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AERODYNAMIC PRIXNCIPLES OF THE DIRECT LIFTING PROPELLER*

By Martin Schrenk
SUMMARY

The purpose of this report is to make the complicated
processes on the direect-1ift propeller amenable to analy-
sis and observation. This is accomplished by placing the
physical phenomena, starting with the most elementary proc-
ess, in the foreground, while limiting the mathematical
treatment to the most essential in view of the fundamental
defocts of thoe theorems. Comparison with model oxperimonts
supplements and corroborates the theoretical results.

INTRODUCTION

Among the various rotating airfoil systems,**the auto~
giro, in spite of Deing the most recent arrival in the se~-
ries, has been the first to receive general recognition,

¥1Die aerodynamischen Grundlagen der Tragschraube." Z.F.M.,
August 14, 1933, ppe. 413~419; August 28, 1933, ppe 449-454;
and September 14, 1933, pps. 473-481,.

**Ag to the types of rotary airfoil systems, the following
definitions are used. Any aircraft with rotating airfoils
for producing 1lift - in contradistinction to aircraft with
"fixed" wing systems = falls into this class. At present

they may be divided into three different categories: ‘

1) Autogiro: An aireraft having one or more systems of
airfoils rotating substantially about a vertical axisj that
is, the air flows upward through the propeller disk.

2) Helicopters An aircraft having one or more sets of air-
foils essentially rotating about a vertical axis but driven
from the aircraft; that is, the air passes downward through
the propeller disk.

3) COyclogiro {name coined by Dr. Roarbach): An aircraft
having substantially a system of airfoils rotating about
a horizontal axis, which can be made to rotate freely in
the relative wind or be drivon from the aircraft,

A
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thanks to the successful research of Juan de la Cierva.
But the development of simple and practical readily appli~
cablkersckentific principles; has not kept-step with:-it-(at
1east in publlcly accessible form),

Admittedly, Glauert (reference 1) and Lock (raferencc
2) evolved a very detailed mathematical thoory in 1926~27;
and Lock and Townend (reference %) published in 1928 the
results of elaborate experiments on a model auntogiro., Buib
these reportsg, invaluable as they are, fail to establigh a
conneetion. betweegn theory and model:test. . In its particu~
lar form, the theory is muqh too- unw:eldy for practlcal ~ap=
pllcatlen' the meanlmg of the. assumptions: and .reductions .
-2 dlffmcult b0 survey.: The.model. experiments are 1im1tea
to one. executlon and the: -theory- does- not parmit the applin
cation G 1ts data to any other ferm.ffg, Tae e

Vi g B
:
o b

The purpose of the present report 1s to remcva these
objectionable features. The road thereto leads through a
very much reduccd mathematical treatment which roeveals the
physical aspect much better ;than-attained heretofore. Owe
ing to the complexity of the air flow composcd of tip and
forward speed, togother with the flapping motion of the
-blades of#itsolf, the-processes.-on-the-autogiro are auch
that:.no clegr- conceptlga can-be. obtained wnless the most -
elementary basic notions-are put forward. first..and then-
the cffect of the additional proces SOS,@S.supcrlmposeﬁ gff
;torward. _ 4 o '

There are two. nothods of: una1J21ng tne autoglro (ana1~
ogous to driving propellers)s omne, referring:to the proc«
esses at theé individual bdlade; the other, comprising the™
total flows "The latter may bée based on the Prandtl dair--
foil theory and yields the induction losses., ' But ‘the for-
meéyr gives ~ after more accurate.consideraticn -~ -agide fiom
the thrust, thé flapping motion and its offects and » af~-

ter suitabdble simpllflcatlon ~an. 1nfer10r 11m1t valuo for
‘the ax1a1 flow 1oss. : £k '

Upon comnarason w1th model ezperlments, 1t is théﬁ
~found that no riational agreemént is possible ualess thé’
cassunpbion held heretofore and employed without: proof by:
the British research wonkers, relative torthe-ferm-and 1o~
cation of the: induged field of flow,:is. discarded. in favor
of "another” admitte@ly only empirically -definable assumps=
tion for thespresents . Then: it becomés possible -taredmpute
an autogiré?fromfthetborrect~prbfile”dragécbefficieﬁts of:
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the blados, in contrast to tho counjocturocd incroment om-
ployed hereotofore, which is diametrically opposed ta‘t G
nathenmatical accuracy of the tnoory.

Lastly, a simple relation is &o&u@ed in semi~empir1-
cal manner, for the residual loss produced by the unsym-
metrical air flow on either sidé ‘of the principal plane,
The representation of tHese threc loss quotas in form of
1ift/drag ratio proportious, jields g profound insight in-
to the effect of tho individual design quantlties and gives
the designer a yardstick for evaluating the effect of his
methods and the attainable 1limits. .

A complemental section briefly diacussas divers refine-
ments, strength problems, and the pnenomena ‘at high angles
of attack, )

) Fotation
Other than the symbols proPosed by the aubcommittee

of the FALU and published in Z.F.M. (Zeitschrift £ur Flug-
technik und Motorluftschiffahrt) ~mo. 22, 1922, the follow-
ing are employed.
Dimensibns' of blades:
- B, ~disk area’ of autogiro. -V

R, radius of autogiro,

r,'hradlus of blade element.

+, chord of blade.

m, weoight of blade per unit length,

J, inortia momentfoffblade about'hiﬁge;;

z, nunber of blades.

, . . ‘
o, surface density, or soli&ity ratio (g%g}, with
t o= caord at v = R. - _
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Forces:
L, air force (general).
S, thrust (resultant force) of autogiro.
T, tangential force (in plane of propeller).
M, moment of T.
Mg, moment of S.
kys thrust coefficient <~—§-—>
% u® F
. S . .
cgs resultant force coefficient,* <ﬁ~—--—> (identical
to .cp on airplane wing). % v’ 7
Motion:
w, tip speed (at r = R),
va. axial velocity (due to permeability'of autogiro).
w, induced deflection velocity at the locus of the pro-
' peller.
¢, resultant air-flow velocity at blade element (cy and
cy components).
w, rotational speed,
A, tip-speed ratio (Fw§9§J3>
W .
v
Ay, coefficient of axial flow <?% .
Angles:
os angle of attack of normal plane.

*In propeller theory cg is the load factor, but since 1%
assumes here the role of the resultant force coefficient

at the airfoil, it is called such, to differentiate it from
the thrust coefficient kg,
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¥, ©blade angle (incidence of bladgrelg;ﬁnt t; normal
plane), T TR e ST
¢, angle of flow atibiadelrelafiyp to normal plane,
¥, turning angle ofhﬁiade (zer&lposition aft).
ré;:iflapping angle (relative to- normal plane).,

Constant values: .

“f; coeffic1ent of flow.
K, coefflclert of nonunlformlty 1oss.
v,‘ comparatlve factor for &ynamlc gimilitude
p g 2
(2 ctap ¥ RN
J /
m = ) ; ’
o geometrical constants,
P J
Subsg;ﬁpts:

p, blade profile (cap, Gy s ep).
-4, axial flow (vg, Mg, Qg,» €@l
i, ‘induced (oy, €i)'

1, nonuniformity (€w) .
THE AUTOROTATING WINDMILL

Everynoty remenmnbers the toy windmill of nis childhood,
the original autorotating windmill, It is well to consider
for a moment the process involved. Figure 1 illustrates a
blade element +t dr of an auntogiro, Wnlch s only to re-
volve at-distance r about the axis of rotabion., There
being no .input nor output in this elemeatary windmill, -the
resultant force 4 S as well as the velocity of axial flow
vy~ through the normal plane is at right ‘angles to it, The
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manner. in whigch .vg depends: om.external circumstances is
for the time being, disregarded. . o ekl

. Then, ,f’,iigux_'.e Arrevesls:: ol Feo vl

R DI SV B W £ ot
= e )\. o= ~—-—-—E-
. ‘tj,an“ cp‘ r(.‘o.; ;. ._.x-_d‘. o ¥ d'A' T i
oy . SRR S T ’ .

it

E ,,'e“ v e mm, BT ey .
The axial flow coefficient 'K&‘ ;% is by nature.
identical with tip,speedﬁrat&o;;thn% and becomes so much
smaller as the lift/drag ratio of the profile is bebters.

Now, how must the blade be set to.insure: the highest
possible thrust under any given axial velocmty vd

It 1s « w9
' 2
= B o2 =P d
d § = ) Ca:p u t dr = 2 Cap ng t dr
e T o <, C
©5 -l fap_ %ap” Cdp (11,2)
o TN« Cun ?
5 vg? t‘d¥3 L D {.wp - : R

In other words, with comstant ' vy -the thiust depends
on the well-known profile characterlstlc (crlterlon of
climb) ca3/cy®. . o o

,.:;.'A e = ¢ -

~ e

The angle of attack of the profile (which de-
fines the 1ift of the profile), 'is- ccmppsi%, according %o
figure 1, of the angle of flow @(= Ag) and the fixed
blade incidence $. Thus (II, l) glves

ep a§-~ Iy ; ,ﬁuf ST }\;iufﬁi,g)

with normal blade 1nc1dence, angle ‘ “is solely’ dependéj
ent npon 'cp. This means that the cholce of blade Hhgl
4 with given. proflle at the same time ‘establ'¥shes the '
‘11ft coafflcient Cap» - Whikeh the. rotatlng vlede: ma1nta1ns

'durlng steady attltudc in&epcndent of- the’ loadlng.

