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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO. 528 

WIND-TUNNEL TESTS OF A CYCLOGIRO ROTOR 

Ey Jo hn B. Wheatley and Ray Windle r 

SUMMARY 

A cyclogiro roto r hav i ng a span and diameter of 8 
feet was tested in the T. A . C.A . 20- foot ~ind tunnel. The 
tests showed that the cyclogiro would be able to ascend 
v e rtically , fly horizontally, and g lide without power. 
The power required for normal fli ght would, however, be 
excessive. A comparison of calcula ted and experimental 
r e suI t s showed. that the analyt ical exp re s sian s used gave 
the correct variation of the power required with the rotor 
forces but that the values calculated for zero rotor 
forces were in error. It was als o sho t,n tna t the blade 
profile- drag coefficient was inco r rectly assumed and that 
the error in the calculated power required arose from 
that assumption . The effect of oscillating an airfoil is 
considered a primary reason for the discrepancy betw e en 
the assumed and e xperimental drag coefficients and re­
search on an oscillating airfoil is believed to be neces­
sary . 

INTRODU CTION 

During an extensive study of all types of rotating 
~ings, the National Advisory Committee for Aeronautics ex­
amined the cyclogiro rotor and made an aerodynamic analy­
sis of that system (reference 1) . The examination dis­
closed that such a machine had sufficient promise to jus­
tify an experimental investigation ; a model with a diume­
ter and sPQn of 8 feet was therefore constructed and test­
ed in the 20- foot wind tunnel during 1934 . 

The experimental work included t e sts of the effect 
of the blade motion upon the rotor fo r ces during the 
static- lift and forward- flight conditions at several ~otor 
speeds and the determination of t he relations between the 
forces gene r ated by the rot or and the power required by it. 
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APPARATUS 

The 20-foot wind tunnel, in which these tests were 
conducted, is described in reference 2; the only altera­
tion required for the cyclogiro tests was the installation 
of two lateral-force balances. These balances were re­
quired because the rotor axis was mounted vertically and 
the resultant rotor force was measured on the drag and 
lateral-force balances. 

The model cyclogiro rotor is shown ready for test in 
figure 1. Its essontial dimensions are: 

Span . . . . . . . 8 ft. 

Diameter . . . . . . 8 ft. 

Number of blades . . • 4 

Blade chord . . 0.312 ft. 

Each of the blades was attached to the r9tor shaft by 
seven arms; ball-bearing pivots were provided in the blade 
at the D.25-chord point an~ the blades were statically 
balanced about that point. The blade airfoil section was 
the N.A.C.A. 0012 modified so that the mean-camber line 
was an arc of 9-foot radius; the mean-camber line was 
chosen to coincide with the blade path during a representa­
tive condition of operation. The blade construction, shown 
in figure 2, was composite, consisting of a continuous 
spar, a nosepiece containing a lead balance weight, wooden 
r "ibs, a metal trailing edge, and a covering of silk paper. 
Every effort was made to save weight without sacrificing 
strength but because the filler blocks between spar and 
ribs were too small two blades were broken in a prelimi­
nary test when the ribs pulled away from the spar. No 
further trouble was experienced after the weak joint had 
been strengthened by larger filler blocks. 

The blade angle, measured from a tangent to the blade 
circle, was controlled by link rods that connected the 
trailing edge of the blades at tpe~r lower ends to the 
outer race of an eccentric ball beari~g Qn the rotor axis. 
The eccentricity, which determined by its magnitude and 
direction the amplitude and phase of the blade oscillation, 
was the resultant of two circular eccentrics that could 
be rotated both with respect to the rotor axis and to each 
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other ; t~is ar~angem~nt obviously makes p6ssible the de­
velopment of an ec~ent r icity . of any desired magnitude 
below the maximum in any di r ection . ' The amplitude of the 
maximum blade angle , waslimited by the geometry of the 
model to about ~$o . 

