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---- 

TEXORY OF FLAPPIYG FLIGHT.* 

By Alexander Lippisch. 

The ?.nno-uncerne-?-ii of t h e  1925 Rhoen souing-f  l i g h t  contest  

contains,  a.-n;ong other  th ings ,  t h e  e f f o r t  of a p r i z e  f o r  f l i g h t s  

f i r s t  and t’nm t r y  h i s  luck miJch 

i t .  

Before 3 t t a x p t i i q  t o  constru-ct such a f l y i n g  machine, the  

aviatoor Kill f i r c t  try t o  p o s t  himself t h e o r e t i c a l l y  on the  

poss ib l e  JileJGl?Od of opera t ing  t h e  f lapqing  wings. It i s  not 

possib2.e t o  inc1uG.e al-1 t b e  aspec ts  of this d i f f i c u l t  proSlem 

i n  the preserLt a r t i c l z .  \V e w i l l ,  k w f c v e ~ ,  give, on the  basis 

o f  a s i r p l e r  case,  a gmphic  and mather;la,tical aethod, which 

3 

as i t  can be d m c  on the b t t s i s  of t h s  v h g  dimensions. 

We m i l l  first; consi.c!er thc flsrrn of t he  f l i g h t  path through 

na ry  wave n i 3 t 4 m  ( F i g ,  3, a t  t h e  This curve would be 

produced, i n  f l i g h t  at  uF.iform s ~ c c 6 ,  by a l t e r n a t  c ly  moving 

the  wi-ngs EL? ?,n& Gown ( F i g ,  1.1. No account Is taker, of t h e  

J 
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rn' 3. wizz. 

t h c  t u i s t i i i g  of ZiTy por t ion  w i t h  rc la t ior i  t o  t h e  res t .  

CCS:! is thci-eforc 2s simgle mccbznicaily 2 s  can bc conceived. 

O n  tix ctbhsr haz-d, the :,&hod of operat ion of 2, wing vorki-ng 

l i k e  khc IiriIlg of a b i r d  can be dcrivcd f r o a  the r e s u l t s  ob- 

t a ined  ir;, ' C ~ F !  s i q l e r  case. Miorcover, this case a,csumyzcs still 

great cr izpoAx.ncc whm i t  rcprescnts the converse of Oynzmic 

soa r ing  f l i Z 1 i - t  i - r ?  z i r  imving i n  thc form of waves. 

i nc l-,-int; i s  hcre r zssumd t o  move as a whole, ivithout 

T y m  

After fincfii iy th:: f l i g h t  curve,  wc imst r:ext dc t  3 r rT i .m  

t h e  c h a y c  i n  tiic c r g l c  cf attack vhilc: pass5nr L' through thc 

d i f f e r r n t  u7i2,ses of the vave .  Since t h e  angle of a t t e c k ,  how- 

ever, i s  d . i r e c t l y  p ropor t iona l  t o  t he  l i f t ,  we v t i l . 1 ,  f o r  siin- 

p l i c i t y ,  C;Gteri-.?i-ne, 

path. I;'c r e l e r  the air forces themselves to t 3 e  horizon- 

tal axis of tl;-e f l i v h "  <3 - p a t h  snd- r e s c l v e  them i n t o  a horizontal 

an$- 2 vertical c o ~ c n e - _ ? t  (F ig*  2). 'Je thus obta in  

l i f t  d i s t r i b u t i o n  along t he  flight 

v2 y := e,, s -- 
J 2 g  

F o r  t he  i1ondimensional coefficients cy and- ex, w e  ob ta in  the 

- ex - ca t a n g  - 
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by tiic 1 3 C - f ~ l d  valucs  c7 end ex. ri? i-Ae T;, aiigle p i s  the  E1Oi:Ixa- 

ta-ry diffei.cnce i n  d f r a t i o n  b ~ t ~ . r e c n  tine horizontal an6 the 

tangcnt t o  the f l i g h t  Dath and is found. b y  the  d i f f c r e n t i a t i o n  

of 5iic cquo,tion of the f l i g h t  curve. The senera1 formula Is: 
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vi: w i l l  consider t h r e e  cases:  

-- Case I.. (F ig .  3,a), a%cn thC l i f t  i s  constant.  No c 

occurs i -n  t h e  a;?gle of a t t a c k  with r e l a t i o n  t o  t h e  f l i g h t  

curvc. 

