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THE THEORY OF THE STRANDGREN CYCLOGIRO*

By C. B. Strandgren
INTRODUCTION

The general classification of aircraft is: ornithop-
ters, helicopters, and airplanes.

The "Strandgren wheel! belongs to none of these cate-
gories. It employs for 1lift and propulsion alike a pair
of paddle wheels with blades revolving on a transverse
axise

Several aircraft, based on a similar principle, bhave
been studied elsewhere, but for none the experiments ap-
pear to have been so extensive as for tais one.

Each wheel consists of a certain number of equidis-
tant blades arranged around the horizontal axis of rota-
tion and parallel to this axis. Each blade is fixed so
as to be able to feather about an axis parallel to its
span at the same time as it turns about the general axis
of rotation. A4 system of controls permits feathering or
change of incidence of the blades to conform to the de~
sired effect: Thovering, 1ift and propulsion combined,
gliding descent, vertical descent in autorotation, etc.
Moreover, a differential control of the wheels insures aay
desired evolution of the aircraft about its center of grav-
ity

The Strandgren flying machine has no wings, no pro-
peller or control surface other than its two wheels with
its controls. It can fly vertically, horizontally, for-
ward or backward, and at any speed between zero and a max-
imum. It has, like the airplane, an economical speed rep-
resented by a certain ratio between forward speed and the
speed of rotation of the blades, but it flies at any other
speed and can, in particular, hover in the air.

*"Principe et calcul des roues sustentatrices et propul-
sives rationnelles." 1'Aérophile, July 1933, pp. 208-216,
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Its controllability is incomparably superior to that
of an airplane, since the whole surface of the blades
driven at high speed serves for maneuvering. The inci-
dence can, in fact, be changed instantaneously without mod-
ifying the position of the aircraft, which always remains
the same.

Descent with engine stopped should not present any
difficulty - no more than landing - which can be effected
at any inclination, including the vertical.

Hereinafter follows the general theory of wheels with
blades rotating about a transverse axis which, we believe,
is the first time that this theory has been made public.

liuch very important practical information on rotating
wings of the category of lifting wheels has been obtained
by the author, thanks to the numerous tests made at the
Institut Aérotechnique de Saint-Cyr, by means of different
small-<scale models constructed with the cooperatlon of
the Office Netional des Inventions et de la Socidte "L'Ex-
pansion Franco-Scandinave" .relations.

Following these systematic experiments, the Lioré and
Olivier airplane company has built a full-scale model,

The object of this paper is not to disseminate the
theoretical aspect and general principle of the wheels,
and particularly, the results of these experiments, but to
show how the 1ift and the propulsion are obtained, 3

The problem is governed by a rigorous kinematic con-
dition which every rotating ‘wing of this type should sat-
iSfyo

: In a wheel, each blade describes a curve in the air,
and one says that this curve is a more or less abridged
cycloid, according to the relative speed of the aircraft
with respect to the fluid. The kinematic representation
of the motion of the blades with respect to the fluid is
obtained by making a circle (rotor) roll on a straight
line (directrix)., and one Znows .then that the normalg--to:-
the blade trajectories at a given instant, all pass through
the point of contact of the rotor with the directrix which,
by definition, is the instantaneous center of rotation. !
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The normal, to each blade should form with the normal
to the trajectory of this blade an angle.which.is the an-
gle of incidemce of the blade (fig. 1).

Now, what should these angles of "incidence: be alecng
the trajectory, so that a mean resultant of desired mag-
nitude and ‘direction can be produced on a blade? This is
what we shall attempt to establish by analybise

The fact that the trajectory of the blade relative to
the air - setting aside irregularities of the wind - is a
cycloid, which sets up the fundamental kinematic condition
to which the angular motion of this blade is subjected.

The circle of radius R and of center o represeant
a wheel. Several blades (n) are assumedly disposed oan
its periphery. One blade or airfoil in the illustration
ig figured with axis of articulation in o,;. -All Dblades
have identical motion and the aerodynamic resultant of each
blade is the same in direction and magnitude, so that it
suffices to discuss only one blade.

