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FLICET MEASTREMENTS OF HELICOPTER BLATE MOTTON
WiTH A COMPARTSCN BETWEEN THEORETICAL
AND EXEERTMENTAT, RESULTS

By Garry C. Myers, dJr.
SMMARY

Tn order to provide basic data on hslicopter rotor-blade
motion, photographic records of the behavior of a blads in flight
were obtained with a conventional single-rotor helicopter. The
results of measuremenis of flapping motion, In-plene motion, and
blade distorticns arc prosented for amelected conditions of flight
at tip-speed ratios raenging from 0.12 to 0.25. The flapping and
in-plane msasurements were reduced to Fourier serles coefflclents
and are presented 1In tevular form. VTalues of measured Fflapping
motion were compared with theoretically calculated values, and
agreement was found to be good onough to render the theory useful,
within the range of conditlons tested, In such problems as
ostimation of control dispiacement for trim and static-stabllity
determination end In the design of the rotor hub. The largest
deviations betweon predicted and measwred flapping motion were
noted in the rather iimited climb condltions tested and further
exemination of this deviation appears desiradle.

Poeriodic in-plane motion duese to alr forces was shown to be
small, having an emplitude of about 1° st a tip-spsed ratio of
0.25. This fact simplifies the design problem involved in
mininizing damper louds. The mean drag angle is foumd to be
proporticnal (within i3 percent) to the rotor torque divided by
the square of the roiatlonal speed over a wide range of flight
conditions, which suggects the use of the drag sngle In devising
a simple service tLorguemster for the helicopter. The sgreement
between measured and predicted drag angies 1s considered adequate
to warrant confldence in the predicted values in designing the
rotor hub.

Plots of blade twisting end blade bending in the plane of
flapping are presented for a sample case. The outer guarter of
the blade was concave downward during most of or all of each
revolution for every condition exsmined, which indicates the need
for incluvding tip-loss factors in blade-stress calculations.
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INTRODUCTION

The ability to predict the motion of the blades «f a flapping
rotoy 1s of fundamental importance in the solution of meny rotary-
wing problems. Information on blade-flapping motion 1s, for
example, an important step in studies of rotor stabllity, since
the orientation of the rotor disk must be dmown with respect to
known axes. Yor the ssme reason, an .nderstending of the flapping
motion provides a basis for the prediction of required control
displacements for trim. A knowledge of in~plane motion and blade
distorticns 1s esgentisl to studies of blade stresses asnd rotor
vibration. Ability to predict—blade motion 1s also necessary for
the rational design of the rotor hub, specifically the stop settings
and bearing positions.

Altnough much experimental end thecretical blade-motion data
are available for auwtogiros, little data have been published for
the power-on helicopter condition. Blsde-motion theory as presentcd
in reference 1 is equally appliceble ta pcwer-on and autorotative
Tlight ccnditions. but, becavse of the Aifference in the direction
of flow throush the disk and the accompanying changes in distribu-
tion of avplled forces, use of correction factors for the helicopter
condition as detsrmined from comparieons of theoretical and
experimental autogira data i1s guestlonable. In view of these
facts, a test program was started to obtain dats on helicopter
blade motion. The present paper glves results obtained in selected
conditions of flight. The tests were conducted in the Flight
Research Division of the Langley Memorial Aeronautical Laboratory.

Measurements of flapping and in-plane mowion in terms of
Fourier series coefficients obtained by haxmonic anal.eis are
presented herein along with sample blade-twist and bending measure-~
ments. The measured flapping values are used &s an experimental
check on rotor theory in order to determine the uwsefulness of the
theory. for various applicatlions. By establishing the degree of
agreement-between theoretical and experimental data, the experimental
data not only indicate the accuracy with which theory mesy be used
for flapping predictions but aleso aid in checking the adequacy of
some of the assumptions used in all pheses of rotor theory. The
magnituldes and trends of the higher harmonics of flapping and the
periodic in-~plane motion are studied as a source of rotor vibration.
Measurements of blade twisting and bendiing sre examined with a
view to alding in the determination of some of the factors affecting
the dlsposition of forces on the rotor blade in flight.

Although by no means exhaustive, the data presented are felt
to be of great fundamental value in defining the actual nature of
helicopter blade motion.
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DEFINITIORS AND SYMBOLS

The terms "feathering” and “cyclic—pitch veriation" as used
horein refer to the variation of rotor-blade pitch angle wlth
tlede azimuth position.

The "axis of no feathering" is the axis about which there
is no Tirst-harmonic foathering or cyclic-pitch variation. (See
tha appendix for a detalled explenation of the use of this axis.)

¥ blede azimnih angle measured from down-wind peosition In the
dirsction of rotation

Bg observed blede flapping angle; angle between the blade and the
rlane perpsndicular to the rotor-shaft axls expressed as
a Tunction of ezlmuth angle ¥ by the Fourler series

Bs=5.08-a.lscosﬁf-'blssinlk-a‘zscos%-bessin_exlr. o« o

8 blade flapving angle; angle between blade and the plene
perpendicular to the axrls of 1o feathering expressed as
a function of aziiruth angle ¥ by the Fourler series

s=ao-alcosﬂr-'blsinlb’-aecoselk~besin2\ir.._;

8g Instantansous blede pitch angle at the 0.75 radius measured
with respect to the plane perpeniiculer to the rotor-
shaft axis expressed as a function of the azimuth angle
¥ Dy the Fourier series

