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NATIONAL ADV ISORY COMMITTEE FOR AERONAUTICS 

TECHN ICAL AEMORANDUM NO. 816 

TnE GYROPLANE - ITS PRINCIPLES AND ITS POSSIBILITIES* 

By Louis Bre g u et 

To beg i n with, I shall exp lai n what a gyroplane is. 

Th e gy roplane belongs to the helicopter family which, 
as the n ame impli es , has wings in the form of propellers. 

In fa ct, a h e lico p ter con~i sts of l arge propellers 
with, sub stant ially , vertical ax es set in motion by an en
gine ; the react ion of the a ir on the revolving blades pro
duces an upward lift in excess of the weight of the entire 
anparatus wh i c h , as a r esult , can ascend in the air with
out forward speed. 

It will be r emembe r ed that, in order to obtain sus
tentation wi thout speed, a great many meth~ds have been 
conceived int ended to fu r n i sh the lif~ing wings with a 
prope r mo v ement wit h re snect to the bOdy. 

Th e first i nso irati on was found in nature itself, 
tha t lIinco mnnrRb l e model ," a nd has actually led to the de
sign o f airplanes with flapping wings whose pessihility of 
r eal iz at i on c8nnot be denie d . 

But , even as man has, i n th e remote past, invented 
t he wheel to r ep l ace the alternative movement of natural 
locomotion by a r ota ry motion, so the rotation of lifting 
b lades should appear in mind as a mere mechanical process 
than flapping: Whence the i dea to make these wings re
volve in c ontinuous motion around a central axis, each 
wing desc ri binf, a circle - t he whole system constituting 
a so rt of in d ividual ~h irling arms of which the center, 
f i xed i n the body, may be kept stationary. 

The i dea o f sustentation of flying machines by pro
pelle rs is quite o l d ~ Long befo r e Jules Verne wrote his 

* IILe Gyroplane - Sa Tec h ni qu e et ses Possibilites." From 
Journ~es Techni~ues Int e r na ti onales de lrA~ronautique, 
No v embe r 2~ - 27 , 19~6. Published by Chambre Syndicale 
des I ndustr ies A~r onaut i ques . 
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"Robur I e Con cue r a nt,1I mE ny inv ento r s had tho ught of h e li
copte r s ; on e o f t he b es t know n s t ud i e s i s t h a t by Po nt on 
~ r Hpmecourt . Mo r e r e c ~ri tl~: Ce l onel ChR rl e s Ren a r d tr ea t 
e~ the 9 ro b l em c omp r ehe n s i v ely i n h i s now c eleb rat ed Co m
mu~ i ca t i c ns to the Ac ademy o f Sc iences . . ~he f ir s t, en t i
tleCl. "Cn the· PORs i -b ilit y o-f Sust cnte. t ion i n the Air .of a 
F lying ·fe c h i ne of the He l i c op t e r _Type by Emn l oy i ng the 
Explosion En in e s i n The i r Act u a l S t l'tte of Li ghtness ,1I 
"f1 s f r om j' o v embe r 2~ , ' 19 0:Z'. Then OIl De c embe r 7, of the 

pm e ye p r , he p r e se n t ed h i s se c 0 Il d . not e . en t i t 1 e d 11 C n t h e 
Q,Q , l i t - of Li f ti ng 'P r one l l e rs,, 'vhiQ h, on No v embe r 7 ,1 904 , 
\\1", 8 fol l o\"ed, .by c\llo th e r, ent it l ed' It A New Me t hod of Con
st r uct i ng Ae ri a l ' P r opel l e r s . 11 

I wa s i~p re ~s ~d ~t t h a t ti m~ by t he wo r ks of Colone l 
Renard , ~ne o f ho s e students I had the hono r to t e, and 
I have t aken up Aga i n the . p r obl ems t r eated by h i m by supe r 
~ osing on th e motion bf r o t A ti o ~ , plone cons i dered then , a 
~otion of t r anslAt i on . I n effe ct , a gy r op l ~ne is a h e l i
copter des i gned to move d i Rgonal l y in. the ai r at R sn~e d 
as h i gh as poss i b l e ~ 

T h } s t T'8 n s 1 a t i. 0 n c a U<l est h e s pee d 0 f r o ta t i on t o c om
b i ne ~ith that of.advance i n ev e r y noint of the b lade . As 
the angle fo r med ty- th~ie s~eed s ch~nge~ wh il e ea ch b l ade 
makes a complete r ev( lut io n and the speed of r o t at i on be 
comes add i t iv e fo r half a r evo l ution to the sneed of t r a n s 
lation , some n r e c autiofts ~~st he t~ken · to · keep the fo ~ ce s . 
f r om be c oming · ex c essi v e at c e r tain mo w.e nts so as to p r e 
vent rupt ur e ·of the b l ades o r th r owing ·the· eppa r et u s out 
o f bal.ane.e . 

I n my f ir st gy r op l ane pa t en t I pro v i de d fo r t h e u se 
of flex i b l e b l ades with aut omatic inc i d en c e ' c ont r o l . Th e n 
in 1908 , 1 paten t ed a d if fe r entt al li n~age of opp o s it e 
b la~es f o r the pur pose o f b a l an ci ng th e loa ds by inci den c e 
vAria.tiol s , t he i n ci de nce o f t he adv a nci ng b le.de dec r eR s
i ne pnd t~at 0 the r e r eati ng b l p~e i n c~ e0 si ng . 

I also made p r ov is io n i n my gy r op l ane No . ~, fo r th e 
mechan i sm de sc r i bed by Co l o n e l Rena r d in hi.s 6o mmunica
t i on of 1 904· , a~ 'd whic h c onsist ed of · h in g ing t he b l ade s t o 
the h u b • . Du e " t o th is fa c t , t h e b lRdo~ ' ~ ~e i ni sub j'e ct on 
t e one h~nd . tothe c on tri fu~0 l fo r te , e~nstan t fo r a g iv en 
speed of r otR t ion and , on t he ot he r hend . to ch an g i ng ae r o
dynam ic r ea c tions r esul ting f r o m the t r anslati on - we r e 
a b let 0 0 r i e .i t 1'1 e the m s e 1 v e s rt t 811 y i n stan t, a c cor d in g t o 
the r esultpnt fc re e s . 

• 
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During th e pe rio d of one r e v o l ut ion the blades undu
late then and flap in a lt e rn ate motion, each at its own 
count, with, a phase disp lac ement in ratio to the air loads 
and an amplitude wh ich can be regu l ate d by an automatic 
incidence change in function of flanping. When the blades 
advance in the direction of translation of the body whic~ 
they supp ort, they are lifted un at the same time as they 
move at an angle with respect to the motion of rotation of 
the hub . Th e inverse-process takes place during the half 
r evo lution during wh ich the blades ret reat . In this way 
the alte rnatin g loads to which th e rot atin g wings are 
subjected in' their combined mo ve ment of translation and 
gyrat ion, as well as the couple necessary fo r their en
gagement, are regula ted . 

The essential advantage of helicopters and gyroplanes 
lies, as we have s ee n, in their ~ower of sustentation with
o ut fo r ward s pee d. Thus a helicopter can take off and 
land v e r tically without speed, whereas the modern airplane 
with h i gh s ne cific wing loadi ng cannot tak e off or land 
unl ess i t has a soeed of the o rd er o f 100 kilometers (62 .1 4 
ill i 1 e s) p e r hou~. As a cor ol l ary, it requires large 
l a nding f i elds , l e veled off and well kept. The airplane 
cannot, in effe ct, fly belo w a cert ain speed without grave 
dange r of instability, spo ken of in aviation circles as 
IIda ngers of pan cak ing. II 

To get a ay from the constraint of vast airports is 
someth i ng that int erests b a th military and civil aviation. 
For the military airplane this r elease i s chiefly impor
tant in time of war, wh en it ma y not on l y be difficult to 
f i nd suitable areas near the front but also to keep them 
i n good shaue . The landing field is apt to be a target of 
bombing raids wh ich leave it unfit for further airplane 
use . 

Granted tha t the g yroplane c an rise vertically from 
any clear p i ece of g r ound : It must then be able to fly at 
suitable speeds without e x cessive nower input. With th is 
in mind, I was particularly int e r ested in ascertaining the 
poss ibl e efficiency of this me tho d of t ranslation obtained 
simply b y a suitable fo r wa rd tilt of the tlade shaft and 
the ex t ent to which this efficiency and speed obtained are 
comparable with those of modern airplanes . 

Before launching int o this ~roblem, 
a quest i on which has s o often been posed 
the d if ference bet~een a gyroplane and a 

I want to answe r 
tom e : Wh a tis 
helicopter? 

------~----------------~------------) 
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,' Etymologica'II:/ . 'g.Y r o'plane me8ns ' 1I:8.n appar'~1"tus wh ich 
mo v e s by turnin.g , U 'and' fhis 'n p,m e' 'w::1.' s coin ed du ring a .con 
v0 r . at i on I had i n' '1 905 wi th th e' 'l R't'e Professo r Charles 
Ri che't . A gy r oplan e h~s 'ho p r opulsiv'e ~o r opeiler. ' sin c e 
its rotat i ng ~ i ngs ' d iiv~n by' th~ 'enii nes Rre s~ff ici ent 
l:: 6th for ur0 1Hllsi 'on'a'n 'd f o r " sustent a ti'ci'n. " 

-'- ... . .' ~ .. 

An A rit o~ i r o . su ch a~ tha~ of ~~ . ie l ~ Ci e rv a. the 
em inent Spanis h engin ee r. i s 'a n a,':opa r 'at'us whose wi 'ngs r o~ 
tate in au torat'atio n . In auto g ir os , in effec,t , the re - , 
v olviri b l ades a r e ' ~~ t contr o ll~~ by the en~ in e but mount-
e d f r e e 0 'n th e c en t r a I" s h aft . Th e eng in e d ri v e s. a sin 
the a irplan e , one o r mo r e r egular p r opel l e rs; it i s the 
r ela t i ve wind, due t o th e tran s l a t 'ion p rovid ed by the se 
p r op el l e rs. that sets the r evolving blades in auto r otat i on -
the plane of the ' bIade·s.of necessity, be i n g tilt ed wit h , 
re spe ct to th~ ~lane of r o ta tion . " 

I n ' b ri ef , the auto ~ iro is actuall~ an a irpl a ne who se , 
w ings ' a ~e f r ee to r o t ~te abou t a c entr~l a x is, as a wind 
mill iet nearly ho riz onta l; in r evolving , t he se wings ma
ter ia lize , i n som'a way ,. acc'o rding to" wind- 'tun'n e l tests, a 
lift in g d ~s k , and the ma chin e behaves I'tS i f ' it h a d a f i xed 
IV in g . but 0 f con sid e r ~ b i y 1 a r g e r a rea . e q u'a 1 to , the s w e p t -
d is k area of the blad es . I 't i s , ' by viitue of this enlarged 
ar ea , that the autog ir o can f ly at low speed ; 

In the auto g i r o the ~1a~e of t he ~ia de s is tilted to
ward th ~ rear and is drag - pr o duc i n g - the dr ag b e i ng ove r
come by the p r opeller thru s t; wh il e in the gyroplane the 
pl ane o f the b l ades til ts f o rward in ord e r t o assure p r o
Du Isio n . 

