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1.0 SUMMARY

The results of two model test programs iavestigating the amerodynamis
characteristies of 8 two bladed,see-saw rotor in the range of very high
tip=-speed retios are presented in this report. This experimental work wes
done under camtract for the Offive of Navel Research sand is the Iirst por-
tien of & broad program for investigeting the characteristics of & rotore-

fixed wing type of eirorait,.

Thiz report presents data for the rotor operating in thes range of

advanoce retios frcln/u. = 0eb to/LLl—'- 300e

}
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2,0 INTRODUCTION

Early in 1949 a contract was entered into by the Orfice of Haval
Kesearch and MoDeonnell Aireraft Corporstion for research imto the problem
of the rotorefixed wing sircraft comfiguration. I% was held thet in order
to sccamplish high level 7lizht spsed of the order of 300 tc 400 miles per
hour, it would be necessary to have the rotor operate at tipespeed ratios
very much higher than are conventionally used in helicopters snd sutogyros.

Consequently, the test program reported herewith was undertaken.

The rotor model usod was & two=bladed, sce=gaw type of rotor whish was bulilt
from a salvaged roter of the XL=20, “"Little Henry", W®liccpter. The dimw
nmeter of rotor was reduced and & special hub mounting was devised for
mounting the rotor in the twelve foot UWAL wind tunnel at the University

of Weshington, 8Seattle, Weshington. The prototype rotor was postulated ss
& pressure=jet type of rotor having burners et ihe blade tips. To cimulete
the dreg of such tip=burners, small crheres of various sizes wers atteched
to the tips of the model i lades.

The first series of tesis with this roter during July, 1949, olearly
demonstrated the rossibility of using & rotor at very higch advance ratios
where tne efficiency of the rotor is eemsiderably improved over the low
advance ratio operatior. Bowever, it also beocems clear that the roter wag
quite sensitive to small changes in rotor avtitade.

After this first seriss of tests, the modsl was modifisd to eliminate
most of the drag of the blade hub fittimgs which proved objectianable in the
previous tests, This entailed reduoing the dismeter of the rotor slightly

and construsting s lens-shaped fairing for the rotor hub. Farther, a deviee
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was desigesd fer smutcmatis ocontrol of the rotor attitude which wes ¢o
govern the speud of the rotor.

‘thm serise of tests was then conducved in the UWAL wind tumnsl
llrm m,m These tosts covered the hizh range of tip-spesd ratiocs
-_~‘.;a‘_.(}u. i,!t-/l.*z.s) and & large range of blade piteh angles ( @ =<-3,0°
. 'b-&’}m sawrstation snd for both scesleratimg and dseeierating tor- . !

“W' the reter. The ssrodynmmis charecterisiiss ef the rotor «s
um‘n “hege etz were im ressonable sgreemsnt with the charaster-
istise n' éotemiined theoretieally in Reference 1.

The govemney, whils capable of stabilising thes rotor spoed for small
attitade ehanges, Would require major modifications in order to ocorrect
larger sttitade shemges.

e~
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3.9 DINCUSs XN

high advenee ratios saé to

moro ecmpls® w3t pregrem.
T aceané soriss had

nodel without id

$.2 Tess Mquigwoni -

3.2.1 The Medel -

l.l.l.l ,’E. Joriss

¥as o izvestigate the feasShility ef operating a roter &t mssmventionally

a, Owek the eporatisn of the autsmatis rotor avilteds ommtrol.
Bo Debtermine e ssrodyncmis charscteristiss of the medifisd roser

¢. Dewrmine tiw inflwemes of tis joms-ghaped mud fairing.

provide preliminary deta vequired fer & later and

the following purposss;:

falring.

of Tects « T rotor usdel wetd fa the first

8)c Th outer portiems ef

Piades to sixnlate ths effe

soriss of wests Was & roter which had boen salvaged fiem the XE20 "Little
Tenyy® Wwliserter end medifisd for uss S the wind ‘ummsl (Sve Pigures 1 and |

ofght foot. Provisies wac wade for momating meall-ephaues &3 Whe ips of the

medifisd b allow ¥ Mmstallaticn of & ssall eleetrss mbter Per providing
seeslerating and deselersting terques te the reters; sm Adetrse chams tor

generator was also incorporated. ri‘mtih—th-M.‘ﬁ.
potor emtrcl pawel 4s shewm in Figure 3.

the biadss were Mh*ﬁhmm

ot of tip=jet units (S50 P8gmse 5). The imd we,
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302.142 Second Series of Tests « For the second series of tests the

model was modiried sanewhat.