6g = Aos - Ay 'cos ¥ —_Bls sin ¥ - AQs cos 2¢ - Bes sin 2¥ . . -
2] instentansous blade pitch angle at the 0.75 radius msasured
with respect to the axls of no feathering expressed as a
fuaction of the azimuth angle ¥ by the Fourler serles
8 = Ag - Apcos 2¢ - Bosin 2¥% . . .
blads drzg angle; angle between blaie and a line drawn
throwgh the center of rotation and drag hinge (vertical

pin), positive in the direction of rotation, expressed
as a function of azimuth angle by the Fouriler series

{ = § + By cos¥ + Fy sin\laf+32.cose\k+'fﬂ’2 sin 2¢ . . .
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true alrspeed of helicopter, miles per hour

/-
tip~epesed ratio IMQQ§4§>
inflow ratio < g_:_l

induced velocity at the rgtor

rotor angle of atteck; angle between the projsction of the
axls of no feathoring in the plane of symmetry ard a line
porpondicular to ths flight path, positive when axis is
pointing rearward, degrves

fueeiage angls of attack; angle between relatlve wind and a
lins in the plsne of symmebry and perpsndicuLar to the
nain-rotor-shaft axis, degress

thrust coefficient [l
pR2(AR)2

rotor thrust, pocunds (assumed equal to L/cos )

rotor 11ft; pounds

mass density of eilr, slugs per cublc foot

rotor angular veloclty, radisns per second

rotor~bledo radius, fset

shaft power drag-1ift ratio; ratio of drag equivalent of
nmain-rotor-ghaft power absorbed at a given alrapesd to
rotor 1ift (Qqu/YL)

shaft torgue, pownd-feet
11dit, (bcf’) R

80 y [ ——

7R Jf crldr

squivalent chord, feel.

Jo
local chord, feet

radius to blede element, feet



c
¥ ‘mass constant of rotor biado (:e :) ratlo of aly forces

to centrifugel forces
tNMass

b nuntber of blades T
I,  mass moment of lnertia of rotor blade about flappling hings .

8 slope of 1ift coefficlent against sectlon angle of attack,
per radien (assumed equal to 5.73 in present paper)

B tip-loss factor (teken as 0.97 in present paper)
Subscript:

8 referred to rotor-shaft axls
APPARATUS AND METHODS

The helicopter used in the present tests was the Sikorsky HNS-1
(Army YR-4B) equipped with the original production rotor blades.
The blade plen form, pertinent dimensions, and mass characteristics
are presentsd In figure 1. The instrument Installation was that
described in dstall in reference 2 in addition to a 35-millimeter
motlon-picture cemers mounted rigldly on the rotor hub and pointed
out along one bladc as shown in figure 2.

The blaede was marked In such a way as to identify the 0.75 radius
and several other spanwlse stations. Targets were mounted ahead of
and behind the blade at the 0.75 radiue to permit pitch-angle
measuremsnts.

Typical photogrephs obtained in Plight are shown as figure 3.
Blede motion was determined by observing the manner in which the
blade moved in the field of the camers which was fixed relative to
the rotor shaft. This motion was Interpreted in terms of angles
and deflections Trom similar photographs taken on the growmd with
the blade kept stralgnt by means of a beam and wedges and held at
known positions in space. The flapping and in-plane motion of the
blade was defined as the motion of a line commnecting the blade
root and 0.75 ralius.

The azlimuth positions of the cameras and blade were determined
by using the tall rotor as a fixsd referonce. Orientation in
ezimuth of camera framss between those in which .the +all rotor -
appeared was determined by assuming constant rotor-shaft and camera-
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film epecds over the Interval. remes8 wore oriented in azimuth
to a precision of +2°, -

Flight tests consisted of a series of level-flight rune and
gsome sample gllides and climbs. The level-flight runs covered an
alirepoed range from 43 to 72 miles per hour at fixed rotational
speeds and covered thres rotationel speeds at each end of the
forwvard-spsed renge. Sinuitaneous rocords were btaken with the
camsra and with the recording instruments used for recording the
flight condivions.

A sampie of the dabta ohbalned Ffrom the camers rocords 1s
given In figure L4, which showe results from & typlcal test
conglpting of about 200 blzde positions and covering about
20 revolutions. Reading sccuracy for tne flapping, in-plane,
aid pitch angles wae within $0.1° and for the tip deflections,
within 0.1 inch., The consistency of the test pointws in furming
a single curve for the bendlng measuremsnte suggesty that the
scatter evident in the flapping and pitsh measurerments may be
due .chlefly to the failure of the rotor blade to retrece itse
path in successive revslutions. The camera may Pe considerad
rigidly supported insofar as flapping, tending, and pitch measure-
nents are concernsd. In the in-plane direction, however, play in
the crown-housing attachment permitted the camsra to Te rotated
as much a8 ¥0.4Y. The control-linkege and Dblade piltching-mcment
characteriatice provide a moment which tends to hold the crown-
housing at one end of 1ts free travel, and the amall scatter In
cindividual runs and In crosse~plcts of coefficlents indicabe that
the pley waaz suppreesed. Thls possible source of Inaccuracy,
however, should be kept in mind in Interpreting the dragging-
motion mesasurements.

RESULTS AND DISCUSSION

For discusslcn and analysis of the test results, the subject
can be divided into three parte: flapping motion, in-plene
motion, and .blade dlestorticns.

Flapping Motion

The flapping and feathering data obtalned in flight are
summarized Iin table I. Values are glven that dectermine the flight
condition, the measured flavping motion (that 1s, the flapping
motion of the blade with respect to the_shaft), and the measured
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feathering motion (thet is, the cyclic-pitch variation with respect
to the sheft, due primarily To the conbrol setting}. The measured
fiappling and festhering values are presented in terms of Fourier
sarios coefficients obtained by harmonic analysls of the flapping
and plich-asngle data.

