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By John B. Wheatley
SUMMARY

A simplified aerodynamic theory of the cyclogiro ro-
tating wing 1s presented herein. In addition, examples
have been calculated showing the effect on the rotor char-
acteristics of varying the dssign perameters of the rotor.
A performance prediction, on the basis of the theory here
developed, 1s appended, showing the performance to be ex~-
pected of a machine employing this system of sustentation.

The aserodynamic principles of the cyclogiro are sound;
hovering flight, vertical climb, and a reesdnable forward
speed may be obtained with a normal expenditure of power.
Autorotation in a gliding descent is available in the event
of a power-plant failure. A

INTRODUCTION

In carrying out a program of research on the general
problem of rotating-wing systems, the National Advisory
Committee for Aeronautics has undertaken a study of a power-
driven rotor vhich, because of the cycloldal path described
by the blades, is called the "eyclogiro." This rotor po&-
sesses.promiss in the field of hovering flight and vertical
ascent, in addition to a reasonable speed in level flight,

For the purpose of invegstigating the basic merit of
its aerodynamic principles, a simplified aerodynamic theory
of the cyclogiro has besn developed end is here presented.
In its preseat form the theory must be considered as giving
only qualitative results because of the simplifying assump-
tions found necessary in its derivation. TFor illustrative
purposss, the theory has been applied to a rotor of assumed
proportions, and the variation of the rotor characteristics
with changes in the pasgic rotor parameters is shown in the
form of horsepowar~required curvses. B
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DESCRIPTION

The cyclogiro rotating-wing system is shown in figure
1. The rotor consists of several blades rotating about a
horizontal axig perpesndlcular to the direction of normal
flight, The angle of the individual blades to the tangent
of the circle of the blade's path is vafled Dy a double-
cam arrangenent so designed that the periocdlc oscillation
of the blades about their span axis may be changed both in
amplitude and in phase angle (fig. 2). The net force on
the rotor mey thus be varied in magnitude and direction by
movements of the camsg.,

THEORY

Referring to figure 2, velocitles are those of the
rotor with respect to the air and are positive upward and
in the direction of normal flight, also 1in the direction
of rotation and radially outward. TForces are positive in
the same direction as velocities except that tangential
forcee are positive when resisting rotation. Blade angles
are positive when the blade trailing edge is closer than
the leading edge to the rotor axis.

Force and power coefficients will be based on the tip
speed and projected area of the rotor, and are defined by
the following equations:

Z
¢, = — (1)
Z pﬂPRas
vhere C;, 1is the vertical force coefficient r
zZ is the vertical force, 1lb. .
p is the air density, slugs per cu.ft. :
Q is the rotor angular velocity, rad. per sec.
R is the rotor radius, ft. -
8 is the blade length parallel to the rotor
axis, ft.
X )
Cy = ——m—im 2
X pSER3s (2)
where c is the horizontal force voefficient

X
X is the horizontal force, 1lb.
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Cp = ~=5Ris "(é;

where Cp 1is the coefficient of power required
P is the powser required, ft.-1lb. per sec.

It is assumed that the horizontal and vertical in-
duced velocities vy and v due to the generation of
the forces X and 2 are constant in magnituds through-
out the rotor cylinder and, by arnalogy with propeller
theory, are onehalf the velocity incrément imparted to
the air in producing X and 2. Then if ¥V 1is the trans-
lational velocity of the rotor and O +the flight-path
angle referred to the horizontal forward, let

POR = ¥ cos § + vy (43
MR =V sin 0 + v, (5)
" = e+ ok e
where V! 15 the resultant velocity. -

These velocities are diagrammed in figure 3.

It is further asgsumed that the area from which the
induced velocity vy is calculated 41s that of a circls of
diameter s, i1in all cases where ¥V cos 6 exédeeds an arbi-
trary fraction - say 0.1 - of the tip speed; when V cos 8
< 0.1QR, the area is assumed t0 be that of a rectangle
of length s &and width 2R. This is equivalent to assum-
ing that the rotor in forward flight acts like a monoplane
in so far as the induced velocity v, is concernsd. The
arbitrary speed O.1QR has no great significance, .since
the extreme conditions of hovering flight and maximum for-
ward speed are unaffected by it; 1its applicatlon to sub-
sequgnt examples has been the termination of the horse-
power-required curves before the velocity of translation
reachgd zero. The use of the cross-sectlional area 2Rs in
hovering flight is equivalent to assuming that the rotor
acts like a propeller. It is apparsant that any error in-
troduced by these assumptions willl be gquantitative, and
will not affect the gqualitative relations obtained in the
subseguent expressions. The induced welocity v is as-~
simed to be derived from the area 2Rs 4in all cases.