Bquation (II,3) lends itself very readily to graphic
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representation (£ige: 2) e By plotting €y . in degre
angle against.~a, and & .om the ay-axis, the stramght 1line
drawn fronm the end of & with 45-degree. slope gives all
sted&y and accelerated attitudes possibdle w1th this blade
gle, The oleomentary windmill is accelerated at all an-
glcs between points 1 and 23 at point 1 it has its steady,
stable turnlng attltude, boyond noint 2 1t 19 qulckly do=
coelératods’ . ; . ;

This decroase of revolutlon upon exceeding a stated
operating angle of the bladg Ts typical of the autorota~
tions The process 1is analogous to the concept of spin-
ning insofar as the rotation in both cases must be initi-
ated by an outside impulse; Jout for the rest, it is unlike
the other, since there is no wngle .0f attack beyond the
max1mum 1if% on the autorotatlng elemenbary Wlndmlll.

Tho autoglro of ‘consg tant ax1a1 v01001tv¢ In passmng
Fxom ~the etement te the whole propeller, 'we must firgt-de-
termine the form and theredy the flow conditions,. But.in-
,Stead--of choosing the habituail. rectan splar blade form and
coqrulnatlng arbitrarily & certain distribution of the az-
2ial velocity, we .attempt to find a form with possibly gim-
ple:distribution of 1ift: coezflcaent and axial veloeity. .
Since, accordéing: to.the’ foregelng,.the quallty of the re=
sultant thrust is-contingent:upen the- expre331on :

| a PR g
P , that is, on Cap’ it is adv1sable to choose Cap =

CW:@
constant, attamnable when V& 1s Known by tw1st1n the

individual blade:.elementbs. Wlth.respect to each others’ .Eb
igraltso-desirable to have -vyg:=-constant for reasons of~
mathematical simplicity. This grading with given total: v

quant:tj of axial flow per second correspon&s, moreover,
uO 8 minimum of 1netic power 103». 7 e

"Disregardlng the boundary effccts, the autorotating

ropéller may ‘then be consideéred as a:stream scetion
*t%ruuga whicn the: air-passes: with the positive pressure
< '§/F. Obviougly>thc flow resistance in this soctidn'ro- °
“solves itselfl dccotrding’ to the proportlon of the tarust
produced-at .the perdtinent point;. the- resistanco and through
it, -the speed are constant across fhe wholé section, even
witn uniforyp thrust gradiang. . The resnlt is trherefore the

same simple taruSu brldlhf qs w1ta tLe am;al theory of the
Promeller.f R , T S O T
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Outwardly, however, a uniform thrust grading across
the seetion meansg - a lineaﬁly increaszng thrust 1oading of
e in&ividual”blade' AL a3 g . , .

2B e,

IR T

Thig gradlnb is - obtawned Wlth c, = constant, wheén -
choosing chord % conformablv to A e

'bNF:I‘" LIS

* ds 1 ' i
S T £t~ .
S D

-Admittedly, this equation leads to. forms:for which..-
the blade chord increases to o on the axis; besides, the
blade angles deviate so much*from- the propeller plane in

~ghe’ v1c1n1ty of "the axis, that 8 no longer decisive
Wfor the iecally produced thrust-“?cosw :is no longer:R:1),
On thie other hand, the proportion of the blade near the s
~Bub to the thrust produeced is so small (not exceeding.2 to
=3 percont fgr a propeller -of figure 3), as to be safely
neglected, especially as the axial flow in the propeller.
vehter is; apart from that, disturbed by the more or less
large hube - S ) : L P

The decrement of the thrust at the boundary’ can also
be summarily disregarded for, as seen directly, the flow
coefficient of the air passing through is uwnusually:low;
the individunal propeller surfaces thus- follow eachi other
very closely. ) B o s 8 Ee e ;

Thrust and ax1al flow coefflclent. In contrast to
the elementary autogiro, the resultant air force L. (flg.
4) on the different parts of the blade of the steadily
auntiorotating propeller is now mo longer perpendicular to
the plane of rotation, but slopes forward in the d:rectlon
of--rotation at the ingide elements and backward at- the out~-
side elements, - Thus, -those on the inside act in.a propel~
lent manner, those on the outside, are propelled; < spme-.
--where between lies a blade portlon which still corresponds
,to the: 51mple elemeﬁtarv conceptlon.

oE In the mosd . 1mportant part of tne blade the angle
(¢ - ep) (flg. 4) is apparently of the order of . €p,.
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that is, wvery small, so that @ remains small also. In .
consequence, the small thrust component of the proflle ,
drag (d Wp sin '®) can be disrégarded and ‘the thrust elee
ment be expressed with

d 8 =44 cos©Q —:% cap Vresé t dr cos @

Cepl Tt B i et
“up Cap % o T cos @
Tith 868 @ = Ly we thenthave ~i 1 v | iof

FTRE L L
5 Cap r® w® t dr

d s

According'fo the“preééding?chapter; the %ihg chord
at point r is ‘

i :_R AR
- t = tR‘ .; (11943)
and the thrust of =z blades
R 0.
S = zOf d s = zuzjcapAwg‘R3 tR'
Lastly.we put * , .- . = , o e g
QWW’?gﬁ:”“J‘ . ;-z R tR =0 F . ;:f“: ‘: '(1;’5)

wherein O solldlty,ﬁ that 1s,,the ratio of the z rec-
tangles of minimum chord times radius to propeller dlsk
ares Fq Then the thrust ig: - A . : »

870 Pk B (11,6)

where the thrust coefficient referred to tip speed is
; - oc . .: - Vo S s
ks o ———--—?‘—E I (II37)
Slnce, accordlng o (II 3) cap (ap) with given

;blade form isa constant value 1naependent of the load, )
kg 1s also 31mply 8 functlon gf the b lade form. ;

- TbgAﬁg}al‘glgn;qqelfxcyenﬁ Kﬂ follows from the copt-
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dition that no. freesmment occurs with the autorotating
propeller. With the “notations of figure 4, the component
of the tangentlal force is .. , . T

d T=A4sin @9 - d W cog @7 47

c sin = C cog .
CQSZCP a wp

=P
2

The lelSlon of the brackets by cos® @ and by cos @ 1
together with egquation (II,4);,- yialds* £ % EoaTa W

e
arT-= % r W2 R tR dr (;5 ca - °Wp> (11,8)

Drady 5 '
while (II 5) glves the moment at

- L. A €
iy M= oz f rd T = % Oicap Rue ¥ 5 - ?f (11,9)
o .
and by putting Ag = O,
2

This formula states that the out31de 1/3,0f the, pro-.
peller is driven by the inside 2/3. When plottlng this
Formula (10) conformably to figutre 2, the angle of attack
o referred to a otated incidence ¢ can be obtained for
the’ selected profile, - "But- the values "do- ne% apply £0° exm
treme’ radins R, but to peint r ='~ Re Flgure 5 shows

the values for the Gottlngen alrfoil “429,

sAzial velocity ‘vg.- Now, formulas (II,6) and (II,10)
would vyield the axial wveloecity vg . as function of sur-
face loading §/F, the surface density « and the aero~
dynamic¢ characteridtie,  But we preéefer to follow a differ-
ent route which brings the. phy31ca1 aspsct of the axial
veloclty into better rellefa

3

From a glance at figure 4, it becomes apparent that
the components of the 1lifting forces against the profile
drag:meintain, the atitorotationi Without this.drag the ro-
tation would increase.arbitrarily.: Now:.the power necessa-
ry to overcome. the.profile drog must. be prodnged, somehow;:
it is supplled by the quartlty of air vqg ¥ passing
through,the sectjon.per gecond-at positive:pressure. 15/F.
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?¢ Formula (1I,9) gives fhb moment of the profile drag
at . .. . SR ' ST

and the power of the profile drag at

_Mpu 5 . .

*“Inserting V3 frpm (11,10) and equating the whole to
the power § vg of the passing air, gives:

_ o9 cap3
N' = —p 0 —F— F yv32 = 5§ vz,

Whence the axial velocity:

- 4 S/F
Vd_ = ':-3- / j‘"*"“"l‘*‘—"‘ (II,ll)

= / S:_En (11,12
wlE S B Foew a Ayd ; V/rp 2 A(l4f,,)

with axial~flow coefficisnt:

£ = 4{§h_‘_ - {11,12)
3 -
/ 5 g 2P
‘ Vi .' prz:

_ The autorotating propeller can be considered as a cire-
cular stream section, a klnd of'diaphragm,'throvgh which
the dir passes at pressure - §/F. ‘But owing to the resiste
ance existing in the section only the ¢~fold* mass. passes
tnrough qather"than_@he mags  p Vd F. per second, corre-

KIn. practmce, tue order oi magnltude of § ranges between
= 0412 and 0, 25,
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sponding: 4. S/F.- The:r smaller the. absorpbion of. prpflle
power by the propeller while revolving, the smaller ( is,
and the more "dense" the propeller, Formula (II, 12) shows
that the proflle characteristie- sets. up: limits for

Cap 3/cyp®; Dpractical reasons prevent arbitrary enlarge-

ment of o, et n

s e, .
W :

Lastly, the tlp speed is ,obtained from (II 11) and
(11,10) at T tes . _m B op sesm ;¥

. I11,18)

The greater -0 egp is; the smaller £ (II1,12) is, the

more "dense" the propeller, but 'so much lower the tip
speed,

U

AUTOGIRO ox‘_,J:,_ow_,u'.f;P»s'P'E'ED"RATIO'~
Now we shall see b0 what extent the just evolved for-
mulas for the autorotsating propeéller may be utilized on
the autoglro in level £light.