P~OCE~UP.E AND TESTS 

A considerabl~ amount · of work was necessary to attain 
sat i sf act 0 r y ba 1 ~ n ~ eon the mod e 1. The can til eve r rot 0 r 
proved to be extremely sensitive to an unbalance of a few 
inch- ounces so that practic.ally perfect static balance was 
required before the balance ~cales were sufficiently steady 
to permit the taking of accurate readings . It was also 
found necessary to_ " stiffe~ the shaft to raise its critical 
speed a "bove the o"pe :rati::1.g ' spee d '. "" 

During preliminary te~ts the model was examined with 
a stroboscope to determine qualitatively the lag of the 
eccentric bearing race behind the blades and the twist of 
the blades . The examination disclosed little except that 
these quantities were too small to be detected. 

The procedure during test cons i sted of s0tting the 
amplitude and phase angle of the rotor eccentricity to 
predetermined values at a given tu~nel speed and rotor 
speed and taking simultaneous visual observations of the 
dynamic pressure and the six balance scale readings. 

~~~~_t~~t~ .- Complete tare runs were made with the 
blades removed from the rotor . This procedure did not de­
termine the interference effects on the blades of the 
blade- suppo~ting arcis but supplied a reasonably accurate 
approximation of the forces on the parasitic rotor struc­
ture . The test results in this paper TIere obtained by 
subtracting" from the · gross forces on the rotor the forces 
obtained wi th the blades re_,10ved . 

§.tati~._lLr.t .- Force , measurements on the mode l were 
made at several rotor tip speeds with the wind tunnel 
stopped . The major rotor force was developed along the 
tunnel axis and resulted in an induced flow in the tunnel; 
the flow wa s slight, hO\7ever ., an d \fa s igno red with very 
small resultant error . An additional test was made at 
constant tip speed and eccentricity ia which the phase an­
gle was changed successively by 30 0 steps . The influence 
on the rotor of the fluid boundaries was indicated by an 
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increase of 7 percent in the magnitude of the force devel­
oped when its directioi ~as ch~nged from along the tunnel 
axis to across the tunnel axis. ' , 

~Q..!:.!!.~!:.~_tl!.g.1l:t.!..- Force measurement s were made at sev­
eral rotor tip speeds and through a wide range of air 
speeds for the for~ard-flight tests. Level flight was 
simu lated in that the ' resultant force was approximately 
perpendicular to the tunnel axis. A wide range of eccen­
tricity amplitudes and phases Y11iur used, so that the char­
acteristics of flight with and without power could be de­
t en:!ined . 

RESULTS 

The results are presented in coefficient form, using 
the notation g iven in reference 1; for convenience, the 
coefficients are defined below. 

Ox 

°z 

qp 

\-L 

where X 

Z, 

P , 

0, 

R, 

V, 

X ------ --
P 

('. 2 
• ? R3 S 

Z = --------
P 0 2 R3 S 

P - --------
P 0 3 R4 S 

= y._f.Q..~_e.. 

0 R 

is the horizontal component of resultant 
rotor force, lb. 

vertical component of resultant rotor 
force, lb. 

air density, slug/cu.ft. 

rotor angu~ar velocity, rad./sec. 

rotor radius, ft. 

air s peed, ft./sec. 

(2) 

(3) 

(4 ) 
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s, rotor span, ft. 

P , power required, ft . -lb./sec. 

8, flight-path angle, deg. (measured from 
horizontal). 

eXt coefficient of horizontal rotor force. 

Oz, coefficient of vertical rotor force. 

Cpt cOBf~icient 'of power required. 

\-1 , t"ip- speed 'rati'o . 

5 

Forces in the Z direction (nor~ally upward ) ar e 
positive to~ard the side of the rotoi where th e b lade is 
traveling with ~he relative wind; forces in the X d i r ec­
tion (n9rmally forward) are positive toward the side of the 
rotox where the blade is moving toward the positive Z 
axis. The eccentricity is defined by t h e a mplitude aA 
and phase angle ~ of t he for c ed oscillation of the b 1.a des. 
The blade angle is mea sured from the tangent to the bJ,a de 
circle ; and phas e angl e is measured in the direction of 
