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NATIONAL ADVISORY COMMITTEE FOR AERQNAUTICS

TECENICAL MEMORANDUM NO. 816

THE GYROPLANE ~ ITS PRINCIPLES AND ITS POSSIBILITIESX -

By Louis Breguet

To begin with, I shall explain what a gyroplane is.

The gyroplane belongs to the helicopter family which,
2s the name ‘implieg, has wings in the form of propellers.

In fact, a helicopter consists of large propellers
with, substantially, vertical axes set in motion by an en-
gine; the reaction of the air on the revolving blades pro-
duces an upward 1lift in excess of the weight of the entire
avparatus which, as a result, can ascend in the air with-
out forward speed.

It will be remembered that, in order to obtain sus-
tentation without speed, a great many metheds have been
conceived intended to furnish the lifting wings with a
proper movement with respect to the body.

The first insviration was found in nature itself,
that "incomvarable model," and has actually led to the de-
sign of airplanes with flapving wings whose pessibility of
realization cesnnot be denied.

But, even as man has, in the remote past, invented
the wheel to replace the alternative movement of natural
locomotion by a rotary motion, so the rotation of 1lifting
blades.should avpear in mind as a more mechanical process
than flapoing: Whence the idea to make these wings re-
volve in continuous motion around a central axis, each .
wing describing a circle - the whole system constituting
a sort of individual whirling arms of which the center,
fixed in the body, may be kept stationary.

The idea of sustentation of flying machines by pro-
vellers is quite old. Long before Jules Verne wrote his

*re Gyroplane - Sa Technique et ses Possibilités." From
Journées Techniques Internationales de 1l'Aéronautique,
November 2%-27, 1976, Published by Chambre Syndicale
des Industries Aéronautiques.




2 N.A.C.A. Technical Memorandum No. 816

"Robur le Conguérant," many inventors had thought of heli-
covters, one of the best known . gtudies is that by Ponton
d'Hamécourt. More recently, Colonel Charles Renard treat-
eﬂ the oroblem comprehensively in his now celebrated Com-
municaticns to the Academy of Sciences. The first, enti-
tled "Cn the Possibility of Sustentation in the Air of a
Flying Mechine of the Helicopter Type by-Emvloying the
Explosion Engines in Their Actual State of Lightness,"
Aates from November 2%, 1907, Then on "Décember 7, of the
spme year, he presented his second note ‘entitled "Cn the
< 'Quality of Lifting Provellers" which, on November 7., 1904,
was followed by another, entitled "A New Method of Con--
structing Aerial Propellers." ' ' : :

I was impressed at that time by the works of Colonel
Renard, one of whose students I had the honer to te, and -
I have taken up agein the problems treated by him by super-
nosing on the motion of rotation, zlone considered then, a
motion of translation. In effect, a gyroplene is a heli--
copter designed to move diasgonally in the air at a speed--
as high as vpossible. ‘

This translation causes the speed of rotation to com-
bine with that of advance in every wvnoint of the bdlade. As
the angle formed by these speeds changes while each blade
makes a complete reveclution and the speed of rotation be-
comes additive for half a revolution to the gveed of trans-
lation, some vrecautions must be taken to keen the forces
from becoming excessive at certain moments so as to pre-
vent rucrture of the blagdes or throw1 W= tne apparatus out
of balance.

In my first gyrovlane patent I vprovided for the use
of flexible blades with gutomatic incidence control. Then
in 1908, I petented a differentiel linkage of opposite
blades for the purpose of balancing the loads by incidence
variatioas, the incidence of the advancing blade decreas-
ing and that of the retreating blade increasing.

I also made vrovision in my gyroplane No. 3, for the
mechanism described by Colonel Renard in his communica-
tion ¢f 1904, end which consisted of hinging the blades to
the hub, Due tc this fact, the blades - being subject on
the one hand to the centrifuegal force, constant for a given
speed of rotation and, on the other hand, to changing sero-
dynamic reactions resulting from the translIation - were
able to orientate themselves at any instant, according to
the resultant fcrces.
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During the veriod of one revolution.the blades undu-
late then and flap in. alternate motion, each at its own
‘count; with a- phase .displacement in ratlo .to ‘the -air loads
and an amnlltude ‘which. can be regulated by an automatic
incidence change in. function of flapping. .. When the blades
advance in the directlon of transletion of the body which
they support, they are lifted up at the same time as they
move at an angle with respect to the motion of rotation of
the hub., The inverse process takes place during the half-
revolution during which -the blades retreat. 1In this way
the alternatlng loads to which the rotating wings are
subjected in their. comblned movement of translation and
gyratlon. as.well as the counle necessary for their en-
gagement, are regulated.

The essentlal a&vantage of helicopters and gyroplanes
lies, as we have seen, in their power of sustentation with-
out forward speed. Thus = helicopter can take off and
.land vertically without speed, whereas the modern airplane
with high svecific wing loading cannot take.off or land
unless it has a.sveed of the order. of 100 kilometers (62.14
miles) per hour. ‘As a corollary, it requires large
landing fields, leveled off and well kept. The airplane
cannot, in effect, fly below a certain speed without grave
danger of instability, spoken of in aviation circles as
"dangers of pancaking." :

. To get away from the constraint of vast airports is
something that interests beth military and civil aviation.
For the military airplane this release is chiefly impor-
tant in time of war, when it may not only be difficult to
find suitable areas near the front but also to keep them
in good shave. The landing field is apt to be a target of
.bombing raids which leave it unfit for further alrblane
use.

"Granted that. the gyroplane can rise vertically from
any clear piece of ground: It must then be. able to fly at
suitable speeds without excessive power input. With this
in mind, I was particularly interested in ascertaining the
.Dos31b1e efficiency of this method of translation obtained
simply by a suitable forward tilt of the blade shaft and
the extent to which this efficiency and speed obtained are
cbmnarable.with.those of modern airplanes.

Before launching into this problem, I want to answer
a questlon which has so often been posed to me: . What is
the difference between a gyroplane and a helicopter?
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. Btymologically, gyroplane means "an apparatus which
moves by turnlng," ‘and- this name was :coined. during a con-
_versatlon I had ih 1905 with the late Professor Charles
Richet, A gyroplane ‘has’ no” propulsive nroneller "since
its rotatlng wings driven by -the engines. are squlclent
both for pronu131on and for sustentation._“.

L An.autoglro such as that of Mr. de la Clerva,_the
_eminent.Span1Sh englneer is :an apparatus whose wings To-
tate in autorotation. 'In. autogiros,.in effect, the re—_
volv1ng blades are not controlled by the engine Dbyt mount—
ed free on the central shaft. .The engine drives, as in *
the alrplane, one or more regular propellers; it. is the"
relative wind, due to the translation vrovided by these
propellers, that sets the revolving. blades in autorotation
the plane of the blades, of necessity, belng tilted with
"respect to the pvplane of rotation. -

. In brief, the autogirp is actually an airplane whose
wings are free to rotate about a central axis, as a wind-
mill set nearly horizontal;. in revolv1ng, these wings ma-
‘terialize, in some way, according to wind-tunnel tests, a
lifting disk arnd the machine behaves as if it had a fixed
wing, but of considerably larger area, equal to the swept-

disk area of the blades. It is, by v1rtue of this enlarged

area, that the autogiro c¢an fly at low sveed.

In the autogiro the plane of the blades is tilted to-
‘werd the rear and is ‘drag~producing = .the drag being over-
céme by the propeller thrust;:while in the gyroplane the
_nlane of the blades’ tllts forward in. order to assure pro-
vpulsion.

The gyroplane - guite anart from the faculty of ver-
tical flight, which the autogiro with free wings does not
possess - offers additional advantages, particularly in
regard to the over-all efficiency, which is enhanced by the
absence of the provpulsive propeller. Propulsion and sus-
tentation by the same rotating wing system, allows much
higher forward speeds, and it has been proved that the
prdpulsive'efficiency is then practically equal to unity.