Redvction of data, to pure flepping systeri.- In order to o
compare iths measured fiapping motions witn theoretlical predictions,
the actusl flapping-feathering system was reduced to an equivelent
pure flarping system. Flapping was referred to an axis aboub
which there was no flrst-harmonlec cyclic-pitch variation, which
has buen dmfin~d as the axis of no Teathering. The sinple con-
verslons of measured flapving end featue:ing coefficients to the
Plapping coefficients referred to the axis of no feathering are
givew in the appsndix. The flspvring coefficients referrsd to the
axis of no feathering are given in table I.

Thecretlcal calculations.- Flapping coefficients wers calculated
uging the performancs charts of refersnce 3 In conJunction with the
thrust and flapping-motlon eguations of raference 1. Calculations
were made using experimental values of the performance paremeters
Cpfo, n, and P/L. Since the theoretical expressions for the

Plapping coefficients are given in reference 1 in terms of the
variables A, 6, and u, 1t was first necessary to determine A
end 6 for the given conditions. The variable 6 was determined
Prom the charts of reference 3 which define 6 for given values
of P/L, u, and CT/U and for a fixed profile-drag polar. With
the value of 6 known, A was obtained from equation (6) of
reference 1 which relates Cch, A, 6, and u,.

Calculaticns for level flight were made for three groups of Crp
corresponiing to the three rotationel speeds for which data were
obtainod in flight. For each value of Cp, the variation of P/L
with ¢ was obtained vy fairing through the expsrimental valuss
with a_theorstical variation of P/L with p used as a guide.

For the glide and climb conditions, theoretical values of the
flapping coefficlents were calculated for the actual flignt con-
ditions measured in each case.

Signiflcance of Fourier series coefficients.~- For the purpose
of analysis, the flapping motion 1is exemined in texrms of the
coefficients of the following Fourier series:

B = 8y - 87 cos ¥ - by sin § - ap cos 2§ - by Bin 2% . . .

Physically, these coefficients represent the amplitudes of the
sinusoidal motlons which, when added, will produce the actual
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flapping motion. The coefficlent a5, for example, represents
the steady ccning engle. The coefficient a; represente the
amplitude of resrward tilt of the disk with respect to the axis

of no feathering, and by represents the degree to which the disk
is tilted laterally toward the alvancing sids. The higher
harmonics, ap, by, &3, &and so forth determine the departure

of the throe-quarﬁer-%adius station from a planse. Althouzh

these higher-harmonic cocfficliontes are qulite smell, they are
slgnificant in studies of rotor vidbration.

Comparison of theoretical resulis with experimental results
for level flignt.- The flight values of the flapping coefficients
and pitch angle for the level-flight conditions are compared with
theory in figure 5. The measured coefficlents for each of the
groups of Oy were adjusted to mean values (Cp = 0.0046, 0.0055,
and 0.0063) using an increment based on the calculated variation
of flapping coefficient with Cp. Although the adjustments were
greall .and 414 not alter the results materially, they dld reduce
the scatter in the data 1in every case.

In figure 5(a) measured and caloulated coning angles are seen
to be in good agreement; &y was underestimated by less then 1/2°.
The theory 18 thus meen to predict closely the average radial
center-of-pressure poeition. The variations of the cening angle
with p and Cn are quite well predicted except for the higher
values. In this comnsctlon, the cbeervations of stalling on the
retreating blade are pertinent. Various degress of tip stalling
vore ohserved at higher speeds and high thrust coefficients and
at the higheet moasured valus of u (0.25), the tip of the blade
wag stalled Tor approximately one-fourth of each revolution.
Stalling measursmentes for these speeds and.thruet coefficients
are presented and discussed in reference L.  The test point
for M = 0.25 represents a conditlion of severe mtall. A definite
decreame In coning angle, as compared with the trend. of the rest
of the dsta, 18 shown in the figure for this condition. This
decreage 1lag presumably dus to the loss of lift on the retreating
tip resulting from stall.

In figure 5(b), the longltudinal flapping coefficient &y 1s
aleo seen to be undsrestimated; the dlsagreement becomes larger at
the higher values of p and Cp. This increase in disagreement
with inoreaeing values of 4 and Cp might be acecuubed for dy
the incressing region of angles of attack on the retreating side
that fall above the linear portion of the lift curve. With the
exception of the coniltlon for mevere stalling, the predicted and
measured values differ by less than 1°.
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“he lateral flapping cosfflcient by in figure 5(c) is
unfersgtimied, as might To expected since mo account ia taken
in tho calciilatioas of the nonunltormity of infiow over the disk
in the dirsction of £light. If a linesr varlation of inflow is
assumsd irstead of vniform inflow, agresment is congildarenly
impreve Yhe curve in figure H{c)] Tor linearly varying inflow vas
calcu_ataa using the following squatica {reference 5}

2

Nb
1= 32- _ua 2(’“2 + ;\'2)1]2

vwhore K + 1 4is the ratio of the induced velocity at ths rear of
the disk 4o the meen induvesd velocity, with a linesar variation
from frent to rear assumed. Tae valuo of X used was computed
using ths tangont arproximation of -flgure 3 of refersnce 6. She
resuliing curve diffors from the corresvoniing test points by
less than 1¥. It appears possible that the greater part of the
rocaining discrepansy can be accountsd for by mors refincd treat-
monts of the effects of induced flow patterns.