Case 2 (Fig.  3,b),  w@en tho  l i f t  f l u c t u a t e s  bGt7r:JCen i t s  

maxiriium value on the  down-stroke an2 i t s  minimum value on the 

up-stroke. The zriglc: of a t t a c k  with rslcztion t o  the fli$-;t 

curvc i s  .Treater exring t h ~  down-stroke and smaller d u r h g  
* "i he up- stroke = 

Ciiisc 5 (Fig. 3 , c )  , vhen t h e  l i f t  f I i i c t m t c o  s t i l l  morcc 

The xilgle c;f n t t a c k  with relation t o  the 'r.lorizontz,l r a m i n s  

ne-rly const,znt (an., = - 3.3') 
-1 icv-rtlr,cr diz-,%a cay be obtcins:c? f ron tb3 d-iagr;J,rrzs. 'ti-, lo,,rn 

from the  uizlgrams t h n t  t h e r e  i s  no forward wing th rus t  i n  

ccse 1, a h i l e  t h e r e  is  i n  case 2 a ~ d  s t i l l  more i n  case 3 .  

The Giagram were drawn for c wing with the  Gottingen 

2 r o f i l e  30. 433 mid aspect r a t i o  of 1 : 10, %he msxiilua 

value of %Lie angle cp (in passing through the  micldle pos i t i on )  

be ing  CpnBd2; = %go and tan CpaZx = 0.14 = m. 

r7 

I! 

I 

The equetion for t h e  Zl ight  curve i s  accordingly 

Any des i r ed  vK t -~ t=s  mzy be given To z,nd v, so  long as it 

i s  sim;>ly a i z t t e r  of t h e  computation o r  grzphic rcpresenta- 

tion of thc: c o e f f i c i e n t s  cx azd cy. 



For  t h e  computation of t h e  required power axd of t h e  

flighJc six-ed, vfe must deterEi.ne the  me3n vclxes of 

by the  i n t e g r a t i o n  of the hatched areas. 

we represent the p o l a r  curves by the following equation: 

cx and cy 

I n  order t o  do  this, 

This forii? of equz.tion f o r  c"u pZdr2,bola. af 'rces best xit'n. t h e  

f o r m  of o-,.Ginxy p o l n r s  because i t  t~~1,lccs xcount of t h c  f n c t  

that  t he  a in imm res i s t ance  o r  drsg occurs at small p o s i t i v e  

~?~lul- . , s  of ea. 

433, It ylvcs  tlic following va lues :  

-- v[hen computed (by  way of c;zarf@lc) for p r o f i l e  

The zI';reeacnt f u l i y  s u f f i c e s  f o ?  our inves t iga t ion  t?nd 

n i t h i n  the limits 152 t o  ea, -- - - 0 0 2 ,  2 s  shown by FiG;.. 4. 

n ihc  3w.n values obtained from t h e  i n t e g r a t i o n  a re  then 

c (9) Jrrnea% %e an 

Ac, dcnoteo the  f luc tua-  1i.i the  expression fer cxi39:ln9 

t i o n  of the Li f fo ren t  ~a l l - l e s  of 

Hence, i f  ( a s  i n  F ig .  S s c ) ,  t h e  value of e2 f l u c t u a t e s  3e- 

ea &out i'cs wiec3.n value. 

d - ,  i 
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T3-2 expression 

Tile na,:::rirnu-a fcrwzrd mot i o n  occurs f o r  

whereby cx becomes 

L 
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This  LlzuXiKmin is ,  howcver, of on ly  condi t iona l  i q o r t m c  e, 

because &ea, cvcn for smLll values of pi, exceeds the  burb le  

po in t  o r  t k c  uppcr and l o v e r  i n t e r rup t ions  of t C c  polar  ~ ? U T V G -  

For our case, it would. be 

= 2.23 al2d cF __ - - 1.23, which fa r  exceed t h e  a t t z i n -  
camx “r2i.n 
ab lc  l i m i t s  of t h e  polzr .  

Thc r-ring t h r u s t  vouLd then be 

hen c c mo r c t han C-ou?~ 1- ed . 
The id-ea1 for.51 of n f 1 q q i : g  wing aust t he re fo re  be sought 

i n  :t wing JThose polar curve covers  a v e r y  v;ide sznge, 2-s the 

result of s u i t z b l e  &;evices ( a d j u s t a b l e  p r o f i l e ,  s l o t s  o r  rotor 

on t h e  lettd+ing edge)<* 

The resistt:.nce &ensrated by the  l i f t  i n  t’he up  mi'^ down 

motion of t k e  nings x-,d which r i s t  be  oveyeoae by  the d r iv ing  

f o r c e  i s  tke  total power c o n s u q t i o n  i n  the  v.3r t ical  t h r u s t  

of t>e  wings. 

The course of the  work diagram for ccse 3 is shown in 

Fig. 5. 

By add-ing -the work of t h e  down-stroke nnd: t h a t  of t h e  up- 

etrokc, we obtttin t h e  hatched a rea  i n  the  form of an e l l i p s e ,  
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one of rkose axes  is Ac,. 