. ' My flrst gyroplane with flexible wings was built dur-
1ng 1905-1906, at Douai, and made its first free flight

in 1907, with éne man abozard. This achievement - the

. first of its kind - formed the subject of a revort pre-
.sehted to the Acsademy of. Sciences by -Mz. Lipmann (reference

1).
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Before building this gyroplane, I had made a great

number of systematic experiments on a large wind-tunnel

balance. The first resalts of these tests were equally
presented in a communication at the Fourth Aeronautical
Congress, held a2t Nancy, in September 1909.

The conclusionsg at which I arrived from the study of
the best airfoils and esvecially from the introduction of
a new concepnt, that of the solidity ratio or ratio of
blade area to swept-disk area, had already been very en-
couraging.. ' '

For & given lifted weight P, with & propeller radi-
us D, and a vower W, I had obtained =2 1lifting quality
3/a:
a = EBW—, which was distinctly suverior to that indicated

by Colonel Renard, whose vropellers had an excessive rel-
ative width, esvecislly toward the tiv.

Moreover, it seemed to me that the translation showuld
imnrove this ouelity which would, uv to certalin sveeds,
compensate the power necessary for translation.

I wrote, in fact, in 1909: "The trouble met with on
surfaces working successively on the same air column
should lead us to think that, for a lifting propeller in
diagonal motion, the suvnporting column of e#ir being con-
stantly renewed, the inconvenience of the surfaces between
them should, due to this fact, be notably less great than
when at rest. ’

"I have, indeed, checked this fact but without being
able to put it in figures. On a day of average and inter-
mittent wind, I have observed that at every gust the 1lift-
ing force developed by my gyroplane No. 1, increased quite
freely. '

"I also noted another fact: While testing my second
gyroplane, which was a combination of helicopter and. air-
plane, the center of thrust of the propellers - which, at
rest, coincided with the axis of rotation - was, during

Hflight, shifted quite freely forward, the shift of the

¢.&. amounting, orobably, to as much as 50 cm (19.67 in.);
the proveller diameter being 8 m (26.25 ft,), and the for-
ward speed of the order of 10 m/s (%2.808 ft./sec.).

I have renroduced the sketch and photogranh of the
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talance which'I:constructed for my expériments dlong with
the graph on direct-1lift nropellers, -dand vd picture” of my
lJO7 gyronlane (flvq.'L; 2, 4) LI e

Motwlthstandlng thege’ results nnd ‘the very encourag-
irg trials of my machine, I was due to abandon the solu-
" tion of this'important'pfoblemfbecause-Qf-Iaqk of funds.,.

Tiieén, too, while devoting myself to thesé¢ researches,
Santos-Dumont, Voisin, Blériot, and Bsnault-Pelterie had
made successful flights in regular airplanes. -.And §o I
decided to build an airplane bdut on the ba51s of the re-
sults of my own exnerlments.- C :

The w;nxs of my alrplane_were therefore conceived as
scnled-up versions of my gyroplane blades; they had one
spar and flexible ribs.

Further, my studies on propeller efficiency enabled
me to see how to adzpt them best to an airvlane, and the
fiights of my first airplane, in lOlO revealed a particu-—
larly lnterestlng efflclency.._ 115_1q.how I came to aban-
don the subject of gyroplanes until some years after the
war.

. It isg now.plve yvenrs since Cierva presented hie curi-
ous machine which he called "sutogiro," in France, and
wihich actually surprised me with its stdability in flight.
The blades were Joined to the hub by artlculatlons such asg
I had employed in 1908.

I might add that mounting the blades freely to the hubd
suppresses the gyroscopic couples, which may affect the
stability of the mschine ag a theoretical study of the
problem will prove,  This practical proof justified me in
think 1ng that gyroplanes should also have the same stabil-
ity

At that particular time, I had designed a new machine
which was to be built by one of my coworkersg, Mr. Dorand -
2 son of Colonel Dorand. In this machine the blades were
azain mounted in articulations to the hudb and couwld, in ad-
dition, revolve around their own agxis, thus making it pos-
sible to control the incidence. The incidence was automat-
ically changeable by an eccentric lever; lower when the
blade rises, higher when the blade drops.

The differential iﬂcidence'control was realized by a
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plate mounted on ball bearings, which the pilot could con-
trol either for changing the incidence in any meridian or
for changing-the whole system affecting the pitch. The
direction was assured by a differential control of the
pitch of two systems of coaxial blades revolving in oppo-—
site direction, This arrangement had the advantage of as-
suring direction even when hovering.

The last gyroplane I constructed was, in fact, only
a laboratory model. Its lines, as seen in figures 5 and 6,
were not refined, and its drag was quite high., The sole
purvose was to ald my exveriments on blade-control mechan-
igm and maneuverability.

Concurrently, I launched into a theoretical study of
translation - & study which was to confirm the tests made
at the Eiffel laboratory and as published in 1927 in the
Bulletin of the S.T.Aé. These tests were made by Mr. La-
presle on rigid vprovellers with fairly large solidity and
a wide range of incidence variations. These experiments,
carried out in gystematic order, confirmed in startling
manner everything I had suspected, and were of inestimable
value to me.

I have estavlished in this respect, various general
formulas, and requested my collaborator, Mr. Devillers, to
help me put them in mathematical form. They appear, at
first glance, quite complicated, which is dbut natural,

But they are in full accord with both the Eiffel tests and
my own past and recent experiments.

I shall commence by indicating several simple princi-
ples concerning the velocity distribution over the blades
of a lifting propeller of diameter D, revolving at =n
revolutions per second, and animated by a horizontal move-
ment of translation at speed V.

The calculation, compared with the test data, has
shown me that the aerodynamic action of the air on the
blades devends practically only on the velocity components
in a plane at right angles to the blade span. In other
words, the radial velocities or velocities of sideslip
have no substantigl effect on the 1ift and power coeffi-
cients - this assumption being, moreover, unfavorable.

Other scientists or technicians who have treated this
vroblem, arrived at the same conclusiohh(reference 2).
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At 2ny one instent there is thus introduced into the
wvelocity distributior, the component of the speed of trans-
latien V aleng the normal to the span of each tlade,
such as, for instance, V; for the tlade A, and V; for

tlade B (fig. 7).

1, Consider bPlade A advancing in the direction c¢f
translation by reotating about axis 0; the effective re-
sultent velocity at the tip then is the sum V; = Up + V,
2f the speed 2f rotation U, = mnD and of the component
Vv, perpendicular to the span of the sveed of translagti:n
V.

The extremity of the resultant speed U'! at any one
roint ¥ of the blade, is therefore found on the straight
line EF to Ye deduced from the straight line CUy, the
place of the extremities of the speeds »f rotation ty a
translatien V,; 1in the direction of the advance.

The line EF meets the axis 0A of the blade at 0!
which is the point of zero velocity or the instantaneous
center of rotation. ‘

The triangles O'OE and O0AU, forthwith give:

99__'_ = OF 99_' = El.._ 00! = __KL
C4A U, °D_ 7D’ 2mn
2

Let H represent a point on the vpervendicular to the
direction V of the translation and in such a manner that
00' 1g the projection of O0H.

The triangles CO'H and OVE are similar as their
respective sides are perpendicular

oot _ ¢oot' _ nH o = Y_ oot = _V_ =_const,

= = ==_ , = —_——

0 Vi v 1 2mn

The angle OC'H being straight when the blade A

effects its re¢tatieon, the instantaneous center Q' 1is

shifted on the cirecle I, passing through 0 and the di-

ameter 4 = O0H = ?E—’ pervendicular to the direction of
™™

transletion, the directicn of OH being deduced frem that
of the translaticn by a 90-degree rotation in the sense of
the rotation n.
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The distribution of the aerodynamic velocities is
the same as if, at each .instant, the blade turned about

the instantaneous center 0! ‘at the angular wvelocity
e2tmn, - -which it has about its axis 0.

