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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Symbol Unit Sy mbol 

Length ______ _ l 
t 
F 

rneter _________________ _ m 
s 

kg 

foot (or mile) ___ ___ __ _ ft. (or mi.) 
sec. (or hr.) 
lb. 

Time ________ _ second _______________ _ _ second (or hour) _____ _ _ 
Force ________ _ weight of 1 kilogram ____ _ weight of 1 pound ____ _ 

I 
Power -- - - - - - -I P kg/m/s ___ - -- --- - - - --- - - - - - - - - - ---
S d {km/lL__________________ k.p.h. 

pee - - - - - - - - - - - - --- - - - m/s__ _ _ _ _ __ _____ ____ __ _ m.p.s. 

horsepower ___ ___ ____ _ 
mi. /hr _____ _____ ___ __ _ 
ft. /sec __ ______ __ ____ _ _ 

hp. 
m.p.h. 
I.p.s. 

2. GENERAL SYMBOLS, ETC. 

W, Weight=mg 
g, Standard acceleration of gravity= 9.80665 

m/s2= 32.1740 ft./sec. 2 

mk2
, Moment of inertia (indicate axis of the 

radius of gyration k, by proper sub­
script). 

m, Mass = W 
g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

s, 
Sw, 
G, 
b, 

S2) at 15° C. and 750 mm= 0.002378 c, 
(lb.-ft. -4 sec.2). b2 

Specific weight of "standard" air, 1.2255 S' 
kg/m3= 0.07651 lb./ft.s. 

Area. 
Wing area, etc. 
Gap. 
Span. 
Chord. 

Aspect ratio. 

Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed 

q, Dynamic (or im pac Ii) pressure = ~ p V2. 

L, Lift, absolute coefficient OL=:S 

D, Drag, absolute coefficient OD= {!s 
Do, Profile drag, absolute coefficient ODO = ~S 

D i , Induced drag, absolute coefficient ODi=~S 

D p , Parasite drug, absolute coefficient ODP=~S 
OJ Cross-wind force, absolute coefficien t 

o 
OC=qS 

R, Resultant force. 
l,w, Angle of setting of wmgs (relative to 

thrust line). 
"l I, Angle of stabilizer setting (relative to 

thrust line). 

Q, Resultant moment. 
fl, Resultant angular velocity. 
Vl 

p-, Reynolds Number, where l is a linear 
J.I. dimension. 

e.g., for a model airfoil 3 in. chord, 100 
mi.jhr. normal pressure, at 15° C., the 
corresponding number is 234,000; 

or for a model of 10 cm chord 40 mis, 
the corresponding number is 274,000. 

Op, Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 

a, Angle of attack. 
f, j\.Jlgle of downwash. 
a., Angle of attack, infinite aspect ratio 
a i, Angle of attack, induced. 
aa, Angle of attack, absolute. 

(Measured from zero lift position.) 
,)" Flight pa.th angle. 



REPORT No. 475 

WING PRESSURE DISTRIBUTION 

AND ROTOR-BLADE MOTION OF AN AUTOGIRO 

AS DETERMINED IN FLIGHT 

16614-33 

By JOHN B. WHEATLEY 

Langley Memorial Aeronautical Laboratory 

1 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
NAVY BUILDI G. WASIDNGTON, D.C. 

(An independent Government establishment, created by act of Congress approved March 3, 1915, for the supervision and direction of the scientille 
study of the problems of flight. Its membership was increased to 15 by act approved March 2, 1929 (Public, No. 908, 70th Congress). It consists 
of members who are appointed by the Pre ident, all of whom ser"e as such without compensation.) 

JOSEPH S. AMES, Ph.D., Chairman, 
President, John Hopkins niyersity, Baltimore, Md. 

D AVID W. TAYLOR, D.Eng., Vice Chairman, 
Washington, D.C. 

CHARLES G. ABBOT, c.D., 
Secretary, Smithsonian Institution, 'Washington, D .C. 

LYMAN J. BRIGGS, Ph.D ., 
Director, Bureau of Standards, vYashingtoll, D.C. 

ARTHUR B. COOK, Captain, United tates Ia\·y, 
Assistant Chief, Bureau of Aeronautics, avy Department, Washington, D .C. 

WILLIAM F. DURAND, Ph.D. , 
Professor Emeritus of M echall ica l Engineerillg, Stanford University, California. 

BENJAMIN D. FOULOIS, Major General, nited States Army, 
Chi f of Air Corps, War Department, Wa hington, D.C. 

HARRY F. GUGGENHEIM, M .A., 
Port Washington, Long I land, New York. 

ERNEST J . KING, R ear Admiral, United States Na\'y, 
Chief, Bureau of Aeronautics, avy Department, Wash ington, D.C 

CHARLInS A. LINDBERGH, LL.D., 
New York City. 

WILLIAM P . MACCRACKEN, Jr., Ph.B., 
Washington, D.C. 

CHARLES F. MARVIN, c.D., 
Chief, United States Weather Bureau, Wa hington, D.C. 

HENRY C. PRATT, Brigadier General, nited State Army, 
Chief, Materiel Division, Air Coprs, Wright Field, Dayton, Ohio. 

EDWARD P. WARNER, M.S., 
Editor "Aviation," ew York City. 

ORVILLE WRIGHT, e.D ., 
Dayton, Ohio. 

GEORGE W. LEWIS, Director of Aeronautical Research. 
JOHN F. VICTORY, Secretary. 

HENRY J. E. REID, Engineer in Charge, Langley !l1emorial Aeronautical Laboratory, Langley Field, Va. 

2 

J OH J. I DE, Technical Assistant in Europe, Paris, France. 

EXE UTIVE COMMITTEE 

JOSEPH . AMES, Chairman. 
D AVID W. TAYLOR, Vice Chairman. 

CHARLES G. ABBO~·. 
LYMAN J . BRIGGS. 
ARTHUR B. COOK. 
BENJAMIN D . Fo LOIS. 
ER 'EST J. KING. 
CITARLES A. LINDBERGH. 

JORN F. VI TORY, Secretary . 

WILLIAM P. MACCRACKEN, Jr. 
CHARLES F. MARVIN. 
HENRY C. PRATT. 
EDWARD P. W ARNER. 
ORVILLE WRIGHT. 