rotation from horizonta lly u~siream to the point at wh ich 
the blade reaches its ~aximum ang le. The use of the t erms 
"horizontal" and "vertical" should be "'.lu derstood to apply 
to the rotor in its normal posit i on with the axis horizon­
tal. All results as preseuted a pp ly a pp roximately to 
blades alone, the tare obtained from runs with bla des re­
moved having been ' subtrac ted from the g ross results, as 
prev20usly noted . 

The data obtained for static lift are shown in fig­
ures 3 to 6 . 0Z' OX, and Op are shown in figures 3 to 5 
as functions of aA for t i p speeds of 74 . 5 ft./sec., 9 6 .5 
ft . /sec . , and 150 ft . /sec .; figure 6 contain s t h e same 
da ta in the form of polar curves of Oz as a fu n ction of 
Op . 

Data for the forward- flight condition are presented 
in figures 7 to 13 for a t i p speed of 150 ft./sec. Each 
figure contains data for a given tip- s p eed ratio from 
0.20 to 0 . 500 The fi gures contain plots of Oz against 
Op for different const a nt values of Ox and a parametric 
plot of aA and E: a gainst Op and OZ, 
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The figures may be used as follows: The rcquirod 
va l ue s of Cz and Cx determine the value of Cp on one 
p lot; t h en the consoquent values of Cz and Cp deter­

minc the required values of aA and E:. on the other plot. 

The results obtaine d a t a tip speid of 96 . 5 ft./sec. 
a re co mpared with those obtained at 150 ft./~ec. in fig­
u re 1 4 , wh~re Cp is p lo t t e d aga inst Cz for severa l 
v a lu e s of Cx at a tip-speed .ratio of 0.50. 

A co mparison o-etwe e:l computed and experimental re­
sults is p resented graphically in figures 15 to 17. The 
p ower required to overcome the blade profile drag and the 
values of the blade profile-drag coefficient are shown in 
f i gu re 1 5 for Cz and Cx = 0; the variation of Cp 
with Cz for Cx = 0 is shown in figure 16 and Cp as 

a function of Cx for Cz = 0 is shown in figure 17. 

Figur e s 1 6 and 17 r ep~esent conditions for a tip-speed 
r a tio of 0.50. 

f ACCURACY 

Bal a nce forces were read to ±O.l lb. and, since the 
t or que arm was 6 feet, the torque was obtained to ±0.6 
lb.-ft. No correc t ions have been made in the results for 
jet-boundary or blocking effect because quantitative val­
ues for this lifting system were so uncertain; as a re­
sult, measured drag or X forces are thought to be slight­
ly too hi gh. The values fro m the faired curves of the co­
e f ficients are consider e d to be accurate within the fol­
lowing limits: 

Cz 

Cx 

±0.0005 

6.0008 
-0.0002 

±0.0005 

CYCLOGI RO PERFORMANCE 

T~e test resu lts a r e h ere utilized in the calculation 
of t he p erformanc e of a Elac h i n e emp loying two rotors sim-

, 
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ilar in form to the' one tested. -The c'on'st'ant"s of the ma­
chine are: 

Rotor loading W 
2Rs 

Rotor lift coefficient Cz 

Parasite drag Dp 

Rotor thrust coefficient Ox 

= 5.0 1 b./sq.ft. 

= 0.05 

= W " 
250 q 

Dp 2 = --------- = 0.02 ~ 
P 0 2 

R2 S 

Ro tor tip sp e e d OR = ( 
' W )i -------- = 290 ft./sec. 

Cz P R s 

Parasite torque, added 
powe r required coefficient - C~T - ' = 0.0012 (1 + ~2) 

It is assumed that the actual m~chine will have a 
parasite rotor torque considerably less than the model. 
The results for the model indicated that - the tare power 
requirement of the rotor , was very closely expressed as 
CPT = 0.0040 (1 + ~2) and, because th~ parasite structure 

was oversize and not of good streamline shape, it is esti­
mated that this could be reduced to approximately 30 per­
cent of the model value at full scale . The results of 
thi s calculation are shown in figure 18, together with the 
results based upon an average blade profile-drag coeffi-
c i en t ' 0 f O. 015 for -c 0 mp a r i s-o n . 

The autorotational characteristics of the cyclogiro 
are presented in figure 19 ; the calculations are based on 
the experimental results and on the same constants and 
assumptions that were used for the results shown in fig- ­