In fact, by virtue of the verification of this gen-
eral principle, it 1g seen that the resultant velocity
U!' 1in U is, by definition, V, + 2mn OM;  i.e., after
replacing V, by 2mn 00': E

U = 2rn (00! + OM) = 2mn O'M

The veloclity U!' ig fully the same as 1f, at every
instant, the rotation took place at- n revolutions per
second about »oint 0!, which is always the polint where
axis OA of the blade and circle I meet. So,as long as
point O! 1is outside of the blade area - that is, so long
as the blade does not gweep the inside of circle I, the ve-
locities U! are all in the same direction.

Thus it 1is for the rotation of 1800, which the blade
advancesg, while rotating, in the sense of the translgtion,

2. Consider, then, a blade B (fig. 7), whose tip
speed Ug = mnD 1is in the direction opposite to the effec—~
tive component V, of the translatory speed V.

The straight line ZE'F! representing the velocity
distribution, is again d educed from the straight line 0Ug,
which represents the distribution of the rotational speeds
by a translation V;, ©but which is now in the inverse
sense of Ups The resultant velocity cancels out, in the

instantaneous center 0", the intersection point of blade
axis and circle I. : )

It is seen that, for every part of the blade within
circle I, the sections are attacked on their trailing’
edges The circle I, the place of the instantaneous cen-
ters of rotation, defines by its inside area the region
which I have called the reversed-velocity region. Within
this region the blade drag is always activating as con-
cerns the engine torque, while the 1ift is negative, the
blades being attacked at their back., . The distridbution of
the resultant velocities over the blade is again the same
as 1f it rotated about: the instantaneous center 0" at
the rotational speed  2mn, which the propeller possesses
about its central axig O.. ' C

i
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This theory of the gyroplane, as outlined above, is
based on the .fact that it is possible to effect the sum-
mation of the elementary actions of the air on the rotat-
ing btlades, considered as wings of an airplane having a
certain aspect ratio A and a minimum drag coefficient

Cxgé- The problem then reduces to finding the fictitious

asnect ratio AN to be applied to this blade.

Cbviously, this A depends on the blade number N,
the ratio hy of blade area to swept-disk area, which I
have called "solidity ratio," on the parameter of transla-
tion Y = V/nD, and lastly, on a residual aspect ratio,
to which g fictitious residual solidity ratio hy corre-
soonds.

It will be remembered that the geometrigal aspect
ratio A& of a surface s, is the ratio E%/s, Dbetween
the sguare of the span and the surface - that is to say,

2 2 '
e = B2 = 22 for a blade of surface s,. But, on consid-

S, 4s,y :
ering it as a propeller with N ©blades, by definition

2

Ng, = ho E%—, it gives for the geometrical aspect ratio .
of a blade: ' '

A = _}.E_
T =8
¥
It is known that the interference of the blades, operating
because of their rotation in their mutwal downflow, is
manifested by a rise in induced velocitlies normal to the
plane of rotation, and proceeds, as concerns the induced

. c,2 . . . X
dirag cx; = F%—’ s function of ¢z, as if the geometric

asvect ratio AZ was lowered and replaced by a fictitious

aspect ratio A so much smaller as the interference is
more pronounced. It was thie which decided me, in the
first place, for operation at a fixed noint (static thrust)
to multiply he by N + 1 which, for N = 2, gave a
fictitlious aspect ratio three times smaller than the gco-
mcetric aspect ratio Ag.

Then I had to introduce the residual aspect ratio A,
which I express in terms of o fictitious solidity ratio
hy, the introduction of which simplifies the mathematical

representation, and so that Ar 5.—;— at a fixed point.,

—
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The wind-tunnel tests warranted the use of Ap = 35

for an . isolated wing in tranglation, and Xy = 10.5 for

the wings in rotation, such as those of a wing system ro-
tating at a fixed point, the latter value correspoanding to
hy = 0,015 Thus the formula for the fictitious aspect
ratio of a helicopter blade at a fixed point, reads as
follows: - ' .

x - P 1 L 4
o - N + 1 .
In effect, hyp may be dependent on the blade numdber,

but this formula is intended to be applied to gyroplanes

hoving at least four, and no more than 8, blades, and it

is sufficiently approximate for the study under consider-
ation.

The coefficient h, represents an altogether new no-
tion in aerodynamics and signifies that, for blades which
are infinitely extended, a residual aspect ratio corre-
evponding to an interference limit, should be considered.

_ In the Biffel wind-tunnel tests on a four-blade pro-
peller yielding hg = 0.28, the geometric =aspect ratio of
a blade being Ag = 4.5, we observed at n fixed point, re-
sults corresponding to a fictitious agpect ratio of kd =
0.9; thot is, n marked decrease with resvect to Ag, and
explaining the quite mediocre results obtained experimen-

tally,

It is only by adopting a fictitious aspect ratio
comprigsing the residual term, that use can be made of the
induced parabola of Prandtl's theory for each blade sec-

‘tion. Otherwise, it is impossible to find even the seénse

and maghitude of the experimentally observed results,
This was confirmed in my experiments of 1907 on the dyna-=

mometric balance - according to which the variation of the
solidity ratio h, results in the lifting quality passing
through a maximum for = value of ho provortional to hr;

or else, when hy 1is neglected, it increases indefinite-
ly in proportion as the blades become smaller, The solid
curves in the chart (fig. 8) represent the results of my
tests of 1907, and the dashed curves the theoretical result
corresponding to hy = 0.015 for blades extending as far
as the hub. The discrepancy between the experimental and
the theoretical curves is due to the fact that the blades
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of my propellers in 1907, did not reach to the hub.

I estimate that the method of conducting the calcula-
tions is more exact that that frequently resorted to for
autogiro rotor blades; i.e., computing the interference
on the basis of induced vertical velocity uniformly dis-
tributed over the swept—-disk-area, this velocity being de-
termined by comparing the disk constituted by this ares
to an airplane wing. It ig, in effect, difficult to ac-
knowledge such a distribution - much too advantageous in
translaticn - of the vertical flow of the air for large
propelliers revolving considerably slower than the propul-
sive propellers - at a speed of frem 2 to 4 revolutions
per second, for example, and where the blades during half
of a revolution are inactive while sweeping the reversed-
velocity region.

I effected the calculations on the basis of a mean
and uniform 1ift coefficient, dbut nroceeded from an experi-
mental polar when, in the reversed-velocity region, the
sections are attacked at their trailing edge.

Without automatic incidence adaptation, this would
change periodically because of the tilting of the axig of
the propellers, but the vertical flapping motions of the
blades permitted by the articulations play, on that ac-
count, the part of a regulator.

To comnute the 1ift and the power input, I then ef-
fected the integraticns of the air action along the blades
by replacing for each section the square U1e of the re-
sultant aerodynamic velocity by its mean value derived
from the integraticn in the period., The integrations were
made separagtely for the exterior and the interior of the
reversed—veleccity region, For the interior, I agsumed
cx! = 2cx  and ¢,' = -0.5 ¢, cy and ¢, being the 1lift
and drag coefficients on the active parts of the blades.,

I also computed the resistance offered to the rota-~
tional speed generated by the blades in their plane of ro-
tation, with consideration for the unsymmetry of the air
loads set up when the propeller is in translation. Adding
the drag of the body to that of the accessories gives the
total drag.

This drag necessitates an angle of forward propulsivs
inclination of the axis of the propellers and its effect
is included in the term for the vnower input W to keep
the nropellers rotating.
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I confined myself to the case where the reversed-
velocity region remains within the swept-disk area, whence

my . formulas are valid up to 15 = 1, which geemed to me
n

to be sufficient. In this manner I have obtained (refer=-
ence %) for blades substantially rectangular in plan form,
the following formulas (in meter, kilogram, second units).

Gyroplane Formulas

ho = —%E, effective solidity ratio for total blade area s.
oo
N, number 9f blades.
h,., residual solidity ratio (0.015 for my actual gyro-
planes).
v, forward speed. '
L4
n, revolutisns per second of the coaxial propellers.
D, propeller ragdius.
Y = gﬁ, parameter of translation.,.

GVE, parasite drag at zero altitude.
A, fictitious aspect ratio of the blades.