Th e gy r op l a~e - qu~i t e apa rt f r om the fa cu l ty of ver 
t i cal flight, wh i ch the aut ogir o wi th free wings does not 
posse ss - offe rs a dd itional advant ages , parti cularly in 
r ega r d to t he ove r- a l l eff i ciency, \vhich is enhan ced by the 
ao s en c e of the propulsive propell e r . Propulsion and sus
ten tation by the same rotati ng wi ng system, a llo ws much 
h i ~her fo r ward spee ds, an d it has b een p r o v ed that the 
p r opu l s i v e eff ic ien cy i s then p r act i cal l y e qu a l to unity . 

My fi r st gy r op l ane wit h flexible wings WaS bui lt du r
i ng 19 05 - 1906 , at Douai , and mad e its f irs t free flight 
in 1 907 , \ i th on e man a boa r d. . Th i s ach i ev emen t - the 
f i r st of it s k i nd - fo r med the subject o f a r epo rt pre-
sen t ed to th e AC Rdemy of Sci ences by Mr; . Lipmann (reference 1). 

• 
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Bef o r e buildin g this ~yrop1 8ne , I h~d made a gr e a t 
number o f syst e matic e XDcriments on a l arge wind-tunne l 
balance. Th e firs t r e s u lts o f th ese tests were equp l ly 
pres e nt e d in a communica t i o n at the Fou r t h Aeronautica l 
Co ngress, h e ld a t Nancy, in Sep tembe r 1 909 . 

5 

Th e conclusions pt which I a r r iv e d f r om the study of 
th e b e st a ir fo ils a nd eS De ci a lly fro m t he introduction of 
a n e w c o nc e Dt, that of the solidi ty r etio or ratio of 
blpde pr e 8 to s wept-disk a re 8 , h ad e lready been very en 
c our p ging . 

For p g iv e n lift e d Ne i g ht P, wit h e p r oDeller rad i
u s D, Rn d 2 Dowe r W, I h ad obta i ne d p lifting quality 

p312 
q = wh ic h we. s distinc t ly sUDe r ior to that indicpted 

DW 
b y Co l o n e l R e nprd , mhos e Dr opel l e r s had an excessive rel
at iv e ~ i dth, e SDe ci p ll y to~e. r d the tiD . 

Moreov er, it sepm e ~ to me that the translation should 
i mo r o v e th is Qu a lit y ? hich wo ul d. UD to certain sDeeds, 

. c ompens ate the powe r nec es s ary for t r anslation . 

I wr o t e , i n f act , i n 1909 : liThe trC'uble met wi th on 
s ur f aces wo r k in g s ucce s s iv ely on the same air column 
shnul d le a d Us to th in k that , fer a lifting proDeller in 
d iag on a l mo ti o n, the s UDpo r t in g column of pir being con 
st a ntly r enew e d , t he inc onv en i e n ce of the surfaces between 
t he m shou ld, due to this f act, be notably less great than 
wh en a t r e st . 

III have, i n de ed. , ch e c ke d t hi s fact b u t withnut be i ng 
a b le t o p u t it in f i g ures . On a day of avera g e and inte r
mittent wi n d, I have o b served t hat at eve r y gust the l i ft 
in g f o rce devel op ed b y my gyropl ane No . 1, increased ~u i te 
fr e ely. 

"I also n o t e d a no th e r f act: Whil e testing my second 
gyroplan e , which was e c omb i n a i on of helicopter and ai r
p lane, the ce n ter o f th r us t o f the Dr opellcrs - which, at 
r e st, c o i n cid ed \ i t h h e a x is of r otat i on - was, during 
fli g ht, s h ift e d qu it e f r eely f o r ward, t he sh i ft of the 
c.g . am ounti n g, ur ob a b ly, to as much a s 50 cm (19 . 67 in . ) ; 
the u r OD e 1 1 e r d i am e t e r be i n g 8 m (26 . 25 ft.) , an d the for 
il" a r d- sp ~ed of t he o r de r 0 1 0 ml s (:<:2 . 808 ft./sec.) • 

I hav e r en r odu ced the sk et ch and photogranh of the 
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bil~n c e wh ich i ' c onst r uc~ ~~ ' f~ r ' my 'e xnit{~e~~ s ~l o rrg wi t h 
t he g r ;3-fl h o'ri ' d ir ect - l i f t p'r opelle'r s , ' and a 'p ic t ur eo f my 
1 30 7 gy ro -p l an,e' Cfi..:: s . ' l , '2 ; ~~ , 4 ) . 

1 0t wi t h t- a n d i n ' th es'e r e s ,u l t s p.nd t 'he ' ve r y ,e n co ur ag
i ng t r i als o f my me ch i n e , I was du e t o a ban d on t he so lu

't ion o f th i s i mpo r t a ri' t 'P'r o bl e m be c'p:use "of l a c k of f un d s . 

T:o. e n , t oo , w h U _ e d e' v 0 t i Ii g m'y s e l f t o t h e s e . r es ear c h e s , 
Sn ntOR-Dh mon t , V o i ~ in, B l ' ~ r i 6t , ' and E~nault - P e lt a ri e ha~ 
mad e su ccess f ul fl i g hts i n r e gul a r a irp l a n e s . ,An d so I ' 
~A c i d ed t o b u ild a n a i r p l a n e but on t he ba s i s of t he r e 
sult s of my o wn e x p eri ment s' • . ' 

T~e i n ~ s o f m a ir ~ l ane e r e t he r efo r e c onc e i v e d as 
sc nleo.- up v e'r s ion's ' ~ f my - g y r 6p l a ne bla'des ; ' t he y h ad 'one 
spa r an~ f l ex i b l e ri b ~ ~ , 

Fu r th e r , my ~ tti d i es on ~ r opell e r eff ici ency enab l ed 
me t o s e e ~ ow to ~d8p t t~em b est t o an a irp l a n e , a nd t he 
fl i gh t s of my f ir s t c iru lan e , in i 910 , revealed ~ part i c u 
larl y i n t e r e s ~ in g e f f i c i e ncy . Th i s is , ~ow I came to aban 
d on t he ~ ri b jec t of gy r op l anes un ti l so me ye a rs af t e r th e 
,var . , 

, I t i s now f i v e ye~ rs sinc e Ci e r va p r esen t ed h is curi
ous ma c h i n e wh i ch h e c a ll e d ' II q,U t o g ir o , II i n Fran c e , and 
vh i c h c tual l y sur p ri e d me , i t h i t. sta b ility i n f li gh t . 
Th e bl a de s , ere jo in e d to the h u b by a rt:i,culat io n s such as 
I h a d employed i n 1908 . 

I mi g ht add th a t ~ ounting t he bla~ es fr e e l y to th e hub 
su~p r es s e s t he gy ro s c op i c c oup le s , wh ich may affec t th e 
stab ili t y of the mCl,c h i ne a s a t'h e o r et ic a l stud y o f th e 
~ r ob lem ~ il l p rov e . Th i s p r a ct i c al p r o of j u st i f i ed me in 
t h i nk ing t ha t gy r op l anes s hould also hav e th e same stabil 
ity . 

At t h a t p a rticular ti me , I had des i gn ed a n ew mach i ne 
wh ich Was t o b e bui l t b y o ne o f my cowo r k e r s , Mr . Dor an d -
a . son of Co l p ne l Do r a n d . I n th i s mach i ne t he bl ade s we re 
pga in m o~nt e d i n a r ticul a t i on s t o the hub a n d c ould , i n ad
d it i on , rev o lv e a r ound the ir a wn a x i s , t hu s ma k i ng i t ' p os
~ i ~ l e to ,c ont r u l the i n ci den c e . The i n ci ~enc e was atitomat 
i c a ll y c han geab l e bi a n e cc en tr i c lev e r; l ow e r wh e n th e 
b l ~de' ri ses ; h i o h e i ,hen t h e b l a de d r o p s . 

, . . . 
Th e d i ffe r ent i a l in c i den c e c o n tr ol wa s r ealiz ed by a 

• 
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pla te mounted on ball beari ngs , which the pilot could con
trol either for ch ang ing the inci dence in any meridian or 
for ch ang i ng the Nho le system affecting the pitch. The 
direction was assur ed by a d i fferential control of the 
pi tch of tw o systems of co~x i al blades revolving in oppo
site direction . This arrangement had the advantage of as
suring direction e ven when hovering. 

The last gy ropl ane I construct ed was, in fact, only 
a l abo r a t ory mod e l . Its lines, as seen in figures 5 and 6 , 
were not ref in ed , and its drag w~s quite high. The sole 
pu r pose was to a id my exueriments on blade-control mechan
ism and ~aneuv e r ab ility . 

Concurr e~ tly, I l a unch ed in to a theoretical study of 
translation - ~ study which was to confirm the tests made 
at t he Ei ffe l labo r ato r y nnd a s published in 1927 in the 
Bull o tin of th e S .T . Ae . Th ese tests were mpde by Mr. La
pres l e on r i g i d p r op l l e rs with fairly lnrge solidity and 
f-' wid e r ange of incid.ence v{'.riations. T!lese experimen ts, 
carried out in systemat ic order, confi r med in startling 
manne r e v eryth i ng I had suspe ct ed, and ere of in e stimable 
v a lu e to me . 

I have esta~l ish ed in this r~Gnoct , various general 
formulas, and r equ ested my collaborato r, Jr . Devillers, to 
help me put them in mat h emat ical form . They appear, at 
fi rst g l ance , qu it e complicated, which is but natural • 
~ut they are i n full ac cor d with both the Eiffel tests and 
my own past and r e c ent experiments . 

I shall co mmen ce b y i ndi cating several simple princi
ple s concernin g the v elo ci ty distri bu tion over the blades 
of a l i ft i ng p ro peller of diameter D, revolving at n 
revolut i ons pe r second, and ani mated by a horizontal move
men t of tr ans lation at speed V. 

The c al cul at ion, compared with the test data, has 
shown me that th e aerodynam ic action o f th e air on the 
blades deyends p r act ic a lly on l y on the velocity components 
i n a p l a n e at ri ght an l es to the blade span . In other 
wo rd s, the rad i a l velociti e o r velocities of sideslip 
have no substanti a l effe ct on th o lift and power coeffi
cien t s - this assumpt i on be i ng , moreover, unfavorable. 

othe r sc i ent ists or t e chn ici ans who have treated this 
prob lem, arrived at the same conclusion (reference 2). 
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At anyo n e ins fant t he r e is thu s intr oduc ed int o t h e 
veloc i t y d i st ricuti on , th e c nmp onen t of t he speed of t r ans 
lat i r n, V a ~0n g th e n o rmal to t he span of eac h c l ade , 
s u c has , fo r ins t a n c e , V 1 fo r the 1'> 1 ad e A, a n d V 2 fo r 

'r-lade 13 (f i g . 7) . 

