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On my srvivel in the United States, Dr. von Harmon was

agied by the Commonweal$h Fund to be my advigey during By

ountry. It is 4ifficult for me, in this glhord
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gitay in this

ppace, o expross poeqguete of shitude o

im. He e ptood o pe nop

wld turn to ols for
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erviser, snd I bave always
nelyful advice, when needed, not only on acudemic subjecis,
but on nuestions of outside intorest.

Oue of the most plessent memories of my twenty moutbe

@,

Americe, will be the extreme friendliness of all

Mz

slay in
those connected with t&@ Instituie. I wae made very w%gﬁwmﬁ
by the staff of

I should iike to thank Drs. Hilliken, Hlein, amd Sech EA% for

e

the %@g‘@m&@ % Aeronautical Laboratory, and

the wey in which they made we feel at home., I am.wal%'@%%w@

sland having recelived more than an

oducation in ssronuutical engineering; having learnt & great
deal sbout thone ww@ live and work in this countryv., © ghould
ike to talke thls opportunity, the enly yublic eone afforaed

to wme, of thanking those responsible.

To Dr. von ¥arman's Teith in the future of Hellecopiers,
I owe the inspiration for this study, and I thank him for the

2

interest he hos shown in the whole work, Hr. george Behadrer,

ﬁf’%ﬁ@'ﬁ&%ﬁ&iiﬁmﬁ%ﬁ Alreraft Corporation at fon Diego, has
spent some of his valusble time in discuesing eeveral of ihe
sroblame with me, for which I an properly greteful.

- Yrs,. Vorkink for typlng tbis

thesis) the responsibility for typographicsl mistskes is eb-

tirely ﬁiﬁ%*



A% presont there are only three published papers doale

iity of helicopiers, 8ll based on heli-
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sopters with rigid rotors. Silnce all rotors wre, i practs
%@@* construeted with ihe blades free to "flop®, these ol
alysce are not sufficlently genersal.

Below, the blade motlon eguation has been written in
torme of small ilncremental secelerations and %@&ﬁ%i%%&%;
for which an spprozimate solution is &%@%&ﬂﬁﬁﬂ ihis is
then uged to calculate the actunl forces snd moments that
are produced on the rotor: by taking suitable mean values,
it hAs heen found pessible to empress these forces and mo-
ments without reference to the setusl position of the
%1%&&w at that instent, but only as funciions of the posils
tion of the whole helicopier. The aerodynar @@ mechand ém
af the potoy %ﬁﬁ tharefore besn exprossed %% & ﬁ@@iﬁﬁ of
equations, and the stabllity of the Lelicopter now becomes
golely o dynemical problen,

1% sppesrs that o helicopter is most likely to beCowe
unstable when hover i&a this anaslysie is confined to this
GaBgs

@@lﬁ%& bed valuce for a helleopter of the same gize
a8 the PO.30" antogyro, ave glven to show the dimensions

of the various forces and momenis.
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Por some time it has been known thai it is theoreti-
eally posoible to design rotayy wing aireraft that would
have superier perfommance to the conventional &iﬁgzﬁﬁ@ at
both the hilgh and low speed ends of the scale, The SUGC=

aps of de la Clerva, and bis Mutogyre, has bridged the

3

2
o

gap between the airplanme snd the helicopter; but, ze yet,
there have been fow actual helicopters built. However,

it soems that in 2 very short tins we phall gee many of
these machines flying: considerable research is now being
carried on in all countries, and great strides have been
made in the last twe or three years towards o successful
nelicopter. The rocent ?Eéé&% of Froulein Reiteh in an ine

i

door hall, with the Focke~Tolfe P,7.61 hos impressed mony

people; and, certeinly, the nechine seemed to be under per-

=3

Yoot controls

The stebility of such a machine presents a very cuvmpw
lem mathematical problem, which secounts for the lack of |
pmblighed work on the subject, The Kellett sutogyre Corp-
eration caleulate the slability of their suiogyres by weons

@

of & rather lusecurate mothod based on the experimental ¥ée

g

o

latione obiained by Wheatley in the H.4.C.4,. tunnels on the
t41% of the blades of autogyre rotors at various forward

104 breake down entirely for hovering helle

gpeeds. This w
copters, ond we arve forged 4o use come theoreticel analysis.

A11 three of the papers that hove so fay been published on

this subject, have treated only rotors with rigidly sitached

with several degrecs




of freedon for the blades, g0 that they are free to "flap"s
the enalyses do not seem to be suffigiently general.

Tiie woalysis albeopie to solve the cnse of hinged
blades, and g0 %o pave the wey for s nove @@%@@%ﬁ treatioent
gf the vhole problem.

The blades of the usual type of helicopler rotor are
hinged about two pets of yiﬁ%a sbout ping parallel to the
rotor exis, to relieve the blade of bending stresses; and

%

about pins perpendicular to this axis, 4o reduce the piteh-

ay

ing and rolling moments. For the case of the autogyros

“Wheatley hes shom, bolh theoreticelly snd experimentally,

that the motion about the "vertieal® pin is very small, and
thut it cen be neglected, Breguet states that motion in

the plene of the gotor dime is importent in reducing the to-

tal drag of the helicopter; this is poseibly true, dbul such
“notion has negligible effect on the behaviour of the whole
heiioepter, and we shall neglect it im this case, IT the
-horiseatal Eiﬁﬁ‘W%Kﬁ exactly on ihe rotor axis, theve would
tronemitted to the hells

sopter during steady flight; bui, due te mechanical diffi-

be ne rolling and pitehing moments

" eulties, these plne are displaced slightly; thie will be

tolten into account below. ,
Due to the notion of the centrifugal, grevity, and
thrust forces, the bladen tale up positions sbout the hori-

e on the surfoce of o flal cone,

fske
£

gontal hinge so as 1o 1
the axis of whieh lies along the votor axis during sleady

hovering. Look, Schrenk, Vheatley, and others have shown



that this come distoris slightly during forward Fiight of

an sutogyra, Lut this change can be neglected in a first’

ot
2

#

S

orfer theory. During smoell oseillationz, the inertie

o

forces ascting on the blades tend to keep the blade cone
is voriicel; however, if the rotor axis tilte, the angle of
attack of the blade alters, end aerodypamic fopees are prow
duced, whose gense is to tilt thils cone 80 w3 to make the
two axes oolneide agaeln., 1% will be shown later, that in
the absenge of downwash, the blades would remein at the
pame angle o the rotor axis during any tilting of the axne
is: during forwerd wotion, ihe blade cone wxis tilts backe

werds very slightly, due Yo forward veloeclty; and very

slightly sideways,due to. forward seceleration. The cone
begomes Tlatter fPonm upward wmotion.
It is convenlent 1o tale the blade econing angle ﬁ

as messured from the horizontal plane throush the centre

angle (3 used by Lock and Vheatley, which is measured

from the plane perpendicular fo the rotor axis. The two

el

engles only differ duwisg tilting of the protor axis.