Czg = &/ TACx,, 1ift coefficient corresponding to the fine-
ness ratio of an element, for a minimum
drag coefficient Cx,

Cz = MHCzg, 1ift coefficient of an element, assumed con-

stant for all active parts of the blades.

cx = (1+p?) Cx,s d4rag coefficient of an element,

P, total weight, equal to the 1ift in horizental flight.
w, power input at propeller shaft. |

c, sum of engine torques applied at propellers.

6§, relative air density at contempiated altitude of
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I. TFictitious aspect ratio: -

A = - : ' ' (1)
h, + h
n| Bo hy + o r
N 1+ 1,28 %
II. Lift coefficient:
P
a = ee————— =
z §n s D*
®xq 2 3
0.162 ph, (1+0,15Y°~0,01Y") (2)
hg hy+h,
O+ hp 2 T
N 1+1,28Y
III. Power coefficient:
; o) 3
B = ——Y _ = 0,383 (1+p®) oy he (1+0.3Y2+0,006Y%) + —z Y7 (3)
503 DS o D

IV. Angle of propulsive inclination §:

tan 6 = . R
ATEY+0,02Y+6,17 9 Y
: ; [0-AT ¢, ho(l+n?)D2
liﬁil//cx <“94-hr+ hothe N )
M T\ 1+1.287/ 1+0,006Y°>
(4)
Ve Lifting quality:
SR VE R P | | (5)
=7 T DW B
VI. Apvarent relstive drag:
tan ¢ = EL = _E“_ = tan o, + 8§ 9 ve (6)
PV Qg
tan &5 Tbeing the relative drag of the wing system alone;
that is, for o = 0, so that
tan @a =
2 4
i 1+sz// <h04_ . _Bothr ) 1+0.3Y"+0.006Y (6a)
2.56 oW CxoN COBTY I oey Y(1+0.15Y%-0,01%>)
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ViI,  Propeller torqgue:
¢ = B DP (7)
VIII., Lift referred to speed V:
P =5 2§ p° v® (8)
Y
IX. Power referred to speed V:
W= 8 $% D2 v3 (9)

X. Polar versus swept—disk area S:

_ 64

o, = &2 3% (10)

w=25_¢, sv3 (11
16 ¥ (11)
64 «

o - - 22 12
2 pnallbve- (12)
Pp=2L ¢, su® (13)

16

XI. Semicubic induced parabola asymptotic to the polar:
Co. = 2. (14)

corresponding to the quality at fixed point g = 0,443 81/2
deduced from the Froude theory.

It follows from formula (1), which allows for the
translation, that the blade interference decreases very
quickly in function of the translation parameter Y, this
prhenomenon being analytically expressed by the rise in
fictitious aspect ratio A interposed in the induced pa-
rabola of a blade (fig, 9). This A 1is minimum at static
thrust (Y = 0) and then takes the aforementioned value:

Ag = ——p T
o = — |
m [ho e 2hrJ
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In forward motion, when the propeller makes a complete
revolution, it advances by - V/n, thus sweeps the total area:

st = 0% 4 ¥D . md? 1+é_V__\)
4 4

The ratio of the actual blade area s = ho i to

this area S' 1isgs:

S = Bo = bo
St 1+ & V. 1 + 1,28 Y
m nD
Formula (1) shows that, on condition of increasing
ho of the residual solidity ratio h.,, it is precisely

this characteristic ratio which intervenes to cause, through
its decrease, the increase of A in function of the trans-
latiocn.

Lastly, if Y Dbecomes very great, the limit of the
fictitious asvect ratio is reached at:

Am 1

T 7R N
()

which is identical to the geometric aspmect ratio Ag of
the blade except for the added residual solidity ratio bhp.

Figure 9 shows for gyroplanes with 4 or 6 blades, the
rapid increase of A with the translation parameter 7V,
the fictitious aspect ratio becoming substantially 2.5
times greater when passing from Y = 0 (static thrust) to
Y = 3,

In the expression (2) of the 1ift coefficient a, the
composition of the velocities gives the parenthesis (1 +
0.15 Y2 = 0.01 ¥®) the fairly small subtractive term
0.01 ¥® ariging from the passage of the blades into the
reversed~veloclity region.

It is surprising te note that up to the limit of va-
lidity Y = m of my formulas, the reversed-velocity re-
gion remains within the swept-disk area; the passage of
the blades into this circle lowers the aerodynamic quali-
ties of a propeller in transiation very little.
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Intuitively, it is seen that - the aerodynamic reac-
tions being proportional to the square of the resultant
velocity - the blade whish recedes with respect to trans-—
lation is, by reason 'of the smallness of the existing re-
sultant velocity, bound to be practically inactive over
its whole area lying within the reversed-veloclty regione.

The power coefficient B in formula (3) assumes,
-2t each instant, the propulsive equilibrium realized in
horizontal flight. The power absorbed by the drag of the
body -and of the accessoriesgs is, according to (3), derived
from the integrations:

or, substituting V/nD for Y and simplifying:
AW = 80V°

This power is equal to that of traction, with an efficiency
equal to unity, whatcver the translation parameter ¥ may
be.

This conclusion is exact only when, as I have done,
the quantities of the second order are neglected with re-
cpect to the angle of propulsive inclination 6, cos 6
having been compared to unity and sin 8 to © during my
calculations,

The chart (fig., 10) illustrates the application of my
formulas to propellers tested during 1925-27 in the Eiffel
wind tunnel - propellers with excessive solidity and very
drag-producing hub, p reaching as high as 3.9.

Chart 11 ghows the evolution of the lift coefficients
%, and the power coefficients B against Y '= V/aD for
two gyroplanes. The one of considerable parasite drag and
having four blades, is substantially the same as the ex-—
perimental aircraft I have tested; the other, fitted with
six blades, represents a very refined gyroplane of the fu-
ture, ‘

Figure 12 shows the angle of propulsive inclination
8, insuring propulsion in horizontal flight independent
of the relative air density for the two types of gyroplane.

Figure 13 gives the apparent relative drag changes
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tan @ against. ¥ =-V/nD;~-}ndependent=of;the altitude, and
the lifting quality. :q.- at gsea level for the tested gyro-
plane against that.of the future.: It will be-seen that g
passes through -go" much higher a maximum as the parasite -
draszs are lower; thig maximum, reached for 'a value of
V/nD, decreases as these drags‘increase.. By the same ar-
gument, the relative drags tan ® pass through so much
lower a minimum and reach so-much higher a value V/nD as
the parasite drags are smaller. : For aerodynamically clean
machinesg, as the future ones- will be, thisg minimum ranges
around 0,11 for a value of..V/nD: approaching 2.5, and it
is surpriging to note that over a very large region the
relative drag remaing practically constant and egual to
its minimum, R BRI =

This is an advantage not vrossessed by the airplane and
enables a gyroplane in cruiging flight to-increase its
speed while conserving its power in proportion to its
lighter weight with fuel consumption,.

‘Another remarkable feature -1g, that at the regime.of
minimum tan @, the angle of propulsive inclination &
remeins practically constant and equal to a slope of
around 10°, as a glance at figures 12 and 13 reveals.

The graph 14 shows ton o,, tan & and the-1lifting
guality q pvplotted ageinest Y- = V/nD for a gyroplane
with zero parasite drag (¢ = 0) at sea-level altitude
(corresnmonding to wing system rotating only)e

Quality g increases to a maximum of 0,64 on approach-

ing 5 = 2, then drovs a'little to reach 0,615 at & =

The apparent relative drag,. tan @5, decreases constantly
as far as gﬁ = 3, where it reaches substantially its

minimum of 04069,

. The slope tan 6, corresponding to the wing system
alone, is infericr to tan @a as far as ﬁ% = 3, these

‘two quantities then becoming equal,

Now, for any gyroplane, let R = Ra + Rn he the total
drag balanced by the angle of propulsive inclination . 6:
Ra being the drag due to the revolving blades, and Rn
the drag due to hody, hub, and accessoriess



N.A.C.A. Technical Memorandum No. 816 19

The condition of propulsion in longitudinal flight
~glves, obviously, tsn. 6 = R/P. But, as the apparent over-
all relative drag is tan ® = W/PV, the substitution of
R/tan 6 for the weight P in the formula for tan 8
gives:

tan ¢ = %% tan ©
According to the charts for 6 and tan ®, it seems
that vwp to the minimum of tan ¢, tan & being greater
than tan 6, +the power input W is greater than RV and,
beyond, W may be inferior to RV.