Mechanismwof 1ift.- Liift, that is,-a. force transverse
to the air flow, is always the result of stream deflection.
At the locus of the 1ift generatrlx in the usual cases
wherein it can be represented by “one single l1ifting vor-
tex, this deflection has precisely reached one half of its
final amount. The latter is readily computed for uniform
distribution from the 1if%t, or, more rigorously, “from thé
resultant air load L. Prandtl's agirfoil theory gives

‘the sngle of deflection: ¢; -of the flow at the locus of
the wing at Ve, "

sin ay (™ ay) _~§‘a Eeee = =2 (I11,1)

: E 2 i
2 v®'Db

wvherein. w -:is the. deflectzon,edmpdnént -of -the f£low at the
-lLocus of.; tme Lify- genaratrix lying - in the &1rect10n 08 o L,
-and CL the coeff1c1ent OF L.:wpu_ : e A -

» Thus *ar the a-alxsls nav Doen equally appllcable to

a. f;xed—wmng system, a dirxect lifting propeller ag. well

&s to any othor 11ft-producing medhanlsm - But the setfing
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with apgle «y does not generally suffice to produce air
load L. L : Lo , T

On the flxed Wing, for instance, the profile must fur-
ther be rotated through the profile setting angle a?’ to

insure the necessary circulation for L, Its amount is com~
puted from the. 1ift curve with slope dcy/dap, . whoso thoo-
rotieal value .is 21m3 'ow1ﬂg to boundary layer lossos
dcap/dap drops tU.Lrom 5. , 2 to 5.9, according to tho Reyn~
olds Fumber. : . ,

These facts ane of themselves well known. . They are’
»merelv repeated here as-.a remlnder 1nc1dental to the tran~
sition to the lifting propeller. v

-Gne can no longer speak of .a profile.setting angle for
athe 11ft1ng propeller as a whole as. with the fiked-wing
system, because. the process of 11ft productlcn occurs at
the individual blade elements. ZEut. 1ts place is. taken by
~another additional angle, the angle of flow ag (flg. 6)

Autoglro t;p-speed ratlo approach1n5 zero.— When on-
the autoglro exposed at small angle to the air stream (fig.
6), the air forces are applied at the individual blade,
‘the. asymmetry in magnitude and direction of the resultant
flow at the advancing and retreating blade leads to gquite
complicated formulas so Ilong as the air-stream velocity is
of the same order of magnitude as the tangential velocity.
One: is.then tempted to strike. out inconvenient terms dur-
ing the: calculation, without fully realizing the effect of
such- procedure - a danger which Glavert (reference 1) like-
wise did not avoid.

On the other hand, the matter becomes immediately
-more. simplified and amenable to -survey when limited to the
Cattitude of very low tip-speed ratio:

;\:y_,gﬁ_.a_,@___ . (111,2)

_or,'ln other words, by a°Sum1ng the forw;rd speed v cos o

“as very small - ‘compared to tip. speed . Then the effect
of v cos a on the -blade forces .is mitigated and the tan—
gential velocity r w is the sole criterion in first ap-

Jproximation.* In this manner the syunmetry of the flow on

*Mathematically this is equivalent in broad outlines to an
onission of (v cos a)® id the sduared sum' (rw & v cos
~a)®, which then becomes r°® w2,

WL
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the 11ft1ng propeller 1s reestabllshed and the approxima~
tion then yields the same formula as for the autorotating
. propeller in.axial flow.(see section"The Autorotating Wind-
emlll ! page 5), which can be employed forthwith. :

. We this apply the picture, of the slightly permeable
”cvrcular disk on which the air, because of the §/F pres-
‘Asare flows 2t = vg through the propeller digk in order to
maintain autorotatlon, t0 the case of obligue air stream
also. The aforementioned flow angle ag is then found,
accordlng to figure 6, from tne forward velocity v cos «
M.and the axlhl velocmty V4 as’ temporarily assumed constant
figure for the whole circular surface prec1sely as the an-—
gle of deflection ay-. R,

. Theory of thrust of the "jdeal" autogiro.— In connec—
tiom Wwith the foregoing, an "ideal' lifting propeller is a
propeller Wlth its tip-speed ratio approaching zero; that

is, of high rotative speed which, in addition, as the re~
" sult of suitable desigh shape manifests constant axial ve-
locity across the entire section (lancet shape). This can
he readlly expressed by a 51mple theory of the resultant
Lforce coefflclent

TV e i o (111,3)

in terms of angle of‘attaek, Wltn tae s1mple asgumptlon ‘that
T the total force ‘§-7Ls %o lie at right angle to:the plane of
‘rotation, ‘i€, 1n'&ifdétihﬁ"0£'the?axie"of rotations

_ Accordlng to flgure 6,

W+'V‘d

Sln (I R e

AP (111,4)
v v

4,r1s0

Under the temporarlly accepted agsumption (as made by
Glauert (reference 1) and Lock (reference 2)), that the in-
duced flow at the lacusg ‘of the wing is:plane and has the
inclination. oy (III,1) known from Prandtl's theory of the
Vlzftlng vortex, equatlon (III 3) ylelda. o ;

v 4. e F;;I?E)
Wi¥h(11,12), we have furtaes, .

18 = ¢ /e (111,6)
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and flnally, wmth (III 4),

sin a =.Z? +>§_~/?;;_“ o ’ (FEI{V)

;iéfThiéAis‘the desired connection.. For the range Withm
. in which‘one may put- cos. @Am l, we find..: LV SRR

o ! . c 3 A ; ¥ . SEhR ,‘ ‘ } . '." .‘-:
ay= -,f- a5 ag © T ..«;;__'g:.zm
...~ » MAccording to this the 1n&uct10n 1osses 1ncrease Wlth
cgy . the axial flow 1osses ‘with Vfcs. We: shall come back
to this later. . : iy Rt S

Lastly, formnla (III,?7) gives, fter resolving thé‘.
>-squared equatlon in - J”cs, the resultant force coeffl—
A01ent )

c§f= 4 (N/ gz + 31n o - §)24 o 2 (111,9)
After the remark made 1nczdenta1 to (11,8),
kg :“5 A here also ‘because.of the symmetry of the

-flow. In practlce, this meang that, with glven form of ro-
tating blade, the tip spbed is only dependent on surface
loading and air dengity (as is'the case in close approx1~
.matlon on, actually built autoglros)

? Comnarlson ‘with model exper1ments.~ The only model

-~ ;experiments which by nature and scope are acceptable for
comparison with the theory, are those of Lock and Townend
(reference 3)., The part of the tests referred to here
pertains to model blades of 1,80 m (6 ft, ) diameter, of
wood,: constant chord of 136 mm (5.36 in,), without twist,
equlvalent to a surface density of O = 0,19* The model
was tested up to approximately 20 O angle of attack; no-high-
er angles were possible 1q_the Duplex wind tunnel of 2.1 by

*The geometrlcal aspect of . 0 is not the same for the lan-
cet as for the rectangular blade. Only the relation with
the blade chord at the tip is the same in both casses.
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442 m (7 by 14 ft.) section without introducing serious
errors. At a tip speed of around 65 w/s {145 mi./hr.), the
profile characteristic on .the particular radius 2/3 R" is
in fair accord with the normal characteristic of the Got-
tingen profile measurements., The shape was the symmetri-
cal Gottingen sectlon 429 of 0410 thickness ratio, modi-
fied to £ive & thlc cer trailing edge, so that the drag fige
ures are perhaps a'l%ittle higher ‘than ia the Gottin
measurements., But in spite of these minor 1im1tat10ns, the
measurewents are Well sulted for comparisan with the theo~
ryv

0f course, it is not summarily possible to effect such
com@arlson with.the lancet-shaped plan form used heretofore
‘in:the analgyrsise . At what value shall we- pub §?

So we first assume the formula expresqed in (III 7)
and {I5L:9); to: be trume, .i.e., that this equation interprets
the-form of: the wegla) : cnrve correctly. This assumption
is legitimate becanse the nonuniformity of the air flow
disregarded in the derivation, while being able to affect
the direction, cannob .- however, influence the amount of the
resultant thrust S very substantially.

Therefore we determine by trial ¢r insert'ion of an ex-
perimental walue, the-.coefficient of axlal air flow ¢ at.
which the theoretical curve is in closest agreement with:
the test pclnts. Figure 7 shows the result for blade an-
~gld . §r=1.8% % The model was .measured at this awgle for
thez&~blader (0 0419) . and the 2-Ddlader : (0= 0. 095)
autogiros. . The graph shows that the trend of the curve as
woll as the theoretically stipulated relation: 1/ 2 - ds
fulfilled for {((II,12). Moreover, this accord holds not
only for -low tip-speed ratio: (great cg) but also for the
hlghest %. reaorded (K = Q, 5 to 0.6).u : e Co

From thls one .is led to 1nfer that certaln premlses
set up An the preceding-section -have ‘been donfirmed. - In .
fact; Lock and Townend (reference 3) c¢enclude from the ex-
act:iextrapolation for: yvaryving blade:pumbers that the as-
Jdrgubption’ relative to the inclimation -and itlie smdothness -
ol Yhesdindueced £ield .of flow is:correct. We-shall see
‘hereinafter, to what extent this actually holds true._

But flrst e examzne “the condltlons of flow and forces
of tné rectangular blaﬁe.’;“‘

*The British text gives hereto, cg = 2 Ly o/ 1 + e®
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Thrust and coefficient of flow of autogiro with rec~
tangular blade.- The characteristics of the propeller with
rectangular blade are:

't = constant and éuﬂddsfaﬁﬁ'

But ow1ng to the changeability of tip speed and axial veloc~
ity along the radius, the angle of the air stream @ (fige
1), and through 1t Op and cap are no 1onger constant.