The coofficients a, and b, are emsll as shown in figure 5{d)

end, although the agreement is poor en & percentage basis, the
OVder of magnitudle snd variations of coning angle with Cp and @
are quite satlefactory. The effects of stall ere again evident
in thke test polint for p = 0.25. Tt should be pointed out that the
pressence of gome secsnd—harmonic feathering {see table T) ]
nsceggar.ly affected the second-harmonic flapp+ng valves. These
higher harmonlcs of feathering resuit from plsy and nonlinserity
in the blsde-feathsring linkege and from porlodic Dlads twisting.
Exemination of ths prodiem leads to the orinlon, however, that the
degrse of agreswent siown would not be siguificantly affected by
epplication of a carrection to the measured flapping for the effect
¢f this feathsring. The massured third harmonics asz and b3 are
presanted in figure S{e}. No theoretical values are given slnce
th3 equations uvesd extendsd only throughi tha secord harmonics. The
third harronics ars seen to be quite stall. (The scale is five
times that for aps and bs.)

The abrupt increess in the second and third harmonics in the
condltlon of extrems stall is interesting in connectlion with the
pilot's reports of severs vibpation Iin the highly stelled condition.

n figurs 5(f) the calculated value of mean pitch angle is
compared with the theoretical value. The coefficient 4y 1s seen
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to be eversstimated by an apprecisble amownt, which indicates that
the asswmed lift-curve slope ls teoo lov. Agresnent ia improvel et
higher tip-spevd ratios, which asgain may be the resuli ¢l an
affsctivoly decreassd lift-curve slupes caused by tae increesing
rogions of high angie of attack. Also_‘,_ as will s chowvn in the
section of the present pepor entitled "Effect of profile drag"
part of tho disagrsawsut srises from the optimisiic profile-drag
veluas assumed In the calculations.

Corparieson of itheoretical resuits with exparilmsvtal results
for clirbs and glidsg.- In view of the limited date avweilsdle for
the ¢limd and glide condltions and tha A1fficvlty of presenving
a conparison of calculated and messured Flapping coefficionts for
climd on a eimple plot, the coefficienis for these condlticna
are given along with caleuisted values in table YI.

Examination of—table I, togother with the level-flight com-
paxrison cf figure 5, shows how the degree of agreement betwssen
theory and experiment is affected by flight condition. In general,
agreement iz better for glides and pcorer for climbs than foxr level
flight. Theory appsars to underpredict the rate of change of
the coefficients with P/L. This discrepancy in trend i3 not felt
to be large enough toc impalr seriocusly the general usefulness of
the theory but is comnsidered to warrent further investigation.

Eftect of profile drag.- In tho theoretical calculations,
one approximation in sidivion to Llhe assumptions governing the
guneral theorstical equations wae mede. The profile drag of the
blades tested was assumed to be represonted by the polar on
whlch the performence charts of refsrence 3 are hased. Noth
rerformence messurements of the actual rotor and wind-tumnel
tosts on a portion of a similar blade indicate tltat the profile
drag wa3 actually much higher then that esesumed. Accordingly,
sample celculations wore mads sssuning a dreg polar with 30 percent
higher profile drag to determine the effects of kio essumed pro-
file drag. The effects on the predicted {lapping coefficients
wers very small and ths 30-percent incresse in profile dreg
resulted in a changs of less than 2 percent in the coefficlents.
Che predicted value of 4, was decreased esbout 0.4°, however,
which irproved the agreement between calculated and measured
valuos (fig. 5(f}) appreciadbly.

- General remarks.~ ¥n order to illustrate more clearly the
over-all agreement between calculated and measured flapping, the
resultant flapping motions as calculated and as messured for a
sample case are compared in figura 6. The meximum discrepancy
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o :
18 seen to be about ll » Which is smell encugh to warrent the use

of the theoretical coning angle and flapping motion in designing
the rotor hub.

The agreement between the theorestlcal and measured longltudinal
and laterasl Plapping angles (shown in fig. 5 to be within 1°) is
congldered to Justify use of the theory for the solution of
problems in which a knowledge of the orientation of the plane of
the 0.75 radius under different conditions 1s desired. For example,
the orientation of the plane of the rotor disk muat be known in
predictions of control required for trim and in the design of the
rotor hub.

Tn connection with helicopter static astebility, the rates of
changs of the lateral and longitudinsl flapping angles with thrust
coefficlent and tip-speed ratlo are significant. The experimental
and theoretical trends shown In figure 5 are felt to be in suffi-
clent agreement to indicete that the thsory will prove useful in
the study of helicopter sgtatlc stebllity, at least for prelliminary
examination of the problems involved. In arriving at thils con-
clusion, the effect of adJusting the values of the flapping
coefficients to constant-pover conditlions was examined.

Tn connection with stebility studies, it should be mentioned
-that knowledge of the orientation of the plane of the 0.75 radius
doee not strictly define the directlion of the rotor resultant
force. Avallavle theoretical treatments and experimental results
indicate that, in connection with the stebllity and control
studies referred to, the error involved In ignoring the component
of the resultant force in the plane of rotation 1s, ln general,
not significent. A full discussion 6f this point is FPelt to be
beyond the scope of the present paper.