This paradoxical result follows from evaluating R
with respect to V/nD rather than V. In the regime of
minimum tan @, W/RP ig very close to unity for.a clean
gyroolane, and apovroaches 0.5 when the gyroplane has a high
drag, such as that analyszed in this study.

Finally, it may be noted that in view of formula (6),
the power equation of a gyroplane can be put in the follow-—
ing form:

¥ -V tan ¢, + 6 & v3 (15)
P a P

wherein the parasite drags do not interfere except in their
relation tc the total weight of the gyroplane,

o 1
For a very clean apnaratus, we may put = = 5==—==

P 350000

255555 ° Formula (15) shows that, for a gyroplane of

given narasite drag, weight, and horsepower, the highest
speed V 1is obtained when tan o, ig minimuam, or at val-
ues V/nD much higher than considered here, i.e.,
—— = Tl '
nD

The most favorable value for © is unity, as is read-
ily apparent from formula (6a), although tan ¢, 1increas-

es slowly with p so long as this coefficient does not ex-
ceed l.5,

o 1

Assume, for example, that $ = 200000° O < O.74
(2,000 meters = 9,842 ft.), and that it is possible to
acant the propellers for a value of V/nD = 243 10 2.6 or

substantially, tan ¢, = 0,072, Then the preceding formula
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enables us to éombufé'fha_hbrséndwer per kilogram of total
weight or the total weight per horsepower with respect. to
the maximum speed at thls altltude. The result is:

Altitude of Flight, 3,000 m (9,842 ft.)

Maximum speed

km/h ‘350 400| 450 | 500| 550| 600| 650| 700

Horsepower per
kilogram - 0e116} 4140|4169 |.200|.2351.276|¢320}.370

Total weight in : ~ , N
kilograms per B8.65|7,13(5.92 514.25[3,62|3,12|2,70
horsepower T ' T

km/h x 0.62137 = mi./hr. kg x 2.20462 = 1lb,

Now we attempt to find the speed of tranglation V,
up to which the resultant velocity at the tip of an ad-
vancing blade does not exceed the velocity of sound. For
a speed of translation V and a tip speed mnD of the
blades, the resultant maximum aerodynamic velocity at the
tip of the advancing blade is:

U' =V + 7nD = V (1 + EQQ\ =V (1 + v) (16)

It is seen that for a given speed V, U! will be so
much lower as the translation parameter Y itself is
greater. So, to prevent U! from reaching some velocity
‘and thereby vitiating the aerodynamic qualities of the
blades, it is advantageous in this respect that Y should
avpproach m. With Y = mw, the velocity U!' = 2V reaches
that of sound; that is, 230 m/s for a forward speed of
VvV = 165 m/s, .or 595 Pm/h.

Chart 15 compares tan & for a gyronlane of the fu-
ture and an aerodynamically cleann girplane corresponding

to Cx, = 0,018 and a 130 kg/m2 loading against the speed

at 3,000 ms The over—-all relative drag of the alrplane

is equal to its relative aerodynamic drag divided by the
propeller efficiency M, which has been fixed at 0,77,

It is seen that the gyroplane prevails over the airplane
as soon as the speed exceeds 380 km/h, and likewise, at
speeds below 130 km/h unattainable by the airplane which
assumedly has been fitted with the best high~1lift devices,’

m/s x 3.28083 = ft./sec. kg/m x 0.204818 = 1lb./sq.fte
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In proof of the foregoing, the-diagram (fig. 16)
shows, plotted against the speed.at 35,000 -meters, the
power absorption for the airplane and for the gyroplane,
and for the latter the development of quality g at this
altitude, q. varylng in 'inverse ratio of the horsepower.

Between 150 and 380 - kllometers ver hour .the airplane
needs 1ess_power,to fly - than a gyroplane, but the gyro-
vlane can make 500 kilometers per hour with only 2,900
horsepower, whereas the airplane, notwithstanding its high
fineness ratio, needs 4,700 horsepower,

Chart 17 represents, -in function of ¥ =.ﬁ%, the
changes in speed of advance, speed of propeller rotation,
power absorption,. and of the total propeller torque for
horizontal flight at 3,000 meters ~ that is, for the en-=
tire speed range of horlzontal fllght from hovering to
maximum forward speed.

The surprising fact is, that contrary to what occurs
with the ordinary vpropeller, the number of revolutions
per second of the propellers decreases consistently as the
speed V increases, which is evident as a result of the
correlative increase in 1ift coefficient ay .

Thus the tip speed mnD of the blades decreases in
proportion to the increase in forward speed V, so that
the sum V + wnD may be almost considered as being a
constant. This exvlains why, with thig particular gyro-
plane, the tip speed at static thrust is 260 meters per
second, and at 480 kilometers per hour, the resultant
speed V + mnD will only be 274 meters per second; il.e.,
only 5 percent higher and well below that of the velocity
of gound, :

This variation in the number of revolutions can, ob-
viously, be mitigated by modifying the blade incidence,
but there is a possibility thdt it will be necessary to
provide a speed change for the gyrqplane of the future
with its high forward speeds.

According to figureg 16 and 17, the gyroplane absorbs
the same power at static thrust'as at 450 kilometers per
hour, which indicates quite clearly that this type of air-
craft affords in some fashion, gratuitously, a translation

at already very high sneed. The power input is minimum for

gﬁ = 0,9, corresnondlng o a sneed ¥ of 225 kilometers
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per hour, while ‘the - nropeller torque itself is minimum at
a slightly lower speed, such as V/nD = O 6. and V= 150
kllometers per hour. :

. “Chart 18 shows ‘the chafiges is coefficient B/a, of
the propeller torgue against V/nD for the investigated
and the future gyroplane. As for the airplane, the speed
of "'minimum torque is that' of the ceiling, and that is als
the most advantageous for fllght w1th cne or more englnes
cut out. - :

Charts 19 and 20 reveal - plotted a%alnst V/nD ~ the
slope of the 1lift and power curves a,/Y and B/Y?®, re-
qnectivély; which follow when horsevower and lift are re-
ferred to speed of advance 7V, as for the conventlonal
airplane, rather than to the number of revolutions n.

Lastly, chart 21 gives the polars versus swept-disk
area conformable to formulas (10) and (12) for the tested
gyroplane’ and for - taat of the future. The coefficient (4
is deflned by the power equatlon (11) and coefficient C,
by the lift equation (13),

Drag tan @ -and'liftiﬁg qﬁality g are given in
terms of Cx and C, Dy the formulas:

W C

tan & = — = =X (17)
PV Gy ,
/2 3/2
B _ s1/2 Bz " (18)
4 oW 8 Cx

When Y +tends toward zero, i.e., upon approéching
static sustentation, Cx and €y increase indefinitely,
and the polar has an infinitely risging branch; tan O
then increaseg indefinitely, the asymptotic direction be-
ing the axis of Cg. The guality at zero altitude then
tends toward a limit gq,, making the polar asymptotic
to the semicubic induced parabola:

Cp = T ¢, 272 - (19)
84, : :
Froude's theory affords a -satisfactory approximation

of the quglity q, at static thrust and without ground
interference, It supposes the induced speed to be uni-
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formly distributed over the swept-disk area, the value u
on passing into this area, and 2u after passage. It fi-
nally offords the power input Pu and the quality at zero

altitude q, = 4%— = 0,443,  with the cor:esponding gemi-

citbie induced parabola previously cited and

6, = L ¢,®/® - (20)

I have indicated in the foregoing that, in order to

-move at sufficient speeds, it was indispensable both from

the point of view of design and of the stability, to hinge
the rotating blades teo the hub, and gave the reasons why
thig ig Jjusktified.  When the blades are rigid - and this
is important - and the parameter of translation is quite
high, the momentous veriations in the lifting force exert-
ed on a blade during rotation, produce periodic bending
stresses which are not admissible unless the gtructure isg
very heavy. Besides, it undoubtedly engenders critical
vibrationse The calculation of which I have given the re-—
sults, are predicated on the assumption, from the aerody-—
namic point of view, that the blades are rigid and conse-
guently make no allowance for the flapning action permit-
ted by the articulations, »nd whose analysis is a very
difficult problem,

Suffice it to say that this flapping, even for high
values of Y, has practically no detrimental effect on
tan ®. I shall demonstrate, moreover, the necessity, from
the aerodynamic point of view, for allowing the blades 2°
of freedom about the two perpendicular axes - one in the

meridisn plane, the other in a parallel plane in order to

recover the powers brought into play.