Under the effect of the forces which these blades
produce, we assume that the wheel flies at a speed V,.
On account of disturbances of the air adjacent to the
wheel the mean.speed of air V passing across the wheel,

is more or less different from Vi, according to the case.
Waen the aircraft is in horizontal flight at high speed,
Ve differs) I thile dred 4 sdont &in Hewering,, Vis »~ wilieh

is the speed of the aircraft is, by definition, zero,
whereas  V - the downward speed.of the air and traversing
the wheel -~ has a relatively great value. Speed V may
be defined as the mass of air (M) passing through the
wheel per second:

M =p 8V

wherein p = density, and S = projected surface of a cyl-
inder formed by the wheel, or, in other words, its diamet~-
rical .area.

Now, in order to study and analyze the aerodynamic
reactions on a wheel, may we apply to each blade the con-
ventional 1ift (C,) and drag (Cx) coefficieants? Our
experiments prove that we can. Theoretically, we ignore
waiat they reveal.
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"The  only ‘difficulty’ lies in. the fact that the air
speed on a wing changes contlnuously along with the slope
of the trajectory., TFor the case of constant speed and
slope, Carafoli* has shown that the aerodvnamlc coeffi- -
c;ents obtalned in rect111near stream, can be.employed.”

To form the resultant ¢f the air-loads 6n a wheel,
one may either add vectorially the forces on each blade,
the vertical component supplylag the 1ift and the hori-
zontal component -the forward speed, or else compute. by. in
tegration' the 'mean force ‘applied at a blade durlng one
turh of the wheel, - We preferred the latter,

I

The forces on a blade are:

% s We CZ ’n¢rmal to trajectory 1 (1)
% s W° Cx tangential to " ‘ (2)
s = area of blade.and W .= aerodynamic.speed which, of

gourse, 1u'taﬂgentiai to the trajectory. By projecting
these forces. flrst on an axis normail. to .V, then on an
axis parallel %0 .V, . we obtain :tliie mean force on one
blade during one turn of the wheels :

fn= s [ S W0 cosat Oxsiia) 4B ()

B
!

b et (S i Cx cos a) 4 B~ (4)
- il e " .

To find the forces on all blades, we multiply these
guantities by the number of blades .(n) or, which is the
game, consider s as the total area of the blades,

_ The formula.on the average is said to give, in gener-
al, different results, according to the chosen dindependent

variable. The result conforms to the reality obtained
with an independeat. variable proportionate to the time.
The. angle B  meets this condition since .dB/fdt = ® '“is
the aWéular VGlOCltJ of.tge wheel, which is econstant, -

Therefore, we have:

F,, the normal componeat of V,

*W"Aerodynamique des ailes d'avions," Chiron, editor, Paris.
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Py, the tangeantial component of V,

s the angle formed by the normal of the trajec~
..tory with the vertical,

B total surface of the blades.

Supposing that ¥F,, Ft, and ¢, the angle of the
vector V with the horizontal, are knowas then it is

easy to obtain the vertical and horizontal components of
the resultant which we designate Py P and T, respec-
tively.

P=7TFy cos® + Fy sin @

T=«=TF, sin @ + Fg cos @

-

P is the 1lift and T the difference between the thrust
and the drage. When the horizoantal speed of the aircraft
is constant, whatever it may be, T 1is obviously zero.