Report No. 475 

WING PRESSURE DISTRIBUTION AND ROTOR-BLADE MOTION OF AN AUTOGIRO 
AS DETERMINED IN FLIGHT 

By JOB:)! B. WHEATLEY 

SUMMARY 

This report presents the results oj tests in which the 
pressure distribution over the fixed wing oj an autogiro 
was determined in both steady and accelerated flight. In 
the steady-flight condition, the rotor-blade motion was 
also measured. These data show that in steady flight the 
rotor speed as a junction oj the air speed is largely aj­
fected by the variation oj the division oj load between the 
rotor and the wing; as the load on the wing increases, 
the rotor speed decreases . In steady flight the pre ence 
oj the slipstream increased both the wing lift at a given 
ail' speed and the maximum lift coefficient oj the wing 
above the corresponding values without the slipstream. 
In abrupt high- peed turns, the wing attained a normal­
jorce coefficient oj unity at almost the initial value oj the 
air speed and experienced its maximum load bejore 
maximum acceleration occurred. 

INTRODUCTION 

The distinctive characteristic of the autogiro is that 
lift is developed by a rotor consisting of a windmill of 
low pitch having a number of blades articulated at 
the axis of rotation to permit an oscillation without 
mechanical constraint in planes containing the axis of 
rotation. In the complete machine, tllis type of lift­
ing device is usually combined with a fixed wing of 
normal type which produces a con iderable portion of 
the total lift. A determination of the loads on the 
normal, or fixed, wing of the autogiro has become 
desirable because of the need for establishing rational 
design rules for the wing itself, and also because it i, 
necessary to know the division of load between rotor 
and wing in order to study the aerodynamic char­
acter'i tics of the rotor. This study of the rotor re­
quires, in addition, that the motion of the blades 
about their points of articulation be determined and 
correlated with the lift developed by the rotor. 

There are presented herein the results of flight tests 
in which the division of load between the rotor and 
fixed wing of an autogiro was determined during 

steady and accelerated conditions; in teady flight, 
the rotor-blade motion was 0,1 0 obtained. The wing 
normal force was determined by means of pressure­
di tribution measurement, the rotor lift being calcu­
lated a the diITerence between the total lift and the 
calculated wing lift. The' blade motion wa mea ured 
by means of a motion-pi ture camera on the rotor 
hub, which photographed Gpe blade during rotation. 
The te ts were made with ... <: Pitcairn PCA-2 autogiro 
at Langley Field, Va., (hIring 1932 and 1933. The 
aerodynamic characteri tic of this au togiro had been 
previously determined and reported in reference l. 

A further development in connection with this in­
ve tigation is the application of the data concerning 
the rotor to an analysis of the aerodynamic theory of 
the autogiro rotor as presented by Lock (reference 2). 
The result of this study are oon to be published. 

GE ERAL qmsIDERATIONS 

The aerodynamic ' analy is of the autogiro rotor is 
given in detail in reference 2, but certain fundamental 
considerations will be I5ricfly di cussed here. In this 
and related types of rotn..ting-wing systems, the lift 
and drag coefficients l5ns.ecL on speed of translation, 
the blade motion, and the angle of attack are uniquely 
determined by the tip-speed ratio jJ.. The tip- peed 
ratio is the q,uotient. of tJle component of the peed of 
tran lation. in the plane of. the rotor disk and the tip­
peed of the rotor, and is .expressed by the equation 

Vco a 
jJ. = QR 

IVhere V is the true air sp ed 
ex is the rotor angle of attack 
n i the rotor angular velocity 
R is the. rotOl' radius 

The explanation of the dependence of the blade 
motion upon jJ. i relatively simple. The rotor blade, 
being free to oscillate as they rotate, follow a path that 
tends to balance the moment of the thrust against the 
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momon t of the cen tl'ifugnl forco. The bladc ro Lating 
into the wind will Stl tain an increase in thrust and will 
rise, which increase the centrifugal moment and de­
crea es the thTust ; the opposing blade meanwhile has 
sustained a decreas~ in tlU'ust nnd falls, which do­
crea es the centrifugal momen t and increa e the 
thrust . The motion i directly du e to the difference 
in velocitie on oppo ite portions of the rotor disk , 
and is consequently a function of J.L . It is impossible 
to explain briefly the dependence of the force oefli­
cients upon Il , since the rela.tions arc no t ob\--ious and 
are extremely complicated. The expressions for the 
force coofficien ts are given in reference 2. 

The instan taneous position of a blade is completely 
defincd when the azimuth angle if; of the blade-span 
axis, projected onto the rotor disk, is given and the 

FWl"Ilt: I. PC A-2 au togi ro. 

F,GURE 2.- TnstaJlatiOIl or motion-picture camero on hll b or PC.\ ·2 autogiro. 

angle {3 between the blade-span axis and the plane of 
the di k is known . ince at a given valu e of J.L the 
blade follows the snme path every revolution , the 
angle {3 i conveniently expressed as a Fourier series in 
if; , which i measured from the downwind position . 
The equation is 
{3=ao-al cos if; - bl sin if; -a2 co 2 if; - b2 sin 2 if; -aa 
co 3 if; - b3 sin 3 if; - . . . . . . 
where {3 is the angle between the blade span axis and 

the plane of the rotor disk 
and an and bn are the F ourier constan t repre en ting 

the blade mo tion, and nre function of J.L . 

The results of t('s ts of the blade motion are presented 
in this report as the coefficient ao, aI , bl , 02, and b2 as 

funcLions of Il, wbich completely define Lhe insLan­
taneous po ition of a blade for a given Lip-sp('ed ratio . 
Coefficients of higher order than a2 and b2 were found 
to be negligible, being les than the prohahle experi­
mell tn l en ol'. 

APPARATUS AND METHODS 

Th e autogiro u sed in th esc te ts wa 11 Pi tcairn 
PCA-2 (fig. 1) having the following dimension and 
characteristics: 

Gros weighL 
N urn her of hlade on rotoL 
P rofile of rotor hlade section _ 
R otor radiu _ _ 
Area of 1 blade _ 
Bladc II" ighL _ 
Bladc centcr of gra"ity- di tance from hori­

zontal hinge __ 
Moment of inertia of blade about horizontal 

hinge 
Wing profile_ 
Wing spalL_ 
Wingar a projected ( .A.C.A. cOI1\"ention)_ 
fncidence of Iring to rotor di 1,-

2,9 Olbs. 
4. 
G6ttigen 429. 
22.5 ft. 
38.6 sq. f1. 
791bs. 