The hub fittin s

reduced in size to eliminate most of their drag (See Fifure 6 snd 7). This

for the blades were greatly

neoesgitated redusing the rotor diamever ifrom eight feet for the original

model to 7.58 feet. A lens-shaped fairing was designed to cover the blade

hub fittings (See Figzuree 6 and 7).

A rotor stititude control governor was inccrporated for s tabilizing the

rotor in the high advence ratio range, This governor was & modified Curtiss
electrie propeller governor which was driven by a flexible shaft :ram the
rotor and stabilised the rotor spsed by energizing an elsotrio lineer actua-

tor whieh varied the rotor attitude in the wind tunnel. The model witl the

governor acd the necessary canirol equimment is shown 4in Firure 8,

Se2.143 Model Data

First Series Seoand Series
Rotor dismeter, feet 8.00 7.58
Numbor of blades 2 4
Blade cunord, inches 6.2 6.2
Blede planform Rectang.lar keetangular

rad iuw) redius, ) i
Solidity Ratio 082 087
Blade Twist Kone None
Adifoil sectica NACA 0013 NACA 0013

Rotor type

(extends iram 1.4 ft.
radius to 4.0 ft.

Seo -saw blades

(extends fro.. O.ud ft,
radine to 3.79 rt,

830 ~gaw biades

CONFIDENTIAL
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S.2.0 Justrmpsmtation
Skl Standard Wind Paxnmel astrwmentatim - The standard wind
’ s e S A S S S mas b S
instrumatetion was used to mensure three semponents im addition to the
ansl spoeds
' . W nﬁ
} — “

mmhmdﬂuumcum)

mamu wa—m-un-hmxtuﬂnmzm
ndi-. e Walimocs is eapedls of measuring six eempements but enly ts
mlhﬂnbm-ucor interest in thase Wsts. the imstrwwats shem
ﬁlﬁqstmutﬂl’n
BN Jater AP Sndisater, chewing dowdle reser RPN

L) hch of attaak of retvery

S

2: }kh o yam, was sero fer all terts

b gt

m owiteh on left aide indieates sign of dreg foree,
ur:.ht-uo gives ¥hs tetal range of instrumemt scale

<. mm,-auu.uhnmm--uh:m

Y. B5ide fe.ee, pesitives If to the right, scen in upwiad direoticn,
owitehes %0 loft and right cams es before

8. Pitohing mement pesitive if Wil heevy, tm-dtbl.ntmhr
whieh s 5.0" belew ¢h> hmd esnter. Switehes to 1oLt and right
sums as befere, oexeopt Wit switeh an right side gtvu the tetal
range of imstrument soale in fmesh pomads.

9. Rolling mament, switohes to left and right seme as Yofere

CONFIDENTIAL o
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10, Yswing mament, positive if clockwise seen fram above, whioh is
an fseelerating oir mament for the rotor, switches to left and
right sams as before.

11, Byssmic pressure deviation fram g, valus as indiseted in the
upper right sorner of ths pamel.

12, Air temperature indisater

18, Baraweiris presgsure indicater

ments were regquired far the rotor modsl, These were;

s, reter speed indicator (indicated 2 x RN and was mha in
psrallsl with the tachameter on the photo pans}.

b. retor drivingwotor ammster
These instruments were located em ti rotor control panel exswm in Firure 5,
In addition, & gpecial protractor was empleyed tc msesure te rotor
tip-path plane angle of inclination. This angle was ocbserved visually using
the deviee showm in Figwre 10.