By resolving (5) with respect to ¥, and Fg, we
have

Fn = P cos - T sin @
Fy = P sin 9 + T cos @

which, for the case of uniform speed, is reduced to

Fy P cos @

Fe = P sin @

As to the direetion of flight, it is dependent only
on Fp and Fy as these equations show. In order to find
whether one can fly in any direction whatsoever, in the
vertical plane with such aircraft, it suffices to show
that, in equations (3) and (4) by takiang for C; a cer-
tain fuaction of ‘@, one can give Fp and Fy ‘the" degired
values,

But first we give the term of the aerodynamic speed
W as a function of the blade setting. With p as the
radius moving from the instantaneous center of rotation I
of a blade, it is readily seen that speed W, tangential
to the blade trajectory, is:
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TSR
(p ‘mist not be coafused with the density). -

Furthermore, let r be the radius of the rotor and
R the radius of. the wheel. We call

Vr = WR the speed of the blades in the relative
' motion., e
and -V = Wr the mean speed of the air passing through

the wheel, as defined above,
These data forthwith, give:

W2 =7Vr2+ V2 + 27V Vr cos P

whence -V, and V are constants for a given flight atti-
tude, B being the only variable. '

The mean of W° during one tur: will be
2 W 2 2
Wp™ = V" + 7V
and W wvaries between. the maximum and ninimum limits

Vo +.V. and V, = V,

In the integrals & Fp-.and  Ps. ((3) asd L4)). =ps
83 and W2 are always positive data, such that tkhe value
of these integrals depend primarily on the products C,
cos'ax and Cy; sin oo and on the sign of these products
in the integration interval. (disregarding for a moment the
term OCx).

Supposing one wishes to produce only the force T,:
in which case it is obvious that no matter what the-law:
of variation of C, as function of a, to insure maximun
integral, the product CZ cos o0 nust always have the same
S 1SN, 1 LAWS C, Decomes positive or negative at the same
tine as cos a. Such a law can be realized by putting

B i) Cy T aces &

wherse & 'ig a ‘congthnte .
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One can also make ,CZT= al-cos3 e¢i  or the gum ef 3
series of uneven power terms of cos a, terms which equal-
ly change sign with cos a. 3ut, when integrating, it is
seen that with C, = a cos a the integral becomes maxinum,

If it is desired to produce Fy alone, thean the prod-
uct Cp sin ¢ must retain the same sign and one is led
to make - Cz =D sin «, "etc.: &

Consequently, to_produce a force 1an direction K, we
nake . _
Cp, = A cos (o - k)
or 0, = a cos a+ b sin o
A and K Deing parameters and a = A cos Kb = A sin K.

By changing the paraneters A and K, one can give to
a and b~ any desired systém of values 1t-is, morsGver;
in this that the piloting of the aircraft comsists. - Through
interconnected and differential controls thepilot can change
these parareters in each wheel, :

By introduciag .
W°=Wy°+ 27 V, cos B
and C, = a cos a+ b sin a.

in ¥, and Fy by expressing sin a and cos o as func-
tion of sin B and cos B

vV + V7V, cos B

‘Co0s O =

’\/Wme’}'gVVrCOSﬁ

Ve sin P
sin o = & =

RS AR RS SRR St

v W,° + 2V V., cos B

which, after integration and calculation, gives
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. 2 &
iy =8¢ [w 2 <2 + 3 ab 0. 2>
2
+ 2V Vo (a + 2 i? 0.25 ] :
: ¢ i )
. = (1)
w ol b .. 0ge Ol 8% 4 0,3 T
PN AFER R s
277 <w— + 0445 Cgo +. 0.1 8% + 0.2 ]
Ry X0 TT)\,
To express Cx in these formulas, we put
c.2
Cx = Cxo + =2
x X0 boc
where M\ = aspecf-ratio of airfoil and cxo = airfoil drag

at zero lift.

According to t1ese formulas, ©Fy, ‘appears to depend:
primarily oa a and Fty oan b, and by changing these co-

efficients, the components-.-Fn and F¢' can be varied:

(fig. 2). The nature of the a and b coefficients is
readily determined, :

We used to put C, = A cos (a - x),“ so that C, max-
imum = A; A is the maximum of C, during one rotation,

But, as already pointed out, A 1is a variable param-
eter, being able'to assume any value between zero and Gy,
naximum of the polar of the employed airfoil. *

Thus we have: a = CZ pax €08 X,
= CZ nax sin X

By liniting ourselves to the principal terms in £% ).
it becones : :

p a
n=§SWD2§

=5 ]

(a2 value inferior to reality since the positive terms are
being disregarded);
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(a value superior to reality, where a and b are divided
Yy 244 .