T
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length of sach blade
%L ﬁfmﬁﬁzf *

diptange of 0.0. of blade from rotor axis

L

moasured along blade.

chord of blade element,

1ift and ? blade element

measured from hings

%”'X§ &ﬁ\%ﬁ%@%

ao

aerodynanie force per unit lﬁngﬁi of blade
porallel to blade hinge.

aserodynanic forge per unit length of blade

porallel to resuliant wind veloclty.

)

total moment of iney %i af oll the blades

about hinges.

(. «AL) , m~Du} , (W.05p

moments agting on the helicopter per unit

lengih of blade about the three fized axes.

T, ., T ,oean values of the total noments scting on

the hnelicopter.

BHE

"’“lﬂ' B
ﬁ£% o a gty

momont derivaiives, based on the rate of

ghange of monent with disturbence veloeelty

per unlt mase of helicvopter.

v



fu ~Du)

"

fw «Dw)

wess of blade per unit lesgth.
mase of helloopter.

totel pass of 21l bledes.

number of blades,
sngular velocities about X , ¥ , axes.

mean eontre of rolation, and aetual centre

of votow,

toraue of rotoy.

radius of blade elamont,

7&§§$%f@f zotor.

per unit length of blade aetle
to blade axis and perpendies

v&&%@ﬁyﬁamia force
ing perpendiculny
ular %o hinge.

serodynamie force per unit length of blede aote

ing perpendiculay

norizonital veloeily of element perpendiecular

to vesuliant wind veloeity.

1o blede axise,
vertlical &@@m@g%% velogity from potor,
vertical veloeity of wind relative to blade

elemnont.

H 4 ¥ s & so0-0rdinates of P,

(x «oX3t .,

¥,¥,F

seredynanic forees per unit length of blade

in the direetions of the = ;, ¥ 5 o , XG0

smean values of the total forces acting on the

haeld

]

eonber.
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Ed’daj

Koy By By
resistance derivetiven, based on the rate of
change of Torce with ﬂ%&%mthzaﬁ veloeity

ooy pndl maess of hell opter.

angle of attack of blade element measured

from the line of mero Lift to the hinge line,

phese angle of Dlade flapping motion pelative
to position.

ancle messured from the blade axle to

*Gommn Devivatives® giving change of blode
angle with disturbances,
zercentage of blade length of the digtance
between hinge aod sxis

ir density in iﬁg@/ﬁ@ﬁié foute
anguley dis %ﬁ*ﬂﬁmﬁmi@ of rotoy axic.

gular velooity of rotor aboub axis.




{3} That the heliecopter is hovering.
(2) 'Thaet the sirip theory can be applied without correct-
ilong for the tip lossesd and blade interference.

{3) 7That we can negleet the radial component of veloelty

in computing the foreeos soting on o blade element.
{4} That the motlion of the blade about the "vertical®
sy be neglected.
asngle, Y, 48 supll, and that we can Peé-

“hinge pin s
{6} The
place ite pine by the walue of the sngle, snd lie cosine

t the goning

by wnity.
(6} That the vertical downwash veloclty w , is constant ov-
1 small disturbanges.

er the disc, and does not var

{7} That the inertiaz of the rotor and its ﬁﬁi?iﬁ% ﬁ%@ﬁ%ﬁiﬁ%

is o great that tho rotor does mot alter ite rate of roe

tation relative to the helicopter body during small oscli-

latione.

{8) Thet the rate of ?ﬁ%ﬁ%iﬁﬁ,-ri.i is so mugh greater then
the rales of snguler wotetion of the helieopter body, Pt
thot we may teke the mean values of the aerodynanic forees
equivalent Yo there belng an infinite number of blades.

on the blade clement throughout a gyele. This is

AL MR F
sines the helieopter ie hovering, theve is no forward dizvecis
ion, end we take the = , ¥y , 4, axes arbitverily Fixed in
/ sacle

space throush P, 1beo nmesn contye of potetion. The o

projects dovnwarde.

10~



The usual notation for df s+ © ¢ Py pos g be adopled,
Por all this work we assume & rotor that is rotating steads
i1y with an sngular veloelity QL in o positive direction
from the y to the x aozi. |

%ﬁm andouth sngle, Ot , ie messured from the popitive =

axig, on o plane perpendicular to the rotor mxis.

¥y

e blede coning angle { is messured from & norie

zontal plane through © . The blades sre pivoted aboud hings

es thet are not ezsetly on the ssis, but are displeced by &
distance o= from it., Ve assume € %o be so small that the
t motion of the bledes le unaffected, though rolling

ropuliay

and pliching wmoments ave tronsmitted through the small lovey

| B O£ . ;
We define C_ as the 11£t coeffieclent corvesponding

to the geometrical angle of attack of the blade eloment, whieh

wlle



is that mngle made by the line of sere 1ift with the hinge.
In the same way C, corresponds to the geometrical angle of
atiank,

The chord of the blode element lg c

>Dl

The m, ¥y 2 co-ordioates of the typicsl elenent are,
reforyad to 2,

L

.
g
&
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y, - reinat
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Let u Be the borizountel velovity of the elam

ont pers

pendicular to the blade axie in eteady hovering, and

fu+rOu) be the pome veloeity during small oscillations, then
4 = O

.

u will eontaln terme in & , y, , end will also have
emall terme due to the rate of tilt of the rotor axis.
{uebu) = Qr % sdn 0% - cosNt X (Gsin s - Qeos™nt)

these Lot two termmp sre of o lower opder than the
tow

ag due to horisontal veloeity, snd we can therefore new

gleet them, and any other terms which are intseduced from aX-

in ti1%, for they are all of double frequoncy.



Let w be the stesdy downwesh veloelty, and (wvQw) the re-
lative mé@ﬁi Wiw%% gwwmﬁw%m% the blade axis in a
vertical plane &ﬁ;ﬁ% small opeiliations; then, if (wel W)
is measured upwards, "

(w+Aw) = w vy — 3,
The component of velocity purallel to the blade amis is of
segond order, and we shall neglect it, |
In equilibriun the blade hinge is horizontal: but during
smadl sseillotions the moln body of the helleopter tilts,

and henge the angle of attach varies. If of is the angle

that the element mukes with the hinge line, wensured Ifrom
the iine of mere lift, then during o emell osuillation the
fesometrical” angle of attack of the elenent bevcomes

(o( +Qeos Qb - e @mm&)
The "effective® an

gle of attack hes thevefore changed fron

(o(-— '5'3«) o (J + Qeosnt ~ Qpinnt —

g

the effective 111t %@fﬁ*wimﬁ is
( Q espt - © sint - (g 0w

4nd effective dreg coefficient is

c. « 4Cp ( C% eos Nt~ ©sint —
b dol |

il B
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Insertivg these volues, sud neclecting terms of o Ligh ord-

: % . « & IS 2 A
ey of ousdl quantitios, i,g. in &ﬂ‘@' ?if%. 79,
' u u

(r +OT) = ge [ + (o, v g g)( q oz %_m.nﬂﬁ)]
[(mz:u) + {w»«szg]

‘ o 8
g2 (% 8)( @ raw) oaw. A0

{u «Au)
{n « %;;, [C (5, %{:b)( q cos Nt -8 g;mﬂt)]
[(zz +Au}““ + {w +A'§?)"”]