9.73 f1. 

334 lug ft.2 
Modified M-:~ . 

30.3 ft. 
101 sq . ft. 
3.(j°. 

The required 111('11 Ul'emen is for the tendy-flight 
condition were obtained from synchronized records 
of the dynamic pressure, the a ttitude angle, the ra te of 
change of static pressure, the pre ures on the fixed 
wino- , the rotor peed, and the rotor blade nngle . 

tandnrd N .A.C.A. photographic-recording instru­
men ts were used for most of these men uremen ts. 
The dynamic pre sure wa recorded with an nir-speed 
r('co rdel', the atti tude angle wiih a pendulum-type 
in clinometer, and th(' wing pre me by menns of two 
mul tiple manometcr. The chnnge in static pre ure 
wa measured with a recording statoscope, which con­
si ted of an uir- peed pre sur cell having one side of 
the dinphragm connected 'to a closed chamber and the 
other ide open to cockpit pre ure. Rotor speed was 
determined by a recording instrument in which the 
source light was connected to an electrical circuit that 
wn clo ed once each revolution of the rotor. A timer 
wns utilized to provide Lime scnles on the records ob­
tnined with the aboye-mention('d instrumen ( . 

The problem of mea uring the rotor-blade motion 
was oJyed by fixing n motion-picture camem to the 
rotor IHi b so th nt one rotor blade was in the Ji('ld of the 
cnmera. mall target were attached to the ]('ading 
nnd trailing edge of a blade at 50 and 75 percent of thc 
racl iu , and the po ition of these target in Lhe camera 
field wa u ed to determine Lhe angle of the span axi 
of the blade to the rotor disk. The photograph were 
oriented in azimuth by including the tail surfaces of 
the autogiro in the camera fidel. By thi method, tll(' 
nzimuth nngle of one frame per revolution \l'a fixed, 
and the remnining fmme \\'('1'(' ori(,11 tecl by as llIl1ing 
the cn mera peed constan L. A photograph of th(' 
cnmel'a instnll ation nnd targets is shown in figur(' 2_ 
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The quantities necesSHry to determine the tip-speed 
I'lllio are dynamic pressure, air density, angle of attack, 
and rotor peed. The air den ity was found by visual 
observations of an indicating altimeter in the autogiro 
and observations of ground temperature, assuming a 
gradient of - 3° F. per thousand feet. The angle of 
attack was determined as the diITerence between the 
attitude and the flight-path angles, the flight-path 
angle being calculated from the true air speed and the 
rate of change of static pres ure with time. 

In accelerated flight, measurements were made of 
"'il1O"-pres ure distribution, dynamic pressure, and nor­
mal acceleration. An .A.C.A. 3-component acceler­
ometer wa used to determine the three components of 
the resultant acceleration. An attempt was made to 
mcasure the rotor-blade motion in accelerated ilight, 
but the rotor speed changed so rapidly that the orienta­
tion of the photographs proyed impossible. Further­
more, eyen with a lens having an angle of 50°, the 
neces ity for including the tail urfaces in the camera 
field re ulted in the blades pas ing outside the field 
when the normal acceleration became large. 

were made simultaneou ly over both wing pan Is, using 
both manometers, to determine accurately any acci­
dental asymmetry of loading. 

The .ilight te ts consisted of a eries of steady glide 
with engine fully throtLled at speeds over the entire 
flight range; a serie of level.ilight runs and full-throttle 
climbs at several air speeds; and a number of steady 
full-throttle turn at air speeds in the vicinity of the 
peed for minimum radius of turn. Accelerated­

ilight tests consisted of several abrupt turns at air 
speeds varying from 106 to 136 miles per hour; for 
reasons given in the discussion, no maneuvers in a ver­
tical plane were made. Except in the abrupt turns, all 
measured quantities were obtained as the average of a 
10-second run. In the abrupt turns, the continuous 
records of the measured quantities were read at every 
quarter second and smooth curves then drawn through 
the resultant points. 

RESULTS 

The result of the tests are pre en Led in figure 4 to 
22 and in tables I, II, and III. Figures 4 to 14 and 

r-rt Spar "1 
dJ~~------~----~------~r---~--1 root I· ---l~--T-~~--~----~~----~~~ ~ hinges 

Orifice ribs are symmet-
rical about center line of wing. 

.,(:,..,---')f---------- Spar rt 

38" 

363" 

ORIFICE POSITIO 
[In inches from lead ing edge] 

+ 
+ + 

40">< -77" 

Orifice no. Rib Rib Rib Rib Rib Rib Rib 
A. N B. M C. L D. K E. J F. 1 G. H 

------1-----------------
J .••••• • •••••••••••• __ 1 1%2 :v. 
2 .••••••••••••••••••. 2'1~2 21 ).1 . l ~. 
3 ••••.•••••••••• _...... 9):16 9):16 3~2 
4 ..•.• _ .. _ .••.••••.• _. 181M. 17%. 51%. 
!\.. ..••••. . ....•..•... .•.•.•.• 25~s 13%' 

3" ~, ~~ 31 
11 %. ~~i. 11H. 11 ~1. 
3~ 4%. 4~ 
6M. 7~r ~. 82%. 

15q1. 115,1 . 151M6 17~ 
n ......... " . _ ........ _...... ........ 28~~ 29 1H6 23 \-2 26\-2 28~~ 
7.__ _ _______ ._ .. _________ ._. -. ____ _ 33q~. 34'1. 3 31 4Jl" 

3 ~. 43~i. 46"s 
35~s ~oa1 4591. 4 "i. 

FIGURE 3.-Layout of orifices in PCA·2 autogiro wing. 