Putting Cz mean = gl é a-.c08° L& . dya

we find that

== A dz mean . - - (8)

during one cycle, which for convenience is designated
by Cgze

Wow we have:

4 :
Fn:""'SWm Cy cos K

|O

Ft = s’ Wp® G Win %

W

To determine 1ift P in flight with uniform speed
but for any flight-path direction, we simply write these
values of ¥, and Fy in formulas (5): :

P = % s sz Cy (cos K cos ¢ + sin K sin @)

and, the speed being uniform,

e b & g's Wm° Cyz (- cos K sin @ + sin & cos D).

The last operation yields:

sin @ _ sin K
cos @ cog K
whence @ = K, and by adding this result in the first, it
becomes
. ] 2
P = o S Wm Cz _ N (9)

This formula is identical in form to that of an air-
plane flying at horizontal forward speed Wm, but utterly
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unlike ag to interpretation for a wheel, since

2

¥, 8= 957 Y00 (10)

the sum of the squares of the'tip speed of the blades and

of the velocity of the air passing through the wheel,

In a wheel, formulas (9) and (10) hold good for every
straight flight path, the vertical included, since we have
imposed no condition on ¢. Be it noted that parameter

‘A" was supposed to be positive. The result of making it

negative, which is possible, is %o orient the resultant of
thhe wheel toward the ground. 4 should be positive to in-
sureia, Lifits E : g - '

The equation K = @ permits the identification of K
with the angle ¢ of the flight direction to the horizon-
tal. To change this direction the pilot changes K with-
out modifying A. The change in A -is not prescribved ex~
cept with the change of weight P, of the aircraft.

By this simple argument of limitation to the princi-
pal terms in 7F,; and TFy, we underestimated PFy and
overestimated Fi, so that in reality thére is a certain
difference between K and @ agnd a certain variation to.be
given to A vwhen ¢ is changed, but it is apparent that
the pilot remains master of the resultant of the wheel
in magnitude and direction. -

The essential condition in a wheel for obtaining a
significant and steerable result is obviously that the
wheel must turn. The rotation is obtained by means of an
engine which, however, may accidentally stop. 'And then
the question arises as to whether the wheel is capable of
avtorotation in vertical descent without power,

To express this possibility in mathematical form, we
write the formula of the mean moment of the forces on the
blades with respect to the wheel center O. The forces
on one blade are:

% s W° 0y and " Cp

WO
]

and their moment:
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g = L— W° (Cy r sin a

Y+ 6z R V1 - e2 gin®q) 4 B,

P

where. r = rédius(bfvrotof, R = radius of the wheel, and
e :'r/R. s
Restricted to the principal terms, the integration
gives : : . .
= ety 2 2T B B 10 55 o Bee’
Mo = 5 5 Wy R [2 ¥ T Siro ( 2
‘ ‘ (32 )
a2 /. 82\ b2 3 2)}
i O ) v (-5

Another more precise term of the moment is obtained
by first taking the moment with respect to the instanta-
neous center of rotation I, then adding the moment with
respect to O on the blade applied at I.