(ﬁf‘_- %%ﬁ)( fu ~Au) (weAu}+ ‘WH

The exponsion of the temas eontoining {(u +Du) presents
certain aifficuition, as u goes to zero at the oripin,
and Au  is copstont over the dise. This is due to there
‘%:sém{g a point at wiieh the forvard veloelty s nore, and
honge the ﬁﬁgh of pitool becomes 900 . Thie clagularily
hovo not mach shyoicsl sipnificonce, becsupe 1t oscours vVery
near the rotor axis, and at a yoint where the a4 v' fox=
vard veloeity js ssall, end the forces and nouents smalleX.
In &3.3 upual plan ferms of helicopter rotors, it io also &
noint where the blade cuopd is omsll, nud the section poor
acrodynanieally. Ye can, thercfore, treat Au os being
of o lover order than € over the effective payt of the

rotor disg arog.

=L 5o



Brpending, ond noglecting high orders of small quantis
tien,

[iz& rAu)B« fw +Aﬁ§!}”] = w¥+ v+ sulw o+ 2whu
(_n_w* + wﬂ QNw (m atnlt ~ ¥, mgﬂt) + @m(&*g - i‘%.)

In all conventional helleopter rotors the rotational
veloelty is of the some order we w , and hence we con ned

lect the terms in o ,  8ince they will be negligible waen
W‘, . .

integrated over the retor, In all subseguent work they will

be mggwgt tharefore.
;’mmmﬁmm theee expressions iato the expansion for
(T '+ A7), and ',zgw@?%;ﬁw%miﬁ tems #En Tiah order 29 e
wﬁ%%iﬁiﬁﬁt | | ’
T « A’Mf =

«(‘g’ (@L. ‘”"“ﬁ%’: (%"%%)\)
N .%,sa (cﬁg eos 0t - B ﬁiﬁm;)( 6,+ 48

in considering the resultant forces on the helleopiler
we sholl require the vertiecal and
of the foress T¥Y , DY

two horizontal coumponents

4%
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R Ao
When the hellicopter is hoveris

g steadily, the blade

%

gle ¥ sssumes a constant value fo thet ¢oes not change

‘round the cyele. I will chenge duving smell oseillations.
Thexe are sevoral definite integrals connected with

the physical dimensions of the blades that will be metwld,

these are writien lower cuse when they are puumed over one

blade only, ond upper cace if swmed over all the n  blades,

mass per unit length of blade.

: = ﬁg j ﬁbgﬁ% |
?Hv==§%§J{ﬁ%@¥§ﬁf
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The dimensions of the sbove integrale are, respectively,

T Boq
A
L

u 1# Ay B Gy

.

E}ﬁ
£

5,

S VL i
S
o
bt

Ll
Tt

In setting up the blade motion equetion, we have 1o conw
gider both the velocities and accelerations of the rotor hub.
Thene introduce effective forces, |

We uee a rectangular system of exes through the blade
hinge that are porallel and perpendicular to the hinge liue,

and thet are roioting stesdily with angular veloeity {L, se

that the blade moves only in o plane that s stationary with
%@‘%ﬁ’;@?ﬁm’% to this system of ames. Relative to this now systen,
the = ; ¥ s axes are ¢yoelio. "
| Aw iz the downward veloeity of the woter mﬁ% and hence
the downward agceleration of the hub Aw, is % .
Qv is the outward radiel velocity | then
Av =(:§§.'€3§§§$.(1% -3, gmmﬁ
;%Bif%mmim ing, we get the acceleration in this direetiom,
Av = (@“‘ coulLy - 7, mﬁm;) -ﬂ@z‘ Bln Qb vy, @%ﬂﬁ)
There will be effective agcelerational foreces due to these
two accelerstions, snd thers will also be small Corlolis
forces due to the crose produst of the veloclties and the
rate of tilt of the rotor axle. However, all these accelera~
tiong ave of second order in Q y 5 s ﬁ‘ " ;?é"‘ , and in a firet

srder theory can be neglected.



‘ii‘%w cospiote Liods motlion equation is

}%& = (T + A’;i’)'x‘—wrco;sﬁ— m.(ﬁr%in& coaﬁ
o mb.vrbmﬁ + mhwrcas& Nar

e -

At before, we efn, vr\f& § for sin ﬁ . and coun aleo

v mmer v o= 8 prery 3 %. " Py Glge
it cos Q = 1. However, 1% will ploplify the following
cusplon if we confimuz be imelude ©oo % in the contrifugal
fexme Yo can integrate the equution above in terws of the de-
Tinsd ilntograle ond the emprossion for {7 + AT

_Q". o s ; * ) : L ) s\ — v [ Ry ki ﬂ
I‘* & ’f}é#ﬁ Iy I‘}-N b ‘Eg‘ ’gﬁ - fi‘nn b ol Q Ve &rjd%.i‘;io - Ay

i i)l o v »
= {im,_a-}31§§’ + 15 ’i}n\&}(z:\aﬁm&lﬁae:ﬁ eosQ1t)

i, b {2 eoe Qe -F sinQy)

5

~(2Aw B, 0 1, D E
~ B, nlfé?@mnﬁ - 8 ginQt)

The temms on the Left Hand Oide give the Particular Inte-

prad Qﬁ honcee s
(% Q* B, 0w -, bg)

S S v N—
§ 0> ets st K" Ei}
The fcrme on {he Right Hand side gilve the change in ‘6

due to vorious dislurbances of the holicopter, and tuey san be

ity
Fe
3
’?
Lok
oot
L
i
L
&
o
g
5
P

troated feparatoly. Binee vwe aye speeli
tho rate of rototion of the rotor ie much grester than any of
the angulor velocltles of the rolor exis, 5 . g » WO CoR Ob-

X 3 R S7A E A ey e -, iy o ;,' ..' m‘. L
toin o solutlon of thoe above euuntion oo i7 e J,, ‘ﬁ{ « ©,

" LR AN ‘ g R b

ond the sccelerations were ¢ongtant turoughout o eyole. It 18
o A T & - o - S . 2 ;3 . ot b £

chyloun fhol, with tuls giuvificedion, we shgll find polue

tions fop R thnt are periodie in [(Q4).
Ap it etands obove, ke eguetion is not houogoneous, butb

=

contalneg produst torns on the Righd Unnd side, e ghall Tind

o (Yo



a solution of this inhomogeneous equation in terme of &
nories, end shall £ind tho conditious under which ithis o

ponesion is valid,

We therefore trest a gemeralised eguation

of thie forn.