-J 

The layout of orificc 11 eel in Lhe measurements of 
wing prCSSllres is shown in figure 3, the orifices being 
connecLed to the manometer 0 that the differences 
between the pressures on 1,11 Lop anel bottom urface 
were rccordecl. During the teady-f1ight test, pr s­
su res were measured oyer the wllole of the left-wing 
pnncl and on ribs C and G of the right panel, one GO-cell 
l1111nometer being used. AHer the addition of a 30-

tables I and II ummurize tbe results obtained in 
steady flight, and figures 15 to 22 present time histories 
of measured qnantities in abrupt turns and curve' 
showing the maximum span load encountered in each 
turn. In tab1e III, orifice pre sures have been tabu­
lated for the ma~.'-imum speed obtained in a stcn,dy 
glide and for the maximllm wing load obtained in the 
abrupt turns. 

011 manometer, tests were made to obtain the toLal 
wing loael as a function of the left-panel load. In 
acceleraLed flight, the mea lIl"emcn Ls of wing pressure' 

IG(j]4-3~- :l 

The force coefficient llsed in tbe 1'e nIts are differen­
tiated by appropriate subscript; tlm , CLT i the lift 

coefficient of the rotor, ON is the normal-force coeffi-
T 
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cient of' tho rotor, OL,O is the lift coefficient of the wing, 
etc. Tho valuos of the wing lift and normal-force 
coefficients were obtained by fairing the span-load 
CUITe smoothly between the points adjacent to the 
fu selage, to determine the total wing load, and u lllg 

l 
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FIGU HE 4.-Holor speed and IiCt coeffi cienlsofrolor Bud wing-gliding flight (P CA-2 
Aulogiro). 
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}<'IGl"HE 5.-Coning and flappin g anglcs-gliding f1i gh l (1'C.\ -2 autogiro). 

a wing area obtained by as uminO" that the wing 
extends through the fuselaO"e with a chord equal to it 
root chord . This practice i conventional, baving 
been adopted by the .A.C.A. to take into account 
approxin1atcly the load carried by the fuselage. The 

rotor force coefficients are based 011 the swept di k 
area 7r R2. (See reference 1.) 

.1 /80 eL" EI1 
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FIGUllE 7.-Rolor specd and lift coefficients of rolor nud wing-Ioyel !light and climb 
(PCA-2 autogiro). 

NOTE.-Faired curves show le\'el-!ligbt results. Points obtained in climbs shown 
by sym bols. 
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It will be noted that for the acceleratecl-flirrh t 
condition, tb coefficients used were based on normnl 
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force, while for teady £ligllt the lift force was used. 
As design criterions are usuu,lly givcn in terms of 
normal forcc, the accclerated-lIigh t re uJ ts may be 
directly applied to this purpose. The results from the 
steady-fligh t tests, however, are Lo be lIsed for purpo es 
of aerodynamic analysis, in which ca e the lift is mOTe 
lIseful than the normal force. The lift force was 
calculated from measured value o[ the normal force, 
angle of attack, and ilight-path angle by a simple 
resolution, and chord forcc on the wing were con­
sidered to be negligible components o[ the lift. 

PRECISION 

Steady flight. - } .. ccidental elTors an mg from 
changes in instrument calibrations were almost entirely 
eliminated by frequent calibrations. Additional errors 
caused by v ariations in the values of the measured 
quantities during a nm were minimized by using the 
average over the full 10- econd duration of the run; 
in general, ho\\'o\'er, the runs wore so steady that this 

14 -
I-- I-- -- .Indicated ,[ 
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air speed:.1 )I'~ ~ 
x 30 m. p. h ~.u 

o 105 - " !1 -x.~ 
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II' ~ 
~ Id !8"i! 1..£ 
~~ "'Iii P<s<= 

a 

-2 320 0 40 80 120 160 200 2 40 280 320 0 40 
Azimuth angle, deg. 

FIG URE O.-Typical data for blade-angle measuremenls (P CA-2 autogiro) . 

type of error could be entirely neglected. The po­
sition error of the air-speed head was determined in 
a speed-cour e calibration in level flight; the lag charac­
teristics of the static and pressure tubing were then 
equalized so tba t no error wOllld arise from varying 
static pressure. 

The motion-picture-camera record were read to the 
close t 0.1 0 blade angle, the camera being oriented in 
azimuLh to within ± l.0°. The Cllrve of blade lingle 
aguinst azimuLh anglc wus defined in every cu,'c by at 
lcust 100 points, Lo redu ce accidenLal elTOl'S to a small 
CjllunLity. The consi, tent re ults obtain d by the test 
proccdllrc are demonsLrated by Lhc L~lpical curve 
' ho\\'11 in figure G. 

Thc prccision of the final results in the for111 of fai.red 
curves is summarized as follows: 

!J- ± 3 pOl'ccnt 
± 3 l)el'Ccnt '-, 

CLw ± 3 percent 

Fouricr coelliciellLs 

Accelerated flight.- The air-speed cali bra Lion ob­
taincd in steady flighL docs not apply rigorollsly Lo the 
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F IGURE 9.- Lift coeffi cients of rotor and wing-level fligh t, stead; tUrDS (P C_\ -2 
autogiro). 

NOTE.-F aired CUrI'es are le\'el-fi igb t resul Ls. Poiu ls arc for LU L'I1S. 
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/CI UUH" .IO.-Coni ng ami nappiug angles IC\'cl flight, steady tu rns (1'0_\ -2 auto­
giro). 

KOTJo:.-"Fai rcd cun'cs are lev ' l-JIighl results. Points uro ror turns. 

tLccclorfitecl-ilight concLiLion because air speed IS not 
Lhen a unique function of angle or ntttwk. lL i · Lmpos­
ible to evaluate qUfLnLiLuLiV('ly Lhe error so introduccd, 
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bu t i t i not considered sel·iou , since the corrections 
required in teady fligh t to chanO'e recorded to conect 
dynamic pres ure were small . The over-all precision 
of the accelerated-Bight re ults is expres ed by the 
following: 

ormal acceleration ± 0. 05 g 
N T ± 4 percent 

ONw ± 4 percent 

DISCUSSION 

Steady fiight.- Th effect of t he slipstream on the 
wing characteristics is illustrated by the difference be-

L 

l..----t:: V 

---Lev~ V f--"" f..- ··Glide 

----V t:-V 
,-/ 

.I .2 .3 .4 .5 .6 
Tip-speed ratio, fJ-

FIGURE n.-Variation of rotor·wing load d ivision wi th t ip·speed ratio-level fligh t 
and glide (PCA-2 autogiro). 

v 
V /' I(f;lide 

Levef:;y V V V 

~ V J...---' 
L 

~V 

20 40 60 80 /0 0 /EO 
Indicated a ir speed, m.p.h. 