ure 18. As in figure 18, autorotation has also been com­
puted for CD = 0.015 . The equati ons of equilibrium have 

o 
been applied to the test results to determine at what 
flight~path angle the weight and parasite drag are can­
celed by the rotor with zero resultant power coefficient; 
th e se equations result in the following expressions: 

-w co s 8 = Z 

Z. sin 8 (x 
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ConseCluently, 

Cz 0.05 cos e 
Ox - 0.02 1-12 
-------------

0.05 
sin e = 

= 

DISCUSSION 

Lag of the blade motion and blade tw ist would mean 
that the .effec.tive amplitude and phase of the. blade mo ­
tion were not identical with those of the eccentric but 
would not change the fundamental relationships between 
Cx ' OZ' and Cpo The fact that they were too small to be 

d etecte d is suffic i e nt reason to consider them unimpor­
tant, al though the experimental values of a:A and ( are 

no t considered exact. 

'I§:.~~.- The test results presented in graphic form 
r ep r e sen t . the differenc e s betwe en the test s of the com­
plete rotor and the same ro t or with the blades rem6ved. 
The parasitic structure of the model rotor is not a scale 
e Cluivalent of an actual flying rotor. In addition, the . 
drag coefficient of a unit length of the model blade arms 
was found, from the tare results, to be 0.10 (based on 
the chord), which is Cluite large compared to a good strut 
section . It is thought that the forces on the parasite' 
structure of anothe r rotor can be . calculated with little 
difficulty . Rather than undertake the difficult problem 
of deciding upo n the ideal dimensions and form of a full­
scale roto r supporting structure and calculating its drag 
and reCluired power, the forces for the blades alone are 
presente d . . and· can thus be added to the calculated forces 
for the supports of another rotor. 

~t~:~J:.~_~i:[t.- I ,t .will be seen in f 'igures 3 to 5 tb,at 
Cx was not " zero during ~he stat~c-lift test,s despite the 
fact t~at th~ phase a~glp wa s se~ to gi~eosuc~ a result·. 
The resultant force was inclined about ' 10 from the de­
sired direction when ITA was 20 0

, a shift thc:-t is greater 

than any possible lag oetlle en tho blade motion and the ec­
c entric. The lateral component of the resultant may be 
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qualitatively e}::J?lained as a Magnus effect upon the rotor 
shaft because the rotor force i'Tould generate an induced 
velocity of appreciable magnitude in the interior of the 
rotor. AlthouGh the magnitude of the actual Magnus effect 
on the shaft cannot be accurat~ly estimated, an approxi­
mate calculation disclosed that it would be at least a 
third of the observed late r a l force. 

The results of the test~ at different ' tip speeds show 
reasonabl~ agreem~nt and in4icate that the scale effect · is 
small over the range tested • . The lift per . horseppwer can 
be calculated from these cur ves by m.E?ans of the expression 

5 50 Cz 
L/hp . = .. -----­
. . .OR Cp-

which follows from the definition of the coefficients. 
For a tip speeQ of 100 feet p er second, the maximum lift 
per horsep ower is about 23 . 8 lb . /hp . The sa~e quant ity 
for a n airpl a ne propeller set to 100 pitch aad op erating 
a t 100 feet pe r second tip. s :p ~ed i s ab/)Ut 50.lb,7hp. (ref­
e rence 3). 

~Q.~~~!:'9:._[!igh:t. - Figures 7 · tb 13 show that the power 
re quir ed for the rotor increases much faster with Ox 

t h ari with CZ ; also , t h~t t o a first a p proxi mation, the 

curves of constant Ox are mutually parallel. It is evi­
d ent from t h e curves that . Cz is p rimarily a functio~ of 
( and not of uA and that ·Cp changes very slorTly with 
( a nd rapidly with uA ; since Op v~ries rapidly with 

O;l.> it follows t h a t to a first apPl'o ximation, uA deter­
mi21es Cx and Op , a;'ld. ( fixes the value of OZ. This 
r e s u lt is pre d icted fro m the equations develop ed in refcr­
e:l ce 1 . 

Per f ormance .- The interuretation of the test results 
obt"ain~d--by -~-:plYing t-1em to- the calculation of the per­