217
M, = %;,é_ w? [cx p + r(Cy sin a-Ox cos a)] ap (12)

By definition (see (4)):

p & P
P = oo W2 (Cy sin a - Cx cos a) 4 B
4 1 5
so that, fihally
s a 2T .
Mo EnSodely In@rgn ool pov 2@ (12)
4 T o i :

With this (13) the power formula is readily obtained:

ALl
Py = Wl = 52 [ W ox + VR
sinee. v r = N and @p =W

In this formula, valdid@sfomsanormatter whals peepeldiery
it is readily seen how the power is made up. The term in
Cx represents the power absorbed by the drag of the blades
according to the trajectories, and.the product V Fy 1s
the effective or active power of propulsion.
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Conformable to the adopted notation the latter is
positive when ¥ and  TFy are of. opposite directions.
When Ft and V are in the same direction it is negative
and, when that occurs, P, may cancel out .and become neg-
ative., Then the aircraft supplies power to the eﬁglne,
or, if without power, accelerates the rotation of tie

wheel, In formula (7) for 7Fi, it is seen .that. .it becomes
negative for négative b, 'so that Fy forces of negative
sign can be produced. When Py 1is negative for a certain

wheel speed - the englne being out -of gear -~ the speed of
rotation of' the wheel increases until Py cancels out.
§ow, we have the equation Pp = w Mp. As ® 1is by assump~
tion other than zero, we have Mg = O.:.With this equation,
the value of Db, gziving the speed of auntorotation desired,
can be computed.

' Reducing (11) to read

Mg = gis Wm?_a (“ -~,+VCX\ e

the autorotation for a certain given speed IV/VT takes
place when

| e Vr i) deipbaki 15

5 X% . (15)
By definitioh, g = géégéz sin.K = Cyq sin K. (See equa-
tion (8).) : '

Solution:of k: 1In vertical descent, we have P = =
90 , and equations (6) give
Fpo=0 Ty == P,
3ut, when Fy = 0, it " is 2lso necegsary that a = 0 = C,4
cos K, whence we deduce K = =*90° g0 that Bl K ="="§,;
of which it must take the minus s1gn because @ 1is ne gatlvo
[figs 2)s ¥We hLave already seen that Kk and ¢ have a set-
ting of almost identical angles and, in this case b 2 =
il -sb'that’(15) now becomes T A i
¥ . . : o ‘- o 2 v

T

- CZ = '..-va

or poivd s By ¥y id Cx
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which represents the optimum ratio between V and Vi,
for autorotation in vertical descent without power (flg. 4) e

Admittedly, there are trajectories for autorotation
in descent other-than vertical. ; R

We have seen that, to render the wheel generatrix of
the power and to orient - Fg -in the same direction as V.
stipulates two conditions for autorotation in gliding
flight; it suffices to make parameter b unegative.

Since b = A sin K; which is obtained by taking K
between T and 2w in a certain zone, it follows that

the values waich a = A cos K may assume are positive or
negative accordlng to whether K lies between 3 ﬂ/B and
27 or betweea 1 and 3 m/2 and zero for k = 3 /2.

Thus it is apparent that the condition where b is nega-
tive does not prevent the production of a positive or neg-
ative F, component, which permits oblique descent in
forward flight or backward flight (fig. 5).

All of the foregoing formulas contained the unknown
velocity of the air passiug through the wheel. This ve-
locity can be determined by neaqs of tJeo;ems of momentunm

and kinetic energy. A :

Let us resolve V for a given case of the aerodynam-
ic resultant of the wheel or wheels R and an iafinite
velocity V, (absolute speed of the aircraft with the
exception of the sign), no matter which. Let M =p SV
be the air mass passing through the wheel per second.
brevity, we use vectors. A dash over a letter denotes a
vector. ; : ! :

b
o
=

_The velocity at infinity with respect to the wieels,
is V,. Upon passing into the wheel as a result of the
resultant R, the speed is V and the pressure is in-
creased, Upstream, where the pressure has become normal
again, the speed is V.

The application of the momentum theorem gives

=+l

=¥ (V, - V,) (a)

The rise of kinetic energy per second denoted by
P'lls iS

-
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Pﬁ':'mv ——————————
but this power equals the work per NS (O o IR (gl F N
R, - whence
: Puf; ﬁ.f, . the sCalar,prodgctFof R and T ‘.. (e)
SHN. -8 |
' fdrmula (b) may be rewritten as

ol V2 = ¥ Va + Vi)
‘P'U. o M.,£ 2 L)2L<_ ~l_.)_.