3¢ Oporating Limitatioms -

Speeial Instruwwntetion fer the Rotor Model - Bxtre instrue

3.83.1 PFirst Series of Tests -

8.3.1.1 Ses<eew Anzle Limitation - (sapproximstely ¢ 12°) Under some
¥:..t canditions this limitation was difficult %e observe and the blades hit
W stops several times, leading to heavy vibratioms amd to destruetion of

safoty flexwres in the wmael balanoce system.

3.8.1.2 Retor Angle of Attack Linitation =« The upper limit of roter

sagle of atteck was given by interfersence with the fairing sreund the ocentver

CONFIDENTIAL
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portion of the model, appraximately +15°, The lower limit of € was given

by operetional limitetions and varied with rotar pitch sngle from+2° to+ 6%

3.3.1s3 Torque Limitation «The acoelerating or deeslerating torque

limit was given by the eleetrio motor and by the gears between rotor shaft
svd elsstris motor, approximately £ 20 ineh pounds. Terquss of +12 and «15
inch peunds, corresponding to 410 sxps. in the armature «f the eloctric moter

eculd ¥ maintained continmously throughout the tests.

Bo3clo4 RAM Limitations = 4 ssvers resomanee of ¢ moésl supports and

baisnes oystem was encemmdered st about 500 RFM. Heplasimg the metal ring
mml-thhuh‘w;MﬂWMI_“dﬂnnlw
frequensy samewhat, but rumning through ths resonemee r-p onused severe
vibrations end the breaking of safety flsxures im the dalance system. The
original mstal ring was, therefore, reinstalled and the opesreting rotor RMM
was limited te §00 RAM.

3.85.1.6 Tip Speed Limitatiem < The highest RFM for safe eperation was
500 RPN whish serrespended to & maxitmm tip speed of LR 3 216 ft,/ace,

S§e30le8 Advaume Ratic Limitetion «The highest advance ratioc whieh

was msasured was /u.c 8.0, With insreasing advames retics ths rotor bee

oamd imsreasingly unstable and it was not possible o obtain steady couditiomg

fer high advanoe ratios,

Se3c.1e7 Blade Pitch Agg&o Limitation - The instability mentiuned before

inereased with blade piveh angle. The highest blade plitoh emgle for wi icj
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fairly stoady cmditiems owj‘bmatpto/‘"l.om 9‘?’0
The limiwtien in megative bleds piveh angle was 6 = 4° and -gh-w #
the maximem f3apping augle of 412° of tis blades whlsh fnsreases with Slade
pitoh mngls and with n‘m reatic ,/.L o The seafigasatiom wﬁhgtd‘.

sould, for tkis reasom, only be measured up to an advames retio d’//l-' 1.8,

Vishin the measured blade pitch angle ruage fram 4+ B® to «8° no diffieulsiss

were enscuntered in starting the roter,

2.3, BSeeond Seriss of Tests « The 1limitations were abeut the sams a6

those deserided abeve exsept “or the RPN immitatien. The severe resomamee
wihich was observed for the first modoi at 600 RFN was redueed te 450 RPN
bossuse of the greater elasticity of the blade reot sectimm. Nest of %o
tests were ~.nducted at belew resamance roter speeds. Sess «f s Wwsts

at abeve resmemse roter speeds and some tests whish were madverteatly rwm
4 the resemsnes renge resulted in tresking <is flszured I ths turme)l bal-
aWee syven,

8.4 Ts3t Presvdnie

8.4.1 Pirstd Seriss of Toeats - After a fow prelimimary runs to cheek om$

the apparatus, the follewing wst prosedurs was adopied:
a. Bet the blade piten angle.
be Install the tip=drag spheres if required for the partisular test,
. 3Sswmblish a nminal rotor speed of 75 rgm.
4. Establish the proper tunmel speed to ebimin the desired advance ragie,
¢, Tal»® pheto-panel pisture and simultansously observe and record he

tip=path plexe angle of attagk.