It is saiad that when a wing in uniform translation is
actuated by a vertical, sustained, periocdic flapping mo-
tion, it is possible to effect a decrease and even a nul-
lification of the drag by combining the oscillation of the
aerodynamlc resultant with the 1n01dence var1ations (ref-
erence 4).

The dlmlhutlon of the power necessary for the advance

igs found in the. power consumed for upholding the flapping
motion, with a propulsive efficiency solely a function ‘of
the effective aspect ratio of the wing. The efficiency is

improved when the wing oscillates about an axis parallel to
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the span so as to attenuate the incidence vari_ tions by
tending toward unity if the aerodyrnamic incidence were
kept constant. In this extreme case the influence of the
flapping motion will be zero and, likewise also, the power
necessary to sustain this motion. ‘

On the gyroplane the flapping motions are free, being
caused by the variations of the resultant aerodynamic ve-
locity. The blades, doubly hinged, are free to oscillate
in a meridian, and in a palallel plane. Although the pro-
.peller is tilted, I designate the former with vertical
flapping; the other, with horigzontal flapping. When a
blade advances in the sense of the snmeed of translgtion|
it 1s raised with a certain phase difference by assuming,
.In thie manner, at one of its vnoints, a speed v, which
combines with the aerodynamic speed U's The resultant
aerodynamic velocity, without its magnitude being substan-
t}ally changed, then inclines upward at an angle € =
v U,o :

_ The result is that the drag coefficient in the plane
of rotation is incremased by the component € C, of the
1ift coefficient; at the same time, the incidence is, of
course, decreased by €. But I have made the calculations
on the basis of & mean lift coefficient, taking into ac=
count the natural and contreclled incidence variations.

In comparigson with these figures, according to the fore=
going, it will be geen that the drag in the plane of rota-
tion is increased when the blgde advances in the sense of
the translgtion,

The inverse process takes place outside of the re-
versed-velocity region, when the blgde recedes, dbut, as
the resultant aerodynamic velocity is then much lower,
there is no compensation, In 2ddition, the drag within
the reversed-velocity region —~ the 1ift being negative -
is increased. The amplitude of this flapping is a func=
tion of the intensity of the restoring forces formed by
the centrifugal force and the blade weight. When the blade
faces in the inverse sense of the speed of advance, it is
substantially perpendicular to the axis of rotation, and
even slightly tilted downward owing to its own inertia.
With fixed pitch the greatest elongation 1s obtained in
about the most forward position, and the highest speed of
climb in the meridian perpendicular to the translation.

In practice, according to our patented device, the am-
plitude of these vertical flapping motions is limited by
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the automatic pitch decrease, .with the aid of an eccentric
lever, in direct ratio to the rise. The maximum speéd and

elongation are thus reached sooner. ‘I shgll confine my-

self, on this subject, to the following little~known funda-
mental phenomena which underlie the theory of flapping mo-
tion.

- . 1) Every vertical flavping motion develops ~ due to
the fact that it superposes itself on the rotation of the
propellers - combined centrifugal forces, perpendicular to
the meridian plane of this flapping, which tend to make
the blade advance when it is raised and retreat when 1t is
lowered. S :

Every vertical flapping motion is therefore, necessa-
rily, accempanied by a horizontal flepping motion of lower

-amplitude, these two flapping motions being not in phase.

2) The increase in power necessary for the rotation
due to the drag increase in ‘the plane of rotation, is com=-
pensated ~ at efficiency approaching flapping - by the:
power supplied in vertical flanpln# by the displacement of

the lift..

—

2) This recovery is effected through the energy, in
the horizontal flapping motion, of the combined centrif-
ugal forces which, in this fashion, play the role of trans-
formers of energy. As these combined centrifugal forces
are due to vertical flapning, it is readily seen that the
recovery of energy is contingent upon the combined flap-—
ping motions, vertical and horizontal: whence follows the
Justification of the principle of double articulation; no
fraction of the considerable energy employed in the verti-
cal flapping motion can be transformed and recovered ex—
cept by vermitting the horizontal flapping to be effected
freely,

I shall give the mathematical demonstration of these
fundamental nronerties. ' :

The motlve;force’of'e'biade being its rotation about
its own axis at uniform spheed w, the vertical flapping’
constitutes a relative motion and gives rise to comple-
mentary acceleratlons.

Let B Do the upward inclination of the blade inm the
plane of rotation, v = r %g the speed of rise of an ele-
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ment - dm 'of the mass of the blwde situated at dlstance T,
v formlng, with the axis of rotation, ther angle Bs. The
elementary . combined. centrifugal force of mass dm is per—
pendlcular ‘to v and to the axis of rotation, hence to
the meridian of the blade and has, by virtiae of the Corio-
lis theorem, the value: :
4Fc = 20 v B am = 2w r am B 48 j (21)
With M, the total mass of the blade
T distance of its center of gravity from
the axis of rotation, we have:,

Zrdm =M rg |
The resultant combined centrifugal force then has, after
integrating fqor the whole blade, the magnitude:

Fo = 20 rg M B dB | _ (22)

It 1s seen that this force F has the same magni-
tude as if the total mass were concentrated in the center
of gravity, although this is not to be interpreted as be-
ing avplied at that point. '

If H = M w? r, 1s the centrifugal force to which
the blade is subjcect in its rotation about its axis, we

mey write:

F, = 20 B 48 o - '(ez)
W dt :

which shows that this force can become relatively very im-
portant,

7 the blade riseg, this force -~ directed in the
sense of motion due to rotation w - is active. Contrari-
wise, it ig resistant when the blade is lowered, and zero
when the blade is pervendicular to the axis ¢f rotation
(B = O)J' or when its inclination is maximum or minimum

g% = O). By integrating along the blade at a given in-
stant, the resultant couple in relation to the articula-—

tion parallel to the axis of rotatlon due to the forces
aF, has the value: ‘
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o
i

. dFe = 20 B 4B T r2 quw = 2T w p &8 (22
Zr Fo WP LET T oam = 21 w B £ (24)

where I = £ r? dm = M p? 1is the moment of inertia of the
Plade in ratio to. the articulation, and p the corre-
spondlng r3dilts of gyration., Thus it is seen that the
férce F is applied at a distance "a from the axis, so

c 2
~that a F, = ¢. From formulas (22) and (24) follows:

&=y T mg* -5 ' (25)
g g g

But if;-pg -ig the radius of gyration relative to the cen-

ter of gravity, - p2 =;pg2 + r_2, hence:
5
o =r, + PED - (26)
& rg :

the well=known formula defining the center of shock with
respect to the axis wvhich, in consequence, is the point of
application of force . F, farther away from the axis than

the center of gravity.

The combined centrifugal couple J thus defined, is

periedic and of particular value; it contributes directly

to the congservation of the horizontal flapping motion.