As concerans the axial veloclty vd, it may be said as
before, that it will be constant when the thrust is eévenly
‘gradeds In reality, however; this: 6ccurs only when 4 = 0,
because then

- )  £
@P @ constant o

that is, the 1ift increases as a result in ianverse ratio
to the radius. As -¥. increases, the oubside thrust rises
faster than on the inside; that is, the flow at the pro-
file is more strongly deflected on the outside and the
axial velocity is thereby reduced agalnst that on the in=
side. No prediction can be made sbout the actual trend of
vqg = £f(r) without including the mutual interference, and
such calculations would exceed the bounds of this reporits
although this abstract’ uncertalnty was one of the very
reasons which lefl to the propeller of constant axial ve-
loczty used at tae belgnnlng of the report.

“Ox the other hand in order to be able to make any
preélctlon whatsoever, about the rectangular blade, some’
" platsible assumption is necessary, and 'so we assume’ w1th
~Glauvert (reference 1) that vy is'4 cénstant value. ;

Then the thrust equation is as before
g!c L T2 WR % dr.
5 Tap !
Herein SR e
| cap,='°'ap ®
by = + S St I

_conseguently, .



18" ¥.A.C.A. Technical Memorandum Wo. 733

FoEn L - Cap & c'ap (6 + _§=> e (111,10)

which, with (II,5) gives the thrust of z blades at

. R
SR - ’f & § =

'zi)ro

lap 0 u? F 3 o+ MQ\ (111,11)

PIRUECE RO AN

.. Ihe coefficient of flow is again computed”fpoml§he con-
;ﬁltTUﬁ thet M = O.; It is s o

i

p Vd VaN g
and R . o
M=z rdTT=2>0cRu® ¥
2
o‘ : - " % ¥ PR L
xd' o L ag® ofpp = Loop| L 12II,18)
ap ) . ap 4 VD T *,‘
Wltﬂ‘ W= O Cone obtalns Ahe equatlon of definition for the
‘coeifnclent of axial flow
n LU . b L R 2 1 a . n i -y .

Glauvert (reference 1) obtains the same formula by reducing
the general equations (A . great) from mathematical rea-
sons,: but wherein the physical meaning of this reduction: .
igimot fortawith recognizable., Then he puts C'ap 6, il

though it should be c‘ap = 5,6  for the ambit of the model
experimentss Then

= 1
M =L (/ $2 + 0.8 cup - 9 (111,15)

Now oy should not be summarily assumed to have a conm -
stant value, because Cap ranges’ through all possible
values across the radius, and ey is definitely not in-
depeondent of c¢5, especially on-symmetrical profiles.
Even though the ouvicr half of the blade defines thrust and
torque preponderately, and cwn still remains sensibl‘
constant, we nevertheless, iuntroduce, for purposes of more

exact investigation, a parabolic relationship Cyp = f(cap),
of the form
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PR

v .

cWE: Cwpo + m,cap

and write it in (III,12) for the tangential force. The el-
ementary, albeit somewhat tedious, calculation leads, af~-

ter 1nconsequent1al om1351ons, to- the -equation of defini-~
tion O !

‘OWP0'+ m elap® 97
. R G_,";.ap..v ( 17'311 c 'ap.)

:-:‘0,

Copges

: E ' cwp +31,4 m §° ¢ B "
xd,z,éa(lvsoeim) : @3 + 0x8 "‘;7.3 (111,16)

(1 ~f5.5~m)

' Comgarlson of rectangular blade proneller w1th the
model experiments.~ From these deduced relations for S
‘and A, the connectlon between Cg and a could be es~

'tabllshed in the ‘samé way as ‘previously for the "ideall
‘prOpeller, hut the ensu;ng.formula would be rather compli-
cated for & theory of the first order. For this reason
we shall proceed in a différent direction which, ‘at the

same time brings out tne connectloa between the two Dblade
formg. '

The puwrpose of the investigation is to dscertalin the
proflle ‘drag coefficient for the rectangular blade propel-
ler of stateéed dimensions, which corresponds to . a definite
figure of merit, .according.to figure 7.  The. conception of
"equivalent lifting proPeller'ylelds the desired connec—
tions "Equivalent" ‘obviously means: eégqual axial veloclty
et eqial positive pressure, that ig, -vq and- S/F ' are’

- equal, - But:it does not signify the same MAg, bécause. the
©.rotative speed may Be altogether .different Dy ‘édual perme-
ablllty, accarding tevthe bla&e form. - '

 With (II,6) and (IIL, 11), in conjunction with u = Xd
we write: ‘ "
P de 2 T (8 Ei\

The 1eft~hand side is for the lancet blaae, the righﬁuhand
side for the rectangular blade. Iz accord with the assump-
tion, S, F, and vg are equal and cancel out, but o0 and
Ay are not equal. Ay and ¢y must be substituted on

the left-hand side, according to (II,10). Then
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o o . e T deeie i b [
- cwpz. o 9 ,'ugg o 3 & 5 )\d‘ v
or EETANL AR PR
o ‘ )\d
b — (I11,17)

]C’ca}?(“.g‘) |

Thls equatlon glves‘ g as. function of O, Cap? ¢ and
kd for the rectangular-blade propeller (Kd from equa~
tlon (III 15) or else Yo = £ (0).

x

. The evaluatlon oi parabollc proflle arag polars is
best effected by ‘defining - Ag with assumed values- of"’
QW?C*:and i from (111,18), followed by 1nsert10n 1n

'“(III 7).

. B The numerlcal 1nterpretab10n is based on the 4~Dblade
oL whEh S 1489, which gave :{:=-0,178. (fig. 7).
With this figure, equat1on (III 17 and 14) gives the con~
-stant. proflle drag coeff1c1ent

100 cwp =1, 65.

?ub the antlclpated f1 ure: lles at’ 1,0 Tabcordlng to the
‘polar of the profile, Gott*ng‘ni429 (f;g. 8), having re-
gard to.the thickened tralllng edge. ‘The models with
V*smaller 6-;man1fest a still nlgher'lcwp."" '

Now, one coulq assume that the 1ncrement of. proflle

" drag with reduced radius be respon31b1é for this discrep—
s ancy. - Wrether-this view is- -correct, can be seen when.com~
bining (111,16) and (III,17). 3By sauitable ch01ce ‘of m we
O0btain for { = 0.178, for instance, the profmle polars
100 Cop = 1e3 + 204 - ‘Cp» . shown in figure 8. So the dis-

crepancy of wcwp*’cannot be explalned in this manner, at’
leaSt!f

1.

4:*Te enlarge Glauert's rule of" thumb formuﬂa cwp (refer—

ence 1) by 50. porcent,'can hardly be con51dered an. exped1~
ent. .t. ’ i
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~ 2 The situation is' therefore, as followss The visualig~
ation of the autogiro of small tip~speed ratio portrays the
type of 1ift curve- ¢g (a) in a very elementary formula.
But the profile drag figures computed therefrom are consid~
erably higher than anticipated. : 5
g So for the present we analyze the 1ifting propeller
of large: tlp—speed ratio and the phenomena of "flapping
‘mation.“ : .
THE AUTOGIRO OF LARGE TIP-SPEED RATIO - FLAPPIWG MOTION

R S
LA

As soon as the forward speed v cos o .ceases to be
small against the speed r ®w of the outer blade elements
-within the 'circle of rotation, the bladw thrust on either
$i4é of the median plane of the autogiro différs consider-
ably~and induces a rolling moment which incéreases as the
tip+dpeed ratio., The incipient rotation about this axis
further causes, 50 long as the blades are fixed at the
hub, 8 pitchiag moment as & result of ngoscoplc coupllng.

La Clerva had some experience with these d1sagreeable
and dangerous moments in his first flight tests in 1922
(referencéeid), and that gave him:-thée idea of hinging the
blades.* - .This has proved so satisfactory that almost all
;autogiros built since have hinged bladés. ' TFor this reason,
we shall 1imit the investigation to this dedign, especiale
"ty since it~ can be proved: that the case’ of a variable
+blade angle is identical Wlth it a8’ soon as ‘the axes are
correctly chosen. : - o

The hlnged autoglro obtalns its rlgldlty simply through
the ‘centrifugal forces of the blades.  Because of the equi-
Ti¥brium of “thrust. and centrifugal force, the blades form.
when revolving a.:flat coning envelope. The.unsymmetry of
the air forces affects theé'ghape and posiftion of this cone,
and this in turn.-modifies. the spatial angle of air stream
of the blades.

*But there are other methods 8L equallzlng tne effects of
unequal L1ift between the advancln ‘and the’ recedlng blade-
ag, for instance, shown in the Wilford ngOPIane (reference
5)y - built according to the patents of W. Rieseler. The op-
pogite blades on either side’ are rigidly connected- together,
but *free ‘torfeater about an axis substantially c01ncident
with the longitudinal axis of the blades themselveses
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b rain Tiew of bhise compliqahe@‘géndition;vit'is iripo s—
gsibl@ Lo reach oug: a;mwwi%hout«sffecbing certaln slmpmi~
f;@ahqansg . SR

n;the mathsmatical aﬂalys;s.>v:x

Autogiro With verv heazy bladger 1n the prmcesses
just indicated the motion of the blades about their root
hinge. in-the: plane through the-.axig:ef-rotation is; of
COUrs e, of sprimazy.- importance ‘becaundgesof:the unequal-air:
flow. This is the so-~called "flapping motion," It is'not
appreciably affected by the "coning motion" so long as the
ge%erabxng coning angle doeginet Aiffer. appreclably frcm
90 In actual practice the difference is from 8 %o 16°
It is obvious that at first its effect on the calculatlon
should be neglected. ; o eraoEe gl

tThl& can be achleved by v1suallzing (reference 2) bhe
_hladas a8 belng encumbered with very much weight, go that
the centrlfugal force becomes great compared to the.aero-
dynamlc force..- These heavy blades are not to be subject v
to gravmty.} ‘Under the effect of an axially symmetrical -
air stream- such a blade will move in the plane pérpendic~
’ular to the axis of rotat10n~ its coning angle will be
fnegllgloly small, . - . il st -

_i As soon as perlodlcally changlng forces begln to act
on such a system characterized by weight and ‘directional
:forca, it results in oscillations. Liebers (reference:6),

'lln h1s 1nvest1gat10n on propeller vibrations, proved that-

the natural frequency of a propeller with hinged blades is
exactly equal to the revolution when the hinges lie an:. the
axig of rotation. And since this is so in nearly svery
case, we shall assume it also in tne follow1ng.