F IGU RE 12.-Variation of rotor-wi ng load d ivision wi th air speed- level Oight aod 
glide (P CA-2 au togiro.) 

tween the values of tho wing lif t coefficient in a glide 
and in level fligh t at equal values of the t ip-speed 
ratio_ (ee figs.. 4 and 7.) The rotor lift coefficient 
shown in the same figures i unaffected wi thin the 
limits of experim en ta.l errol'. I t is particularly inter­
esting to note the marked difference betwe n the maxi­
mllm lift coefficien ts of the wing in the two conditions, 
a difference which is probably due partly to the in­
creased dynamic pre ure in the slips tream and par tly 
to nch indeten nina to factor as t l/r bulence and change 
in angle of flow behin d the propeller. Th e augmented 
wing load in the wake of the propeller is shown in 
figuros 13 and 14. The peak of the lif t CUI've in 
figures 4 and 7 apparen tly occur~ at the same tip-

speed ratio, con equen tly the same angle of at tack , in 
both cases_ 

The load division between rotor and wing i shown 
in figure 11 a a. function of tip-speed ratio and in 
figure 12 as a. function of air speed. In reference 2, 
it is shown that rotor speed at a given tip-speed ratio 
i proportional to the square root of the load carried 
by the rotor, so the decrease in rotor speed at large 
tip-speed ratio , which is shown in figures 4 find 7, can 
be ascribed at lea t in part to the corre ponding de­
crease in rotor load. 

A complete discll ion of the significance of the data 
concerning the blade motion is not attempted fit tlus 

40 LD = 
1/ I'-~ Glide _ f-. 

§ Indieotedoir speed, 115m.p.h+. -.J---I--+.lH\ 

~ O~--+--+--+--+--+--+--+--+--+-~--+-~--+-~ 
<t: 
§ V ~I"-
~ l +rL~~~k-~4V-~~~--~~~~--~+=~~~~~~ 
0

40 1-
1

/ '-- V Leyel 
.3 Indicated air speed, I/S m.ph. 1\ 

OLJ __ ~~ __ ~~ __ ~-L __ L--L __ L--L~L--L __ L--LJ 

Q 8 4 0 4 8 ~ 

40 

o 

Right wing Distance from center, ft. Left wing 

F IGURE J3 .- Typical span-load curves-high speed (PCA-2 autogiro). 

12 
Ri9ht win9 

GILe 11 I/ndi~ot~d Jir spe~d , j 4 ~.p. h. 

Level 
Indicated air speed, 32 m.p.h. 

+---r--./ I, 

8 4 0 4 8 
Oistance from center, ft. 

-1--1--
12 

Left wing 

FroUltE 14.- Typical span-l oad curves-low speed (PCA-2 autogiro). 

t ime. It can be ta ted that the coefficient ao repre-
ents the coning angle, or the average blade angle, and 

depend essentially upon the ratio between the thrust 
moment and the product of the blade moment of 
inertia and th e square of the rotor angular velocity. 
T he decrea e in ao as the tip-speed ratio increases 
(6.o·s . 5 and 8) indicates that the center of thrLlst of 
tbe individual blade approaches the a)'-l of rotation . 
The coefficient al represents the principal componenL 
of the flappin g motion , and is caused en tirely by the 
differences in 1'0 uJtant blade veloci ty a t varying azi­
muth po. itions. The coefficients b

" 
([2 , and b2 repre­

sent the component of blade mo tion uri ing from t be 
lag between the accelerating forces and the motion 
cau ed by them . 



WING PRESSURE DIS'l'RTBUTIO A D RO'l'OR-BLADE OF A. AUTOGIRO 9 

The cfl'ecL or a conslnnL acceleraLion on the force 
coefficien ts n nd blade motion i shown in fig ure 9 and 
10, and the results indicaLe that Lhe efrect is a minor 
one. There j apparently a mall consisten t increase 
in the force coefficients, and a decrease in tbe coeffi­
cient al' The resu lts were obtaine 1 in teady turns, 
howeycr, and the additional angular velocity o[ the 
turn pos ibly influences the blade motion. 

Accelerated flight .-At Lhe beginning o[ the acccl­
ernLed-fl ighL tests it had been planned to obtain data 
on pull-outs and pull-ups. It wa found, however, 
that an abrupt pull-out or pull-up re ul tecl in the 

1.2 /60 6.----.---,.---.----,--=---,--,---, /. :2 120 

\:. :S ;; /' "- / 
l ~ Cj K \ CJ> 

.2J; 60 .2-i2.20 ~ .£ / 
~ C':',r V " "'-- . 0 v 

0: ~ 
~ ----

~ 

0 40 
4

0 0 
0 / ,2 3 

Time. seconds 

l'HF. 1.'). Tim~ history of abrupt turn , 1'0= 106 m.p.h. \\'cight =2,950 lb. 
(PC' .\ -2 autogiro). 

1--1- j I - -150 

1--'--

J V 
~ --:: /- - -

! / ............ 
I"'. + - I 

1 11 -
I---

- -

o 
12 8 4 0 4 B 1.2 

Right Distance a lon9 span from center, ft. Left 

'nE If.. \[nxim llnl spnn-lofld curve in abrunt tnrn, ro= 100 m .p. h. rrim(' =2 1 ,! 

_.) sec. ( PC' A _ autogiro). 

machine assuming an attitude that approached danger­
ously close to inyerted fligh t, that i , inverted loading 
on tbe 1'OtOr. This condition is in no way similar to 
that pa cd through at tbe top o[ n, loo p, ince the 
loading in a loop is at all times in a normal direction. 
The danger in inverted loading lie in the reversal of 
the coning ano-le, wbich endangers the tail surfaces. 
In order to avoid this situation, it was decided to 
perform abrllpt yertically bnnked turns in a horizonta l 
plane, since the data so obtained would be fI vfllid a 
basis [or Ie ign cri terions as those ob tainecl in manell­
vcrs in a vertical plane. 