1 . Cons i d e r 1'> l~ de A dvan ci ng i n the d ir ect i on of 
tr _nslBt i on by r ota ti ng Rbout axis 0 ; t h e effect iv e r e 
sultant ' ve l o city at t he · t i p then i s t h e s um V3 = UA + V1 

f the speed f r otat i n UA = n nD and of the c omponent 
V1 pe r pend icu l a r to the span of the speed of tr ans l a ti 0n 
V • . 

The ext r em ity of the r esult ant speed. U I a t nn y one 
Foint ~ of t h e b lade , is the r efo r e fou n d on t h e st rai ght 
l i ne EF t o b e deduc ed f r om the st rai ght lin e eV A' t h e 
place of t h e e x t r em iti es of t h e speeds f r o t at i on cy a 
t r anslat i QJl V1 i n the d ir ec tio n of the a d v an c e . 

T1:e li ne EF me e ts the a x i s . A of tl e b l ade at 0 1 

wh i ch is t h e po i nt of z e r o v e lo city or t h e i nstantaneous 
cent e r of rotat i on . 

The tr i angles O I OE and. OADA fo r t h wi t h g i ve : 

00 I n E 00 I = V1 00 I V1 oI- VA ' "'-' TIn] ' 2TIn 
2 

Let R r ep r e ent a po int on the pe r pend icula r to the 
d i r e c tion V of the t r a n sla i on and in su ch a manne r that 
0 0 1 i s the p r oje c t i on of OR . 

The tri Rn gle s 00 ' 8 and QVE a r e s i mil a r a s the ir 
respe c t iv e s id e s a r e pe r pe n d icul a r 

00 I = 
I~ E 

The ang l e 0 IB 
Af fects it s re tat i on , 
sl i f t ed on the c ircl e 
aw e t e r d = OB - V - 2nn' 

OR 
-y-' 00 I = V 

2nn 
= , cons t . 

be i ng str a i ght when t h e 
the i n st a nt aneous c en t e r 

I, pa ssing th r ough 0 

b l ade A 
0 1 i s 

and the d. i -

p e r pend icu l a r to t h e d ir ect i on of 

t r anslat i on , the d ir ection f OB 
of the t r ans l a ie n by a gO - deg r ee 
the r otat i on n . 

be i ng d e duced f r m that 
r otat ion i n the sense of 

\..~---.-.----- _ .. 

• 

• · 

,. 
• 

.. ' 
• 
,. 
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The d istribution of the aerodynamic velocities is 
th e same as if, at each i ns tan t, th e blade turn ed about 
th e inst an t a neous c ente r 0 ' at the angular velocity 
2n n , whirib it h as abo ut its ax is O. 

In fact, by virtue of the v e r ification of this gen 
e r a l p ri n cip l e , i t is s een that the resultant velocity 
U ' i n I"f is, by def i n ition, V1 + 2nn OM; i.e., after 
rep lacing V1 by 2nn 00 ': 

U ' = 2nn ( DO ' + OM) = 2nn O'M 

Th e v eloc ity U ' i s fully the same es if, at every 
i nstant, t h e r otation took place at n revolutions per 
se.ond abo ut po in t 0 ', whic h is always the point where 

9 

a xis 0 A 0 f the b lad e an d c i r c 1 e I m e ~ t • So. a s Ion gas 
poin t 0 ' i s outside of t he blade area - that is, so long 
as the blade does not sweep the inside of circle I, the ve 
l oc iti e s U ' are al l in the same d irec ion. 

Thus i t i s f o r the rotation of 180 0
, which the blade 

advances , wh il e r o t a tin g , i n the sense of the translation . 

2 . Conside r, then , a blade B ( +- o .J.. l. e · 7) , whose tip 
s peed UB = n nD is 1;.1 the direction opposite to the effec-
tive component Va of the t r anslatory speed V. 

The straight line E ' F ' re~res ent ing the velocity 
dist ri bution , is aga i n dedu c ed from the straight line DUB' 
thi c h r epresents the d istribution of tho rotational speeds 
by a trans la t ion ~, but which i s now in the inverse 
s ense of UB . Th e r esultant velocity cancels out, in the 
in s t an t a n eo usc en t e rOil , the in t e r sec t ion poi n t 0 fbI ad e 
axis and circl e I. 

It is seen that, fo r ev ery part of the blade within 
circl e I , th e s e c tions a r e a t tacked on their trailing 
edge . The circl e I , the p lac e of the instantaneous cen
t e rs of r otation , def i ~e s by its inside area the region 
which I have called the re v e r sed-v eloc it y region. Within 
this reg i on the blade d rag is always activating as con
cerns the engine to r que , wh i le the lift is negative, the 
blades be i ng attac ked at their back . The distribution of 
th e r esult ant veloc i t i e s o v e r the b lade is again the same 
as if it r otntod about the in stantr>neous center 0" at 
th e r o t a ti on a l s peed 2nn , which the propeller possesses 
abo ut i ts central axis O. 
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This theory of the gyro,lane, as outl i ned above, is 
based on the fa ct hat it js pocsible to effect the sum
mation of the elementary actions of the air on the rotat
in~ b l ades , consid ered as wings of an ai rplane having a 
certain aspec t ratio A a n d a minimum drag coefficient 
c Xo ' The p robl em then re duces to find ing the fictitious 

a'Jpec t rat i o A to be applied t o this blade . 

Obv i ously, this A depend.s on the blade number N, 
the r atio ho of blade area to s ~ept - d isk a rea, which I 
have c ,:1,lled "sol i dity ratio," on the paramet e r of trans.La
t ion Y = V/nD, and lastly, on a residual aspect ratio, 
to which a fict i tious residual s ol idity ratio hr corre-
S ond • 

It will be remembered tha t the geometr ical aRpect 
r a tio Ag of a surface S1 is the ratio ED/s 1 between 
the squa re o f 

_ R2 _ D2 
Ag - -- - ---

Sl 4 S1 

e ring it as a 

N - h TID2 
S l - --0 -4-·· 

of a 'lade : 

the span and the surface - that is to say, 

for a blade of surface Sl ' But , on consid-

propelle r with N blades, by def initi on 

it giveR for the geomet rica l aspect ratio 

I 
---b:-; 
TI -

N 

It is known that the iLterf e renc e of the blades, operating 
be c ause of their rot ation i n their mutual downflow, is 
man i fes ted by a rise in induced velocities normal to the 
p lan e of r o tation , and proceeds , as concerns the induced 

C 2 
d r ag c Xi = nX- ' 
aspe ct ra+;io AjI; 

a function of cz, as if the geometric 

was lowered a~d rep laced by a f ic titious 

a~pec t ratio A so much smalle r as the interfer en ce is 
mo re p ronounced . I t Was this which decided me , in the 
f irst p lac e, fo r operation at a fixed Do int (static thrust) 
to mult i p ly h o by N + I ~hich , fo r N = 2 , gave a 
fi ctitious as~e ct r atio three times smaller than the geo 
met ric aspect ratio Ag . 

Then I had t o i~troduco the r e sidual aspect ratio Ar 
wh ich I express in t e r ms of a fictitious solidity ratio 
h r , the introducti on of whi ch simnlifies the ma thematical 

representation , and so that Ar - - 1 at a fixed point . 
2TIhr 

.. 

; 

. ." 
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The wi nd- t u nne l te st s warr anted the use of ~r = 35 
fo r an i solated win g i n t r anslat i on, and ~r = 10.5 for 
the wi ng s i n r o t a ti on, s uc h as those of a wing system ro
tat i ng at a f i xed point , the latter value corresponding to 
h r = 0 . 0 1 5 . Thus the fo rmul a for the f i ctitious aspect 
rat i o of a he li copte r b l ade at a fixed point, reads as 
follows : 

I n effe c t , h r may be dependent on the blade number, 
but th i s fo r mula i s in ten ded to be appl i ed to gyroplanes 
havi ng at least fou r, and no more than 8, blades, and it 
is suff i ciently approx i mate for the study under consider
ation . 

The coeff i cient hr represents an altogether new no
tion i n aerodynam i cs and signif i es that, for blades which 
are infin i te l y extended , a residual aspect ratio corre-
6pondin~ to an inte r ference limit, should be considered. 

I n the Ei ffel wind- tunnel tests on a four-blade pro
pe l ler yield i ng h~ = 0 . 28 , the ge~mctric ~spect rati~ of 
a blade being ~g = 4 . 5 , we observed et ~ fixed p0int, re
sults corresponding to a fictitious ~spect ratio of ~1 = 
0 . 9 ; thot is , n mprked decrease ith resuect to ~g, and 
explain i ng the qu i te med i ocre results 0btained experimen
tBl ly . 

It is on l y by adop ti ng a f i ctitious aspect ratio 
compris i ng the residual t e r m, that use can be made of the 
induced parabola of Prandtl ' s theory for each blade sec
tion . Otherw i se , it is i mDoss i ble to find even the sense 
and masn i tude of the expe r imentally observed results. 
This was confi r med in my experiments of 1907 on the dyna
mometr i c balance - acco r ding to whicn the variation of the 
solid i ty r atio ho . resu l ts in the lifting quality passing 
th r ough a max i mum fo r a value of ho proFortional to hr; 
or else , when hr is neglected, it increases indefinite
ly i n p r opo r t i on as the b l ades become smaller. The solid 
cur ves i n the chart (f i g . 8) represent the results of my 
tests of 1907 , and the dashed cu r ves the theoretical result 
c o rr esponding to h r = 0 . 0 15 fo r blades extending as far 
as the hub . The d i screpan cy between the experimental and 
the theo r etical cu r ves i s due to the fact that the blades 

J 
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of my r r ope ll e r s in 1907 ; did not reach · t & the hub . 

I est i mate that the method of conduct i ng the ' cal cul a 
tious i s more exact that that f~equently r eso r ted to fo r 
8 u-+'; 0 g ir o roto r "blades ; ··i . e . , computing the in.terfe r ence 
on the bas i s of i nduced ver t ica l velocity un i formly di ·s 
t ri tuted o v e r the swept - d i sk a r ea , this ve l oc i ty. "be i ng de 
t e r ~ i n e d by compari ng the disk constituted by th i s area 
to an a irp l a n e wi n . It 1.s, i n effect, d i ff icult to ac 
knowledge such a i i 'str i but-ion - much t00 advan t a.geo us in 
translat io n - of the ve r tical f l ow of the a ir fo r large 
propelle r s re v o lvi ng considerably s l owe r t h an the propul
s iv e propel l e r s - at a speed of fr Qm 2 to 4 re v o l ut i on s 
per second , fo r ex ample , and where :the b l 'ades du r 'i ng h a l f 
of a r evo l ut i o n a r e i nac·t i ve ~hi le .sweep i ng the reve r sed
veloc i ty refS i on . 

I effected the calcul ations o n the "basis of a mean 
and unifo r m l i ft c oeffic i ent , but proceeded f r om an experi 
mental po l a r whe n , i n the r eve rs ed- veloc i ty r egion, the 
sections are at t acked at thei r tra i l i ng edge . 