In-FPlane Motion

Megsured values of blade in-plane motion for each flight
condition are given in tgble IIT In terms of the Fourier serles
coefficients {5, E, end F, where

£ =86 + El cos ¥ + Fy sin ¥ + Ey cos 2F + Fy sin2y + ... (2)

and where ¢ 1s the angle beitween the blade axis and a line
through the axis of rotation and the drag hinge. The drag hinge
1s the vertical pin which allows the blade freedom of motion in
the plene of the disk.
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Periodtc in-plane motion.~ Periodic in-plane motion arises
from two sources - ailr forces and "mechanical forces." The torm
"mechanicel forces" as used herein represents the In-plans forces
due to the changing moment of 1lnertia during each revolution of
the flapping blade with respect to its shaft,

Fourter serles coefficients obtained from harmonic analysis
of the measured perlodic in-plene motion were caiculated in order
to determine the msgnitudes of the various harmonics. Since the
"mecherical" part of the in-plane motion, caused by first-harmonic
flepping with respect to the shaft, is a function of fuselage
center-of-gravity position andi fuselage pitching moments and has
no fundemental slgnificancs, this motion, as calculated from
anguler momentum considerstions (using the treatment of reference 7),
was subtrected from the first-harmcnic coefficlents in order to
study the remelning in-plane motion cavsed by air forces. The
wotion due to air forces was found to have a relatively small
amplitude over the entire ranze of conditions tosted and to reach
a maximm of about 1° at a tip-speed ratio of 0.25.

Ths measured psriodic in-plane motion has been plotted for
e ssuple case 1n figure 7, along with the motion due to elr forces
aione. The motion due to alr forces alone was determined by
subtracting the cslculated "mechanical' contribution to the
motion from the mescured.motion. It mey be noted that the maximum
alr-tforce contributions to the periodic in-plene motion occur at
approximately ¢ = 170° and ¥ = 350°.

As hag Deen pointed out, the phase end amplitude of the
"mechanical" input depend upon the flapping motion relative to
the shaft. For the condition shown in figure 7, the "mechanical
input is seen to add to the air-force input. The "mechanical"”
inout may be varied by changing the combination of sheft angle
and control position, through use of a horizontal control surface
for example or by variation of the fusslage center-of-gravity
position. 'The changes in "mechanical" input with normal fueelage
center-of—gravity variations may result in motions of the order
of 3° to 4° which are large with respect to the air-force input.
Since the "mechanical" input 1e under the designer's control,
design center-of-gravity positions (relative to the shaft) may
be chosen so as to offsetto a large degree the motion due to
alr forces and thus blade in-plane stresses and vibrations in
the helicopter due to dsmper loades may be reduced.

Mean drag angle.- The mean drag angle In radiens 1s given
approximately by the exvression .

t = - Q
o be(marcg)(;';? +9 (3)
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where
Q main-rotor-shaft torgue input, pound-feet
b numbsr of bledes

) distence from drag hinge (vertical pin) to axis of rotation
feet

M blade mass, slugs

rc8 redial position of blade center of gravity, foet, measured
from drag ninge

rgp vradial Tosition of resultant drag force, feet; measured
from dreg hings : .

Eguation (3) indicates that for. & given rotor the mean drag
angle 1s essentlelly a funstion of Q, Since the radial position
of the resuitant aerodynamic force rgpe 18 very large wilth respect
to e (rzp 18 on the order of O.7R), the drag angle should be
relatively insensitlve %o changes in z3e. Tor exemple, when

rgp = 0.TR, a Z30-zercent variation in rge in equation (3)
produceos only & t2-percent change in go.

T figure 8 meansursd values of the ratio of the rotor-shaft
power to hie cube of the rotor rotational speed (proportional
to Q/ﬂ2 are plotted sgainst measured drag angles. The test
points rerresent a variety of conditions of flight including
level Tlight from the speed for minlmum power to top speed, climbs,
and auwtorotation. I't i1s seen that excellent correlation exlste;
the maszimum scatter is .agboul 3 perceat from a mean stralght line,
which is the order of accuracy of the measurements. The linearity
of these data suggests that the theoretical relatiom should be
useful 1n interpreting dreg angle in terms of maln-rotor-shaft
torgue. A meshanical device wilch indicated the mean_drag\;ngle
wculd provide a simple meens of indicating changes in power
absorbed by ths main rotor and, if calibreted, could be used
a8 a service torquemeter. If a probable representative value of
the radisl position of the resultant serodynamic drag force is
assumed, such as 0.5R or 0.8R, the drag angles for the various
power conditions can be predicted from equation (3) to within
about 1/2°, This approach thus eppears to be accurate enough to
be useful in designing the rotor hub.

-
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Blade Distortions

Blede twisting.- Sample measurements of blade torsional
deformation were made for sn extreme case, & velocity of 7O miles
per hour at which a large erea of stall was encountered. Valuss
for twist occwrring between two astations were obtalned by measuring
the angle of the 0.75-radius targets relative to the center
chordwise strip at the 0.50 radius. (See fig. 3.) These values
are plotted agaipst azimuth angle in figure 9. The measurements
are of interest in that they isolate the twisting caused by the
alr forcea on the outer part of the blade. The periodic twiast
is seen to be of the order of *1/3C with about -0.1° mean twist.
Aprroximate calculations indicate that in order to produce *1/3
twist a center-of-preassurs travel of the order of +1.5 percent of
the chord is required and that .the mean twist corresponds to a
displacemsent of the conter of pressure from the center of gravity
of abhout lf2 percent of the chord. The effect of stalling and
the associated diving moment—on the hlade twlal is evidenced by
the dip in ths curve of-Piguro 9 beiween approximately 240°
and 360° azimuth.

The twilsting-dovh cn the advencing side (high velocitiss
and low sngles) togethevr with the twlsting-up on the retreating
side (low velocities and high angles) suggests that the blade
contor of gravity is behind the aerodynemic centor and that an
epprociable diving-moment coefficient exlsts about the aero-
dynemic centor. Some diving momsnt would be expected on the
bilades tested dus to camber caused by fabric distortion.