E nch of the [our abr up t turns hown in the form of 
time hi torie (fig. 15, 17, ] 9, and 21) represents the 
mo t severe turn mnde in several trials a t the arne air 
speed. It will be noted that the maximum normal 
acceleration encoun tered was 4.3 g. Appre iable 
longi tudinal instability was pre en t at all times, even 
wi th the be t obtainable center-or-gravity po ition, 
and may have imposed a limit upon the severit with 
which the test pilo t performed tbe maneuver. During 
these tes ts, a change in instrument in tallation resulted 
in a rearward movement of the center o[ gravity of 
one half inch. The in tabili ty was immediately magni-

/60 6 /.2 /20 

\ 
I \'CN. 

1.4 

I \ 
/ 

1{-' ~ 1// ~ 
r----.- L ~ 1 

/ ~ Il \ \' 
Percent- !/ \ age /aad--" 1\ r..., -on wing 1// \ 1)\ 

lb \j ~ 
7 f~r / "" V V "-.. 

4 a a 

.4 

40 a / ,2 3 
Time, seconds 

FIGUHE 17 . .'1' il11e history of abrupt turn, ro= 1l6 m.p.h. ' Veight = 2,900 lb. 
(PCA-2 autogiro). 

150 

~ 

/" -...... / 
/'" ~ i--f-.... 

Ii ~ 
bv 

\ 

o 
8 4 0 4 e 1.2 

\ 

12 
Right Distance %ng span from center, ft. Left 

FIG URE I .' M aximum span-load cun-e in abrnpt tnrn, 1'0= 116 m.p.h . 'l' im~ = 21 , 
sec. ( PCA-2 oll iogi ro). 

fi ed and manife ted a a pronounced tenden y for the 
machine to increa e the everi ty of a t urn again t cor­
rective control, combined with re\-ersal of elevator 
tic k force. Thi in ta bili ty i considered n, f unc tion 

of the indi \ridual de ign and no t nece arily an inheren t 
cLal'ac teri tic of the au togiro . 

N o con i tent variation of maximum acceleration 
with air peed wa ob erved during the tests, b ut the 
mnximllm wing load obtained was encountered in the 
high e I, peed turn . The r esults ob tain('d indicate 
th a t it is po ible for the wing to l'pach a normal-force 
coefficien t of l.0 or greater a t a speed only sligh tly 
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Time, seconds 

FIGt:IlE 19.- Time history of abrupt turn, 1'0=126 m.p .h. W eigl1t=2,910 Ii>. 

(PCA·2 autogiro). 

O~~/~2--~~~L-~~--~-L--L--L~--~~ __ ~1 
8 4 0 4 8 12 

Right Distance along span from center, ft. Left 

F IGURE 2O.-Maximum spnn·load Curve ill abrupt turll, Fo= 126 m .p.h . Tirne=2', 
sec. (PCA-2 autogiro). 

lower than the speed at whicL the turn is tar ted. The 
time historie pre en ted show that in all cases when the 
acceleration h n,d reached it maximum, thc air speed 
had decrea ed materially and the rotor carri.ed the 
major por tion of the load. The maximum wing load 
was always reached before the ma:-..-imum acceleration. 
The span-load curve Lown in fig ures lG, 18,20, and 
22 indicate, if an allowance i made for the dynamic 
pressure increase in the lip tream, that the rib normal­
force coefficien t i approximately constan t along the 
span . While no general conchl ions may be derived 
from thi , it indicate th iLt the downflow from the 
rotor ha an approxim ately onstant cfTcct over the 
entire wing. 

CONCLUSIONS 

1. The wing load varies in magn itud e from G percent 
of tb e weigh t a t low speed to 45 percent of the weigh t 
at high peed. 

J 
1.0 160 5 
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3~ 
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V 1/ f\ \ 

V ~ '" 'c;:7f:>ercentoqe .~~ "-load on wing --

Cwb./'V '" I------V 

234 
Time , seconds 

-l 
~ , 

I'IGL'RE 21. Time hislory of abrupt turn, 1'0= 13(; m.p .h . \\'eight= 2,930 lb. 
(PCA-2 autogiro) . 

V r---- -

~t( 
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\ -
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\ 

8 4 0 4 8 12 o 12 
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]<' J(;URE 22. :O-faxim um s llao-loacl curve in abrupL lurn, 1'0=136 m.p.h. 1'ime=3 
sec. (PC A-2 autogiro) . 

2. Varia tion of wing load with air speed is a major 
factor in determ ining the variation of rotor speed with 
air speed. 

3. Th e erreet of slip tream on the wing is sufficien t 
to change the load carried by the wing by 7 percent of 
the weigh t . 

4. Th e fixed wing will reach 01' exceed a normal-force 
coeffICient of 1.0 in an abrupt turn at li ttle les than th 
speed at which the turn is tar ted. 

LA GLEY :NI EMORIAL AERO AUTI CAL L ABORATORY, 

ATIO AL ADVISORY COMMITTEE FOR A ER ON AUTI CS, 

LANGLEY FIELD, VA., July 31,1933. 
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TAnE I.-AUTOGIRO TEST RESULTS-STRAIGHT FLIGHT 

~ ~ ~ ~ ~,,~ ~ ~ 
~ Q ~ ~ :3 ~ p~ 
~d ~ ,; ~ ~....; ~ C .0 ~ ~.~ 

Cooiog aod llappiog aogles 

~::. ~ ,..; '0 Cd ~ '0 t:D~"'" S 'C -:+: ·S ~E 
::30 ¢l .... 3 0.4) ~ .~o- £:; Q.) - ~ bJlQ) 

o ~~ .~~ ~'O ~'O s~ 0$.0 ~ ~ ~g ::S,' .g'_ .S 3.~ ao U, b, U'. b, c _ rn C),o .3 .c b.O ce.o ~ Ul "Q.) C) ~ C) 0 () 

§ 
~ ~- ~ ~ .< ~- .2- ~ H ge ~ ;:: ~ ~~ deg. deg. <leg. deg. deg. 