Without Rutomatic i n ci dence adaptat i on, th i s would 
change pe.riodical l y 'because o f t..he tilt i ng f the axis of 

he p r opel l e r s, but ~he ver t i ca l flapping mot i ons of t he 
blades pe r mi tted by the articul ati~ns play , on that aC 
count, t he pa r t of a r e g ulato r . 

To com!,)ute the lift and the powe r i nput , I then e'f 
fe cted the i nteg r at i on s of the air act i on along the blades 
by replaci ng fo r each se c t i on the square U l 8 of 'the r e 
sultant a e r odynami c veloc i ty by its mean value de ri ved 
f r o~ the i nteg r ati on i n the ne ri ed . The integ r ations we r e 
made sepa r ate l y fo r the exter i o r and the i nte r io r of the 

' ieve r sed- v e l~ c i ty r egion . ~0 r ,the i nte ri o r, I assumed 
Cx I = 2 c x , 2.nd Cz I = - 0,. 5 c z ' c x and C z be i ng the li ft 
an~ d r ae c oeff i c i ent s on the a c t i ve pa r ts of the blades . 

I a l so c omputed the res i stance offered t o the r 9ta
tiona l s~eed gene r ated by the blades i n the ir plane of r o 
tation , wi th ' c on s i de r a ti on fo r the unsymmet r y of the a ir 
loads set up when the p r opel l e~ is i n transl~tion . Add i ng 
the drag o~ the body t o that of the accessor i es g i ves the 
total d r ag . 

Th i s d r ag necessitateD an ~ngle of fo r war d p r opul s ive 
incl i nat i on of the axis of the propell e r s and i ts effe c t 
is ihclud~d ih the term fo r the DoWe r i nput W to keep 
the p r ope llers rotat i ng . 

. ~ 
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I conf i n e d mys e lf to th~ cas e whe r e the r eversed- ' 
ve l oc i ty reg i on remains wi th i n th e swep t- disk area, whence 

my fo r mu las ar e valid up to ~- = n, wh i ch seemed to me 
nD 

to be s u ff i cient . In this manner I have· obta i ned (refer-
e nc e ~) fo r bl a des sub s tant i ally r ectan g u lar in plan form, 
t h e f o l l o wing f nrmul a s (in me t e r l kilogram, second units). 

N , 

s 
= :;;])"2' 

-4-

Gy r p l an e F o r mul as 

e f f e ct i v e s o lidity rat io fo r t otal blade area 

numbe r ~ f blad e s . 

res i dual s o l i dity ratio ( 0 . 015 for my actual gyro-

s. 

pI a:n e s ) • 
v , 

n , 

D, 

'Y 

for ward spee d . 

r evoluti ~ ns p e r se c on d of t h e coaxial propell e rs. 

p rop e l l e r ra d iu s . 

= V 
nD ' 

p arame t e r o f tr a nsla t i on . 

a Va , parasit e dr ag at ze r o al t i t u de~ 

A, fictiti ous a spe c t r at io of the blades. 

li f t c oeff ici e n t c orresponding to the fine

n es s r a ti o o f a n element, for a minimum 
d r a g c o e f f i cient c Xo ' 

C z = I-L c :z f , lift c oeff icient of a n element, assumed con-

stant f o r a ll active parts of the blades . 

d rag coeffici e n t of an element. 

P, to t al weight, equal to th e li ft in horizontal flight. 

W, p owe r input at propeller shaft. 

c , 

o I 

sum o f en g ine tor ques a ppli ed at propellers • 

relat i ve ai r den sity at c ontemplated alt i tude of 
fl i ght . 
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I . F ictiti ou s a spe ct r ati o : 

1 
A = 

l ho ho + hr J 
n ~- + hr + 

H 1 + 1 . 28 Y 

II . Lif t c oeff ici en t: 

0 . 1 62 ~ho 
ho ho+ h r 
- - + hr + --- ----
N 1 + 1. 28'Y 

II I . Powe r coeff ic ient : 

f3 = 

IV . Ang l e of p r opul s iv e i n clinat i on 8 : 

tan 8 = 

V. Li f ti ng qualit y : 

= £~!~ 
DW 

1 ct 3/2 = 6 1 2 _~. _ _ 

f3 

VI . Appa r en t r e l a tiv e d r ag : 

W S t a n q;> = = 
PV ct z Y 

tan ~a be i ng t he r e l a t iv e d r ag of the wi ng system a lon e ; 
t ha t is, fo r (J = 0 , so t ha t 

n 1+ 1J.2 ho ho + h r , 1+ 0 . 3Y + 0 . 00 6 'Y J ( "2 4 

2 . <6 -~-- c xo i~-+ hr+ 1+1 . 28 Y) Y(1 + 0 . 15y2- 0 . Ol y 3) -

(1 ) 

( 2 ) 

( 4 ) 

( 5 ) 

( 6 ) 

." 

(6a) 
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VI I. Propeller torque : 

o = Jt 121: 
o'z 2'IT 

VII I. Lift referred to sp eed V: 

IX . Power refe rred to sp eed V: 

X. Polar v e rsus swept - disk area 

Ox = 

W = 

64 Jl~ 
'IT 'Y 

~- ex 
16 

64 o,z 
-"2 

'IT 'Y 

sv 3 

S : 

15 

(7 ) 

(8 ) 

(9 ) 

(10 ) 

(11 ) 

(12) 

(13) 

XI . Sem icubic induced parabola asymptotic to the polar: 

° 3/8 ° = _~___ (14) 
x 2 

corresponding to the qual i ty at fixed point q = 0.443 6 1
/

2 

dedu ce d f r om the Froude theory . 

It follows f r om fo r mula (I), which allows for the 
translation, tha t the blade interference decreases very 
qu ickly in function of the translation parameter Y, this 
phenomenon be ing analytically expressed by the rise in 
fi ctitious aspe ct r at io A interposed in the induced pa
r abo la of a blade ( f i g . 9 ) ~ This A is minimum at static 
thrust (y = 0 ) and then takes the ~forementioned value: 

Ao = r 
'IT l ho 

1 

L"U + 
N 2h r J 

'""', 

., 
I 

J 
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In f o r wa r d moti o n , wh en t h e p r o pe ll e r mak es a comp l e t e 
r e v o luti on , i t a dv an c e s by Vln, thu s sw e eps th e t ot a l a rea: 

th i s 

S ' 

TIl e rat i o 

a r ea S ' 

= TT D 2 + Yl! = 
4 n 

o f the a ctua l 

is : 

s 
S ' 

ho 
= --- - - - - -

I + 4 V 
TT n D 

IID2 (1 "-
+ 4 V \ -- I 

4 TT n D/ 

b l a.d e area s = h o IIl!: to 
4 

h o 
= --- -- - ------

1 + 1. 28 Y 

F o r mula (1) s hows that, on 'cond i t i o n of in c reas ipg 
ho of the r es i dua l s ol i d ity ra ti o h r' i t i s p r e ci se l y 
th is c ha r a ct e ri s t ic r at io wh ich i nte rv ene s t o cause , th rou gh 
it s decreas e , the incr ea s e o f ~ i n fun c t i on of the t r an s 
l at ion . 

Las tly , i f Y becomes v e r y g reat , t h e l i mit of t he 
f i ct i t i ou s a sp e ct r a ti o is reac h ed at : 

~ m = 1 

(
hO . 

TT 1.r- + hr) 

wh i ch i s i d e~.t ic al to t h e g e om e t :c i c aSl)e c t r at io ~ g of 

th e b l a de exc ept fo r th e add ed r e s i dua l so li d i ty r at io hr' 

Fi Gur e 9 sh ow s for g y r op lan e s with 4 or 6 b l a d e s , t he 
rap i d i n cr ease of ~ . i th the tr a ns l at ion par am e t o r Y, 
t h e f i c t i t i ou s asp e c t r Rti o be c o ming sub s t an ti a lly 2 . 5 
ti me s g r ea t e r wh en p a s s i n g f r o m Y = 0 (st a tic thrus t ) to 
Y = :3 . 

I n t h e e x p r ess i o n ( 2 ) of t h e li f t coef f i c i e n t U z t h e 
c o mp os i t i o n o f the v elo citi es g i v es the ~ ar ent hes i s (1 + 
0 . 15 y 2 - 0 . 0 1 y 3 ) t he f airl y s mall sub t r ac t i v e ter m 
0 . 0 1 y3 a ri s i rg f r o m the pas s age o f the b l a d es i nto t h e 
reve r sed- v eloc ity r egi o n . 

I t i s sur p ri s i n g t o no t e th a t up t o t he l imit o f va
l i d ity Y = TT of my fo r mula s , t he re v e r sed- ve l o city r e 
g i on r e mains wit h i n t he s wen t - di s~ a rea ; t he pass a g e of 
the b l a de s in t o t h is i r cl e l owe r s t h e &e r odyn am ic quali
t i es of a p r ope l le r i n tr ans lat i o n ve r y li ttle . 

\ 
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In t uiti vely, it is seen that - the aerodynamic reac
tions be ing p roportion a l t o th e square of the resultant 
v e locity - the b l ade wh ich recedes with respect to trans 
lation i s , by reason of the smallness of the existing re
sultan t v eloc it y , bound to be practically inactive over 
i ts who l e area lying within the reversed-velocity region. 

The powe r coeffici en t S in formula (3) assumes, 
at each i nstant , the propul sive equilibrium realized in 
horizontal fl i ght. The power absorbed by the drag of the 
body an d 0 f the a c c e s so r i e sis, a c cor din g to (~), de r i v e d 
from the integrations: 

6. W = ocr n 3 D5 'Y 3 
-])2--

or , s u bstituting V!nD fo r 'Y and simplifying: 

6. W = 6(JV 3 

This power is equal t o that of traction, with an efficiency 
equ al to unity, whateve~ th e t r anslation parameter 'Y may 
be . 

This conclusion is exact only wh en, as I have done, 
the quant iti es of the second order nre neglected with re
Dpec t to the angle of p ro pulsive inclination 8, cos 8 
hav i ng been compared to unity and sin 8 to 8 during my 
c a lCUlation s . 

The char t (fig . 10) illustrat es the application of my 
fo r mulas t o p ropellers test ed during 1925-27 in the Eiffel 
wi nd tunnel - p r opellers with excessive solidity and very 
drag- p r oducing hub, ~ r each in g as high as 3.9. 

Ch a r t ~ l shows the evolution of the lift-coefficients 
~z and th e power coefficients S against 'Y = V/nD for 
two . gy r oplLnes . The one of considerable parasite drag and 
having fou r blades , is substantially the same as the ex
peri menta l ai rcraft I have test ed; the other, fitted with 
six b lades, represents a v e ry r ef ined gyroplane of the fu
ture . 

F i gu r e 12 shows the angle of propulsive inclination 
8, insuring p r opul s ion i n h0r i zontal flight independent 
of the rel at ive a ir density for the two typo§ of gyroplane . 