The blade 050111ates at its natural frequency when

‘“thé ex01t1nb force likewise has the frequency of the reve.

olutlons as, in fact, is the case with:the thrust forces.-
,Judged from their connectlon with the angle of rotatlon,-
they might be of the nature of harmonies. . - -

Then the 31tuat10n is as follows: The blades lying.
on the principal plane, ie€e, in flight dlrectlon, manis= -
fest: equal mean aerodynamlc forces for reasons ‘of . symme~ .

_try. 'The*advancxng blade dodges the 1ncrea31ng thrust up—

e b

SR

:*Th1s limitatlon is nece S 88Ty oecaus@ of the changlng mag—

”nltude and dlstrlbutmon of tue aerodJnamlc forces on: the
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wardly;..this flapplng mot.ion is damped by the ensuing an-
gle- of-attack decrease, ‘and becomes thus cemparahle to- the
additional force, that is, hlgaest in pitching. The oppo~
gits applies to the retreatlng blade., We therefore may -

~ expect the individual blade to move sensibly in a plane
ceiimelined relative to: thie’ briginal plane of rotation, and
~§p oo If ically,” vndor the nsbablishc& assumptions about the

'ax1s of pltchlng (fig. 9)5 .

Equatlon of flapplng motlon.- The mathematical analy—
sis of this gocneralized motion ig largely based on Glau-
ert (reference : 1) ‘and Liock (reference 2), but with the
following simplifying’ assumptlons' The blade (bending-
resdistant and. stralght) is, evenly loaded with mass m per
unit length. Then the dynamlc cquilibrium of the moments
about: the hinge. at, each angular blade scttlng ¥ in flap-
ping motlon is

..2

5 . ﬁ )

d 2 + R i dr Iv,1)

f T uS ‘ f mir w B r dr f m 2 T t ;4( 1)

'Moment‘of thrust &= momenh of centrifugal force + mass
moment of inertis. - & :

By 1ntegrat1ng th'e rig ht~hard §ide,; the moment of

thrust (J = 1nert1q moment of a blade about tne hinge axis)
becomes. : s ~
o . i ¥ = R RO w K3 T T . . W s .
~i.u§-;;gi&dt? ;“p;:afr”:“- , oot y

Then the flanning motlon of the blade is expanded as a
1Fourler series: ln,qg'f;“ o s i :

5 ; B;‘" Bl COS (¢;4 W15"“.sé-ébé 2m(W“; wé)féi-cwpijﬁi
7;7¥ sin (Y = @1) = vo sin 2 (¥ =~ P2) ~ oed

(IV,3)

This general equation of the flapping motion can be
mgterially simplified by applying the previously cited
physical approximation. - To begin witl; we retaid only
first harmonics and so reduce the spat1a1 flapnlng motion
to 2’ *gimple plane motion, ~ Since, in ‘addition, the later-
al inclination of the plqne of rotatlon is ne#lecte& ie€e
¥ is computed from the redar p01Lt ‘of the symmetry, the
formula reduces to ‘

b= Bo - Py cos ¥ (17,4)
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e e s e N : .. 4 :
This is writben ix}j({__IV‘,z-) ;. Wligieehy E% =.0 ', * Then:

Wlth slmple harmonlc flapping motmon, the momenx of thrust
:at. the blade is therefore constant,- “independent: of. the an-
gle of rotation. It is equal to the (constant) moment of

the centrifugal forces set up as a result of the “conlng
~~mot:on.ﬂn T AT 8 BT TS R e

Wlth heavy blades, 1.Q., plane motlon, as~we shall
assute them,, ﬁo‘“* 0 (fig. 9)« -Then . Mg 'dlsappears}%

pﬁalso, compared w1th the other moments acting on. the blade.

& must be expressed as- functlon of the thrust.
. V91001tles and aerodynamic forcesg at the blade.u As in

the section MAvtogiro of ‘Low- Tip-Speed Ratio", page 12, the

air stream (with respeet to the plane at rlght angle to the

~axis of. rotatlon) 0f. the .autogiro at angle - is repre-
sented by its components (fig. 9): T

.t

“Nﬂw’fM

- Forward -speed, . v.cos 0&,=,7~. .,

CAxial velocity, vy = Mg U.
The-forward speed in; the normal plane is resolved for each
¥ into its components along dnd perpendlcvlar to the blade
(fig., 10) wh1ch, together with the rotary motion, give the
cx and Cy "egomponents of the speed ¢ relative to- the :
blade clement at right angle to the blade axis (e Ligs
on the plane through the axis of rotatxon), accordlng to
figure -1l and with "Br=5B; cos™y  at.. wor

cx.= C ¢o8 @ = r. W +. A u sin ¥ .

AN o+ Bl Aucos® ¥~ 1 g% (1v,6)

I

'=°y-: ¢ sin O

Apreﬁés-;ﬁsy, ﬁl ku.cosz\k 1s the comPOnent of )»u .cos.

(figs-10) -in- dlrectlon of the blade axis, - and dt the

Lpe:péndlcular ve1001ty produCed by the flapping )

Accordlng to (IV 4) and flgure 9'

as _ o B R LT P
Bomoemy (17.7)
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It can be shown that the effect of this flapping mo-
tlon is 1dent1cal W1th a blaﬁe~an 1e change through

L &

A‘&"‘B]_Slﬁ\lf
when gubstitutlng for- the "flapplng" a: ”fixe&" propeller
whose axis of rotation ‘relative to the Fivst” igt inelined
at Pi to the reary: This’ is readily apparent from fig-
Lock (referencc 2) gives elaborate proof, deduces

ure 9.
all formulas for both-cases, and prdves:their identity.
°,:"Thgn5Weiput ab before, uwﬂﬁ“vx": ORI T
y S' ‘.‘ ) i 'vr.’;.,‘- l- Cap = ap c ap ! .4; o ¥

[
Gl i

Vﬁso the fntust element’ at the olade of éonstant chord %
becones

b
2

Again .
up o+ Y

at constant blade angle &, consequéntly,
k ap . c? = .(cp_4+ 4} e,
or with (IV 6), wherein sih‘@ = m'(by = ¢ @) and cos @
=1 (ey c) Lo e ComE L pet g omy
. o
Thus the thrust component becomes
'1if$§= % c%ag 5 d?.(cg cy + 9 02) (1v,8)

The comnanent of the tangentlal force is assessed in simi-
" lar-manner: ; :

2) (1v,9)
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Flapping angle, thrust, and coefficient of axial
flow.~ Thec subscqguent stage of ‘the -analysis is explained
on the very simple calculation of the flapping angle fi.
In:the formtla. (IV,5) for the ‘thruast moment of the flapping
mot. ot we. express Mg as sine series, stopping - as for
B e, afterwthe flrst ﬁerlodlc term. Then : : ‘

tfcﬁﬁo 71 sin —'50 w3 3

Since there aro no periodic terms at the right-hand
side, the coefficient of sin Yy at the left, must become’
nulls And PB; is therefore obtaincd by writing the into-
gral for Mg from (IV,1) with the aid of (IV, 6,7, and 8)

and putting.the sum of the terms with sin ¥ egual to zero
after” 1ntegrat1ng. fhe result is:

51-2'2(<k€'+'% 3) 33 (IV,lO).
1

Similarly, the total thrust is:

_~p .}\,d 2
.s—z Pcyu F[?+—<l+ 7\)] (Iv,11)

- e

and the coefficient of axial flow ANy (by pﬁttlng the mo-
ment = 0) from the sensibly symmetrlcal formula is

- L By = . -
C.Wrp 5 14 = )\" ‘8 }\’2

5Tt (1L + A) = Ag -——~——§~—-——-—- o § - 1o

- Clap . . —'A? B 1 e AR
- 2 2 .
NERE L R L
)\.d‘ ~~~~~ i‘—-"z'" + g G4 ——— i‘“'“z’"' IV ’,_.ig)

1 - 5 N 1 - 5 N

These are Loeck!s formulas.