Blade bending.- Tn figure 10, blade-bending deflection
curves are shown for several ezimuth positiona in a sample case
(70 mph, 225 rotor rym). Deflections are given relative to a
stralght line through the hub and the 0.75 radiuvs. The figure
indicates that the tip portion of the blade is bent concave
dovnwerd over the greater part of the disk, which gives an
S-shape curve to the spar. Inasmuch as the spanwige mass distribu-
tion for the bledes tested was spproximately proportional to
the chord with no concentrated masses along the span, thile
bending indlcateas a definite loss of 1ift at the blade tips.
Correaponding observations for other flight conditions likewise
ghowed this S-shape curve. Since computations making no allowance
for tip logses indicate appreciable concavity upward over the
entire blade, it thus sppears that tip losses must be allowed
for in-blade bending-stress calculations in order to obtaln
reasonably accurate answers. This indication is in agreemont
wlth the conclusions arrived at in the thooretical exsmination
of tip-loss effects given in reference 8
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A violent Plipping-up of the outer pa.r'b of the blade will be
noted in Figure 10 in the region of 270° azimuth, that is, on the
retreating side of the disk. The nature of this motion is more
clearly shown in the sample bending data in figure 4. The cause
of this phenomenon is not fully understood at the presen't; time and
requires further investigation. There are indlcations that it
may involve an instability due to rearward chordwlse center—of-—
gravity position.,

CONCIUSIONS

On the basls of blade-motlion measurements obtained on a
helicopter in flight at tip-speed ratlios ranging from 0.12 to
0.25, the following c¢onclusions are drawn:

1. Comparisons of measured and caloulated flapping motions
indicated that, for the range of level-flight conditions tested,
the coning angle and the longitudinal end lsteral flapping angles
may be predlcted within about 1°, which renders predictions quite
useful in the design of the rotor hub and for estimations of
regquired control displacements for txim.

2. Somewhat larger devietlions between predlcted and meeasured
flapping motion were noted. in the rather limited olimb conditions
covered as compared with level-flight conditlons, and further
exenination of this deviation appears desirable.

3. The predicted rates of change of the lateral and longitudinal
flapping angles with tip-speed ratio and thrust coefficient were
felt to be in sufficient agreement with the measured values to
indicate that available blade-motion theoxry will prove useful In
the study of helicopter static stablility, at least for preliminary
exemination of the problems involved.

4, The periodic inmplane motion caused by air forces were small,
having an emplitude of about 1° at a tip—-speed ratio of 0.25, This
fact simplifies the design problem involved in minimizing damper
loads.

5. The mean drag angle was found to be proportional to the
rotor-shaft torgue divided by the square of the rotor angular
veloclty, within about i3 percent, over a wide range of flight
conditions, The proportionallity suggests use of the drag angle
in devising a2 simple servige torquemeter for the helicopter. The
agreement between measured and predlcted lag angles was considered
adequate to warrant confidence in the predicted values in designing
the rotor hub.,
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6. Measuremants cf blade distortions showed substantial downward
bending of the outer quarter of the blade, presumably due to the
laas of 1ift at the tip. Lt thus aviears that tip losses must be
allowed for in bleds bernding-stross calculations in order to obtalin
resgonably eccuvrate cnsvers.

Lamgley Memorlel Aeronauvticsal Laboratory
Natlonal Advisory Comnlttee for Asronautics
Langley Fieléd., Va. Februsry 20, 1947



HACA T No. 1266 _ 7
ADPENDIX : S

CONVERSTON OF MEASTRED VALUES OF FEATHERING AND
FLAPPING WITH RESPRECT TO SHAFT TO FLAPPING

ABOUT THE AXTYS OF KO FEATHERING

Reason for converslicn.- At the time that 'the baslic theoretical
treatmente, such as that of refsrence 1, wore made, the typlcel
rotor arrangements Involved the use of hingee to permit flapping
but no mechenism by means of which feathering could be introduced
with both flapping and feathering referred to the rotor shaft.

Phe desired orlentation of tho rotor was achieved by tiltimg the
rotor shaft. Since that +time the mechanical arrangemsnt in most
designs has bsen altered so that the rotor attitude ie controlled
by feathering. In other worde, a controllable amount of firet-
harmonic blade-pitch chengo is Introduced relative to the axis

of the rotor ehart. Tho two systems are asrodynemically equal, the
‘blades follow the same path relative to space axee, as regards
both piteh angte and flapuing angle, for any glven flight condition
regardliees of the machanicel meane uwsed for achleving it. Thils
fact mey be confirmed by inspection but has aleo besn deumonstrated
mathematically in reference 9 end again in more detail in an
unpublished analysie.