Fi gure 13 g iv es the apparent relative drag changes 

J 



,-----._- ----------
I 

18 N . A . C . A . Techn i c nl Memo r a n dum No . 8 1 6 

t".n <P a b e. inst 'Y = V/nD , independent of t h e . altitude, and 
the l i ft i ng quality q a t sea l e v e l for th e tested gyro 
p l nn e a~ainst t hat of th e futu r e . It will be Been that q 
F Rsses t h ro ugh so muc4 hi gher a max i mum as th e pa r as ite 
d r ~~ D are lo we r; thio maximum , r ea ch ed fo r . a v a lu e of 
V/nD , de cr ease~ as these drags increase . By the same a r 
r.:; u ment , the rel 'at ive d r ag s tan cP pass th r ough so muc h 
low e r a mi n imum an d reach so much hi gher a value V/nD as 
th e paras it e d rag s a re smaller . Fo r aerodyn am ically clean 
machines , as the f u t ure on es will be , this mini mum rang e s 
a r ound 0 . 11 fo r a valu e of V/nD app r o achin g 2 . 5, and it 
is sur p risin g to note that ove i a very large re g ion the 
relat iv e d r ag r ema ins practically constant and equal to 
its mi n i mum . 

This is an a dvan tag e no t p o ssessed by t he airplane and 
enable s a gy r op l ane i n crui s in g fligh t to increas e its 
spe e d wh i l e conservi n~ its p owe r i n p r op o rtion to its 
li g h t e r we i g ht ~ i th fuel c o nsumption . 

Anoth e r r emarkable feature is, that at the r eg im e of 
mi n imum t a n ¢, t h e an g le of p r opulsive inclinati on 8 
remp i ns p r acti c al ly c o n ntant and e qua l t o a slope of 
R.round 1 0 0

, a~: a glan e P. t figur es 12 L ~nd 13 r e veals . 

Th e r nph 14 s ho ws tnn CP a ' t nn b Rnd the lifting 
quality q p lott e d p.g, . i nst 'Y = V/ nD fo r a gyroplane 
with z e ro p~rasit e d r a g (G = 0 ) at s en- l e v e l Rlt itud e 
(corr e s p ond i ng t o ~ i n g sy st eM r otatin~ only) . 

ing 

que.l i t y 

}!- = 2 
n D ' 

q increa s es to a rna ~ i mum of 0 . 64 on app roach

then dr ops a little to r ea ch 0 . 615 at n~ = 3 

Th e appa re ll t re l at iv e d rag, tan CPt:~ , cl e creasBs c onstant ly 

a s f D. r a s ' Y- = 3, w he r e i t rea r. h e s sub stan t i a ll y its 
uD 

mi n i mum of 0 . 069 . 

The slope ~Qn 8, 

a lone , is i nferi o r t o 

c or respond ing to t he wing 
V tan CPa as fa r n s = 3 , nD 

t wo quant i ties t h en becoming equal . 

sy s t.em 

these 

No w , for a ny g yroplan e , l e t R = RQ + Rn be th e tota l 
d r ag balanced by t h e angle of p r opuls iv G i ncl i nation 8 : 
Ra be i ng the dra~ due to t ho r evo lving blades , and Rn 
t h e drag due to body , hub , a n d accesso ries . 

\ 

., 

--------------------~/ 
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The condition of p ropu l sio n in longitudinal flight 
gives, obviously, ' t a n e = Rip. But, as the apparent over
all relative d r ag is tan ~ = W/P V, the substitution of 
R/ an 8 for the we i ght P i n the formula for tan 8 
g ives: 

W 
tan ~ = RV tan EJ 

Acc o r d i n to the charts fo r 8 and tan~, it seems 
that up,to tn e mi~imum of tan~, tan ¢ being greater 
th em t a n 8, the powe r input W is greater than RV and, 
b ey ond , W may be inferior to RV. 

This uaradox ical re sult fo llo ws from evaluating R 
wi t h re spe-; t to .V/nD rath e r than V. In the regime of 
mi n i mum tan~, wlRP is very plose to unity for a clean 
gyro})lane, and. ap})roa ch es 0 •. 5 when the gyroplane has a high 
d rag, such as thC't ·analyzed. in this study. 

F i nally , it may be no t ed that in vie~ of formula (6), 
the powe r equat i on of a gy r oplane can be put in the follow
ing fo r m: 

tan ~a + 0 (J V3 

P 
(15 ) 

whereiri the parasite d rags do ~ot interfere except,in their 
r elation to the t otal weight of the gyr6plane. 

For a verj clean ap,aratus, we cay put 
P 

to 1 

400000 • Formula (15) shows that, for a gyroplane of 

g iv en .~aras it e d r ag , we i ght , and horsepower, the highest 
sueed V is obtained when 
u~s V/ nD much highe r than 
V = TI . 

nD 

tan ~a is minimum, or at val
considered here, ~.e., 

The most favorable value fo r ~ is unity, as is read
ily'ap~arent f r om formula (6a) , although tan ¢a increas
es s+6wly .wi th ~ so ' long as this coefficient does not ex
c eed 1 . 5 . 

. (J 1 
Assume , for example , that p = 400000,0 = 0.74 

( ~ ," 000 ill e t e r s = 9 , 8:1 2 ' ft . ), an d t hat it ' is :p 0 s sib 1 e to 
a(a,t the propel l ers fo r a value of V/nD = 2.3 to 2.6 or 
sub s t a n t i al l y , t n ¢ a = O. 07 2 • The nth e pre c e din g for m u 1 a 
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enables us to comput e the horsepower .pe r kilogram of total 
weigh t o r the total we i ght pe r horsepower with r espect to 
the max i mum .s:peed at this alti·tu·de . The r esult is: 

Alt i tude of F li ght, 3 , 000 m (9 ,842 ft.) 

Max imum sp eed 
km/h 350 400 450 500 550 600 650 700 

Ho rs epowe r pe r 
kilog r am 0 . 116 .1 40 . 16·9 . 200 .235 . 27 6 . 320 .37 0 

-- f-- -

Total \ e i g h t in 
ki logr c1.m s pe r 8 . 65 7 .1 3 5 . 92 5 4 . 25 3 .6 2 3.12 2 . 70 
ho r sepowe r 

km/h x 0 . 621~7 = mi . /hr: kg x 2 . 20462 = lb. 

Now we attempt to find the speed of t r anslation V, 
up to wh ich the resultant v elo cit y at the tip of an ad 
vancing b l ade does not exceed the velocity of sound. For 
a speed of t r anslat i on V an d a t i p speed nnD of the 
b lQdes , th e r esultant max i mum aerodynamic v e locity a t the 
tip of the advancing bl~de is: 

U ' = V + nnD = V (1 + ~~D) = V (1 + ~) (16) 

I t is se e n that fo r a given speed V, U' will be so 
much lo we r a s the translati on para meter Y itself is 
g reater . So , to prevent U ' f .r om reaching some velocity 
and the r eby vitiating the aerodynamic qual i ties of the 
blades ) it is advantageous in this respect that ~ shou l d 
app r oach n . With Y = n , the vel oc ity U r = 2V reaches 
that of sound ; that is, ~30 m/ s for a forwa r d speed of 
V =. 165 m/ s, o r 595 km/h . 

Chart 1 5 com:pares tan ¢ fo r a gyroplane of th ~ fu 
ture and an ae r odynam ic ally clean air:p l ane corresponding 
to ex = 0 . 018 and a 1~0 kg/rn a loading aga i nst the speed 

o 
a t 3 , 000 m. The ove r - all r ela tiv e drag · of the airp l ane 
is equ a l to i ts relative aerodynamic drag d i vided by the 
p ro pel ler . effic i ency n, which has bee n f i xed at 0 ~ 77 . 
It is seen that the gy roplane p r evails over the airplane 
as soon as the sp eed exceeds ~80 km/h, and likewise, at 
speeds belowl30 km/h , unattainab le by the a irp l ane which 
assumed~y has ~een fitted with the ~est hiih-lift devices . 
------------ --------------------------------- ------------------
m/ s x 3 . 28083 = ft ./ sec . kg/m x 0 . 2048 18 ·= Ib./sq.ft. 

.. 

., 
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In p r oof o f the fo r ego i ng , the diagram (fig. 16) 
s h ows , p l otte d a~a i ns t th e .spee.d at ,3,000 meters, ' the 
powe r abso r p ti on fo r t h e a irplane and for the gyroplane, 
and fo r the l atte r the d ev e l opment of ~uality q at this 
a l t i t u de , q v a r y in g in inv e rs e ratio of the horsepower. 

Be t ween 1 30 : an d 3130 ,k il om.e t ers per hour, the airplane 
need s l ess ~ow~r t~ fl y .t h an ~ ' gy!oplane, b~t the gyrp
p l ane c a n make 5 00 k il ome t e r s pe ~ hour ~ith only 2,900 
horsepowe r, whe r eas t he a ir p l ane , notwithstanding its high 
f i neness r at i o , needs 4 , 700 ho r sepower. 

Ch a rt 17 r ep r esents, in f u nction of 'Y = n~' the 
Ghan ge s i n speed, of ,a .d v a nc e , speed of p r opeller rotation, 
powe r absorp ti on , a n d of th e to t al propeller torque for 
hor iz on t al fl i ght ,at 3 . 000 mete r s - that is, for the en
t i re speed r a n ge of hor iz on t al flight, from hovering to 
max i mu m fo r wa r d speed . 

Th e su r p ri s i ng fac t is , that contrary to what occurs 
wi th the o r d i nar y p r o~el l e r , the number o f revolutions 
pe r se c on d of the p r ope ll e rs decreases consistently as the 
speed V i nc r eases , wh i c h i s evident as a result of the 
cor r e l a tiv e i ncr ease i n li f t cQefficient a z • 

Th us the t i p speed TInD of the blades decreases in 
p r opo rti o n t o the i n c rea s e in forward speed V, so that 
the sum V + TI nD may be a l mos t considered as being a 
constan t . Thi s exp l ai n~ wh y , wi th this particular gyro
p l ane , the ti p s peed at stati c t hrust is 260 meters per 
second , and a t 480 k il ome t e r s pe r hour, the resultant 
spee d V + TIn D will on l y be 274 meters per second; i.e . , 
only 5 pe rc ent h i g h e r and we l l below that of the velocity 
of s ou nd . 

Thi s v ari at i on i n t h e number of revolutions can, ob
vi ous ly, be :mi t i ga t ed by mod i fying the blade incidence, 
but the r e is a poss i b i l i ty that i t will be necessary to 
p r ov t de a speed change fo r the gyroplane of the future 
wi th it s h i gh fo r ward speeds . 

Acc o r d i ng to f i gu re s 1 6 and 17, the gyroplane absorbs 
the same powe r at s tat ic th r us t as at 450 kilometers per 
hour, whi ch i n di cates qui te clearly that this type of air
c r af t affo r d s i n some fa sh i o~ gratuitously, a translation 
at al~e a dy ve r y h i gh s pee d . The power innut is minimum for 

~D = O. 9 , co r res p 0 n d i n g t 0 a ' s pee d V 0 f 225 k i 1 0 ill e t e r s 
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per hour , wh il e th~ propelle r torque itself 
a slight ly lower speed, such as V/nD "= 0 . 6 
kilomete rs pe r hour . 

is minimum at 
and V = 150 

Ohart 1 8 show~ ' the ch~nges is coeffic i ent ~/az of 
the propell e r to r que aga i nst V/nD for the investigated 
a nd" the futu r e gyrop l ~ne . As "for th e airplarie , the speed 
of minimu~ to r que is tha t of th~ ceiling~ and that is aloo 
the most advan tageous fo r flight with one or more engines 
c ut " out . 