Comparison with model experiments.~ This time the
comparison is made unlike that in the section "The Auto-
rotating Windmill¥, page 5. The test data for Xk * in

*Fron LQ after extrapolation:

ke = 2 Lo /1 + €2
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v

~reference 3 and the corresponding A values (fig. 12) are
“wrltten in” th@ somewhat modlfled thrust formula (IV ll)

iy Z

:; , 2 k k ‘ : ’ :

Ag = ““‘T“‘ - = (1 E —~A§> ~(Iv,13)
o e ‘ap

“whcrefrom Kd 31s deflned. This permlts the calculatlon

: of Cup from (IV 12) (and at’ thc sanc time rendors tho

comparlson 1ndependent of the 1nduced flow,‘as explalned
elsewhere in.this report). :

'The data sLown in flgure 13 are not readlly 1nterpret~
able, espec1a;1y as concerns  Cyg To be sure, therc al-
ready is & rather Tational’ approx1mat10n to the antlcipatn
ed amount’ at low A (high ), dubt’ the stobp riso at: Tow o

gshould, if it were real, bc followed by a rise of -hg. .~ for
rcasons of cnergy rcqulremcnt (oquatlon Iv, 15). ‘The oppo-
51ﬁc is the case. T "

As1do from tho valucs employed hereto,,we also meass
ure& “the flapnlng angles, i.e.s; the whole flapplng motlon
was recorded with a smzll mirror attached at’ the blade"
root. The first tuing noticed was that the actual- blade’
“motion differs very little from a simple harmoniec 0301lla~
tion and that the lateral inclination of the plane of ro=-
tation disregarded so far (the terms with sin V), is van-
ishingly smalle Of course, this close agrecment is valid
only for this particular model, whose massive woodon
blades are dynamically ualike to actual design. Lock (ref-
crecuneo 2) expresses the relation of aerodynamic forcc and
ceatrifugal force by a nond1mens1onal factor,

W

clop R*

Y o= . ““Kiv;14)
J o

Accordlng to hls data on actually built autog:ros,
thls Tonges. botween 6 and 10, wheroas the model shows . .
¥.= 2. .Eencec his blades are three to five times heavier
'%nan at full-scale, They strongly approach the ideal of
the "heavy" blade, on which the calculations of this chap-
ter arc bascd. . . '

To be sure, as soon as the computed amounts df’fiép—
ping angle Bi are compared with the measured values (fig.
14) the accord ceases. The computed Pi1 are only about
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e
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amd & momemt cogfflclont

stwo (thinds df’thé'meaéured'”ﬁl, although the trend of the
quves Iis wet¥YL fairly "the ‘'same; and a discrepancy as
large as that cannot be explained away by 1naccuracy in
calculation or eyperlment. ,

i 1
! v \

Criticism of the assumptions.~ The very fact of such
a dlscrepancy in flappln angle By gocs to show that the
et oment @bout ‘the Blade hinge produc1ng the " flapplng
mobion -eonld not have been correctly conceived. Thé mig~—
tako originotces in the: fact that the air strikes the re~
trcatln? blade partly from the front and’ partlj from.the
rear, thus producing anglcs of attack up to 180° along the

( ko4 £ s

5ﬁpgggg,“’oby;ously, the assumptions c‘ap = constant and

cﬁé‘n constant com no lemger give cven am. ‘approximatcly
R v {c S pmoturo, ‘in  that' casé, ¥ by ‘virtue of" S practlcally

ks comwlete breamdown of the flow across the‘wnole¢blade.'v

o
En o*der xo galn sone 1dea of the magnitude-cf tmef
error, we computed the thrust of a blade dnd its noment
about the hinge axis for W = 270°, first accordlng to
formula {IV8). then with the actual prof il coéffzc1ents
(Gottlngvn airfoil 429).° (Becaunseé of thg. raﬁidly chang~
ing a1r~flow condltlons the latter: can, B ol course, “aflgo’"
be: c@nsm&ered only as approx1mate YFE L Thd result is plot~
t@i dAn flgare 15 in form of a thrust doafflclent,v S -

h»,‘ e . R SR P SO Y
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=s ity

kms = ks

Tho difference (shadedrﬁo}tio@) represents the margin of

VS

*Lock (refcerence 2) himself states: "Finally, it may be
worthwplle to attempt to meet the criticism, that- in the
analiyBis v, a8 s%ructuye is srected on. the Dasis of  tho.
asoymgtxon‘a (ngmely - Cap. —fc‘ap a, . and wp consﬁant},
whick.is 99 hoayy for it. Yo bears

.**Note ab proofroadlng, .Upen:closer exam;natlon,‘zt is

found that the unstcadincss effccts arc numerlcally-of né
grecat congequoncce.
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-the computed over the actual moment, exceeding the latter
by more than 50 percent. : :

' Now, since accordlng to the basic law (IV,5) of the
flapping motion, the thrust moment shall remain constant
during rotation, whlle on the other hand, the actual mo=
ment-at Y = °7® .is much lower than the compubed moment,
the moment on the.apposite sido (W = 900), computed cor~
rectly because:the - remain small: there, must be reé:f
~tuced by an identical amount. That is, the blade must .
here intensify.its upward motiom dp/dt to insure 1ower
profile angle of attack, For reasons of symmetry the xev
treating blade follows this motion in inverse dlrectlgn-’
but, operating as it does in pracﬁlcally separated attir’
tude throughout, there is scarcely any change in thrust or
mozient, Consequently, it is the advancing bladé which
produces all or nearly all of this difference, and thus
supplies the explanation for the discrepancy botwecen the”
actually_measurod and the computoed angles ,Bl.

It is hardly possiblo to oxpre 58’ "the actual hchavibr
of the profllc analJtlcallj by any rclatlvcly simplo- for—
mulae Graphical represcntation with duc allowance for ‘tho
necasured profile’ coofficionts Jlelds genorally appl;cablo
results but only at groat exponse of time and labor. Thus
there renains one alternative, and that is, to bring thae
nathenatical intecgration data into rclation with the "in~
togral values“ moasurcd on the wholo rotating wing. Thea,
wc obtaln w1tn tho data of flgure 14, the approx:mation,p

 Bigge = @ B 2a(ng+39) — (1v,15)

wherein a ™ 1,5 for .4 =0, & ® l,4 for J = 1. 8°

The énumerator a obviously varies very little with tnc
dlfferent blade angles, but may perhaps Ye- very sen31tive
to’ ‘changes in profile or cbaracterlstzc. . The Tise .in flap-
'Dlng angle must be so much. greater as tne llft curve is
poorer and tne maxmmum 1ift of the profllc 1s lowpr.

Tho thrust of the individual dladoe at fw 270 is
also a littlec lower than computed; owing t6” the accolor="
atcd flapping nmotion, it will egually Do a 1ittle lower
at .= 90 ‘But opposcd to this is an 1ncramont of tho
thrust quota of “the blades lying ih flight Hirection "~ (W
O°~uné 180 ),‘ for thore the spatial alr stroam anglcs be~

e ew s [ [ T i, . IS i
aE N - i O : e R
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come.. somewhat greater. as.a-result of greater -fi. The ul-
timate predominating effect, howeyer, can be decided only
by elaborate graphlcal 1nvestigations.

On the tangential force* and its moment (flg. 16),
the difference in trend.and amount is esp601ally con~ , -
. picuouse The profound: impelling moment appearing in the
ealculation at Y = 270° does not exist at all in real-
itye. This explains why, when evaluating the test data
according to (IV,12 and 13),. cwp shows such a.marked in-
crease as ‘A increases without a contemporary rise of Ay
{fig. 13). The rotating power of the blade 1ift, greatly
overestimated in the calculation of this part of the path
vields the apparcat energy which must be equalized agaln
by COrrespondlngly hzgher profile drag., In’ reallty, cwp
shoild not increasoc materlally nor should Kd decreaso
substantlally. "

The reosult of these investigations is the knowledge
Shat the mathematical analysis of the processes on the
.autoglro of high tlpnspeed ratio is confined within com-
. paratlvely narrow limits, which are due to the difficul-
-ty of reproducing the air force coeff1c1ents of the blade

profile analytically correct and of accurately appr601at~
" ing the flow phenomena 1nvolved at the olade.

, ‘In the follow1ng section it is shown that’ the hither-
%o accepted considerations thomselves are in noed of cor-
rection as regards their fundamcntal physzcal concepts.

THE INDUCED FIELD OF FLOW AND ITS EFFECTS

The airfoil of larsge chord.- In all considerations
thtus far the inducod flow had been assumed at half the fi-
nol deflection, in accord with Glauwert and Lock (as do~
tdailed on page 14, on "Theory of “thrust of the ideal auto—
giro," But, can this hypothosis which, according to =
Prandtl's airfoil theory, is limited to the simple lift=
ing vortox, actually still be con31dorcd hore as satis-
factory approach?'

-

nd experlmcnt ig here also more coanvinecing than all
‘ dellbcratlons.lnﬁgo validity of the concept of 11ft1ng

*Actual Lt \cfﬁﬁa”(é&é sia @ #'cwp W;th cﬁp = 0, 612
to 15° then kg = 0 (resultant at right angle to
chorg?
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vdrtOXVfOr tne Airfoil of usual 11ft/drap ratio. is corrob~
orgdt84 by the fact that-the 1ift increases. }1nearly with-
the,aﬁgle of attack andj ~upon conversion to- different: ass
pe¢tﬂratlb in accordance with Prandtl’s fermula, maﬁifests
,aJNVQStgﬁt‘ dcap/dag, which is possible only-when:tho:

figl flow is 2-dimensional. Now,:éXperiments: With
Very thick gairfoils, partlcularly now American’ sectionsf'
(reference 7), among which is an airfoil of circulér -plan
form and similar profile (Clark Y) (see fig. 17), disclose
for deereasing slenderness ratio, »an increasing cur?ature
of the’ llft curve whiech compared to "the stralghtallnes
ob;alned according - to the simple- thecry of the: 11ft1ng
vortex, fall off contlnuously.;$&v~h; o _”

Cogslder, for example, the proccss on the 01rcular
alrf01l" Visualizc the ai ,011 divided into secparite, i -
trahsverse 'strips; that 15, trwnsformod as it wero, into
a mu1t1p1uno with wings spaced closely behind one another,
The air flowing off from the most forward partial wing is
.qalready slightly deflccted. becaise of the Lift production,.
e strlkos the - second wing brond31de at a sllontly snaller
"”angle than the free f16w1ng air to the right and left of
it.. . Cons equently, the flow w1th1n -range of the second
w1ng is’ already. semewnat cuxvcd. The process continues-i
over the, chord ‘and. produces through the progress1ve1y in-
crea31ng. yet con51stmntly dlmlﬁlsnlng, dcflectlun an’ nnn"
symmetrical curvature in chord dircction also, - ‘Thel Field’
of. fiow musf refore be spatlally curved, a klnd of "sad—
dle. surfacc. b ”

2.:,--"