NN SRS Y
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Then
2Z 2Cg 95 (7)
2oeVIme® (A2 +pu?)E
Q
v = — X __ %xMR (8)

X" 4oV'Rs  4(NEApB)E

Substituting the values for vy and v, in equa-
tions (4¢) and (5), they become

2CgR
A = v 5;n 9‘+ Z ] (9)
e ( A%+ u2)

V cos B Cx

4( N+ °)
Equations (9) and (10) may be used to solve for A
as & function of u 4f it is assumed that Cx %
4(pr2 + pa)e’
is negligible in comparison with 17%§§—§ .
Dividing (9) by (10),
QGZR (11)

A= tagn G+
s mus( A2 + )t

Let the tangential and radial velocities at the blade
be designated U and U,, respectively; let the reasult-
ant velocity be designated U, making the angle &
with the tangent to the path circle. Then, referring to
figure 4, ’

U, = QR - QR sin§+ AQR cos ¥ . (12)

where VY is the blade-position angle referred to the hori-
zontal forward

Ur = WO R cos ¥ + AR sin V¥ (13)

U. = U, tan & (24)
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It will be assumed that ¢ is small, eo that
tan & =@, Then

Uy

U : (15)
U, = Ud (16)

The angle-of~attack variation of the blades is a
sinusoidal function of VY, &and the instantaneous geo-
metrical angle o can be expressed as

@ = o, +.a1 cos{ ¥ ~¢) (17)
where G, is a constant angle setting with respect to
the tangent of the blade~path circle
oy is the ampl}tude of the varyiung angle

¢ 1is the value of V¥ at which the varying part -
of the angle is a positive maximum

The aerodynamic angle of attack ap 1is equal to the -
difference betwoen o and P. Then

Qp = @ ~ & = x, - ? + a, cos(V~-¢). (18)

For the straight-line portion of the 1ift curve, the
blade 1lift coefficient CL may be written

) ac .
where a is E?% for the bplade profils, o« being in ra-
dian measure. From this relation and squation (18), the

instantaneous 1ift L and drag D of a blade may be
written

L ='% pU° s a G
L oy (20)
D = P p U° 8 GDo : - .
where S iz the blade area

CDO is the average profile~drag coefficient of
the blade section,

1]
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It is posslible to express the profile drag of an alir-
foll section as a function of the minimum drag and the
1ift coefficlent, but the inaccuracies incident to the as—
sumptions regarding the inflow and the angle ¢ do not
Justify such refinement. A value will be arditrarily as-
signed to CDo’ 50 percent greater than the minlpum drag

of the sectlion, when applied in the equaticns, and will be

e

Ur to this point, equations have 'been derived for the
forces on only ome blade. In sudming up the net force due
to several Pblades, it will be assumed that interference
between blades may be neglected,

The resolution of the L and D forces into X and
Z components (see fig. 4) results in the egquations

S
1}

b 27 —— - ' 5 N
5‘;{ {L sin{y ~® ) - D cos(Vv - )}dﬂr(zl)

, - | o
X = g% {n { L cos{(V <3 ) + D sin(V ~-¢ )}-d v (22)

where b 438 the number of blades.

Substituting from squations (12), (13), (15), (1is8),
(18), and (20), integrating, and simplifying,

- L 2 .3 2y _1
2 = 5 P QER.'bS{aU.A gin € (3 +2 we) 3 aaAuA cog € (23)
- 2 U S Y % 1 S
5 aka, ~ 3 ah~ 5 A cnoj
1 2 3 2 1
X = 5 o2 R®bS -{ach cos ¢ (5‘ + %‘-K ) -gaaku.k gsin ¢
(24)

3 s .8
+ 3 aaoh 5 8u 2 “CDO}

For a blade of cons%ant chord ¢, § 45 cs == then
the solidity & of the rotor ie defined as

= _P_C__ ‘
& S (28)
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1 1 1
CZ = G aa, sin €<§ + 5 ua) - 3 guAaA gos €
. ' ' (28)
3 1 3
-2 8Ha, 3 ah- 3 M’Do}
= -2 l l‘. + }.. 2> - l-_ i;.'-.
Gx TO jax, cos € {é 5 } . 5 alAa, sih’g _
' 27)
3 1 3 (7).
+ 3 akao - g ek - 3 uCDO}

Energy is dissipated in the rotor only in the main-
tenance of the X and Z forces and in the losses aris-
ing from the blade profile drag. From equations (23) and
(24) it is seen that X and 2Z involve the profile-drag
coefficient; the power required for this part of the X
and 2 forces introduces the same factor twice into the
power Bquation when the integral for the profile losses
is set up. Adding a term %o cancel out the profile-drag
term in the X and 2 forces, ‘the esquation determining
the power requried is written