Charts 1 9 and 20 reveal - plotted a~ainst V/nD - the 
slope of the lift and power curv e s az /Y and S/y 3

, re
sp ect i ve l y , which follow wh en horsepow e r and lift are re
f e rred to s pee d of advance V, a s f o r the "c onventional 
a irplane , r a ther than to th e numb e r o f re v olutions n . 

La stly , chart 21 g iv es the p olars versus swept - disk 
a rea c onfo r mab le to f o r mula s (10) a n d (12) for the tested 
g yro p lane a nd for that of the tutftre . The " coefficient Ox 
is def in ed by the powe r e quation (11) and coefficient Oz 
b y the lift equation (13) . 

Drag tan <i> and lifting qual i ty q are g iven in 
te rms of Ox and Cz by th e formulas : 

W ~X tan <i> = = (17 ) 
PV Cz 

(lS) 

When Y t e nds toward z e ro , i.e ., upon approaching 
s t a tic sust entati on , Ox a n d Oz increase indef initely , 
and the polar has an infinitely rising branch; tan <i> 
t h e n increases inde fi n i t e l y, the asymptotic direction be 
ing t he axis of Ox . The qua l it y at zero altitude then 
t e n d s t oward a limit qo ' ~ak i n g the pola r asymptotic 
t o the semi cubic induc e d p arabol a : 

Ox = LT!. ° 3/2 
Sqo Z 

(19 ) 

Froude ' s the ory affords a s a tisf a ctory a p p roxim a tion 
of th e qu qli ty ' qo at static thrust ~nd wi thout gr ound 
i n t e rf e r enc e . It supp oses th e i n duc e d speed to b e uni -

"\ 
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fo r mly d i st ri buted over the swept-disk area, the value u 
on ~a ssing i rito ~his a~ea , ~nd 2u af t e r passage. It fi 
nRl l y nffo rds the powe r input Pu and the quality at zero 

~l t i tude qo = -? = 0 . 44'3 , wi th the corr e sponding semi 

cubic induc ed p~rabola p~~viousl y cited and 

= 1 C 3/8 
2 z 

(20 ) 

I have indic ~ t ed in the fore go ing that, in order to 
move [t t g,u ff ,ici 'en t speeds, i 't i'!as i nd is~oensable both from 
the po in t of view of design a nd of the stability, to hinge 
the r o ta t in g bl~d e s to the hub, a nd gave the reasons why 
this is jus t ified. When the b l ades a re rigid - and this 
i s i mpor t an't - and, 'the :oa r amet'e r of translation is quite 
high, t he momentous ver i at i ons in the lifting force exert
ed on a blade duri ng r otat i on , p r oduce periodic bending 
st r es ses wh ich a r e not adm i ss ibl e unless the structure is 
v e ry heavy . Besides , it un doub te dly engenders critical 
vi b r ations . The calculation of which I have given the re
sults , [ r e predica t ed on the assumption , f rom the aerody
namic po i nt of vi ew , that the blades a re rigid and conse
quent l y make no al lowance for the £lap~ing action permit 
t ed by the a rti culat i ons , rnd whose analysis is a very 
diff icul t p r oblem . 

Suff ic e i t to sPy that th i s flapping, even for high 
valu e s of ~, has p ractically no detrimental effect on 
tan~ . I shal l demonstrate, moreover, the· necessity, from 
the ae rodyn am ic point o f v iew , for allow in g the blades 2~ ~ 
of f r eedom about the t wo ne r pendicular axes - one in the 
mer i d i an plane , th e oth e r - i n - a par alle l plane in order to 
recover the Dowe rs brough t int o play . 

It is sa i d tha t when a wing in uniform translation is 
ac'tuat ed b JT a v e rtic a l, sustained, pe riodic flapping mo
tion , it is ~o~ sible to effect a dec rease and even a nul 
lification of the drag by comb ining the oscillation of the 
aerodyn a mic resultant with t~e inci den ce variations (ref 
e r en c e 4) . 

Th A difui n ution of the Do·e r necessary fo~ the advan ce 
i s found i n the p ower c onsu~ed for upholding the flapping 
mo ti on , wi 'th a p r opulsiv e eff iciehcy solely a function of 
the ef f e c t iv e aspect ratio of the wing . The efficiency is 
improv e d when the win g o scillat es about an axis parallel to 
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the span so as to attenuat~ th~ incidence v a riations by 
tending toward unity if the aerody~Amic incidence were 
kep t constant . In this extreme cas e the influ e nce of the 
flapping motion will b~ zero an~, likewise also, the power 
ne c essary to ~ustain ~his motion • 

. On the gyroplane the flapping motions are fre~, being 
c au sed by . the Va ria t ion s 0 f the r e's u 1 t an t a e r 0 dy n ami c v e
locity . The blade~ , dpubly h in~ed, ~re f r ee to oscillate 
in a me r idian , . And in a pa l llel plane . A~th6ugh the pro
p eller is tilted, ~d.e signat e th e former with v e rtical 
f lapping ; the othe r, ·.wi th horizontal flap ping. When a 
blade a dv a nc e s in the · sens e of th~ s pee d of transl~tion, 
.it is r a i sed with a ~ertain ph~~e diffeience by assuming, 
.in thi s munne r, ~t on e of its points, a speed .. v, which 
combines with the aerodynam ic sp eed UI~ The r esultant 

·ae r odynnm ic . v e locity. without it s mag~itude being substan
t ially ch;:::.ng ed , th e n inclin e s uuward at an C'.ngle (= . 
v / U I • . . -

Th e result is that th e d rag coeffici ont in the ulane 
of r o tation is increase d by th e com p onent (C z of the 
1 i ftc 0 e f f i c i en t; at the s a m e tim e, the inc i ci en c e is, 0 f 
course ~ dec reas ed by . . ( . Bu t I have mad e the calpulati ons 
o n the basis of a mean lift coef f ici e~ t, taking into aC
count the natural and controlled incid en c~ variati ons . 
In comparis o n with t hese · figures , ~ccord ing to the fore
go ing, it will be s~en that the · d rag in the plane of rota
tion is increas ed when. th e blade advances in the sense of 

. .the t r anslation . 

Th e inv e rse process takes p lace outaide of the re
ve r sed- velocity regian , when the bl~de rec edes , but, as 
the r esult a nt aerodynam ic v e locity is then much lower, 
there is no compensation. In addition , the dr.ag within 
the r e vers e d- velocity re g ion - the lift being negative -
is increas ed . Th e amp litude of this flapping is a func
tion of t he int ens ity of th e restoring forces · formed by 
t he c entrifugal fo r c e e nd the blade we i gh t . When the blade 
faces in th e inve r se sense o f the s pee d of advance, it is 
s u bstan ti a l l y pe rpendi ~ul a r to the axis of rotation, and 
e ven alight l y tilted do wn wa rd owing to its own inertia. 
With fixed p i tch the g reat es t el ongation is obtained in 
a bout the most fo r wa r d position , and the highest speed of 
cl i mb in the meridian perp endicular to the translation. 

In practice, acco r d i ng to our patented device, the am
p litud e of these vertical flapping mot ions is limit ed by 

, . 

, 

I 

" ~ 

J 



( 
~---

I 

N .A~CiA. Technical Memo~andum w6. 816 25 

th e au to ma tic nitch de cr e~~~ , wi th the aid of an eccentric 
lev e r, ' in d i~ e~t ratio ~o the ris e. The maxfmuo speed and 
elongat i on are thus rea~hed sooner. I shall confine my
s e lf; on this subje6t, to ~he foil owin~ little-known funda
mental phenomena wh ich und e rlie the theory of flapping mo-
ti on . 

l~ Every vertical flappi ng motion develops - due to 
th e fa ct t ha t it sup e r p oses itself on the rotation of the 
p r opel ler s - combined cent ri fugal forces, 'pe rpendicular to 
the ~e ri d i an p lane of this flapp ing, wh i ch tend to make 
th e b lade a dv a nee when it is rais ed and retreat when it is 
l owe r e d . 

Every v e rtical flapping mot i on is t he refor~ necessa
rily , acc~mp anied by a horiz ontal flapping mo tion of lower 
amplitude , t hese t wo flapp in g motions being not in phase. 

2) The i nc r ease in power necessary for the rotation 
due to t he drag in c r ea se in the plane of rotation, is com
pensated - at eff ici e np y app roachi ng flapping - by the 
po we r supp li ed in vertical flauping by the displacement of 
th_e lift . 

3 ) This r e c o v e r y is effected through the energy, in 
th e h o riz on tal flap p in g mot ion , of the c ombi n ed centrif
u ga l fo rc e s wh ich, in th i s fash io n, p lay the r ole of trans
form e rs of ene r gy~ As th e se comb i ned centrifugal force s 
ar e due to v e rtical flap p i ng , it is readily se en that the 
re cove r y of energy is contingen t u pon the combined flap
ping mo tions, v e rtic a l and horizontal: whence follows the 
justificat ion of th e princiul e of double art i culation; no 
fr a c t ion of th e consider ab l~ e~e r gy' emp loyed i n the verti 
cal flapp ing moti on c an be tr a ns formed an d recovered ex
~ ep t by ~e rm itting th e horizo n tal flapp i ng to be effected 
fr ee ly.. ' 

I shall g iv e t he , mathematic a l demonstration of these 
fundam e n,t~ l ~rope rti es,. 

Th e m6tive fo r ce of a blade being it s rotation about 
its own axis at unif o r m s pee d w, the vertical flapping 
constitut es a r e lative motion and g ives rise t o comple
mentary ac ce l e r ations . 

L e t S b e the up ward inclin a tion of the ~lade in the 
, df3 

pl ano of rot a ti on, v = r -- the speed of ris e of an ~le
d t 

-~ 
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men t dm of the mas~ of .the b l ade s ituat e d at d istanc e r, 
v fo r m in~ , with the ~x i s of r o t at'i on ,th~ an~le S. The 
e l emen t a r y c omb i ne~ c e rrtri fugal fo rc e of mass dm is pe r
pend i cula r · to v : a;n (1. t o t he ax i s of r o t a ti on, h en c e to 
t h e me r i d i nn .0 f the 01 a d e 'an d 11 as , .·0 . y i r t u e 0 f the Cor i 0 -

lis th eo r em , t he v a lu e : 

With 

dF c = 2w v S = 2w ' r dm ·· S ~ 
. dt 

M, the . t o t~l mass Qf ih e blade 

d ist anc~ of it s ' c en t e r of g i a vity f r o m 
t ho a x is of rot ati on , we have : 

l: r ' dm = M r g 

( 2 1 ) 

Th e r esult an t co mb i ~e~ c entri fugal fo ~ce th e n h a s, af t e r 
in t eg ratin g for th e wh ol e blad e , the magn itude : 

Fc = 2w rg M S 4] ( 22 ) 
dt 

It i s s een tha t t h i s fo rc e F h as the 'same magn i
tude as if th e total ma ss we r e c ongent r a t ed i n the c en t e r 
o f g r a vity, although t h i s i ~ no t to b o int e r p r e t ed as be 
in g app li ed a t tha t p o int. 

a I f H = M w r g ~s t~e c enttif~gal forc e to which 

the b l ado i s subj e ct in i ts rotation about its ax i s , we 
m ['.y w r it o : 

= 2H ] .9:~ 
w dt 

( 23 ) 

wh ic h sh o ws that this ~6 rc e c ~n become r e l a tively v e ry i m
~ 0 r t ."',n t . 