CONFIDENTIAL
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repeat (e), {d) snd (e¢) above.

344,22 Becand Series of Tests

f. IxtToduwe an acoslerating or decelerating torque as required end

So4.2.]1 Testa Witheut Automatio Rover Attitvade Ceamtrel - Ths [wrocedure

for thesc tests was as follews:s

f. 8ot the blade piteh angle,

- ¥he following table:s

° o8 o76 1.0
_:(E‘ 7Y ) 138 12
v, 74.6 ” 112
%.,Eé 14 23,5 82
o 550 478 415

25 ngh.

tipepath plans angls of attesk.

repeat (o) and (d) above,

1,85
2.8
124
39.5
470

k. Imswall the tip-drag apheres if required fer the partisuclar test.

¢; BEsteblish a nominal roter spsed and tunnel speed in acoerdance with

1.5
8.6

- 134

44
530

The I was diffbront for each advance ratio so ss to obtain & emmstant tip
spesd st ths edvaneing blade rether then & eenstant RN a5 im the first test
seriss. The eomstemt tip spesd Wssts give & more realistis pistmre of the
rolar dhareswristics sinee 4w actmal airerafs problbh will epereade wunder

%o oo omditime. The tip speed at tlw advaneing blade wag shesen as
& s phete-paml picture smd shmltemseusly ebserve and reocord the

8s Iaireduce am sccelerating or deeslerating terqme e: required ang

2,0 2,6
74.5 o
6 180
54.6 L 1]
275 - 13
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Sodo2,2 Tosts With sutaatie Rotor Attituds Cemtrel « The prossdure

for these governor tests was an follews:
&, Bet gero blade pitch angle
b. Estsblish roter and tunnel speeds in sceordance with (e) ef
Beetion 3.4.2.1.
cs Apply s sudden one degree rotor attitude disturbenes.
d. Owserve the amplitude of the RFM oscillations and the time required

feor the disturbance to subside.,

3¢5 Test Resultis

S.5.1 First Serirs of Tosts - The first seriss of wets was intended

mainly as & preliminary investigatien of the feasibility of operating a roteor
at wnoonventionally high edvance ratios. It was demonstreated that sdvanoce
ratios of the order of 2,6 %o 5,0 were possible se the sseond teet series
deseribed below was plamned to fully inveetigate the high advanece retio
rangse.,

No quantitative date sre given for the first tesi seriss beomuse they
ars of doubiful valus as a result of the poorly designed mmd whish increased

the drag of the roter oconsidersbly and ceantributed sssentially -» 1ift.

Jebe2 BSeoand Series of Tests -

$.502,1 Corrections to Photo-Fanel Data -

a, OC Corrections

The indicated vaiues of OC were withim 0.1° of be ing identiscal

with the astual values and no ocorrection was neeessary. The wing

CONFIDENTIAL
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b,

N hm s _miiacames T e

d.

°
tammel wall correstion of CC  was im the order of 6.1 aud,
therefore, megligible.

Lift Cerrestion -

The 1ift was correoted for the hmb 1if% whieh was determined by
teuts without blsdes. The lmb 1ift is approximately independent
of the anzle of atteck of the reter and of the rotor RFM and anly

d=psndent on the tunmel spesed. The follewing valuss were used:

L o« L-lg
where 1J ( l « 0.5 0.9 1.2 1.3 1.6 1.9 2.2
far § (1./1t%) &« 14 25.5 82 39.6 46 56.5 65

The wind tunnel well correction for the 1ift §s negligibls beoause

of the amall 1ift cosfficient (mexsmmm C; » 0.02).

Dreg Correction -

The drag was sorrected for the hub dreg as determined by wsts withows
bladss. The hub dreg is appreximately indepsadent of the ancls of
attaeck of the rotor and of the roser RFN and enly depsndent en the

tunnel speed. The following valuss were used:

D' e D -3y
whare mo)z ] 1.7 zo. ’o' 4.7 8.4 8.7 ,9'
for ¢ (Iv./P¢.”) 14 5.5 32 $9.6 Y ] 6.5 &

The wind tusmel wall correction for the dreg is negligidble as for

OC and for the 1irs.