In practice, the present rotor systeme, such as that of the
hollcopter ‘tested, involve both Tlapping and feathering, and, for
ccmparison with theory based on either the amssumption of no
fesgthoring or no flarping, a conversion woull bs necessary. Since
the avallable treatmants, such as that in reference 1, sssume no
feathering, it is expedient to converti to thie condition. '

fhe conversion involved ie simply a chsnge of reference
axes, which can be more easily understood by reference to
Pigure 11. Pigure 11{a) ehowe a longitulinal croees-section
of the rotor come for a system without feathering (that is, a
pure flapping eystem} and the longltudinal tilt of the rotor
shaft required to orient the rotor to corresepond to some
particular flight copdition. ¥a figure 11(d) the flight con-
dition is assumed 40 be the same and hence the tilt of the
rotor ¢ons with respect t6 the f£ilight path is the =ame, but
The tilt is achleved by & combination of shaft tilt and feathering
relative to this shaft. For clarity, the feathering is asesumed
to be achieved ty a swash plate linked in such a manner that
a 1° longitudinal +11% of the plate produces 1° of feathering in
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the blades when the hlades arc in the lateral position znd no
Peathering vhen the bladee are elinad longltulinally. In otier
words, the btlades do not changs pitch while revolving, es referred
to the plane oi' the owauh plate, rnc mavter how the swask plate

ig tilted. In figure 11(a) the blades do not charge pitch as
referred to the shaft axis while revolving. The axis of the

swash plate in figure 11{b) is thus squivalent to tue chaft axis
in figure 11l{a} inesofar as periodic pltch-ungle varietion is
concerned.. Since tnr swask plate nsed not bs rigged as assumed
in this Pigure eand sinco the trus significance of 1ts nxise is that
no feathering is intrciuced relative to it, this axis is termed
the oxis of no feathering, rather than the swesh-plate axis. It
corrogponds to the shaft axis for an equivulent {or puve flapping)
system incorporating no means for feathering.

A& lateral cross-sectlon of the rotor cone, simtlar to Figure 11,
may be drawn which would show the relavionships betveen flapuping
and. feathering in that plane.

Txpresalone Por conversion.- The measured flapping (relative
to shaft, 1s exprcssed as

Bg = aos - als cos ¥ - bls gin ¥ - a28 cos 2¢ - béé_sin 2¥ . ..

The measured pltch angic (relative to shaft) is expressed as

'gs - AOE - Als cog ¥ - Bls sin ¥ - AQB cog 2y - Bes gin 2v . .

Flapping with respect to the axls of no Peathering is expressed as
B=an - a, €08 ¥ - by 8in ¥ - ap ¢os8 2¢ - by sin 2y . . .

Piteh angle with respect to the axis of no feathering 1s exprossed as

6 = Ay - Ay cos 2¥ - By sin 2¢ . . -,

the first-harmonic terms becoming O by definition. Then the
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equations for transforring from the shaft axis to ths axis of no
Peathering are

EO.= ECB
51

0
L

A = A

I? the sngle betwecn the perpendicular to the robtor shaft and
the airstream is defined as «g, the rotor angle of attack o is
gliven by. : : o

Cf.=0!.s"B1

—-——
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TARIE T.- FLAFPING AND FEATHERING DATA

[Rotational

n:Jp:L“l-'oiir H Cr Pﬂ' aou alﬂ bls aal 1,23 usﬂ b3s A(’s A]'u Blu AEB Bes A3ﬂ 335 % ® 2|
(rpm)
238 0.220 10.,00485(0.281 (7.01 10.99]0.300.32 1-0.08{0.01 |-0.01 | 9.03{-3.00}.1B -o.JﬁwLo-m 0.10|0.11 ~7.3[-11.6/5,17(3.30
20k 230 | .00sh5| .273]8.67]1.09| M1| A6 | -.12 .02 -.04 10.10(-3.52|4.99| -.e0] -.24| 11| .09) -6-9}-11.9|6.08(3.93
209 24| L0671 .2950.65[1.53] B 6] -0 1] 06 |uLs2|-h.0Ll6.36) -.2B8F .36)0 .02| -7.2|-13.6|7.50{h.82
229 80 .00538| .2w0{8.30) .64) .68] .35| -.08] .02 | -.01) B.a7]-2.62|3.73] -.20] -.08] .03] .08) -k.5] -B.2|4.37|3.2%0
229 217{ o05hp| .2%0|8.%0| .99| .60| .kk| -.09{ .03 | -.04|.9.21|-2.83kk.57| -.14 | .20} .12]| .02{ -6.9 -1 5.56|3.43
005 Q6% 005381 .260(8.18) .32] .56] .29 -.08! .08 | -.08] 7.63)-2.67{3.23] -.1B] -.020 091 -3.1] -6.2]3.8513.23
223 | he| .cosho| 98u[8.16| 08| 35|.eMlo | .ob|-.oh{ 7 26528 32| a1 o3| 32| 22| sole.celre
231 301 Joobéol (313170100 L1860 As) AT -06) 05 ) -.08] 6,282z, %] - 10l 0 Lol 181 -2,3! -4 T12.5212.66
202 153 00656 .286(9.01| 12| 63| .32 -.07} 03| -.0k] 8.99[-3.17|4.03] -.14| -.0k]-.03] 03| -2.0[ -6.0[h.15(3.80
226 | .128{ 0053%| .502{B.62|-08{-.08] 28} -1 o7]-.01] 9.201-3.2213.50{ -.15] 03 09 .12{ -9.7[-13.2]3.hei3.00
2 00746 .39619.15| 13| OL{ .33| -.10{ 03] -.03{ 9.98(-3.95 !;.m -.12| 01! 08| .10-10.1)-1k.2(k.23/3.56
235 13| -00487| AB9|7.85(0 |, |-.20| 14| -.07] 08| -.02| 8.80)-2.82(3.13] ~.18 .05 .05 .i2| -5.5{-12.6)3.13|R.62
214 QL] 00588 MEDi9.63| 4| 0Ll .36) -1 .09]| -.04%10.h0(-3.49(N.26] -.20] -.00] .07 .09[-10.5}-1k.8 h.ho-3.5o
221 50| .00%33(-.011|7.k8|-.66]1.20| .10{ -.11] .03 | -.03] 3.29|-1.56[2.33] .06| -.03{-.10[-.03| 15.0| 12.T|1.6T|2.79
223 119| .003ho|-.012|7.55]|-.63]|1.16] 08| -.02] .02] 0 3.43|-1.70/1. 70| -. 11| .04{-.11] .03| 19.k| 1T.T|1.0T}2.86
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TABLE TI.- COMPARTISON OF CAICULATED AND MEASURED