As t e b 1 a d e r i s e s, t ~1. i s fo r c. e - (l ire c t ed in the 
sense of mot i on du e t o r o tatiori w - is act iv e . Contrari 
wise , i t i s r esist.ant ':,hen t he b l ade i s :Lo we r e d, and z e ro 
whe n t he b l ade is pe r pen d i cular to the ax is of r otat i on 
(S = 0 ), or whe n i ts i n clina ti on is max i mum o r mini mum 

( .9:] = o~ . By i nt e g r ating alon g .the blade at a g iv en in-
d t / 

stan t, the r esult an t c ou u l e in r e l at io n to th e art icula
tion parall e l to th e a x i s o f rot at ion, du e to the forc e s 
dF c ' h a s th o value: 
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J = L: r dF.c =, ,2w, /3 5l.@ L: r a dm = 21 w /3 g,.§ 
dt dt 

(24) 

whe re I ~ L: is dm = 'M ~a is ' the momen t of inertia of the 
blade in ratio to the a rticulat ion , and p the cor~e
spond ing ra d iu~ of gyration . Thus it is seen that the 
force Fe ts applied ~ at a . d i stance a from the axis, so 
that a Fc = ~ . From formulas ( 22) and (24) follows: 

a -
I 

Mr g 
(25 ) 

Bu t if Pg , i s the radiUs ' of gy rat ion relative to the cen-

t er of g ravi t ~T , p a = 0 a + r a, . h en c e : 
I g 0 

a = r + g 
(26 ) 

the we ll - known formula def i n i ng the cent e r 'of shock ~ith 
r esy.>ec t to th e ['.xis \-h ich , in consequence, is the point :of 
a~p lication of force Fc fart he r aWRY from the axis than 
th e cent e r of gravity . 

The combined c entrifugal counle J thus defined, is 
peri edic and of particular value; it contributes directly 
to the conservatio n of the horizontal flapping m~ti~n. 

Th e n l e t W be the e longation of horizontal flapping, 
a~ time int er v a l t, pos~tiv e when in direction of motion 
due to rotation w, all f l app in g motions having as common 

period th a t T = ~J of a p ropeller revolution. 

I shall demonstrate this important theorem in the fol
lo wing manne r : Th e recoverable ve rtical flapping energy 
et each propeller revo lu t " on is precisely the work of the 
combin e d centri f u gal c oup l e J in the horizontal flupping 
mot ion ; The wo r k of couple J in the period is evidently 
the s um of th e wo r k T nnd T ' of this counle in the ro
tation a t uniform angu l ar v el~~i ty W on on~ hand, and in 
the horizontal f l apping supe r po sed on this motion, on the 
othe r . 

Th e diffe r enti al of tbe a r k 1 is 

d,T = J W d. t = 2 I w2
, /3 d /3 = I w2 d /3 2 (27 ) 

~ft o r substituting d/32 for 2/3 d/3. 
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As elongat i o n S, ~nd cons eQu ent ly its SQUare, also 
assu me the same values at the end of an int e rv a l eQual to 
th e pe rio d , i t is seon t hat th e work T within the period 
is z e ro . 

Th e coup le J c a n th erefo r e fu rn i sh work only in th e 
horizontal flapp i ng motion, an d the v a lue of this wo rk in 
ue ri6d T i s : 

T T 
T ! = J J gjr d t = 2 I w J S S!:] S!:jr d t 
-- 0 dt 0 dt dt 

(28) 

Now it remai ns to be ~ rov e d th a t this wo rk i s p r e cis e ly 
equ al t o th~ t of th e ae rodyna mic lift during ve r tic a l 
flapp i ng . Wit h this 1n v i e w , I shal l wri t e the eQuat ion 
for v e rt i c al fl app i ng . 

The bla d e rot a t e s a t speed W + S!:i' 
dt' so th a t the c en -

t ri fuga l returni ng mo me nt due to an e l emen t of mass dm 
is : 

dOi = r 2 dm (w + S!:'J! ) 
2 

dt 
S (29 ) 

Di s regardi ng (~~)8 b ef o re w8 C:',nd d~ a nd designat -2w -
dt 

ing the mp me nt of in e rt i a of a blade wi th respect to one 
ar t i culation with I - (it is p ractically the same thing, 
w.hethe r considering one o r the othe r of the two articula
tions) - we have : 

With Ca as c ons tant coupl e due to the lift, and Op 
as constant coup le due t o the we i ght of th e blade, the 
d i fferen t i al eQuat i on of the v e r t ic a l flapp i n g motion 
reads as fo llows : 

Tha t i s , by rep l ac i n g 0 . 
1 

by it s v alue : 

(3 2 ) 

Th is eQu at i o n is absolutel y gene r a l, whatev e r t h e l aws of 

--~- ---------
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incidence v a ri at i ons affec ti ng Ca may be. In this verti 

cal flapp i ng the elementary' w'ork of the aerodynamic lift 
decreased by that of the weight of the blade is: 

but 

Hen c e , 

At the 

we c an 

Q~L = I 

d d~ 
dS dt dt 

write : 

r 

11 d (~~ ') 
l 2 dt I 

= d~ d d~ = 
dt dt 

8 

+ !.!J~ dS
8 

2 
+ 

1 d 
2 

2w 

beg inning end end of the period , 

(33) 

S dS 

f3 dl3 Qjt J 
dt 

(34 ) 

S and ~~ and dt' 
likewis e, thei r squnres, assume the same values; hence, 
the first two terms y i eld zero ork in this period. 

Th e wo rk r eco v e r ab l~ in the durat i on of a p e riod, re-
d.uc o s to 

1.1 = 2 1 w JT f3 M ~jr dt (35 ) 
0 

dt dt 

which is p reci se ly the v a lu e of the work ~~ of couple 
J in ho r izontal f l app in g . And, since the work of the 
blad e we i gh t is obviously zero i n the period, fork Tl 
represents exactly that which ie recovered from the work 
o f the aerodyn am ic li f t . 

It is the r efo r e r eadily seen that the recovery of en
ergy h i nges on th e combination of the two simultaneously 
dephas'ed flnpping motions , horizontal and vertical, and 
owing to the int e rv ent ion of the combined centrifugal 
fo rc e s . With ou t the freedom of horizontal flapping, no 
r e cov e ry of. 'ene r gy is possible . 

This brings us t o' the design of the gyroplane of the 
future :(fi gs . 22 , 23 , 24 ) , whi.ch wei~hs from 15 to 17 tons , 
ha's three- blade ro t ors of 25 - in'et e' r diameter, and a solidi 
ty ratio ho = 0 . 07 or 34 m8 area . 

I hav e a lways assum ed ~ = 1.5, the mean lift coef
fic i ent C z of the blade clements being 1.5 times that 
which correspo nds to their fineness rati~. 
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Th e eng in'es , four i n numbo r, housed in one compart
ment of th o ni rcr ~ft, should dovelop, at 3 , 000 meters , a 
total maximum powe r of around ~ , 600 horsep ow e r . The gy r o
p lan e shou l d be able to fly at 3, 000 meters , wi th on ly 
2 , 000 horsepower, at a for vard spe e d of 250 ki lom ete rs pe r 
hour (155 mil es pe r hour), whereas with 2 , 400 horsepower, 
the speed i s to be 400 kilo me t ers p er hou r (248 miles pe r 
hou r) . The drag of the body and of the accesso ri es corre
s p on ds to that o f a 0 . 56 rna thin flat p l ate . 

I nave compar ed, as s een , the poC'sibil iti es of such 
a gy r oplan e wi th tho se of an airplane of the same tonnage, 
bot h in h 0 r i z 0 n ta l f 1 i g h tit h full loa d, at 3 , 000 ,m e t e r s • 

The 1;' ei sh t b alan c e for a des i gn of th e same quality 
is i n fav or of the g yrop l ane , whose rota ti ng wi ng system -
not be i ng sub jected to any app r eci a ble bend i ng moment -
is d ef i nit e ly much li g hter than the f ix ed wings of an air
p l ane . On e may f i gure the g a i n in dead weigh t at 1 0 p e r
cent of the total we i g ht . The airplane , to counter a ct 
this add ed wei g h t , would have to b e e quippe d with less 
p ou e rful e n g ines , which i n t urn would lo ue r i~s top spe e d . 

Now , in re g ard to cruisin b fli ght, the gradual r educ
t i on in we i g ht du e to fue l consumption must be borne in 
mi n d . T~ en , by judiciously combinin e the altitude increase 
with tha t of ~ = V!nD , it is p ossibl e t o realize the con
d itio~ o f f l i ght ~ i th const a nt horsepower , wh i le remaining 
u it h in th e l i ~ its b e tw ee n hich the over - al l finen e ss 
tan ~ clanges l i ttle - i n fa ct , re na ins p ractically con 
s tan t ov e r f a ir l y l nrg e spee d r ~nges, a s I have already 
indi ca t e d . 

, Unde r th e se conditions, the formu l a 'V = p-t~;--~ 
sho ws t ha t t h e sp ee d i n creases c ontinuously i n inv e rs e ra
tid of th e to t a l wei g ht wi thou t the a ltitude reached at 
th e en d of t h e tr i p b ecomi ng exc e ssive . 

I f th o fuel con s umptfon amounts to 36 pe rc ent of the 
tot a l we i g ht , u h ic h i s e qu ivalent to s tages of 4 ,6 00 ki l o
me ters i n st i ll n ir, t he s u ee d o f 4 0 0 k il ometers may even 
be raised to 6 25 k il o ne t e r~ pet hou r, wh ic h corr esponds to 
a me a n speed o f 500 k ilo me t e rs. 

Such p , result is i npos s ibl o t o ach i eve with the air 
pInh o consid e r ed here , 'be c nuse tan ¢ i ncreases much 
fa st e r ~ ith th e s p ee d th~n it do e s fo r th e gyroplane ~nd , 
t o rnise t h o sp eed , it would have to reach heights where 

.. 
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the powe r of it s eng i nes c oul d not be maintained. In fact, 
it doe s no t seem poss i b l e , wi th t he very best airplanes, 
actually to en visage a mean speed of over 400 kilometers 
pe r hour, at the time , a t 8 , 000 or 1 0 jOOO meters altitude. 