MRz + plRX + o 'zfn i pSUCRC, aVy +
21 o 2 D,

(28)

§‘ 2_=2 2'-2
s leR bSCDo(u + A%)

Substituting from (11) and (l4) and reducing to co- .
efficient form,
6, = Nz + Weg + WoCp (1 + 2u2 + 2\%) (29)
Equations (11}, (26), (27), and (29) for A, Gy, Oy,
and respectively, determine uniguely the condition of
oneratgon of the rotor when the physical dimensions, tip
speed eir speed, and flight-path angle are chosen; Tthat
is, the power required to fly & given rotor at a g{ven
speed in a given direction can be calculated. ZEquation
(29) may be used to show that the cyclogiro will autorotate
in the event of a power-plemt faillure. - From equations
(26) and (27), 1t 1is seen that Cyx and Cy may be given
any deslired value by changing the control parameters o
and €. In a glide, the velocity factor A becomes nega-
tive, as can be domonstrated by reference to equation (9).
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The first term of equation (9) is nsgative when 6 1is
negative; the second term is positive, but the relative
magnitude of the two terms may be varied by increasing V,
which increases the absclute magnitude of both u and M
This increase in V increases the magnitude of the nega-
tive first term, and decreases the magnitude of the posi-
tive second term, since all quantities but u and A are
constant. The resultant expression for A must then be-
come negative as V increases if it was not negative =&t
the start. Regardless, then, of the 1nitial rate of ro-
tation, equation (29) shows that the power coefficient Op
may be given 2 negatlve value, supplying an accelerating
torque which may be used to attain any desired rate of ro-
tation. Once rotation is attained, the values of ¢ and
¢ mnay be adjusted go that the 2Z force equals the welght, .
the X force, the horigontal component of the drag, and

the power cosfficlent OC is equal to zero; the condi-

tion of steady flight athero power, or autorotation, 1s

then demonstrated. '

DISCUSSION

For mathematical simplicity it has been assumed in the
development of the theory that the induced velocities v
and v, are constant in magnitude throughout the rotor
cylinder; this assumption Introduces an error which prob-
ably varies in sign around the periphery of the rotor cyl-
inder and which should have a relatively small effect upon
the net forces and torque. The assumption that the tangent
of ¢ may be equated to ¢ introduces an appreciadle error
vhen (W is large, dPut only where cos V 1s nearly unity;
vhere the cosine V¢ 18 large, the blade forces in normal
flight are small, so that agein the net forces and torqgue
are reasonably accurste.

p

The sarea within which the air is influenced by the ro-
tor forces has been assumed by analogy with monoplane air-
foil theory and propeller theory. It is thought that the
assunmptions made regarding these areas are satisfactory;
but errors introduced in so assuming are purely quantita-
tive and do not affect any qualitative relations established
in the theory.

fhe assumption stating that the interference 1s negli-~
g;ble introduces an arror which probably varies directly
wlth the number of blades and the rotor gollidity. It is
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felt, however, that correction may be made for the inter-
ference by multiplying by an empirical constant, which
will be obtained from the analysis of experimental data.
It 18 reasonable to assume that interference will intro-
duce only a quantitative error in the net forcés deduced
by the equations developed in this paper.

On the basls of the preceding paragraphs, it can be
stated that the equations developed for the net forces
and torque of the cyclogiro rotor give satisfactory quali-
tative relations between the rotor characteristics and the
parameters affecting them. It can then be stated that the
aerodynamic principles of the cyclogiro are sound. It
should be pointed out, however, that serious structural
difficulties will attend the practical application of these
principles. The control system will be necessarily com-
plicated mechanically, and gyroscopic couples in the rotor
will add complexities. The sBystem possesses sufficient
promise, nevertheless, to justify further work, and it is
recommended that this theoretical study be supplemented
by expesriment.

EXAMPLES

Examples are attached showing the calculated effect
of the Pbasic rotor parameters on the power requirements
of a sample rotor. The dimensions and physical character-
istics of the sample rotor are gilven in table I.

In the consideration of the influence of the solidity
and rotor loading on the rotor characteristics, it must be
remembered that a blade should #Aot be permitted to attain
a stalling angle of attack in normal flight. With this
point in view, the maximum instantaneous blade 1lift coef-
flcient was calculated for an average set of conditione
from equations (14) and (18), and compared with the aver-
age blade lift coefficient Q, . The coefficient c

L
is based on the tip speed anﬂf%ﬂade area, and is foundA
from the expression _ ) o
o % S oy

c
L, VbesQ®*R®% 7o

It was found that the maximum instantaneous CL was from
four to five times GL - Thisg definitely limits the vari-
A e
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tion, one at & time, of the solidity, rotor loading, and
tip speed, although CL may be held at a reasonable val-
A

ue by varying two or more parameters at the same time.