It can be inferred therefrom that the rear portion
of the wing, particularly at low-.anglos of attack, is un-—,
der. &, smallcr offect1vc .angle of attack than Wlth plano -
flow,,w R o . i e '

Tﬂe trend of the momont enrve (flg.,l?) bears thls””'
out. Theo mement about the focus (referredito-a, "mean! .
profilé at ‘latcral distance 4R/3m from the conter) is,
at low 1lift, substantially less than for the sleonder ree-
tangulgr wing' (A = 6). The forcmost-CeDe p031tmon is ,
~ 28 percent from the lecading edge for thHo 31rcu1ar Wmng
and ~ 39 perccnt for the rectangular wing w:th th@wsumc
Cgq (~ O 45), The 1ift of the cirecular wing is- thcrofore
substantlwlly closcr to . the loadiag-edge, vhich mdy [ be
vicwed das an effect of the cited asymictrical curvature .
of the flow in chord dircction. - (Wc shall not go into the
pecullar stable behavior of the mament at higher- Cpeli



32, NokeCohs Technical Memorandum No. 733

¢ oo o D be sure, the airfoll of large chord has not been

1 emat1cally analyzed as‘yet. Eugdamentally, the pro-

11 Wlll probale foliow in’ ﬁupport of the desecribed
.pro qss. Eaca of these partlal wiags Would probably be re~
"plaood by ‘a svstem of tralllng vortlces and the velocity
field 1nducod tnerofrom computed. But"as the circulation
of oVory “on'c ‘of these partral Wings' w111 bo affoctod by
al¥the" others;ﬂthe calculdtion Wo%ld become exhremely
coﬁpllcaie& # . . R

A
P+

" The™ p031tion of tne dlrect lifilng pr0pe11er 1§ even
lesds: hqgeful. Whereas, with the ﬁIXed~w1ng, the lelSloq
into ‘separate rectilinearly bounded strlps with ¢constant
de,/da  seems still possible, “this ‘striy method would ‘be™
im90351ble to apply to the rotatlng wing; . dca/da would
change’ from one p01nt ta thé" ‘néxts An 1nv0st1gat10n of .
thig’ kind would call for exPendlturos out of all propor;ﬁ
tlon té the gain der:vod from, 1t. Honce a sultablo ap~'ﬂ
'proxlmatlon must sufflce. o

LLLLL A Me RS Lk T e The T T

C Tho ﬁsubsﬁltuto" autog;ro.~ Slnce we must ﬂnogo bu11d~
ing u@ the field of flow from the” dlfferential, we, mist Beu

gin with the 1ntegra1% 1.3.; with the experlment on . the ", ‘
whole moael aad then draw"éonclus1ons a posterlorl.g Ad—

mittedly, suca summary proa‘dure affords onlJ summary re~
sults. Buﬁ ‘a degthod which renders the prOcosses at’ 1east
corroct as to type is always proforable t9¢ one WHlCh 1s”j
hfpatontly wrong.} Even if it does not completely ansyer C
the demands of physmcal ‘exactnes s, it novortholoss gives. .

the engincer some foundation wupon which he cal base Hi§
analy51s w1th some measurg, of conflaonco.,

'f: Tno process of roasoninﬁ 13 as follows. Tho real )
lifting proPGllor ig roplaced’ by a’ sibstitite propeller
without flapping motion, whose ficld of flow is roadily -
computed; it inclines.at  ag %o the normal.plane, .The
difference between the (measured) angle of attack . « and
the thus .defined ad*'ls the induced. incllnatlonf oy - of
the Llowe ° : o o _ , T

Now what dbes the substltuﬁe propeller 1ook llke? .

Of course, ‘1% should have the samg_ shape_ as theé’ real one,
in order to0 make.the trans:tlon pos slble, but reiatlve tq
its flow condltlons. it snould correspond to. ﬁhe llftlng
propeller with tlpuspeed ratio’ approachlnh'zero, descrlbed
.in the.gection "Autogire of Low Tip-Speed Ratio", page 12;

that ig, it should be tractable with the simple formulas
derlvod thore.' Tne thrust coefflclent kg “is to romain-
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unaltored., And tho remarkable result - the inner Justifi-
cation of this procedure - is that the corresponding pro=-
filec drag coefficicents with this substitute are actually
in quite close agreement with those-anticipated from pro-
file measurements, so that conversely, starting with pro-
filc mocasurcments,- reasonable figures can be obtalned for
the 1lifting propellor. -

From (III 11 and 14) we obtain'

’ks":: O ct ap (\‘5 M)
and | | > (v,1)

and

cwp = 2 clop M (M + 235) )

‘The thrust coefficients k, are taken from figure 12
as mean values in the pertinent range (o = 5 to o = 15 )3

ctap 1s, as before, put = 5.6, Thus, we have:
$ =0 1° 1.8° 1.8° (2 blades)
kg = 0,016 00,0195 0,023 0,0115
>\.d = 0,030 0,025 00022 0.022
lOO CWP = l'O 1003 1008 1.08

The amounts of cyp show tne anticipated order of magni-
tude. For more exact comparison the profile 1ift figures
at which the various propellers operatc, should be taken
into account. We introduce, according to Glauert (refer-
ence 1) a "mean" 1ift coefficient

— 3 kg

Gap = 5 (V,5)

£

that is, the ¢, at which all proflles of the rectangu~

Jlar blade would have to operate 1n order to give tna same

-¥The. reason for this, at“first},astonishingmresult, 1i65*
probably in the fact that cven at high tip~spced ratio .
the flow is still sound over the major portion of the pro-
peller disk and that the portions with separated flow con-
tribute 1littlc to the torgne.
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"'ké’. Thé f‘igures are« ) ‘ . - ..‘_5:‘ SN TN R T '7.5“ RS eyt ‘ i 5
R{fﬁfa o° =f'1°_: ;{~1,5°i" 80 (2 blades)
H???é@, 0 25 “ O 50 | 0 36~t: 0 861 N, o
At these 1ift flgures our computed Cup” afe’ accordd
ingly 15 percent higher. than the- Gottlngen measurgments
for t =0.2m, v = %0 m/s (fig, B) which, as already
stated, is about eguiyalent. to the profile characteristics
at 2/3 R. This dlscrepancy eah’ be tngualifiedly explained
by the thickoned trailiang- cdgo-and -the probadly slic ghtly
d@ifferent surfaco rou hncso. £ R

The transition to the: whole autoglro is most convens
iently accomplished by substituting the "ideal" autogiro
(see page 12) for the "gubstitute" autogiro, which differs
frofm the latter only in 1ts constant axial-velocity over
the whole propeller disk.

15 : Bhe: axial f£low: coefxmclent -E can: oe expressed through
;(ll 7 and- 10) ‘in, terms of ks and Kd . .

whenece .o (T, 4)**

The results for the four analyzed propellers arei’ -
9 =0° 1° ©01.8° © 1.8° (2 blades)

C ~=O 240 O 178 O 148 - O 208

*Accordlrg to (II 7),~ Cap ‘1s 1. b tlmes that of thc con~
stant cyp  for the lancet—shgped blades, whlch 1s connect~
ed with t e dG;lnlthn of 5.

'**Identlch with cquation (ILI 17) ;altnongh (V 4) 1s veu~
‘qerally valld ,1ndonondonh Of bln o form.‘ )

1
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C.Thede akidl flow figufes afe ¢considerably lowor than

”;thove compiited. in:section,. pagesl1l24 - The rotor blades seem

to bec more solid, so to spoak, because of the lower profile
losses. _ . .
To establlsh the induced inclinatién,"al of the flow
on the "substifute, " we- revert to equation (I;;.S) and

figure 6.. Then~-~ T ST S - B ow
* d : ’V COS 0' o8 &
or ay = CVFES.SGG a L i R (V45}

The result: of-the model tests-interpreéted with this
formula, is shown in'figuré 18, ~“Inéidental to this, it"°
should be noted thats SRR LA 8 S ¢ P

o dy  is. the 1n011nat10n of the “subst tute” flow, that
is, that plane flow yielding the . same.total propeller- i
force as the actual, 3~dimensional’ curved flow. The de~:
grec of curvaturo ‘obviously is bound up wzth the permeab11~
ity of the auntogiro,. . i FETL

This becomes especially cleaf.with the limiting tran-
'sition (cygp—>0) to the "solid" propeller. Here %6 . air
passes through at any point. The thrust of each element
of the propeller surface is. givenvwith the blade form and
blade angle and independent of the adjacent elements.: The
+induced flow must follow the'plane propeller surface, that
is, be plane itself w1th1p range of the proPeller dlsk.
I3 However, with the grow1ng permeablllty contlnuoule

larger masses of air pass through the forward part of the
propeller disk, are deflected there .and lower the effee~ °
tive angle of flow of the rearward lying parts. Through
this process the forward part of the propeller 1s, in con-
sequence, more heavily loaded, the rate of deflection is
more rapid, and the curvature in longitudinal direction
will, as a result, be greater than in the rearmost part.
The major portion of the propeller thus will operate be-
cause of this unsymmetrical curvature, in a flow which is
alrcady inclined at more than half of the ultimate angle
of defloction cg/2. " Conscguently, the plane substitute ;
flow must incline at more than cs/é.-;n
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Corge 1s seen how ai ‘and- vd are 50 much more closely

\?ceuple@ togeﬁaer as tae permeabilify,_expressed by §, bew
“comes greater. .

oy This is fully. substantiated by figure, 18.,‘¢he greater
By lS, the. smaller g,\ ‘atid consequently,‘ Q5 also.” The
pomats for cadh of "thé thred four-bladcrs” 116" sen31b1y Qn

a straight ling. The figurog for the two-blador arec, #8°
cxpoctod below those of thc four-blader with equal 4§,
because of greater permeab;lity Admittedly, they spread
more and also are lower than would correspond to the per-
tintnt.{. Perhaps there are boundarj'éf discontinuity inw-.
terferencog in aection on account of”"the small nimbor of
bl&des.