O b je c t i on~ may be raised' to my assumed 130 kg/rna wing 
load i ng of the a irplane . But these are figures actually 
in use , and I h a ve chosen fo r a ' gyroplane a somewhat large 
d i amete r, carry i ng at fu ll load only 440 kg/rna blade load
ing , so as to p r ovi de a ma r g i n of excess sustentation at 
take - off i n orde r to be able , wi th engines cut out, to 
descen d in a gl i de , li ke an autog i ro, the wings - with a 
load i ng of only 31 kg / rn a - be i ng in autorotation with re
spect to swept - d i sk area ; and lastly, to be able to fly 
wi th one of the four eng in es stopped. 

I f an a irplane of 200 kg/ rn a loading could be realized, 
it would necessarily have to be l aunched by catapult. The 
redu c t i on i n wing sttuctur e involves, probably cXo = 0 . 021 . 

That be i ng so, the gy r on l ane wh ic h I have considered should 
no t have a ' h i ghe r over - ~l l fineness than the airplane at 
~ , OOO mete r s, except at speeds above 420 kilometers per 
hour i nstead of 380 kilomete r s per hour. as before. 

Qu i te apart f rom the advantages of speed and light
ness of design , the gyrop l ane has other 'particular quali
ties not possessed by any other type of aircraft - and im
po r tan t enough to justify the , studies undertaken, even if 
the max i mum speed should not exceed that of our conven
t i onal a irplanes . These a r e : 

1. P r actically no response to aerial eddies, the f lex
ib i l i ty of the articul ted revo l ving rotors fo rming a nar
ticular ly efficacious aerod~nam i c suspension. 

2 . mhe absence of stal l ing , since stationary susten
tat i on is poss i ble, and the fac i lity in case of engine 
f2ilu r e , to descend in the manne r of airplanes with low 
wing l oad i ng , l i ke th e aut~giro d~~cends . 

3 . Possibility of jo i n i ng several engines t o the cen
t r ~ l shaft and i nstall at i on i n a comfortable engine com
partmen t , afford i ng uninterrupted inspection enq ease of 
access i bil i ty, with lib e rty of cutting out the engines a t 
wi ll . 

km/ h X 0 . 62137 = mi ./ h r. 

j 
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With the h i gh reduction gear r at i o (10 to 20) bet ween 
e n g i ne a nd p ro pell e r !'; , A. s i mple worm ( en dles s s cr ew ) could 
be'used Qnd wh ich a ctually has b e e n developed and is of 
f:uf fici en t eff iciency . 

4 . Po ss i b ilit y of v e rtic a l . as c en t on ground or wate r. 
The g y ro p l ane s will be more or l ess Rmphibians. One can 
e v on vi sual iz e re f ueling b ein g eff~cted with much less 
d i ff iculty than with seaplanes . 

5 . Small ov e r-all dimensions fo r sto r age , s i n ce the 
a rticul ated blades are eas ily fo l ded r 

6 . I napl? reci ab l e mil i t a ry qualiti es , E?ince a gy r o
p l ane c an t ake observ~tions in cases where absence o f mo
t io n i s particul a rl y des ir ed ; small gy r op lan es seem to be 
made f o r a rtill e ry sp otting . 

7 . As r eeards n a val aviation, gyroplan es of f rom 2- 4 
tons c oul d r ep l a c e the act u al l y u sed deckp lan e , a lon g with 
the bulky ':L'ld h eavy c a t apult s , 1I>G good adva'ntage . Air- · 
p l ane c a rri e rs will , undoubt e d ly, no ' long e r be necessary. 

De~k- I and in g gyropl ~nes , wit h thei r small bulk , once 
tho b lades a r e folded , c a n be u sed i n mu ch l a rger numbe rs 
on e v e r y ba ttl esh i p . 

Such temp~ing r e sults are , qu it e obv i ously , not ob 
tai nabl e befo r e ov e rcom~ ng c e r tain d i ff iculti e s beset 
ti ng e v e ri n~w dev ~l~~ ment; and wh ich a re beyond th e scope 
of th i s r ep ort . But I do f ee i that i t is 'f i tt in g to make 
k~own at t his , time the co n clus io ns to wh ich my i nvest i ga
t i ons h a v e enabled me to ,a rrive . 

Ce r ta i n read e r s - evon am ong techn ici ans most famil
i a r wi th ae r on~u tic al p r ob l ems - may be su r p ri se d, but I 
am fi r mly c onv inc e d t hat when th ey h a v e ' studi ed my fo r mu
IRS a nd r ef lect ~ d on th e rosed p r oblem , the ir fina l co n 
clusio ns will b e s i mi l a r to mi ne . 

I may have b een l ed to assume , in my examp l es , quali
ti es beyond r en ch in the ne~r -f utur e , but e v en so, the 
judg ent and na tur e of m;)~ co n clusions ,q r 'e , I b e li eve, in
cont8s t ab l e . 

I hope I have b ee n ab l e t o make you s har e my pe rso nal 
opin i on, that the gy r op l ane p roblem sh oul d n o t be g iven up 
bu t, on the co n tr a r : , attacked i n q.l 1 qe rious n e ss. , Suc -

,/ . 
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c es s will s o much mo r e quickly crown t h e effo r ts st i ll ne c
essary , as th e s e e f fo rts are mor e unani mous , better under 
st oo d, mor e enc ourag ed and c oo r d in ates , and i t is hoped 
th a t France will aga i n take f irst p l a c e in th i s new stage 
o f p ro g ress in ae rial navigati on. 

Tr a nslati on by J . Vanier , 
Nat i onal Advis o ry Co mmittee 
fo r Ae r o n a utics . 
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Figure 2 The dyaamometrio balanoe of 1907 
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Figure 4 The gyroplane of 1907 
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71cure 5 . - 1935 gyroplane in test flight. 

Figure 6. - 1935 experimental Qroplane. 



,. 

. 'ff 

J 

N._4...C _A_ Tec.hni.c81 MpID0ranCl1Ill N _ 81 6 

x 

:> 
(IJ '0 
C) Q) 

~ (IJ 

C\l P< 
!> Cfl 
'd 
-ex: ~ 

C\l 

d = V Y 
21T n I 

f - -- - ---------~ 

\ 

\ 
\ 

I 

" 
/ 

/ 

/ 

/ 
/ 

/ 
" / 

/ 
/ 

// I {fA = ?rnD 

---- - --
__ f.! ___ ___ ______ Xl 

\ 

\ , 

I 

, , 

\ 
\ 

-" \ 
'\ 

\ 

\ 

\ 

A 

'Ar t i cula t i C'ns 

Figure 7 .- Distribut ion of speed and reversed-vel ocity 
r8gion for a p ropell er revolving at rate n 
and advancing at s pe ~ d v. 

Fig. 7 

_~ _____________ _ J 



• 

N.A. C.A. Technical Memorandum No . 816 Fig . 8 

4 . 0 

3 . 6 

3 .G 

2 . 8 

2 . 4 

2 . 0 

10q ,u 

1.6 

1.2 

0 . 8 

1--.-f--

-

-

I 
I 

"-

~ 3q 
u = ~ ) 1 O. S8Pu -Vbo I expe rimen ta 1 curve 

2" 
s l!\ 

II theoretical curves for ~ =(3 : 

u<j _ 0 . 000142 
Cx orho(1+1 7N)+0.0~3 

I I I I 
I 

I _~_~~ I I I 
--, I---r'-r- .-I--r-

- - f- J i -f-t / / V ~ , 

/ ~ 
I 

I 
I 

1--

-( 

Ii 
q 

II V I I 
I / I 

T "1 

I 

i-~ I 

I -. I 
I 1-
I Ii 

'. lIT 
..... 

! 1 .... , I 

I " , 
~ " " _. --I--- , tj 'N = 2 ........ ....::... .... I I +,-, . -..:: 

.~ 

N. == 4 "-.:0._ .. 

1--. r---~ .--. u 
. f---

~ ... _._ -.-l 0 . 4 
o 

~ mIl ->-+- --, 
I I 

. ()2 . 04 . 06 . 0El . 10 .1G .1 6 

Figure 8 .- Lifting quality q and innerent quality u of blades of total 
area s plotted against solidity ratio h o ~ 
(near ground 8 = 1) . n .l.J / 4 



N. A.C . A. . Technical M.JfUo r an:lum No . 81f) :?ig . 9 

;t 

,-. - - - - - h o= 0. 068, h r = 0 . 01 5 , N=4 
--- h o= 0 . 0 7 , h r = O. Ol ~ , 1'J=6 

7 .

2

/ I II·~· . I I I rti 
! + kP1 NN.l::'=_4

6 

6 . 8 --i-T Ii , I -+---r- + '1--" 
, I J - I I I' 

6 . 4 f---r---t. iT!;--r----~}1+t ~ j blades 

-----1 +-'-. -·-t-7( I 
6 , 0 - -, I V I 1 .... -I---l--j 

II ,/ / Iii 
r- -- -tj--:- / / / L I , '-1-1 

5 ,6 r--- --r-', / I! H-l 
A C--J±J'~-V' ~ . H+~---i 

5 . 2-- · iil
l 
/:' 1 I , tl 

- , -1' / I . i !--ri-
4 . 8 r--- il /=t I t-+i-Tl 

1-- - tr- -~ -I--+--+-~ 
4 4 r I_:V- 1-- - I " I -t-+--~--' -I 

. II / !, l'! I I III 
, " I " ~- / ----f--.-- -1-[1 1 ' 1 1---

4 . 0 1/ I I ;-r-:--t' 
f---r--ft-'-+--+-- +--+ +--+--L - -j 1/ , I I I I I 

.3 . 6 II, / -. -r---r---t---1'---t----j---! 

" 4 - r '--+i ! t I +-/; ! L I I' i 
3 . 2 , I I ! I tt! ! I I '+ 
2'. 8 r- ~_ ~~'_J-'l' 

I I ' ~ ,-H 
----t-t---+ --f--+- r - -- --+-}-+J---i---

2. -1 j I I ~ I Ii! I I I 

o .4 . 8 1. 2 1 . 6 2. 0 2.4 2 . 9 

V/rJ) 

F i gure 9. - Gyr opl ane .- Ef f e c tiv e a spect r atio A of a blade. 

J 



N. A. C. A. Technica l Memo r andum No . 816 

Propell er f l a t wise i n t he wi nd - tested 
i n Eiff el wi nd tunne l. 

Rel a tive pi t ch ; 0 . 55 , ho = 0 . 14 (2 rlades) 
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5,YROPLANE: LDUI/ BI:;>E:.CSUET 

Des ign of a 3-engine amphibian gyro
plane with retractable skids forming 
bal lonets and with a hull. 
Total weight:- 16,000 kg(35,a73 lb.) 
Pro peller diameter(3 blades each):-

25 m (82.02 ft.) 
Total blade area :- 34 m (365.97 sq.ft.) 
Total maximum:-
Power output a t 3,000 m (9843 ft.): 

3600 hp. 
Speed at 3,000 m :-

using 2900 hp.:500 km/h(3ll m.p.h.~ 
M 2400 hp.:400 "(249 • 
" aooo hp. :250 "(155 " 

Hovering at 3,000 m ,power imput.2S50hp 

Figure 22. Gyroplane of toe future . 
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Figure 23. Gyroplane of the future. 
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