Consider the equation,

§ ﬁ- \@) & {Q_ o) + EQQQ § I = {%ﬁma@ +I§ﬂ@%ﬂt}§
where M, M, , are functions independent of time, Thie 18
B enun sbion thet oop be solved in o series of J%*"ik@&ia PP

dn [(O%). The sslution tonds €0 be gmm some unless & 5@ Tl

od of sucoensive lmation is used, amd the ewamﬁﬁw
adopted here {s on unusual one whose merit lies in the fact
- that the gonditions for convergence of the series ave lvmedi~
ately %&,@jmm%

Rearrange the souation &,Jm%, end drop tm terne i
*‘iiﬁ*%?& are obvi m&%% %mw then
k {Q K:»?--.QMR K} - £§+ (i0in Qi 4 %@e«zmgﬁ*&}x

« [y ain 0t + Hpeos (Lt ) { \— oi

pd o Firet solution ig obiained by abe

It io obvious th
adng to have o constant velue, and from inspeotion we

see that the mmm firet polution is G = % « Ve now
swme this solution, and evaluate the Right Hand Side of the
squation above, and then solve by integrating both sides of
the %ﬁ%éﬁ%ﬁﬁﬁ@

ﬁ{ﬁ ‘E { ,oin Ot +§§;€§€353Q’§}§

wl e



xﬁﬁﬁgﬁﬁﬁ&mﬁ¢ we get the

mﬁ@ﬁﬁﬁﬁﬁﬂﬁwf

& & %(%@wﬂ% Honin Ot)
We now acsune this second solution, and evaluate the

Right Hand Bide agein, and %ﬁﬁ@mﬁmﬂﬁ;

.

R{&-&,}=

':«%.ﬂ.ﬁ?
1,008 Ot) {ﬁl@% Q4 -M,sin %)

K{%}.ﬁ inQLt « d%

“ékwﬁﬁlmiﬁilﬁ

mging the sroduct terms ao sums and differences,

~ % {1y 2inQt < Wopos Q) - 13 (fﬁi - E’f‘ Joing ( 4L} o0 O

Inteprating, we oblain the

sinQt 3*_£.§t (%aigj - 1 Jeos2 0t -1 pia :@::nt)

In order fo mee cloarly the conditions for converg-
in the fourih Mﬁ.u%m, 2o

{%ﬁ%ﬂt ~H,y

gnce, it is necessary fo obia

srocess acaln, snd obtaln an equation,

pply the some

we an

which can be sluplified 1o,
B Q' ISR (:a—) sinQt iy (12

giﬁ f’;nﬁ

- Q\O
- 2, GoB 20% g;j})
. L 2 wr &,‘ﬁ
pin B3Ot B, (Mg-~2m)« Yo cos 30% M {F 3%‘ %)
R e




%m%W§x§wmﬁw* we obtain the

- I eos Ot (1- o | .
6 [ a}‘“ ( 24"%) «%Mfff ginQit (3;' . )
SOk

35

m-m%"-"mmm) cos 2Qt

{%}2— %5;‘“*)) gin 208
i

30t (15 - 21 ) sin 50%

It ig obvious Trom the analysis that any furthur ap-

proximation will not change the value of the voefficlenis

of the *Tundamenial®. ?%a torme in this sevies will de-
erease with ingrease in the oxder of the “harmonie® if

two conditions are obeyed; since \ \ \ﬁ s We ¢an

[

»,

nea, without e fmmﬁﬁﬁ digoussion, that these conditions

are that both § \ \ are smaller than unlty. I

-
\%@V& ginge found @ﬁ&i ﬁz*% eguation is o modified Hathieu
equation %&@‘ﬁﬁmﬁ%@iﬁﬁﬁ for couvergence of whieh will be
found in standayd mathematical books.

In actual praciice, the firet of theso factors is of
tue order 10°° , but the second is quite lerge., IHowever,
this factor io alwaye found ap a factor of terms of the ore
der \ﬁﬁ& , ond this enpbles us Lo use this aporoximation
nethed, for \%\ is a funetion of the disturbing veloel-
tiee, and con be mede as smell ag we plegnes For a first
order theory, thereflore, we can use this expansion. Nore-
over, since we are only interested in terms of the first or-

der in x g‘ , ete,, we can neglect



all terme of the second and m@m:‘f Pharmonion™.

Using the result of the preceding section, we can obtaln
solutions for the blade motion equation for the different
types of disturbances. We shall consider the effect of horis

zontal, vertical, and $ilting disturbances peparately.

Connider fived, *&w« motion in the x direction. felegts
ing peytinent ternms m *t:%sﬁs% sgustion,
M - (3 n"'m&;‘_ﬁ?}ﬁ > wezs& nfﬁﬁéﬁ K o) = (24,0~ }%mmh‘%aﬂﬁo}(mmnﬁ
* Mo & con D2
Sinee we ave assuning thst the rate of rotation of the
rotor ie wmuch greater then p» , ¢ § we can assume thatl s £,
are effectively constant througbout the cyele, and hence

write the solution down thus,

%m %""ggﬂ? @ ?—f‘% , - Z@iﬁ*— %’&% “ﬁa}ﬁi ﬁzminﬁ (5

z%m {@ﬁﬁ& - fij"*' + .&'Lﬁa{'ﬁ;@n- aﬁwﬂ

where the phase angle \'5 is glven by,

iniwxf} - :%3

%’%\’a =

In all %%3 rotors the steady value of the coning angle
in about w@ s and hence the value of the factor (cos § -1)
is very amall indeed. Hence the phase angle % ig very nearly

T, and the blade motlon is so nearly in quadrvature with the

inerease in the forward %&&@giﬁg of the blade that we can neglect

wild o



the ma;g%%z%&a component, Henoe we obtein the final result,
g b sinnt « fﬁﬁﬂn- Byw -\-f@ﬁ’&}ﬂ& )%, eos )b
& e . (Bs O - 24.w)
It is obvious that there is an snelogousn expression

for motion in the y direction,.
E%%g %%nﬁ — {28, - Byw g%%;_o.g )9, %mm;
v e ) (gL — Agw)

