Ca, t 4

1 cg

C
*mean 3

i

1

¥ (9)

c c
Tmean Qmean

In the expression for Ac, dcnotes the fluctua-

C
tr s
Lmeon

tion of ths different values of Cy about its mean value.

Hence, if (as in Fig. 3,c), the value of ¢, fluctuates De-

tween c¢cg. . = l.3 and = —~ 0,2, then the mean value of

C .
ma.xX umin
C a 18

- 1:80 * (=0-20) = 0,50 and Ao, = *0.70

c
a1 2
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<CaA.

We might, however, represent the distribution of

the followling formulas

, o\
Cn., = Acy COS (ajﬂ_i\ P Cap
X N T V4 IGIS
The expression
f/ S N ]
= + T' ¢ - ] + = O
l\q§ﬂ g Cay TP Cay T4 Year

2

CE‘L Dy

(10)

i.es, it 1s the value of Cy COrresponding to the mean value
of c¢_.
Co
Thus we had, by way of example, in case 3 (Fig. 3,c) the
following assumptionsg:
o)
Acg = #0.70 m = tanty,x = 0.140 (- + k) = 0.0445
a, P rax \ Ve k
RN /
S 10 v
(’—‘{:’*::—'.’ = 0'5() v = OOOP:LS
- N 10/ Cam Cw m <

from which ve then derive

- C

:?K
®Xpean 2
Cx = 0.0165

¥aons
F1 O,

&)

[

[0.140 - C.70 -

|

The moximum forward motion occurs for

A — in
S T o -
& =+ k)
vy J

whereby ¢

0.0448] =

0.0216

(11)



¥.A.C.Ae Technical Liemorandum No. 334 7

This maximum is, however, of only conditional importance,
because 4c,, even for small values of m, oxceeds the burble
point or the uppcer and lover interruptions of the polar cuzxve.

For our case, 1t would De

Ac, 0.140  _ 1.1%

a ~ 0.0893

I

For the mcan values of c. 0.5, +the linmits would be

Lo

c = 2.23% arnd c, .
Amax Apin

able limits of the polar.

= - 1.83, which far exceed the attain-

The wing thrust would then be

_ 0.0198 _

= o js L . r74_ . = .
—_— 0.7563 0.0316 0.0334 (cy 3.34)

hence morc than doubled.

The ideal form of a flappiug wing must therefore be gought
in o wing whose polar curve covers o very wide range, 2s the
result of suitable devices (adjustable profile, slots or rotor
on the leading edge).

The resistance generated by the 1ift in the up and down
motion of the wings and which must be overcome by the driving
force is the total power consumption in the vertical thrust
of the wings.

The course of the work diagram for case 3 ig shown in
Fig. b.

By adding the work of the down-stroke and that of the up-

stroke, we obtain the hatched area in the form of an ellipse,
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one of whose axes is Acy,.
Consequently, the mean air resistance to be overcome by

the driving mechanism, is

Y .
Pp = 0.78 Acy S §g‘v2 (12)

The vertical component of the flight path is

S, = 28 n % (13)
Hence the force expressed in HP. is
¥ = C.000415 m Ac, S v3 (14)
o
whereby ég = i%, i.es, for normal atmospheric conditions.
Now, however, /fg
v o= e
’c
/ a‘mean
and hence
E
; Js -
N=0.021 m g (15)
/ 111
A
If, in the example of case Fig. 3,c), we put g = 132 kg,
we have
/_;3:——— 7 - 2 3
/’é-z .18 € = 13 m and then
3.18
v = 4 = i n/ gec.
5707 = 18 w/sec

The required wower is
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N = 0.000415 X C.140 x 0.70 X 13 X 5832

or ,
¥ = 0.031 X 0.140 x 123 —o228 _
0.50°
N = 2.8 HP. 0.70¢°

Thercby it 1s tacitly assumed that the coefficient of the mean
drag Sy > increascd by the coefficient of the structural
drag cg, 1s equel to the forward thrust. The flight 1s therc-

fore uniform only when the following condition is satisfied:

m o= Ac%/ S+ x)+ 8 C8 (17)
a\ .2 J Lc
o - a
In Fig. 6, N and c. are plotted against each other
0
for different values of Cg* This diagram shows that the re-

quired power is proportional to the increase in the drag.

The dashed line was plotted with reference to the horse-
power of o propeller-driven alrplane having the same flight
speed. The efficiency, in this case, was assumed to be ver
good (up to 0.8), since the efficiency of the wing-flapping
mechaniem had hitherto been disregarded. Moreover, energy is
consumed only as the result of the resistance or drag due to
inertia. This drag is, at most, very small for the right mu-
tual adjustuent of the flapping varts.

In Figs. 7 and 8, the aspect ratio and the weight are
plotted against the horsepower. Fig. 7 showg that the effect

2
of the aspect ratio is very small above %; = 10 and any
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further goin would be more than offsct by the nccessary increase

3
in weight. The weight incrcase plays a much more important
part (the sewme as for a kite).

The horgepowers thusg obtained are naturally minirmum values.
On the other hand, we wmust bear in mind thét it doubtless gives
8till worec effective wing motions.

We have also disregarded the fact that accelerations and
retarcations zre produced (both horizontally and vertically)
by the fluctuations in the engine power and the forward thrust
which affect cither the shape of the flight curve or, if the

ne flight path with respecct to the

3

(oo

latter is maintained,
alrcraft.

The accelerations naturally depend on the mass of the air-
craft, as well as on the rapidity of the strokes. The greater
the mass, the less rapid the strokes can be.

If we take nature as our pattern, it appears that, with
increasing weight, the tine for a complete stroke in an air-
craft like our example, may be much greater without any un-
favorable result. Any mathematical computation would carry
us too far.

Another question appears to be of wmore practical impor-
tance, namely, what would be the effect of other shapes of the
flight path? We will discuss this gquestion and the problem of
flapping flight after the manner éf birds in our next article.

We will content ourselves today with the knowlecdge ob-
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tained from our simplc cxample, which (notwithstanding the ap-
parent tochnical difficulties of flapping flight, as compared
with the odvantages of oropeller-driven flight) seems to just-

ify serious attcmpts to solve this problem.

Translation by Dwight M. Miner,
National Advigory Committee
for Aeronautics.
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