Maneuver 

..... -< ~ A...; 8 !::.. ~ >.:.8 ~ = II:: ~ 
~ '-, <I ,< '" ~ "" --. .. ~ C,) Sl >-'l >-'l >-'l C,) 

1 OUde ....... 4,000 0.0685 -14.1 -1.5.2 ~ 28.20 ~ 0.519 2,900 ~~ 2. 800 --;;;-~I 0.0423 5.07 5.03 3,95 0,70 ~ 
2 . .. •. do. . . 3,9R5 .0686 I .... -~,~ 42,2 lJ7,0 ,683 2,000 ,298 ,290 2,650 1,237 1,113 ,0211 4.48 6,81 4,40 1.09 -1.22 
3 ..... do ....... 4,070 .06;1 -7.6 -12.1 4.5 12.3~ 142.2 ,324 2,9~0 .429 ,415 2,870 519 2,351 ,1ID3 6.13 3.11 3.54 ,26 - .11 
4 ..... do.. .. 4,120 .0676 -4.7 -10,7 6,0 7,)2 143,6 ,241 2,930 . 581 .566 2, 0 407 2,473 .218 6.42 2.:10 3,29 .ll -.2Ii 
5 .... do... 4,120.0676 -3.2 -13.4 10.2 4.52 142. ~ .192 2,900 .649 .639 2, 20 292 2. 52.~ .352 6.82 I. 4 3.06 .17 -.17 
6 .... do.. .. 3,9.50 .0674 -9.8 -13.5 3.7 IS.77 141.5 .400 2.930 . 376 .3662,50 6942,150 .07235.77 3.98 3.4R .32 -.40 
~ .' .... ddoo.... 3, on .0674 -3.2 -J3.7 10.5 4.63 J 12. 3 .195 2,900 .72.3 .723 2. 20 338 2,4 2 .337 7.03 1. 53 3. J9 .14 -.19 
~ 4,000 .0665 -5.9 -10.9 5.0 S.~~ 142.5 .275 2.930 .514 .499 2.880 450 2,430 .J710 6.49 2.43 3. 49 .28 -.27 
9 .... do. ... 4, 000 .0665 -2.7 -14.7 12.1 3.~o 141.3 .170 2,900 .7"6 .786 2, 10 276 2,534 .45 7.21 1.76 2.66 0 -.26 

10 ... do . 4,000.06 5 -1.8 -26.7 24.9 1. 7 141.1 .114 2,930 .615 .600 2,610 113 2. 497 .842 6.99 ' 1.14 2.57 .02 -.09 
11 .. _ .. do 4.000 .068,5 -2.1 -23.7 21.6 2. 34 140.4 .132 2,900 .5,59 .542 2.650 1~ 2.522 .678 6.97 1.05 2.66 .OS -.11 
12 . do 4,025 .0r,79 -2.1 -21.4 19.3 2.24 142.8 .129 2.9:30 ., a .568 2,730 J~o 2,602 .731 7.00 1.16 2.54 .06 -.16 
13 Le\' eL. . 4,000.0679 0 2.60 136.5 .147 2,900 1. 264 I. 118 2,900 277 2,623 .597 6.92 1. 41 2.65 .06 - . 04 
14 .... do . .. 3,990 .0702 0 3.43 134. t . ~71 2.930 1. 36R 1. 210 2. 9~0 i05 2.525 .435 7. ~4 I. 24 3.23 .:0 -.04 
J5 .... do ..... 4,030 .0702 10.1 0 10.1 4.99 134.0 . _09 2. 900 l.1,58 1. 023 2.900 004 2,306 .284 6.58 1. 71 3.16 .22 -.02 
16 ..... do ..... _. 3,970 .0694 7.4 0 7.4 7.43 I~1.8 .271 2,9:)0 .52 .759 2.930 564 2,36n .I!i 5.89 2.07 3.49 .20 -.10 
17 .... do ..... _ 4.000 .0694 ~.2 0 3.2 19.00 131.7 . 406 2. 900 .502 .455 2,900 73 2,027 .0631 5.04 3.59 4.02 .49 -.22 
IS ... do ..... 4,000 .06~2 2.5 0 2.5 25.7 125. 6 .526 2.930 .459 .418 2,930 1,06 1, -14 . 0425 4.!~ 4.92 4.22 .89 -,38 
19 Climb ... 4.050 .0680 4.5 8. R-l 129.0 .298 2,900 .852 .758 2. 90 6it 2,213 . 1414 5.00 2.36 3.57 . 27 -.03 
20 dide .... 4,050 .06~ -15.4 -16.2 .8 35. 120.5 .M5 2,930 .329 .320 2,810 1,157 1.653 .0300 3.88 5.44 4,58 1.06 -.43 
21 _ ._do .... 4,100 .0688 -13.1 -13.4 .3 27.a 127.2 .533 2.900 .319 .310 2,820 963 1,857 .0·128 4.35 4.5r. 4,00 .~8 -.44 
221 Climb ._. _ a,980 .0703 14.9 7.0 7.9 . 11 125.7 .287 2.930 . 923 .820 2,910 672 2,238 .1632 6. 25 2.1:l 3.48 .24 -.05 
23 ... do .. :3.970 .070:3 7.6 6.45 124.2 . 2'9 2,000 1.153 1.020 2,880 665 2,215 .203 6. 31 1.78 3.42 .24 .05 

I lYing pressures WOre firsL deLermined completely O~ly all Lhe left wing panel. SubsequcnUy, lhe lolal wing load was fouud as a fuuction of Lhc lefL pancl load. 

Ori~ce 
Pressure 

Rib Ib ./sq. no. fL. level 

---------
A I 39.0 

2 17. 
:\ 6. :1 
1 

B I no. 0 
2 3,5.0 
3 11. 0 
4 Ii. 4 
5 ------

C J 65.0 
2 61. 8 
3 ,51. 0 
4 31. 5 
5 11.3 
6 .. .. 