In the same monner we select those terms in Q giving
the motion about the x exis,.
T o B (- A ) 1. o (v <% )= B, 02D gos Lt
%Q + (B0 wﬁﬁ@*}*& “ .Cl%@%@(x @}-%ﬂ Q a,‘.ﬁ
In exsetly the same way we neglect the inephose component,
end obtain the quadrature solution,
2
3311
g _o_ii%_n. = 2Am)
and simllaxly for © 4

%%inﬂt

. N : B3.ﬂ.
R Qﬁ _Q_{E%@ n_ - Me‘%aﬂ%?}
It will be notlced that If the rolor axis $ilts slowly

%ﬁms.(?_t

s that the terme in @ , ¥ , are small, then the come
axis koaps perfectly in otep: and, in the abpence of dowhe

wash, would setually ecolincide,

The terme invelving 2 , & _, are not periodic, and
the solution ig of & rather different fomm,

z.ﬂ « (B~ iﬁ@iw}Q ~ 3’;‘%_(73 ﬂ'ﬂ@%ﬁ&(i- §° }=-{§Eﬁi@-§3@ﬂ3ﬁrﬁ%§? g“;

wllle



and the solution

by
Yo have now obiained a complete appromimate solution

to the blede motion equation. It is convenient to express
these resulis in esuch & way that we may use the theoretis
cal values of the relations between the h@ii&ﬁ?@@x v%ﬁa@iﬂ
ties and the changes iu the blade angle, or that we may usc
%ﬁg%yimﬁﬁ%ﬁl values which may be obiained at gome future
date in the laboratory oz in tho field. Ve thevefore in-

troduce the po-called "Comma Derivatives®.

Ve can write the solution for the blade amgle  “thms,

§= Ro < \—‘u.(ﬁ%‘ @@%ﬂ’%- z;a‘ %imﬂ‘%} ’*‘_‘wé;\ -* r‘% (d{%iﬁf}_‘*&-\- ca cos n_i;)

Tl ein Qi «F, con b )V E

o e i g _ ‘ | ! -
where the "Goamme Derivatives®, r‘,_,_ " r‘w " rl% ¥ rL . Ty s hav

the following values,

W

0 (B0 - 2A,w)

iz@?n- 24 w)

o1,

6 A

@
P
o

1,43 % 10

8

ﬁ S)."‘ ¥ ‘ﬁﬂ [-] iy
IR e Rt e e AP TN o

2,56 = 10™°

1.9 = 10™%

sl



The walues given in the last column are those calous
loted for & bellcopter of the sume size as the *¢ 307
antogyro, that would have four thin but m;m;;; heavy mmw‘
It 1s to be noticed thal

- = 1b but *Em Fa %

T e “

signe of the changes in phould aleo be Do~

%ived, they indicate thal the cone amis tilts backwords

for any forward horizontal weloeity, and tilte with &

right hoanded wotlon for sny horizontsl sccelerationt the
cone becomes flatier for upward veloeity and accelervation:
and tende to keep its axis coincident with the rotor sxis
during tilt. |
‘ m ealeulating the forces actually m%m@ gn the hellw
gopter we shall mim the exprescions for § K ; differ~
entianting, , ~ ,
& = O coot-g, oinlt) <(Ld (% (Qeinle +Deos )
QU (& 8in Q% + 3, conflt) - NG (Q eon Lt - ® ginfdt)
VUG stn 0t F cos 14 ) ATLE +nf(E cop Lt «J, sin k)

§ = Vi @m@.ﬂ% ¥, sinQt) UE LT {nggﬂﬁ ~ 8 gos L)
A0, sin Qt « F, connt) £200 ¢ Qawﬂ% _ ginflt)
- QT (, eoe Lt - 7 sinng) - R ( Quinat +® gos 1t}
JTUE sinQt+ ¥ cos.t) T4 % +2.00 (% eosflt - ¥, sinlt)
- V‘Pliﬁé\ sin0t + ¥, eonLt)



THe forcew and mmamﬁ that ave due to the rolor can
- be divided im@ two parisy thope due to the aerodynemie
foreen, and i&w% due to the inertia of the blades. Ve
shall treat these separately.

C let (X A, (YSATY, (2+02) , De the
ﬁ’@w@ acting on the 3@%&3@.@&5@%’* per unit length of blade
in ﬁm directions of the =, y ., % , axes, and

et (L +DL) , (meAM) , (¥ AF) , be the moe
ments acting on the helicopter por unit lengih of blade
about the = , then
(x «AxX) <

cos Lt

:
. ginlt

(3 +A 3} -

£+ 3}? .

(i «Au) =

n

(o +n W)

all tho blades,
we con obtain the forces séting on the helicopter. Uost

of these forces have alternating componenis, and we can

toke ihe meon wlues of these, Let ¥, ¥, ¥, T, ¥,
be tho mean values of these total forces and moments acle

ing on the hellicopter..



Thero sre only two sieady forces and momente acting, the
thrust T , aud the mgw@a 4 « These are given by
{(z+02)

i

{(m+AuY

]
o)
)
/\
23
+
giﬁ..:.g
el
R’

Integrating in terms of the integrale defined sbuve,

Thrust T =-5 = {a - BOw)
; A 3

L}

= (Dg oty 0o 2w )

”’*ﬁ}z** ue 4§ =

Bubsilitute for K K ¢ in the expressions for the
fopces due to the blade @swm m and select only thope texms

in z, =, ote,
e obtain the following serles of eguations,

T +DX)=-pg % oin0t |(2 Qrgyw (ﬁ?i%))ﬁiﬁn‘% |
e : Go

( axe-w(o +§g))amﬁﬂt Xe

We% ( ».f%"« cosflt J‘;:x‘ %iﬁﬂtXQ~ ¥ 4-3_3.)){3%11‘&

3 s ; L a
+a§ﬁ- 33”(‘1 *"‘*‘-Q‘@ -0z sinQt ~ Vig‘ﬁmﬂ’% elng 3 cos L)

{(ﬁ%ﬁfﬁb-r Qf(ﬂ;%%,» sinnt — (w0 (G %%L)yw%ﬂ% Q

(v « DT}, - % ¢ % sinat | (2O2Cy ’?(fi—- %{%})@%nt

i

+ Q‘} are - w(Cy %g)) sinft

1’ gi ,; o, gg ; Hy f) ﬁiﬁnﬁ
N %%n# (T’N{:‘ cosQ b+ % an’t)( C- f@ e, ’ﬁ*& _

equation continued below



A . ol st N ;
+Le olli cont -ONZE sinQt +T1% sinnt-QME cos RE)

i
f:

Y(%ﬁy Qr (- %‘;3» cos @t + (2wC, -0 x (Cyr 5%%» pinflt K”-_\

(2 +02)' = £ ¥ sin0t ((2Q26; w (0, %%L)‘)