I‘ogu Cerregstion -

The yswring moment, l,, is sappreximatwly equal to e rotor ‘orque ,
sines the shaft axis was inolined cnly a few degress with respect
to th vertiosl axis., The targquws was eorrestnd fer ths md torgue.
The follewing velnes were used:

-~
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Hoa Ky -k
:
'b“ lYn (m.‘lbo) - -oe 099 -.9 -.’ -.9 ..9 -.'
for q (1v./rt.2) « 14 23,5 32 39,6 46 56.6 €6

Lift to Drag Ratio Correction -

The 1if's %o dreg ratioc of the rotor was

ocorreoted for rotor torque

by waing instead of the drag, D', the value:
P « D' - AD

were AP &« My' (R & roter radine )

50" 15 the equivalent 1ift to drag ratio and is msually locked

upen a&s am appropriete officiency figure for a reoter,

8.‘.2.2 Transfer of Data to Seeffieient Form - The fores and moment

meASurements were cemverted into eoefficient form by the fellowiny equationss

nNe, mph =0.135 RPM
Vmgh
./u. E)-r"
L’

CL_: WE%-

a /s
. M' z
Cq- ™ e
C
Cp = =
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3,5,6 Bemple Plots of Date

3,5¢8.1 Thrust Cesfficisnt « Figure 1l shows the thruet esaflficient,

Gy, against OC fer sero tip dreg smd for a blads piteh angle, © = -1.5%
The alops of the Oy = CC surve bsoemes very stsep at higher advanoce ratiocs,
AL« Tie blade loadinge, (0r/ 0" ), roseh extreerdinarily higk valwes at
high advanee ratiss.(Cy/G” Jvaluss up to O0.35 were measured. The suters-
tation surv- indieatess clearly the imstability at higher sdvenoe raties.
Above AL = 1.25 this eurve is nearly vertisal and mmall changes in CX
have a very large sffest e th® equilibrimm advanee ntio,/(.L 3 that is,

on the equilibrims B¥N. Belew OC ; 4%, no sutoretation is poseible.

5.6.3.2 Tergwe Ossffisisnt = Figure 12 shows the torque coorriohnt_.C‘ .
plotted against @8 fer sero tip drag emd for a blade piteh of G 4 -1,.5°,
Positive GQ eerrespands to power imput inte the retor, megative CQ, to power
output fron the rotor. The dotisd line refers to 4he sutorotation with mb,
and the ordinates of this surve represent the hmb torque which was subtrscted
fram the measured torque. The Cq — OC eurves also tecems very steep at
highsr advance ntion,/u- .

3.6.3,5 Tip-Path Plane Angle of Atweek - Figure 13 shows the rotor

plane angle of attask, OCp , pletted against OC for sere tip drag amd
for a blade piteh of 6 = .1.8°. The dx -0C curves inerease their

slepe wzth/,l.l— , indieating & high sensitivity to small OC ohanges,
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3.6.3.4 Op, @€ and (Cp As Pumotions of 4L - Figure 1¢ shows Cy
@, snd OCy pletted egainst (L fer e . ].1,5' in autoretatien. The
flat OC= 4c eurvs for Ligher /u” spatn indioatcs the wastable ohar-
acter of these ecmditioms. (C(p-COC ) 1s the flapping angle of the blades

which 4s Quite moderate far © o <1.5°

3,5.3.8 Drap, Lift,end Liftwte-Dreg Ratio A Pametien of 4 ~ Figure 15
shews the 111t %o drag retio, L/D, (ealled L'A® tn Sectiem 3.5.2) the 1ift

esefficient, C;; smd the drag seeffisisnt, Cp, of the rover witheut hud

plotted arainst advance ntu:/L, for 6 o -1.5° i suterstation. The
inereasing L/D velwss and the deereasing C; values with higher edvanes reties

indisats that fram a peint of view of performance at high speed large edvenes
raties are desirmble.