Then let ¥ be the elongation of horizontal flapping.

at time interval t, positive when in direction of motion
due to rotation w, all flapping motions having as common
period that T = %g of a propeller revolution,

I shall demonstrate this important theorem in the fol-
lowing manner: The recoverable vertical flapping energy
et each propeller. revolution ig precisely the work of the
combined centrifugal couple J .in the horlzontal flapping
motion., The work of couple J 1in the period is evidently
the sum of the work T and T! of this couple in the ro-
tation at uniform angular velocity w on one hand, and in

the horizontal flavping superposed on this motion, on the

other,
The differential of the work T isg

T = Jw dat = 21 w2 B 4B I w? ap? (27)

it

after substituting ap® for 2B 4B,
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As elongation B, and consequently its square, also
assume the same values at the end of an interval equal to
the period, it ig seen that the work T within the period
is zero..

The couple J can therefore furnish work only in the
horizontal flapping motion, and the value of this work in
period T is:

T T
av = 4B 4V g4 28
;o3 et =21 { B &Y 5% (28)
Now it remains to be wmnroved that thig work is precisely
equal to thet of the aerodynamic 1ift during vertical

flapping. With this in view, I shall write the equation
for vertical flapping.

The blade rotatcs at speed w + %%, so that the cen-
trifugal returning moment due to an element of mass dm
is:

2
dCsy = r? dm (w + 4¥) g (29)
at
Dlsregardlng (im before w2 and 2w E% and designat-

ing the mement of inertig of a blade with respect to one

articulation with I - (it is practically the same thing,
whether considering one or the other of the two articulag-
tions) = we have:

Gy = IB (wg + 2w %%) (20)

With C, as constant couple due to the 1ift, and Cyp
as congtant couple due to the weight of the blade, the
differential equation of the vertical flapping motion

reads as follows:

That is, by repnlacing Ci by its value:
2
I <§~§ + w? B+ 2w B éﬂ) = 0, - C (32)
at2 dat a P

This equation is absolutely general, whatever the laws of
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incidence variations affecting C, may be. In this verti-

cal.flapping the. elementary work of the aerodynamic 1ift
decreased by that of the weight of the blade ls:

=(Cpm 1 (ap & 2 - ap 48 3
4Ty =(0p=Cp) dB=I <a5 d€§ + w? g ap+2w p 4B dt) (33)
but

a%p d 4B _dp ., 4B _ 1 B g = 1 3g2
W =P~ asdag~z¢ <t> P ag =5 ab

Hence, we can write:

2
aT, = L <d§\ + %T éﬁa + 2w B 4B %%'] (24)

At the beginning and end of the period, p and %%, and

likewise, their squares, assume the same values; hence,

the first two terms yield zero work in this period.

The work recoverabdle in the‘duration of a period, re-
duces to

T g 48 4y
Ty =21 w J at (35)
A it at :
which is precisely the value of the work I! of couple

J in horizontal flapping. 4nd, since the work of the
blade weight is obviously zero in the period, work T,
represents exactly that which is recovered from the work
cf the aesrodynamic lift.

It is therefore readily seen that the recovery of en-
ergy hinges on the combination of the two simultaneously
dephased flapping motiong, horizontal and vertical, and
owing to the intervention of the combined centrifugal
forces. Without the freedom of horizontal flapping, no
recovery of energy is possible,

Thig brings us to the design of the gyroplane of the
future (figs. 22, 23, 24), which weighs from 15 to 17 tons,
hae three=blade rotorg of 25-meter diameter, and a solidl=-
ty ratio hy = 0.07 or 34 n2 area.

I have always assumed p = 1.5, the mean 1ift coef-

ficlent ¢, of the blade elements being le5 times that
which corresponds to their flneness ratioe.
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The engines, four in number, housed in one compart-
ment of the aircraft, should develop, at 3,000 meters, a
total maximum power of around 3,600 horsepower. The gyro-
plane should be able to fly at 3,000 meters, with only
2,000 horsepower, at a forward speed of 250 kilometers per
hour (155 miles per hour), whereas with 2,400 horsepower,
the speed is to be 400 kilometers per hour (248 miles per
hour)e The drag of the body and of the accessories corre-
sponds to that of a 0,56 m2® thin flat plate.

I have compared, as seen, the possibilities of such
a gyroplane with those of an airplane of the same tonnage,
both in horizontal flight with full load, at 3,000 meters.

The weight balance for a design of the same quality
is in favor of the gyroplane, whose rotating wing system -
not being subjected to any appreciadble bending moment -
is definitely much lighter than the fixed wings of an air-
plane, One may figure the gain in dead weight at 10 per-
cent of the total weighte The airplane, to counteract
this added weight, would have to be equipped with less
. powerful engines, which in turn would lower its top speed.

Now, in regard to cruising flight, the gradual reduc-
tion in weight due to fuel consumption must be borne in
minde Then, by Jjudiciously combining the altitude increase
with that of Y = V/nD, it is possible to realize the con-
dition of flight with constant horsepower, while remaining
within the 1limits between which the over—-all fineness
tan ¢ changes little - in fact, remains practically con-
stant over falrly large speed ranges, as I have already
indicated, : '

Under these conditions, the formula V = 5—T_--—%

shows that the speed increases continuousgly in inverse ra-
tio of the total weight without the altitude reached at
the end of the trip becoming excessive,

If the fuel consumption amounts to 36 percent of the
total welght, which is equivalent to stages of 4,600 kilo=-
meters in still air, the speed of 400 kilometers may even
be raised to 625 kilometers per hour, which corresponds to
a mean speed of 500 kilometers.,

Such a result is impossible to achieve with the air-
planc considered here, because tan ® increases much
faster with the specd than it does for the gyroplane and,
to raise the speed, it would have to reach heights where
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the power of its englnes could not be maintained., 1In fact,
.1t does not seem Dos51ble, with the very best alrplanes,
actually to envisage a mean speed of over 400 kilometers
per hour, at the time, at 8,000 or 10,000 meters altitude.

“Objections may be raised to'my assumed 130 kg/m® wing
loading of the airplane. But these are figures actually
in use, and I have chosen for a- gyroplane a somewhat large
diameter, carrying at full load only 440 kg/m2 blade load-
ing, so as to provide a margln of excess sustentation at
take-~off in order to be able,  with engines cut out, "to
descend in a glide, like an autogiro, the wings - with a
loading of only 31 kg/m?® - being in autorotation with re-
spect to swept-disk area; and lastly, to be dgble to fly
Wlth one of the four engines stopped. ' s B

If an alrnlane of 200 kg/m2 loading could be realized,
it would necessarily have to be launched by catapult. The
reduction in w1nz structure involves, probably Cx, = 0,021,

That . belng so, the gyroplane which I have consldered should
not have a hlgher over-all fineness than the airplane at
«,OOO meters, except at sneeds above 420 kilometers per
hour instead of %80 kilometers per hour, as before.

Quite apart from the advantages of speed and light-
ness of design, the gyroplane has other particular quali-
ties not possessed by any other type of aircraft - and im-
portant enough to justify the studies undertaken, even if
the maximum speed should not exceed that of our conven-
tional airplanes. These are:

1. Practically no responsq:to aerial eddies, the flex-
ibility of the articulated revolving rotors forming a par-
ticularly efficacious aerodynamic suspension. :

2. The absence of stalling, since stationary susten—
tation is possible, and the facility in case of -engine
failure, to descend in the manner of airplanes with low
wing loading, like the autoglro descends.

3e Possibility of joining .several engines to the cen-
tral shaft and installation in a comfortable engine com-
partment, affording uninterrupted inspection and ease of
acce551b111ty, with llberty of cuttlng out the engines at
will, - .

km/h x 0.62137 = mi./hr.
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With the high reduction gear ratio (10 to 20) between
engine and propellers, ~ simple worm (endless scrEW)'could
be used and which actually h%s been dGVe]oped angd -’ is of
gsufificient efficiency.

44 Possibility of vertical ascent on ground or water,
The gyroplanes will be more cor less: amphlbians. ‘Oné can
even visuanlize refueling being effected w1th much less
difficulty than with seaplanes.

Se Small over-all dimensions for storage, since the
articulated blades are easlly folded.