5 > . Vs , fw e A
@ ¥ T'“;,g‘ eon 1t -0 ® einllt -tVLZ%I‘ sin N6+ %, i";&{;‘sﬂ‘%)

@%L‘n ¥ @a"ﬁz‘%"})
0o
and sinilexly for the moments,

(L. «AL)*= - g r % sinQt (ﬁ%.().r@,_—%% Qﬁ?&*g@;‘» sinflt
o3 s &

; - Qﬁn E’?ﬁsﬂ—%‘ @;‘_—%%b»ﬁﬁ%ﬁﬂ‘t éo
. ._%,Q,d?“« Q'L & oeosQt <V ik mzm%;}({:ﬁ 2‘%’ (i:L. %{%))wanﬁ

i , . l e, L,
A Vuﬁ, peaLt - QL0 x pinQt U X sinf %—ﬂ\"_:saggmnﬁ)

Fa

[(ﬁwc REICE %%» sinQt « @%&%{3‘& ax(c- %%‘»@wm Qo}

(1 +DxY = pg v & oinQt |2 Org- w @y gﬂ%» coslLt

| - C Qe vw (G- é&%})gimﬂ% V
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+pL = QTL 3 cosQt =QN & sinQt JE ailnQt ol mgm)
%‘*ﬁb— ax (ﬁ:’b* %%)) cosQLt - (ﬁwigﬁw aQr (gl_ g%))@m % K;j

£y ‘ﬁ‘" = - PO .;? ” a: 5 NEs r ® . (, 19
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in congldering the sctual forces actlyg on the hellcop-

ter to determine the stability conditions, we are , in gen-
gral, only interested in the wean volues of the forees and
mnomentes; for the altermating components w?ﬁ.uf puch hizh
frequency that they have 1ittle or no effect on these cond-
itions, Ve therefore toke the sean walues of the forces
above on the assumption thet %, =, %, ¥,, are effect-
ively constont round the cyele, oy vary so little that the
final result is not affected.

Thug, tegrating in terme of the defined integrale,

.- Z [{ Dy e Cw) T (A, 08 0w + ;izz;}hn W+ O O0)

]
=

-k ane- “né(f“ NN ) (“:’?@ aw. €M%

=—md a0 - B w) U (24 0w-3 )]
Iﬁ n@;*gnyi‘ E—) i%n%ﬁ aggaﬂ} %{ﬁ&lﬂw-ﬁ .Q}T-

\

and for the nomentis,
i : " L 3
I o=% [gm;%n- Bw) - an_* C.0w~24,0w + B,Q 3}

N “ '
x m@,g 0, Qwe e, }(T‘ x ;’fi {2ApLLw- %%&QL)%:*
o= ?“ %j"i}& Qe %@'} -\-r‘ {arw Q’@ * iﬁnﬂll‘l

« ‘ \ AV
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gy
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Exaetly snalogous terme will be found from anslysing

the motion in the y direction. However, it will be found

P



that all ﬁhmé@,%@rmﬁ that contain %& to the first power
will be reversed in sign., This is an example of a general
rule, and all repistance and moment derivatives that are
functiong of the odd ﬁ&ngg of fy have different signs
when evaluated in the different directions., It is there-
fore apparent that the coning angle should %e‘r@dusad a8
much as possible in the interests of stablility. |

It will be noticed that the torgue agbout the rotor aXe
is is independent of the forward motion, and thlg enables
us to separate ocut the lateral motion of a helicopter from
the vertical and rotatatory motion for some of the simple
cages of helicopters, though not in the eaﬁé_af‘a helicopt~
er with two rotore on two parallel axes rotating iln opposite

directions, i.e. ag in the Focke-Wolfe T.W, 61.

Porces and moments due to vertical motion.

In an exactly similar wmanpner we find the effect of

-
-,
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A ar do!
oo x (T2, T, )
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o

we B
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andé for the noments,
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As before, we integrate in teorms of the defined imtegrals,

end then take the mean value round the cycle and so cbilain ihe
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sistonce and moment der ’?‘éé%i‘{?ﬁf Forn, L% wil

(2 +A%) =

mean forces and momenie,
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and for the momoeuts,
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Taking the nean volues and integrating in terms of
the defined intesyale, we obiain the mean forces zod ;,mwma
s #

acting on the hellgy) gﬁm;
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on snalysing the forces and moments due to ©, © -,
we shall find they bhave the same values but are of oppos~
ite sign as those due to tQ i Q s unless they are of
first order iun ‘f ¢ when they are of the &&m%}ﬁigﬁ* it
will be noticed that the torgue and thrust are independe

cent of axis tilt.

Inertia fovces and moments.

We commot directly write down the forces due o the
z%er%xa of the potor, because the blade metion ie & com~
élﬁ? funetion of the motion of the helicepter. TFor saall
disturbances, the blade cone axis lage behind the yretor
axis, whilch sets up smell reversed foreces. To galoulate
these accurately, we should have to %X@?éﬁﬁ the acceler-
ations as an infinite series of powers of the biade angle.
This is not practicable; and not necessary to the owvder of
agouracy needed; tuere is, morevver, another gource of ine
accuratys+ Ye have so far, neglected the effect of the
sgertical” hinge, whose sole purpose is to allow the blade
to flap vertieally even when the axis s tilted, wnd so 0
neutralise all sideways bending siresses on the blades. if
the full theory is worked out, there will be found terus
. (K @ } these terme are sumall, and in any case are abe
sorbed in practice by the *vertical® hinges, It therefore

ceems useless to extend this part of the snalysis to the



ease where. 6 is no% smell unless the effect of these
hinges is taken into secount. VWith these sssumptions, we

con differentiate the erpressions for the soordipates of

the slen

ent twice with respect to time, and so obiain the
agoelerations,

x = & - Oreost
¥~ Orsinot

< B - z&

Taking the mean values of these accelepations over

HoE
{54
&

#3z

the oyele and integrating, we obialn the Effective forces
that set on the helicopter,

X =-mx,

¥ -3

7 o=-1 (3-n(T0E «TLE )

¢

¥e obtain the effective moments in the same wayi end,
mglmimgg the Coriolis forces ap being of small order,

T =- rﬁfﬁ*‘ « TrsinQt)+reinQt (B, - x& )

T =+x\€§%:'— Ofreos Ot )+ reeaQt (2 - w‘&}

¥=0
Since we have postulated an unvarylng rate of TOoTH~

tion about the rotor axis, ¥ 0.

substituting for y and § » we obtain the final.
momenis,
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The terme in the last brackets are gyrvscopic moments,




those in the second brackets are due to the direct moment
involved in roteting the blade cone. It will be notliced
that all terms due to the centripetal acceleration have
cancelled out, .