FLAPPING COEFFICIENTS IN GLIIES AND CLIMBS

T
b b
rost|Rate of| ¢ % ! 1 2 2 i
run ‘(’““‘)’ (mpn)| ¥ | % [P/
fom

Meas- |Calcu- |Maas- {Calou- |[Msas- [Calcu- [Meas- |Calou- |Mean- Calcu- |Meas- {Calen-

ured [lated |ured [lated |ured |lated jured |lated [ured |lated |ured |[lated
10 j 468 (ho.5 |o.128]0.005310.502(8.62 | 8.16 [3.b2 | 2.97 {3.h0 | 1.86 |0.28 | 0.1L [-0,12{-0.05 | 9.11] 10.6
11§ 525 [51.8 | .166| .005k6| .396(9.15 | 8.3% [4.23 | 3.93 |3.56 |1.67 | .33 | .19 -.10| -.10 |10.0 | 11.0
12 | h72 42,4 | .130| .o0k87| .kOo[7.85 | 7.4 [3.13 { 265 |2.62 | 1.34 | .1k 1| =07 -.05| 8.8 9.6
13 | 605  [42.3 | 1h1| .00588| .M80{9.63 | 8.96 |4.%0 § 3.42 {350 | 1.76 | .36 A8 1 -.11] -.07 (204 11.h-
1k [-11%0 {4¥3.0 | .1%0| .00%33|-.011{7.48 | 7.30 jL.6T | 1.99 {2.79 { 1.k0 | .10 JAL | -.11) -0k | 3.3 | k.7
15 |-1260 {37.7 | -119| .oos49)-.012i7.9% { 7.%3 [1.07 | 1.85 {2.86 | 1.23 | .08 .08 -.02| ~-.03] 3.4 |50
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TABLE ITI.- IN-PLANE-MOTION DATA

Testl Lo [B T [P |T2 | B3| T3
1 }-10.75/0.61{-0.%9 }-0.08 |-0.08[0.12|0.02
2 |-12.50| .79 -.60] -.03} -.08] .11{-.02
3 |-is.72]1.11} -.88| -.02] -.13] .13|-.0%
b -8.83} .12{ -.36 | -.04 | -.0T| .11}-.02
5 [-10.67] .75 -89} -.07}] -.05{ .12|-.02
6 -8.18} .64 -.28} -.05} -.03{ .12]-.01
7 -T.A45{ 57| -.23}] -.0%] -.03| .09{-.02
-8 -6.80] k6| -.19| -.031] -.04{ .13| .02
9 ({-10.39| .95} -.b5{ -.04| -.04| .10}{-.06
10 |-12.k2{ .55 -.33| -.05| -.04| .10{-.02
11 |-13.03) .70} -.k1 | -.05| -.03} .09}{-.01
12 |-11.16| .b4| -.28} -.07{ -.04} .07{-.01
13 {-1k.5 | .82] -.4k| -.05] -.05| .07{-.01
14 -.09| .60| .08} 0 -.02f .16{ .11
15 -.03| .59| .09{-.02]|-.04k]| .08] .18
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Figure 1.~ Physical characteristics of the main-rotor blades. All
dimensions are in inches.
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Figure 4.~ Camera
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(a) ¥ = 70°. (b) ¥ = 310°,
Figure 8.~ Typical blade photographs taken in flight.

g "31d

9981 'ON NI VOVN




NACA TN No. 1268 Fig, 4

\
S
%)
%;/o g ® > ? QG
Q J d 92%0 T® gooah |
< oo o0 & @
L g ot §lecT %y
8 cco§pd o - o, 5“
° 8 @
ég BTO ' g*:geav
é |

S

angre,{,deg  Flappmg ang

2 E Y eneloe
B @88

\ fo@@csm@ 3
. r wopose]
Q

16 W
& E
%, P rall
N\ i
~ 3% o8
3 «°
N s e
8

4

NATIONA_L ADVISORY

COMMITTEE FOR AERONAUTKCS

gﬂ ‘ I I K |

~ 4 = >

(S I «f

o l &

% - *dh@q?% & %%% o
b\g 0 Sap ﬁ’

‘g o 40 80 120 /60 200 240 280 320 360

Azimuth angle, Y, deg
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Figure 6.- Experimental and calculated blade-flapping motion
for p = 0.23.

g *31.1

"ON N VOVN

9921




Measured im-plana motwon

/-Measured motion with ca/cu/az‘ed
mechanical npul subtracted

e
o

| -
o /

/L

o

. ///
; s o o
-2 .

0 40 80 IR0 /60 200 240 280 320

Azimuth angle, y,dey

Figure 7.- Periodic portion of in-plane blade motion measured in
flight as compared with in-plane motion due to air forces alone.
p= 0.23; Cop = 0.0055.
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Figui-e 9.- Blade twist between 0.50 radius and 0.75 radius as
measured in flight for a stalled condition. u=0.25; Cp = 0.0063.
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Figure 10.- Blade bending as measured in flight. n = 0.23; Crp = 0.0055.
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Figure 11.- Longitudinal cross sections of the rotor cone, showing
the equivalence of a system involving both flapping and feathering
(referred to the shaft axis) to a (pure) flapping system (referred
to the axis of no feathering).
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