f or mance of, a ma~hine e mploying this lifting system as 
sh own in fi gure 18 is not encourag ing. Ver~ical ascent is 
possible Gnly with a pouer of 0 . 1 5 hp . /lb. ; inversely, a 
p ower loading of 6 . 67 lb . /hp . wO'J.ld be n ecessary . With 
t his p ower loading, a Llaximum spe ed of about 10 6 miles per 
hour and a maximum rate of climb a t 50 mil e s per hour of 
a bout 2 , 40 0 ft . / n in. wou l d b o o btai ned . Wi t h a norma l 
p ower loading of 10 Ib . /hp . , howev e r, the speed r a nge is 
from 29 to 77 miles po r ~our a nd t~e maximum r a te of 
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climb at 50 miles per hour is 790 ft •. /min. · The constants 
determining the performance have been chosen on the favor­
able si d e; consequently, the performance shown in figure 
1 8 is considered opti n istic. 

Tho autorotational porfornanco plotted in figure 19 
has not shown the velocity in vertical descent because the 
exper i mental results did not include this condition. T~le 

g liding p erformance is, in g eneral, poor . The minimum 
v ertica l velocity is approximately 20 miles per hour and 
increases ra~idly as the horizontal speed becomes less 
tha::l 40 mileS 'per ·h ·our.· The ' minimum gliding angle is 
about _25 0 • 

Q.Q.r.l'p§:.!:.iso_~_Q.L_§:.~~lY:.§.i§._a_~9:_§,;:Q. e!:.i~§.~i. 0 - Figur e 15 
s h ows t h at t he value of the average blade profile- drag 
coe f ficient CD is, in reality, a func t ion of tip- speed 

o 
ratio a n d is not constan t as was assumed; t h e experimental 
CDo rises to the u nexp ected value of 0.04 at a tip- speed 

ratio o f 0.50. Consequently, the calculated power for 
z e ro rotor f orce is much too small. The increase in drag 
coefficient is similar to ' the increase that was observed 
by Katz mayr (reference 4) wh en he measured the average 
drag o f a n airfoil oscilla t ing in a steady air stream. It 
should b e no te d tha t t h e resu lts in fi gure 15. although 
for z e r o rotor forcos, n e ve rtheless cor r espond to an os­
ci l l at ion in a n g lo of a t t a ck over a r a ng e gr ea ter t han 
±10 0. There exis t s a real ~ossibility, subs t an t ia t ed by 
thes e a n d by Katzmayr's tests, that an oscillating air f oil 
h a s c haracteristics that are entirely unlike those of a 
s t a tiona ry airfoil, and research on t h e osc il lating air­
f oil is of fundam ental i mp ortance in t h e who le field of 
ro ta ting -wing research. Many questions no w unanswered 
wil l b e come clear when the laws which g overn the oscillat­
i ng ai rfoil a re understood. 

FiGures l~ and 17 show that the equations in refer­
e nc e 1 would e ive close agreement with the experimental 
r e sults if the value of CD were correctly chosen; the 

o 
ca lcu lated curves of Cz and Cx as functions of Cp 
are parallel to the experimental values but intersect the 
ordinate axis at too s mall a value . Th is result is con­
sidered a re a sonable v e rifica t ion of t he mathematical anal­
ysis. 
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CONCLUSIONS 

1. The cyclogiro is capable of vertical ascent. for­
ward flight, and gliding flight without power. 

2. The probable performance of the cyclogiro is very 
poor for normal power loadings, and a maximum speed of 100 
miles per hour would be attained only with a power loading 
of less than 7 Ib./hp. 

3. The variation of the power required by the cyclo­
giro with the vertical and horizontal force coefficients 
is correctly predicted by mathematical analysis. 

4. The profile-drag coefficient of the cyclogiro ro­
tor blades increases rapidly with tip-speed ratio and is 
probably influenced by the blade oscillations. 

5. Research on the oscillating airfoil is needed in 
order to clarify past and future rotating-wing research. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Commi ttee for Aeronautics, 

Langley Field, Va., February 26, 1935. 
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Figure l.-The cyclogiro rotor Bet up for testing. 
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