Though it may seenm that no great accuracy has been
sbtained iﬁkﬁh% resulte of this sotion, it will be realized
that emell errors in caleulating the inertis forces and mu-
ments have but 1ittle effect on the finel stability equa~
tionse, e %ﬁ%@@ forces and moments are but a small part of
those due to the rest of the helicopter. The aserodynamie

foress are of o higher opder, siunce the helicopter body

contributes comparatively litile to theso.

is

Th ﬁéwi%&aﬁ%ﬁ minge im 1l usual heligopter rotam
displaged o small distence of from the rotor axis. This
has no effect on the resuliant forcos due to the votor, bui
sroduces puall &@11%&% and pltching moments due to the pro=

vy
&
[

duct of the kift forces and this small lever srm, In steady

hovering £light, these moments cancel out.

o o

Heglecting the effect of the horiszontal forces as belng

. low order, to & first sypproximation the moments er

o
by
&

length of blade are,

(L +AL) = af sinQt| T - D' (L.s O ¥
| {u « A u}

5
Bt

g N
g

O « AH)}' = o€ sopnt i?* ~ pr gz,

{u +A$:§l

Substituting from above, neglecting all terms of &

P 2



iow opder, takin
the final noeonis,

LN .

2

T~-ne{aQy-(8,~ D)

o the mean value and integrating, we geb

w G



The caleulated

values of the rolor constants ave sums
morised in this soctlon with come discussion of their ople
gin. The figures on the Right Mend 8ide give the caleulated

values Tor o helicopter sluller in slse %0 the C.30 Antogyro,

where the forsen are

ressed in 1be., and the moments in

If the blade g

ngle, ‘&# is measured from a horizontal
plane through P* , then we can express K in terms of the
disturbances by means of an approvimate golution, thus,
\Q = Qo -\-W“{ﬁﬁ\ﬁm%ﬂ'%}-f?”‘ sin Q%) -\-‘“‘us_’gl < sid{ﬁiﬁﬂ% Boos 0t)
~TU(E sinnt« § cosQt) 4 TUE

where the "Oaumme Derivatives® have the following values,

2,36 x 10"

1.G1

14
o
=8

1L (B, Q- 2Aw

)

1]

r % ’ e )
O Iy

fubstituting for ‘& by means of this solution, we can

wdl Chas



find the forces that sel on the helicopter direcily in
tepms of the disturbances, withoud imwvolving the biade asle

math anzle.

ents thet are due %o the coning engle, or ﬁ%ﬁ&@%y&lﬁg are
pepprated out,

{1} acrodynomic forees that would be produced on o siunilar

rigid rotor,
{a) due tov horisomtal motion,
‘%X% = B, =

47

{v) speme, due to *dihedral®,

—MX, = W4 0- B 1;;‘) o8

{e] due to vertical motion,

o o o
o = @%}1 2AT)
ﬁ

Gi.0

{d) due %o change of the mean angle of atiack from

B1G.

{2Y Asrodynamic forces due to the ¢$ilt of the blade cone
axie,
{a) due to horizontal motion,

A Q% gﬂn +Q’%33:§ ﬁﬁnﬂ .16

L



(b) same, but due to "dihedral®,

- 067

1508,

i) same, bub due o *dihedrale,

B R (B0 M,gagn@\)

t

6080,

£3)  Aerodynanic "inertia® forces,
{a) due to i1t of the blade coune amis due 0 hore
isontsl sceeleration,

W, = MY = («% 1.{:3%.{1 *Qiﬁi" gﬂﬂ% S2B4

Mr

{b) = ame a8 last, ot due

o the “dinedral®,

2115

vertienl mmmmﬁ* e;m

-1z, = V(3,0 ”%"%) 1.0

(d) due to change in the blade coning angle due to
horizontal agcelersiion,

X, =
.0033

{e) same as last, but due to the "dihedral®,
i, W“R 5, () - %ﬁg)

I
5"}
e

L0051

il e



{£} due to rate of i1t of blade cone axiz due
te horizontal motion,

s I . "o oy g |

}$@ =~ My - . @}:ﬂ * WE}&‘%%’}

[

» 0089

{g] some as %a&%a but due to the *dihedral®,
«00B1

B} due to rete of change of blade coning angle

due to vertiesl motion,
- :gs/n .O_ all }lﬁ
@, = o 2Aw ) ,

{i) due to rale of Tilt of blade eone axis due

to 1ilt of rotor axis,

Ma‘,._= “’ﬁ %}

(i} wvase se loet, beit due to the *dihedyral®,

) 27,2

- BT = if%"‘_ = \&R Q .Q.- "“‘&gﬁ’?

{4} Mase inertia forces,

T - zﬁﬁ *‘rﬁ‘*\ %%ﬁg

?;
[
{

BE jg*‘ 156

B
7 154 =-%%§ 156,

due to the change ln blade coning sngle with vertical
motion,

w o< 1u(TE «TyE) 3.58; 983
! & sbruetive 1o svaluate the totel stability

derivatives for the helicopter similar to the #0.30% Auto-

#, 3

syro, o8 by so dolng we are able Lo see which forces can be

S



entirely usglected.

o i

L gﬁ@ = 2818 *

a

[
!
5
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1]

P 2 e
» Sl wE 4‘
- s, B s ey
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s

Prom thiz rough ftabulation it is secen that the il

Y G

ant forces are %ﬁﬂﬁﬁ‘iﬁ'%ﬁ@%iﬁﬁ {1}, thot would bo proe
duced on %/@%wz?“ﬁ rigid rotory thome in seetion {2}, due to
the $11t of the blade cone amis; snd those in section (4)s
due to the mass inertis terme. The terme in soction {3),
due to serodynmmic %ﬁﬁ%ii& terns, are nesrly all usnimportant,

as they are very such smaller than those due to the mess ine

ertia terms, except those in seoction (8, a, L, J, J»

forees in sectlen {3, ) is the ouly one of its kind, in Z, »

but is small in oo

igon with those in Zy o Zu s
be neglested, The forees in section (3, o, ) ave due to

blade cone axis til%, due %o horizontal sccelepation, and

2'«5

we should not expect them %o be small,

sl



{51} Aercdynamic nomonts the 3% would be produced on a sime
mw«‘k’-c‘b&w E?gul Qp% Ekﬁg’%&;ﬁ’ﬁ
{a) due m horizontal motion,

m .o, - (A, Q- Byv)

2

102,

{b) oceme as last, but due to the "dihedral®,

{c) due to vertical motion,

i, (@?Ih fﬁﬁ)@ﬁ) | &l.