B Inaonr901able military qualities, since a gyro-
plane can take observations in cases where absence of mo-
tion is »articularly desired; small gyroplanes seem to be
made. for asrtillery spotting.

. .7+ As regards naval aviation, gyroplanes of from 2-4
tons could replace the actually used deckplane, along with -
the bulky and heavy catapults, %o good advantage. Alir-
plane carriers will, undoubtedly, no longer e necessary.

Deck-landing gyroplanes, with their small bulk, once
the blades are folded, can be used in much larger numbers
on every battleship. C '

Such tempting results are, quite obviously, not ob-
tainable before overcoming certain difficulties beset-
ting every new development, and which are beyond the scope
of thig report, But I do feel that it ig fitting to make
known at this time the conclusions to which my investiga-
tiong have enabled me to arrive. -

Certain readers - even among technicians most famil-
iar with aeronanutical problems - may be surprised, bdbut I
am firmly convinced that when they have studied my formu-
las and reflected on the posed problem, their final con-=
clusions will be similar to mine.

I may have been led to gssume, in my examples, gquali-
ties beyond reach in the near future, but even so, the
judgnent and nature of ny conclu51ons are, I believe, in-—
contestable,

I hope I have been able to make you share my personal
opinion, that the gyroplane problem should not be given up
but, on the contrary, attacked in all:seriousness: Suc—-
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cess will so much more gquickly crown the efforts still nec-
essary, as these efforts are more unanimous, better under-
stood, more encouraged and coordinates, and it is hoped
that France will again take first place in this new stage
of progress in aerial navigation.,

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Figure 4 The gyroplene of 1807
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Figure 5.~ 1935 gyroplane in test flight.
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Advance

at speed,V

Figure 7.~ Distribution of speed and reversed-velocity
region for a propeller revolving at rate n
and advancing at specd V.

Fig., 7
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Figure 9.- Gyroplane.- Effective aspect ration of a blade.
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Propeller flatwise in the wind -~ tested

in Eiffel wind tunnel.

Relative pitch: 0.55,

ho = 0.14 (2 blades)

hy = 0.28 (4 blades)
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Figure 11.- Gyroplene. Lift and nower coefficients.
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I, hy = 0.068, hy = 0.015, ¢, = 0,011,
w =1.5, ¥ = 4 blades, ¢/D® = 1/2000
II, b, = 0.07, h, = 0,015, cx_ = 0.009,

b =1.5 N = 6 blades, 6/D° = 1/15000
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Figure 12.- Angle of propulsive inclination € in

horizontal flight.

Fig. 12




N.A.C.A. Technical Memorandum No. 816 Fig. 12

g
I |0.068[0.015{0.011 | 1.5 4[1/2,000
I110.07 {0.015]0.009|1.5|5K{1/15,000

.58 T //_O-QQG-”?
4
.54 // <]
l‘ \‘
80 - /Z \\
7/ lo0}466
46 I 7 R
A N
/ "/i HE DY N\
i \
T \
/ - “—‘r\ — A ' quI
i
38 - b — i ——
| j | |
[ J‘\, ! \\ v—r I
" VL \ i . tan § I
o4 \:x_‘ \ l s
a ,tan § Ll - L
Ly \\ | A
20— T t——— i i !
LA i P
+H 4 \Xi P
.26 1A\ -
N !
N P AY l
22 A4 Tret AR
. \ 0.2206 ;
u 1\ | N t
.18 ¢~ -
~\.\ten $ 1] K\ [
P N i
la .
:>:~ - _!_ i > ql
10 T ogs
0 0.4 0.8 l.2 1.6 2.0 2.4 2.8

V/nDd

Figure 13.- Quality @ and anparent relative drag

tan §.



N.A.C.A. Technical Memorandum No. 814 Pig. 14
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(cxo= 0.018,A4=8,'§ﬁ 130) tan ¢ versus V (n= 0.77)
W.
tan ¢= Fy (altitude 3000 m)
|
.44 L

.40

i
\
i\\r\ NENANW } :
T |

.28 __““:iT— &ii ’ .
: . | |
R 7

.24 - -

.20 t

|
i i N ! airplane
MENELENE \.

i ' T S
"_“"l_\ | \\ /{\< "‘\’
12 A AN <4¢Nj?
. I ; A N
- A SN 50,204
.08 S RIS N 4 1} eyroplane
130 kmh ) | — 1 = o.o72
f t 1
.04 ] L Lo
0 80 160 240 320 400 4850

Forward speed,V,km/h

Pigure 15.- Gyroplane of the future (G/Dz= 1/15000)
and airplane of exceptional aerodynamic gualities.




N.A.C.A. Technical Memorandum No. 816 Fig. 16

3 3 - Gyroplane of the , o _ _1 _ B
e B G future ("p*= 15,000 +D=#5m, P=15 tons)
= 5y Ve S

8 . :
Airplane of same o A =8 52120, n=0.77
ot (c%,=0-018 , ,5=130,n=0.77)
\50 [ ; 7] W, bp.
i { i {
— T 4700
- o ! /// | L qhalitylq | i/
i ! 1 ] ,\\ gyroplane
o { > 7 ; ; \_ \y 4200
S .46 [~/ i “A
Q i | ! & [
[ag] ' L /| | T i \ A\Q 2900
» e L ‘ W\
o T AR
E R TR 2800
A .42 - ] / f ! | \ \\\n\'
R ENARSEERY
B ' A-ARY 2100
@ | \K\“% s -
i, 40 ! — ‘.‘\\ \-\\\\\ 8.
. i AN £
l \\ o
o ! | 2700
hat ! AW 3
~ .38 ; lg)y Y B
g ! a/& \. p?
& : oS —H| ©300
IR
.36 f— > 15 = '
aenaiily ST
-—+ /; t I i o 1900
” | AR
' | / i A
; : 1500
3,4 | / : |
. i
| BN
=120 | i\\ i L7 aiﬂplanéz 1100
20 N | 1 ~deit I i

0 g0 160 =40 30 400 480

Forward'speed, v ,km/h

Figure 16.- Gyroplane of the future and airplene of the same weight.
Power aosorved and quality q of gyroplane at 3000 m.



N.A.C.A, Technical Memorandum No.8lG

Fig.17
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B _ “‘EL D, Diameter
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b= 1.5, N = 4, ¢/D° = 1/2000
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p=1.5 N =6, ¢/D2 = 1/15000

.50 7
+

|
-t

L3E & [

.34 L

B/mz
<30

/
.26 n 7

.22 A 4

ﬁ-.—r/ l/
) T
e B

.10 ‘
0 .4 .8 1.2 1,6 2.0 2.4 2.8
v/uD

Figure 18.- Coefficient of propeller torgque.
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a,/Y2 = P/sD%y2

—————— ho = 0.068, hy =.0.015, cy, =0.011, u = 1.5
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ho = 0.07, hy = 0.015, cx, = 0.009, p = 1.5

N = 6 blades, ¢/D? = 1/15000

4.0

H
3
|
=

2.0 +
'
! 1
1.6 \
i& i
|
1.2 \" !
X !
\Y
8 &\
. N
X
\\
A P
Q‘\\\-‘.‘ _
I l
0 4 .8 1.2 1.6 2.0 2.4 2.8
V/nD

Figure 19.- Lift coefficient.
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SYROPLANE LOU/ BREGUET

Design of a 3-engine amphibian gyro-

plane. with retractable skids forming

ballonets and with a hull.

Total weight:- 16,000 kg(35,373 1b.)
" Propeller dismeter(3 blades each):-

25 m (82.02 ft.)

Total blade area:-34 m* (365.97 sq.ft.)

Total maximum:-

Power output at 3,000 m (9843 ft.):

3600 hp.
Speed at 3,000 m -
using 2300 hp.:500 km/h{311 m.p.h.
W 3400 hp.:400 " 5249 .
" 3000 hp.:350 #* (155 "
Hovering at 3,000 m ,power imput.23650hp

Figure 23. Gyroplane of tne future.
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Figure 33. Gyroplane of the future.
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