The effect of the aspect-ratio factor -£. 1is shown

in figure 5 and needs little comment. In figure 6, & set
of curves has besen calculated in which the tip speed for
any so0lidity has been varied to keep Oy constant, It

is seen that high solidities are advantageous, although
the neglected interference effects may tend to neutralisze
the decrease in power reguiremgnt showan. Figure 7 pre-
sents the effect of changing Ty while kaeping the

weight constant, 1In this example glso, has been
held constant dy changing the tip: ‘speed wi%h rotor load-
ing. The crossing of the power-~required curves for the
three loadings shown is due to the fact that the ratio be~-
tween the induced and profile power regulirements variles
with the loading under the assumed conditions. Flgure 8
shows the effect of varying Oy by changing the solidity,

the rotor loading, and the tip speed. The power required
for the rotor defined in teble I is shown for comparison.
The increase in power required as Cgp i decreassd 1is
smallest, at low speed, when the rotoT is enlarged; at high
speed, the smallest increment is obtained by increasing the
tip speed, while the largest incresment 1s obtained dy en-
larging the rotor. The power required for hovering is
ghown in figures 9 and 10 as induced and parasitic power,
the two factors being independent. Control characteristics
are shown in figures 11 and 12, where the variation in the
X and Z forces with € and g,, ¥Yespectively, is pre-
sented.

The performance of a complete cyclogiro, the physical
characteristice and dimensions of which are shown in table
II, has been calculated and ig presented in figures 13,

14, and 15, It will be noted that the assumed drag area

of 20 square feet 1ls conservative, even allowing for the
necessary structural complications. It was considered
useful to add to the performance calculation figure 16, in
which the values of a, and ¢ "for the gliding phase of
flight are shown es functlons of air speed. Despite the
conservative parasite drag assumed, the calculated per-
formence is striking. Although the equations given do not
apply at low forward speeds, the horsepower-required curves
have besn faired iIr to the polnt determined at zero forward
speed.
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CONCLUSICNS

- The cyclogliro rotating-wing system 1s aerodynamical-
ly sound in principle.

Hovering flight, vertical ascent, and reasonable for-
ward speed are obtained without the excessive expenditure
of power in the cyclogiro.

The cyclogiro rotor will autorotate in a gliding de-
scent. ' ) o

Langley Memorial Aeronautical Laboratory,:
National Advisory Committee for Aeronautics,
Langley PField, Va., July 14, 1933.
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Assumed Basic Rotor Charascteristics

Radius

Span

Blade chord
Number of blades
Solidity

Weight

Rotor loading
Pitch setting
Tip speed
Lift-curve slope

Average profile-drag
coefficisnt

Paresite drag aresa

6.0 ft.

24.0 ft.

0.472 ft,

4

0.05

1,440 1b,

5.00 lb. per sq. ft.
0°

300 ft. per sec.
5.00

0.015

8.0 Bq. ft. = drag

erea propelled by
rotor
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TABLE II

Complete Cyclogiro Charactsristilcs

Gross weight

Breke 'hp, avallable
Parasite drag area
Number of rotors .

Loss in transmitting power
to rotor

Rotor: o)

QR

3,000 1b.

300 hp.

20 sq. ft. (total)
2

10 percent

0.075

245 ft. per sgsc.
6.00 ft.

24.0 ft.

5.21 1b. per sq. ft.
0.015

0°

5.00

Note: Rotors are assumed to act independently.
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Figure 1.-The cyclogiro

Fig. 1



N.A.C.A. Technical Jote No.467 Figs. 2,3

~Amplitude of
\eccentricity

Horizontal axis

Figure 2.-Diagram of rotor system.

Figure Z.-Velocity diagram.
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Figure 4.-Blade velocities and forces.
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Figure 5.-Influence of span-diameter ratio on cyclogiro rotor char-
acteristics.
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Figure 6.-Influence of solidity on cyclogiro rotor characteristics.
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Figure 7.-Influence of rotor loading on cyclogiro rotor character—
istics.
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Tigure 9.-Hovering flight;induced-power requirement of the cyclogiro
rotor.
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Figure 10.-Hovering flight;parasitic-power requirement of the cyclogir

rotor.
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Figure ll.-Level flight} cyclogiro rotor control characteristics.
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Horsevower required

Fig. 13
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Figure 13. - Level £light} cyclogire performance,
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Flgure 15.- Gliding flight; cyclogiro performanco,
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