5.5.5.6 Zerquws Ceeffisisnt For Varioms Blade Piteis imgles o Figare 13
shows the torque esefficlent, Oy pletted against OC fer varicss blade pitch

angles, e o tad for sa adveanee ntiod’/u e lobe Hots that a dssreass
in blade pited in Shis regien inereuses the desslsoreting tergwe, whish is
oppecits to the effect of blade piteh ¢«mmges Im thw wlisepter £14ight som-

ditiem. The reter 48 less sensitive to CC eheamges (mere m) at lower I
blade pi?uh angles.

3.‘0!07 l.f.f.ot o llab h;é! nh‘, “ic,w 1' Ih the
effect of blade pitsh sngle, © , om thrust seeffisimng, Ce, m Cx, ad em

® dgtw/u,. 1.5, in autoremtion. The flappimg sagle (ag-d)um
for @ » =2.8° and imervesss rapidly with mogative 8 °
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306.3,8 Rffect of Blade Amgié em le Cre and Op:-» Pigure 18 ahows

the effect of blade pitch engle, (] s on lift-to-drag ratio, LA, e Cy.

and on Gy, While C; and Cp decrease with aegative © , the LD ratio has

e flat optimm st about 0 . -1.5°%

S.604 Tests With the Autamatic Roter Attitude Ceutrol o Hesmmes of

several dslays and required modiflsatisms of the test egeipmnt the governar
tests were reduced samewhat in scepes. The tesits wers xade for amly ame
blade pitsh sstting, & = 0°, and for sere torque. Advanes reties of 0.5, 1.0,
1.5, and 2,0 were investigated.

It mae found that the RMI osoillatiens dsmped sut afesr twwo $o threo
oseillation periods afwer & sudden sne degree robor atsitmds disturbense.
But while the oscillations damped emt gauiekly, the maximum KN error was
moh too high ( + 25% for + 1° attiwde ehangs and «Of fer -1° astitude
ohangs ).

3.6.6 Experimental Data - The camplets deta assumlated during the

ssocnd seriss of tests is presemted in Beotiom 7.0.
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4.0 CONCLUS IUNS

The ssod series of tests confirmed the rosults of the first seriss
that auteretation of the VIO rotor at high uivance raties is very advantagecus
frem & point of visw of blade lesses, Ths dreg coeffieient of the blade withe
sut budb, referred to the rotor disc area, is omly GC,001 nt/d,. 2.0. This
mscas that & 50«Co0t rotor, suitable for a 20,000 pound roter-fired wing
eirerafy, wenld omly represent the equivalent cof two sguars feet parasite
drag area. This drag 4s not totally paresitio bsceuse the rotar also proe

duses & 148 feres up 90 13 times greater than this drag. The over-sensiti-

vity of all roter eharacteristiss with reapsct to rotor sngle of atteck omguf

should be mitigated becsuse otherwise even medera’ gusts would ocanse ex-
osssive flapping of the blades. Thees tests hewe been extended up to an
advanss retie ef 2.5, which correspands ta & flight speed of 390 mph rith a
+ip speed ot 4bo advensing blade ef 800 ft./ees. er to 340 mph wish a tip
speed of Y00 £i./ee.
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l. Nead, R. E. The Hesults of an imalytisel Stmdy of
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et High TipeSipeed Baties. MNAC Bepert
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SYMBOLS
8y Longitudinel Tilt of Tip Peth Plans

E, Configuration without Tip Balls

B; Configurat.on With Small Tip Ealls
Bo Configuretion With Lerge Ti; Ralls
Cp Drag Coefficient

Cy Lift Coefficient

CQ Torque Coef:iicient

Cq Thrust Coe!ficient

D Dreag ir Founds

L Lift in Pounds

Q Torque ir Foot-I'ounds

% Dynamic Pressure, I..bs./r"t.2

R Rotor redius, reet

(L/p) Lift to Drag hatio

X Rotor Control Flane £Anr-le

& Collective Iiich of hotor Blades
/U- Advance iatio
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