D I 0.0 
2 62 . .) 
3 44.8 
4 31. ,5 
!i 7.0 
(; 1.5 
7 ---------

THLE H.- AUTOGIRO Tl~ T RESULTS- STEADY TUR S 

{[z (Ix ~:. 
iVr JI. Nor- LOll- sult- a <p 

Rotor 'I'll" Illa\ aiLU'1 aut J~(':l~ A ~rle 
specd specd ncce· lOll accel· L>lck bank 
r.p.ro. ratio era- acc~ - ~ra-

Lion era~\On (ion deg. deg. 
g • y 

l(a.1 IV 
dlus Weight 
L~~O lb. 
fl. 

N 
Nor­
mal 
rorce 
lb . 

Nw IVR 
,,-jug HOI.or 
nor- nor­
mal· mal· 
rorce rorce 
lb. lb. 

C\·,I' 
II'ing 
nor­
mal· 
force 

coem· 
cient. 

eN, Coning and flapping angles 
I~~~~r __ ,-_,-_-, __ ... _ 

mal· 
force 
cacm· 
cient 

ao (f, bl a2 b2 
dcg. deg. deg. deg. deg. 

-- - -- ----- --------- - - -- --
1,57.2 O. :102 1. 4!) -1I.01) I. 15 G. I 46. ,) :11i9 2.9:10 1. :.?flO 1,009 3,211 0.742 0.152 7.50 2.31 3.69 -0.01 0.16 

:1~:~ .211 1.09 -.2:1 1.11 10.7 26.8 306 2.900 :3. HiO fil2 2,648 .975 .32 1 6.5et .15 3.56 .06 -.09 
.244 1. 27 -.0-1 1. 27 U.2 3S. I 2~7 2,0:\0 3.720 6 2 3,038 . 891i : ~'~~ 6.79 1. 25 3.34 . 12

1

- . 05 
135.0 .170 1.09 -.1~ 1.10 15.0 24.8 211 2.900 :1.160 4GO 2.700 1. 387 6. SO .60 3. ~2 .15 -.06 

TABLE TTL- ORIFICE PRE SURE, 
TJEVEL FLIOH'I'- Q=34.2 Ih./sq. fL. 

.\ UH UPT TUR T-g=39.2 Ib./sCi . fL. ([niLiaIly 46.S Ih./sq. fl.) 

Pressure Orifice Pressure f'r~ ore Orifice Pressure Pressure Orifice Pressure Pressure 
Ih ./sq. Rib Ib./sq. Ib./sq. Hib Ib./sq. Ib./sq. Rib Ib./sq. Ib./sq. 

fl. lurn no. ft. level fL. Lurn no. ft. level fl. Lurn no. ft. level ft. turo 

- --- ------ ------------ -- --- --- ---

101.3 E I 58.3 155.0 H I 75.0 145.0 K I 70.0 175.0 
76.8 2 IJ,r).7 133. I 2 2 . .5 153.3 2 64.0 151. .) 
20. 2 3 :39.0 98.0 3 52. -I 80.0 :1 38.4 90.0 

.. <I 22.9 6,;.0 4 25.0 42.4 1 28.3 69.0 

lJ5.5 ;; 12.0 :19.5 ;; 1:1. 29.7 fj 11. 9 27. S 

88.0 6 -.4 10. f) (; 7.4 24.5 fi - 1.2 -.3 

32 . .5 7 -.7 2. , 2.2 18. 0 7 -.3 .0 

11.9 8 . .. . . . S -1.3 11. 3 L 1 2.0 17 .5 
F 1 56. 2 159.0 I ] 60.0 J37.5 2 67. 5 152.5 

1 9.2 2 03.3 116. 2 2 5.5.0 13, .7 3 46.5 ] OS. 0 

145.0 3 ;12.3 88.0 3 41. 5 100.0 'J 35.3 76. 2 

J37.0 4 21. 4 62.4 4 20.0 58.0 5 15.5 22. 7 

81. 0 5 10.7 28.7 5 14.6 35.5 6 -1.0 .2 

31. 3 6 7.2 14.4 6 5.7 10.5 M 1 60.7 J23.8 
7 2.9 6.6 7 2.9 4.2 2 39.9 fi9.0 . 
8 .. ---.---- - -1.7 3 15.9 33.0 

210.0 
-- - -

168. G I 50.9 162. 5 J I 55.0 142. 5 4 .9 15.8 

120.5 2 55.1 166.0 2 61. 0 128.7 5 .2 1.2 

17.0 3 30.1 105.7 3 37.0 101. 5 N 1 4R 0 60.0 
28.5 4 18.9 5·1. 0 .J 28.0 63. 2 30.8 72.0 
4.2 5 (i. 2 .0 5 16.0 38.0 a 8.2 15.8 

6 6. " 15.3 6 5.7 17.0 4 2.8 4.5 
-.' 7 1.0 5 .. J 7 .0 2.6 

$ 3,0 ,1. 5 8 - -1.4 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocitips 

Force 

I 

I 

(parallel Linear 
Angular I Sym- to axis) Sym- Positive Designa- Sym- (compo-Designation symbol Designation bol bol direction tion bol nent along 

I --
LongitudinaL __ X X rolling _____ L 
LatcraL _______ Y Y pitching ____ M 
NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M N 

O'=qbS Om= qcS On= qbS 

axis) 

Y----> Z roll ______ 
<f> u p 

z----> X pitch __ ___ 0 v q 
X----> Y yaw _____ 

'" 
w r 

Angle of set of control surface (relative to neu­
tral position), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
"'V' , 
"'V., 

T, 

Q, 

Diameter. 
Geometric pitch. 
Pitch ratio. 
I nflow velocity. 
Slipstream velocity. 

Thrust, absolute coefficient OT= ;D4 
pn 

Torque, absolute coefficient 00 = -9D5 
pn 

P, Power, absolute coefficient Op= pnfD5 ' 

Os, Speed pO,,'cr coefficient = ~ ~~:. 
7], Efficiency . 
11 , Revolutions per second, r. p. s . 

<1>, Effective helix angle = tan-l (2 "'V ) 
7l"rn 

5. NUMERICAL RELATION'S 

1 hp = 76.04 kg/m/s=550 lb. /ft./sec. 
1 kg/m/s = 0.01315 hp 
1 mi. /hr. = 0.44704 m/s 
1 m /s = 2.23693 mi.fhr . 

I ~ 

1 lb. = 0.4535924277 kg. 
1 kg=2.204G224 lb. 
1 mi . = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft . 