(sealar produét).

This formula and (c) reveal that

which enables us to determine V when V, and V, are
givens V, is known from the speed indicator, whereas V
is unknown.

T=V.+7
_ ____ga___wl ; (d)
|
\

We determine - ¥ by means of (a), which gives
vzzL_%; + v,

which, written in (d), becomes

R=2M8(V-T7), : (e)

aid equation with only one unknown V, whaich can be resolved.

When 7V, is horizontal, formula (c) yields forthwith,
P=2 M Vy, Vy %bDeing the vertical component of ¥V, P the
vertical component of R,

When Vl =
P=2MNTV=20p

Ol . the aircraft hovers, we have
S VE, wherefrom .
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Equation (e) permits the resolution of V in all
cases. :

The foregoing is thought to be a fair outline of the
general principle and elementary theory of paddle wheels.,

A rational wheel is a rotary airfoil system produc~
ing a force restrained in its plane of rotation,” which is
the plane at right angles to the evolutions of the air-
crafte . It is from this fact that enormous practical val-
ues appear which promise a more general application of
aviation, particularly of privately owned aircraft: 1lift
independent of the speed, vertical climb, great maneuver-_
ability and stability (according to analysis and wind-
tunnel tests)s The private owner would no longer be dis~-
turbed about ground conditions; besides, being able to
hover as -long as desired, he need no loanger fear the fog.

Traagslation by Ja. Jauiery
Wational Advisory Committee
for Aeronautics.
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LEGENDS
FIGURE l.~-ingle of incidence.
FIGURE 2.~Rotor rotat"on.'
IuURE 3e=Polar in autorotatlon as obtained w1th model-

should be better in full-scale model. .Note.

taat the minimun sloPe of gliding in this case is about
by :

IGURE 4. Llft and horsepower curves in flight w1th con—e
s stant englne speed.

FIGURB Bie —llluvtratlon showing gliding flight in three
different cases.

Similar Paddle~Wheel Systems

FIGURE 6.-The Rotalift of the Holland engineer, W. P, Van

Lammeren; equipped with Cirrus Mk, II, it is al-
leged to have produced a 1ift of 770 kg (1,697.6 1.}« Bn
another model a 1ift of 165 kg (263.,8 1lb.) was said to
have been obtained with 14 hp., a tip speed of 19 m/s
(62.3 ft./sec.), and a 16 kg (35,3 1b.,) load per unit of
surface,

FIGUEE 7.-Photograph of the model,

FIGURE 8.~-Rahn cyclogiro. The engine is a 240 hp. Wright
Whirlwind.

FIGURE 9.-lodel mounted on carriage at Saint-Cyr.

FIGURE 10.~Full-scale test at Argenteuil. (Lioréd et 0li-
vier.)

FIGURE 1l,-View of complete aircraft,.
FIGURE 12.~Model wheel tested at Saint-Cyr; part of hub

removed showing the incidence (feathering)
control mechanism in neutral.

FIGURE 13.-In position of combined thrust and 1ift.
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FIGURES 1l4-22.~-Figures 14-19 show details of the Platt in-

vention, tested in the wind tunnel of the
Magssachusetts Institute of Technology, at the Daniel Gug~
genheim School for Aeronautics, and at Langley Field. A
photograph of the New York University model is showna on
the right.

Figures 20-22 show details of the Laskowitz
patent. Note that a single eccentric, such as is employed
here, is not sufficient to insure correct comntrol of feath—
ering. Strandgren's patents antedate all these patents.



N.A.C.A. Technical Memorandum o,

Figure

o

727 Pigs. 1,2

Dlructlon in which incidence
2 is maximum
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Pigure 2.
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Figs. 14,15,16,17,18,19,20,21,22

Figs. 14-19.- Platt systen.

51g8. 20 =22.- Laskowitz system.