L]

{d) due to change of the mean angle of attack from
sels t11%,

?ﬁ&% x — 3 "Gi: <§}§ - .%pz

= 124,000,

(¢} osame as last, but ﬁﬁ@ to the *dibedral®,

TR '&ﬁ“ %(‘% k: o 11,800.

{6) Acrodynemic noments due to the ti1% of the blade coue
axis.

()} due to horizontal motion,

me ao last, but due to the *dinedral®,

¥, =- E% z &,\1 '&gf‘)—*fﬁ ’éﬁ"‘)ﬂ 071
ﬁ
{e) due %o tilt of the rotor axis,

-1 - s - [ i(_@ D\ £, - Mmzs?l

Z 108,000,

i B



() sane as last, bubt due to the "dihedral®,
-l .-, &hq €5 (v 2Dw) 0.
o 632,

2

(?) Aerodynamic "inertia® moments,

{a) due to tilt of the blade cone due %o horie

(b) oame as lsst, but due to the "dihedral®,

B AR e, 200

5«_@'
e

zontal acceleration,

- = I - T %33 ,;3%)‘_0:- (Mf@ —-Qg)ﬂﬁ

T
Hut

BE

(¢} due to change in the blade coning engle due
to vertical seceleration,

- K’?’% = ruf (ﬁﬁﬂ-\- bt WB . 1.89

&

{6) due to change in the Blade coning sngle due
to horizontal acceleration,

-%ﬁ%! = &%% =‘VL_(%3£L-£§g@)
s

LB

(e} same se last, but due to the *dihedral?,
- ffgz& = ‘ﬁtﬁ% = Qb \_‘u. ({3@ Qo ﬁ?ﬁﬁ%x '

078

o
(£} due to rate of t1lt of blade cone awxis due 0
horizontal motion,

= -0, - Q%§[Lf§K&§$\

% = 1,05

(g) same as last, but due to the “dihedral®,

e Kﬂl ‘Qg%ﬂ* mﬁ% . 0056

2

i om



(n) dus to rate of change of blade coning angle
due to ‘vertical motion,

~ gm%% = ({1’@3&1-\- 2 SW\ '115.

(i) due to rate of tilt of blade cone axis due

to tilt of rotor axis,

(3) same as last, but due to the “dihedral®,
- %ﬁ - é@%} - RQ r\& (ﬂa Q'\' gﬂgw\

(8) Moments due to the hinges not being coincident with

the rotor axig,

T =-ac A% *@5 DD o Elﬂ(r‘é{ PZ‘QWL%Y
et 2
- B F{RY T -
2 -
37 T ~-ag\4 .07 - @;,; ‘)_chi Elﬂg}%* T % *ri:&‘} 1
g 2
~ B0} Q:%*gt&,(’i,':’z;_)
~

{9) Hass inertia momentis.

{a) Yoment due to rotation of blade cons axis,

I:‘%: . * o
P (RE-TFy i)
o 10,400 1.16 1.94
*

E o " s »
= *—é ( QQJ—LXE- * r:yl}

wd e



(b) viade inertis moments, due to the ®dinedral}

%g Ll g \Qﬁ%&%} ﬁgﬂ
(e} gyroseopic moments,
T« 05 (R80x.0¥)

1

i
=

470,000  39.1

T - -1, (RQ-Nyig)

o

Again we tabulate the results that have been worked
out for the "C.30° Autogyro.
Eﬁ% = &E%% i@%g

"

- 11800,
- 470000

[

B e

& F
[1] 1)
@

£:3

ML, = 89 Mg

o
255
F o
*

i
Lo
»

ol Yot
4 & i
" ’

- 1*% HLQ = |O“-\¢IO
Wy ~ % 140

E&’&? 2 Ble

- L1

7 3
"

Those moments thet are in section (B), that would be
produced on a similar rigid votor; in section (6), due to
131t of the blade sone smls; and in seetion (9), due to
inertis,are the most significent. Of thoe sevodynamic ine
ertis moments, only those im seetion (7, @, ¢, £, 1, ) ave
at all large. The terme due %o the finite distence bee

tween the blade Liln

s and the rotor exis ave falrly large,

but can be reduced by caveful mechanieal dealgn.
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o a fivsl ap=

prozimation, remain unsliered during any tiliing of the

blade cone axls, it is obviocus tust the forces in secls

wuld give the projection of the thrust

g

ek

tom (2, 8, ¢, &

12

35y

#

j

algng the axmes due to thie blade cone axis $1l%.
actual value io nearly a guarter move, and thls errov

@

muEt be counted one of the main deficlentiss of this ale
alysig, The same error vccurs in @%@tiﬁﬁ,(ﬁg %; ¢, )

- where The mowent phould be the projecied torgue of the
rotor. The error is a little difficult to place, but
appears to be due to small inscouracies in the asounpbe

ion that the blade coning angle is small, and hence the

X

i

angles thyrough whiech the bla

e turng are not sirietly
sorrect.

With these limitations, ithis analysis does seem to
glve a satlefactory besis for the estimation of the siaw
bility of a helicopter, Binee the solution of the blade

%

angle equation hes been carried out to include terms in

! 5% 5 o i & . ;
(s T, and the forces aceruing from them are all small,

it seems cortain that this solution of the blode motion
squetion does in fact represent the motion of the blade
to o sufficient degree of aceuracy. This in turn, proves
the approximate validity of our aspsumptions as to ithe

U

erelic motion of the blades.



The naln dinenslons are sinlliar Lo the #0507 auto=
gyro, made in England.

Thrusd T = 18001 ba.
poptor digneter fa - STEE .

angular veloeity L 22.8 radisus per seg,

downwash veloeldy w

18.5 feet per seo.

four bledes, of H.A.C.A. peotion 23012, constant
and chord.
srea ol sach blade = 10.4 zg. 6.

i

wloade volune

S8 o. Th.
= 39 1bs. = 1,22 slugs

= 8.7 fi.

2,08 = 10 1bp - £4.7% = 650 olugs-fie

L 18" b o
f R
\ 7
,,,,,,, et e _— e {f\;

r‘fzg 5 e

p

Evaluatiﬁg the integrals, expressed in slugs,

m#%@g dr
“ﬁ4¥%§ rdr

« 064

n

]
o
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=g
»

5
o

[}
o

From the Polay ocurve of this gection, 40

"
1]
A8

w
i

honee B, e 2.8
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Bolving for

henve

from the Polar
ol = 8,59
ﬁ_“ x 0

do

from these valuos

1bn.,

Fae-3

==
pF
d
g
&

iving fo

cur

”
p
-

H

we get the ne

L)

13 L E

~ o @ el
= 54,6

the *"Gorme Derivetives? oh

5le

e gon

. of

&
e

oun above.

g

the w&wﬁiég conditions.

(f;‘* gzzsa)
(ﬁ mﬁ )

integraln,
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