Conseqnently, t h e  rnean air r e s i s t ance  t o  be  overcome by 

t h e  d r i v i c s  ?Ycchnnism, is  

The v e r t i c a l  coni2oiient of the  f l i g h t  path i s  

So == 2 zl $ 
i-fence thc f o r c e  expressed i n  HP. i s  

f” NOW, howev cr , 
+ s  TJ z1 4- --- 

I----- 

J ‘“mean 

aiid hence 

(15) 

The required wwer is  4 



o r  

N = O0WjO415 X 0.140 x 0.79 X 12 x 5832 

3.18 IT = 0.021- X 0.140 X 122 

9 

3 = 2.8 BPI 

Thcr2by it  is  t a c i t l y  assurtlcd -chat the  c o e f f i c i c n t  of thc ixcm 

drag cWgrfl, i nc rmscd  by thc  c o e f f i c i e n t  of thi: s t r u c t u r a l  

d rag  c s ,  i s  c q w l  t o  tiis forward t h r u s t .  The f l i g h t  i s  thcrc- 

f o r e  uniform o n l y  when t6e following condition is  s a t i s f i e d :  

- ~n Fig. 5,  1.J an& e ,  e r e  p l o t t e d  ;A,cainst each other  
t, 

f o r  d-ifferent va lues  of 

quired power i s  proport ional  t o  the  increase iii t h e  drag. 
cg*  

This diagram shows tha t  t he  re- 
j 

Vie &shed l i n e  m s  i3lotted w i t h  reference t o  the horse- 

speed. The eff ic iency,  i n  this case, was assumed t o  be v e r y  

good (up 'GO G.8), since t h e  e f f i c i ency  of t h e  Wing-flapping 

rnechanisix had h i t h e r t o  been disregarded. Moreover, energy i s  

consu-mcc?.. only as the  i-eswlt of the  r s s i s t a n c e  o r  drag due t o  

iner t ia , .  This drag  is ,  a t  ~ i o s t ,  very small f o r  the  r i g h t  mu- 

tv.a.1 adjustnent  of the f l app ing  ?arts. 

In Figs. 7 anti 8, t h 3  aspect r3t i .o  anc?. the n e i g h t  a r e  

p l o t t e d  c?rpinst the horse~ower .  Fig.  7 shows t ha t  the  e f f e c t  

of t he  aspect r a t i o  i s  very sml l  above -1 = 10 and any b2 
b 



c 

f u r t h e r  gzir. would 3 c   MOT^ than o f f s e t  b y  the  ncccssary increase 

i n  Trclght. T h  weight incrcase  plays a much more important 

p a r t  ( t h e  SL'ZC t i s  fo;,. a k i t e )  

The b o r s q o v c r s  thus obtained arc n a t u r a l l y  minimum vcluos.  

On t h e  other 'nand, we riust bear i n  :.find t h a t  i t  doubt less  gives 

s t i l l  r i o ~ c  cff cc t ive  winy motions. 

We ~ ~ ? N V C  also disregarded the f a c t  tha t  acce le ra t ions  Fund- 

rctations 3rc  3roCu-ccd- ( b o t h  ho r i zon ta l ly  2nd ver t ica l l -y)  

by t h z  fl.uctuatioris i g  thc crqinc power 2nd thc  forward t h r u s t  

ithich affcc'c c i t h c r  thc n!v,pe of the i l i g h t  curve o r ,  i f  the 

l a t t e r  i s  nsintcincd, the f l i g h t  path w i t h  respect t o  t he  

a i r c r a f t  
: 

Th,? zcce lc r s t ions  n a t u r a l l y  depcnd on the mass of the air- 

cTzf t ,  2 s  r-rcll ns ai the  r ap id i ty  of  the  s t rokes .  The grez te r  

-the ::lass, the l e s s  rapid "he s'zrokef; can be. 

If we ta , l re  m t u r c  as our patteri?, it appears t:_?at, vJith 

i nc rezs ix ;  weight, the 'ci:.ne f o r  a, coaplete  s t roke  i n  an air- 

c r a f t  1.ike our exarqle,   my be much z r e a t e r  without any ua- 

favorable  result . Any rratliernat ical computation aould ca r ry  

US t o o  far. 

Anot%er q7Jestio.a appears t o  be of more p r a c t i c a l  impor- 

tance, rn~fle1.y~ what wou1.d be the e f f e c t  of other  shapes of t he  

f l i g h t  path? Wc x i11  d iscuss  t h i s  ques t ion  a-rd the  problem of 

f l app ing  f l i g h t  a f t e r  the manner of b i rds  i n  our next a r t i c l e .  



. 
:: 

t a incd  from our simplc example, which (notwithstanding the ap- 

parent t c c k n i c a l  d i f f i c u l t i c s  of  f l app ing  f l i g h t ,  as compared 

wi th  the xlvantages of propeller-driven. flight) secrfls t o  just- 

i f y  s c r i m s  z t t c n p t s  t o  solve this problem. 

Translation by Dwight X. Miner, 
Nat ionax Jdv i so ry  Col.rr=,ittec 
f o r  AeronauticsP 
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