Owlng to ths small numocr of oxperlmeﬂﬁs QVallable
for tnn'evaluatlon,‘lt ig Aifficult to dccldé whothor ﬁhq
a3 lines actually are straight and $o wWhat” oxtont £ ag’
.woll as..h . (owing %o, the nonuniform 1ift.digtribution
'traneverso o the. flow) ‘has .ony. offget, on. Gy B esmdcs,;

it . shou&d bc romcmberod that ne mattor bocombs go much
,zmoro uncortaln ag .o ng smallor.r For, 51nco the ¢1applng
10 irncrcascs (1ncrease of R)Y the mﬂreemont of . the T;g

turust of the real' with the "subst1tute" propeller ‘becones
~cqousistently poorer. . The real propeller probably.still
~8ives -~ 1f 1t has not alread; ‘fallen out of step - a . small
poqltlve tnrust, even at o= 0y, Whlc according to (V b)
would yield a. negaulve @1'= this 1s,'of course,'lmp0531w
ﬁble and thus GXpO%GS oao fuﬁdamon%“l defect of our ana1y~
¢51s. .
h It would therefore serve, for the tlme Delng, no use~
ful purposé to oxpress “tho oy ‘lints conformably to fig-
ure 18 in mathematical form. . What weo lack are further
model cxperlmopts uf su¢flclcnt1y 1arge scalo (and “as nuch
ag possiblo, in anAopcn jot)s Uatil then, tn,‘emplrlcal
elatloﬂ n1p of flgure 18 must sufflce' ‘inteérmediate fig~
~urces arc ot of the quest1on Decause of the e:"SSively
dov1at1ng forms._ N

R .

. Bebavior of autoglro in curved fmeld o flow.~ Tne
gbneral’ applicablllty of otur aﬁalvtlcal method is cohtln~
gent upon being’ cognlzart of the fact that the field of "
flow can. bé. curved. coﬁswderably w1tnoat aflecting tae i
togral of "the” “tarust,and of the moneat, as al; “dy estab~
14shed by Glanert (refe“once 1) for a, Lartlcular case. 'ﬁ
To explain the observed’®lateral ‘connon rents, he" temporarily
assumecd a semicircular flow curvature which onsues when W
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is allowed to increasecevenly in chord direction from O

to its ultimate value v-c§/2. He finds that this certain-
ly exaggerated curvature does not affect thrust and moment

when compared with the figures for plane flow whose incli-

nation amounts to cs/4. That such symmetrical, semicircu-
lar flow is impossible by virtue of the interaction’ of the

forward part of the propeller on the rear part, has already
beenrpointed out, S

. Now let us examine another kind of flow curvature.
Anent the rectangular-blade propeller,.we assumed - vy as
constant across the propeller—disk area in first -approack
(sec page 17), although the thrust loading adjacent to the
tip is certainly higher than next to the hub; the differ-
ence inecreases with $. And we already p01nted out that
time that the axial velocity next to thoe hud would be
higher than away from it.* e R

To simplify matters, we chosce a rectilincar outwardly
decreaging distribution of tho a11al velocity of the form
(fige, 19)** -

_ T
wev (-23) e

\, .

o

Thib' va must then be brought 1ato relatlonshlp Wlth the
elsewhere used constant ' vg; " we wrlte these quaﬂtltles
as mean values with a dash tnus.r” s '

7&3'?1@',. e

The connection between these two torms is established by"
the physical condition that the total amount of air pas
ing through per sccond be the same. This is cquivalent to
2 constant mean anglo of axial flow,

PR

Vlsuallze the*llftlng propeller as Hav1n a'blg nole in
the center, through which air passes unrestr1ctedly. In
this monncr the mitual interference of all parts of the -
propeller dlsk is know1ngly disrogardecd,

**Topethor’ with forward spced v cos ;- it gives for the

field of flow a readily. tractable 3-dimensionally curved
surface,. ‘
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"'The volocity distribution.of equal quantities of flow
therefore have the point r = = R in common (fige. 19).

In this point the axial veéelocity correspohds to thée con~
stant vy “employed elsewherss -~ The most dimportant  part -
of the blade lies also in this vicinitys - (See (II,10), .
page 10.)

‘Then we compute S a@a' Ag with (V,9), as before;
the result is
v iy T ' 2 o et 4 . " a
5=z elap o u T (g> + E ) e (v,lﬂ)
or, exactly the same as formula (III,11). The thrust Tew
mains unaltered when putting Ad = Ad,  that is; the rew-
sulbtant amount of flow remains the same." . The latter- qnan—
tlty isg’ COmputed from the . equatlon of definitlon'*'~
s ap Bt ey heE L O s
TP Ao 2ptngd #M&%.§?~ e I e

As a check on tqo accuracy of the method, the 4-blade
model with & = 1.8° was chosen, for which at wvg = con~
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I SR

stant, the coefficient of axial flow was Ag = 0.022, 1In-
‘stead of’ computmng kd with given -GW§~ by’ variation of
P, it is more convenient to define ocyp TFor A = 0.022
from {V,11). So long as .cyp remains comstant, Nz also
would not change in the other case; But‘ié.increasing cwp
qqul@}hqu as.cpunterpart a decreag;gg, Aa- .

Thus, (V 11) 1Ves.

RS b 4BP? T - 4 e DD

c "= 0. 001 + 0131~ :
. Pwp 2 o 2
- mgE o 1B
:' The result’ of varylng p is uho*'m 1ﬂ flgurq 20.-

- Cyrp remalns‘gen31bly constant from p=0"%t0 p = 3/4
Tho Uractlcal raagc of = P must, by V1rtuo of tno cqualﬁ
ization proceos, lie between . p =0 and the figure as~f
sumed for uniform thrust gradlag, estlmated at p = 4/5
for the outer thlrd of the blade w1th E“'—": constant

BAccordingly, . the actual Value of p for oy = - 1,8° - ghould
lie in the nelbhborhood of ,l/Z for mlrlmum\ Cwpe S

According to these examples, the distribution of vy
ig not overly important as far as resultant. turuvt and re-
sultant moment are concerned, provided the correct mean
value of vg has been attained. -This fact assures us
that the results of the foregoing scection will not be much
at variance with reality, ¢veon whon the assumption wvg. =
constant has not been wholly complied with.

THER LIFT/DRAGrRATIO CURVE (CHARACTERISTIC CURVE)
. OF THE. AUTOGIRO
Orlglﬁ‘dﬁd'resolutlon of JOSSéS.Q‘Héretofore the'afag

of the 1lifting propeller had been intentionally 1gnored
so as not to confuse the issue.

In the deductions for the autogiro of 51a11 tvaspeed
ratio (page 12) it was legitimate, for reasons of ‘symme-
try, to take the regsultant thrust § at right angles to
the plane of rotation," that -is, din propeller axig dlrec~ '
tion. Its setting was 4t flow angle Qg to thé inclined
flow with induced angle  aj  at the ldcus of -tlé propel-’

a . T : D S
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lcr, in order to produce  §. Then the component of 5
tnc dlrectlon of undlsturoed flow 1s

Gy ok £h » ol &

,ﬁ)‘::’.\..t?f’ s Enn W + Wd == Wsub 8 sin CL T T (VI“;I)

B e L

Wsub = drag of sub tltute automlro, that is (accordlng to

the section "The Ianduced Field of Flow and Its Effects",
page 30), of the autogiro rcharacteriged by identical form
and tnrust but va41sh1ngly small t1p~speed ratios. .-

The Lorm of the polars 1s not suitable for plotting
the drag of the autogiro, ‘because the condltlons are sen-—
sibly dlfferent from'" those of. the fixed wing of’the usual
dimensions. ' The drags at high and low ‘051 are go utterly’
unliks, that a linéar plotting would giﬁe'only-a very ine
complete record of the figures'at low ‘¢, " where. tné‘begt
llft/dra ratios of the 1ifting propeller’ “roally Tied A
is therefdre botter to plét the 1ift/drag ratic instcad of
the drag coefficiont. Such a curve gives:at the same time
the drag of a lifting propeller of consiant loailnn gt the
d1¢ferent oneratlng attltudes.

. Accorilnﬂ to the aforesald, the llft/dra ygﬁ;q-ofaﬁhe
substitute antosiro is w1th (v, 5) S e LM T 5

S

w3

€sub“~ tan o = tan (al + g,/ cs sec a)

€y = 04 sec o and ¢g = Qh/ésfsébq&”' (VL B)

P

for the region within which sin and are may be ianter-

changed;’ Gy > Cs\ results from figure 18, £ e
N & | «/’1«:5

from equation (V,4).. Both parts.being dependent .0m ]

Cg> 1t is preferable to plot against Cg ratner“tﬂan

C,; sec o is oanly a few percent higher than 1; hencé can
be estlmated 1n d651bn aualyvg

Thus, the plottlnb of (VI 3) - and tge corrosnondln ”;
measured’ valios of the northont 11Ft1,; qupcller,‘glvea
a graphlc vicw of ﬁho rop ort:o*s o;ﬂ*ﬁc 1oases &E th 4
1ifting propeller . (flb. 21Y . apart from, ‘thc . two quotaa,;
€3 and e , there is yet andther, that due fo nonuni-
formity, the asymmetry of the air fliow at the blade on
both sides of the median plane.
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Nonuniformity losses.~ Here we encounter the same dif-
ficulties experienced in the treatment of the flapping mo-
.tion, to wit, a comparatively unw1eldy and complex calcu—
lation can -~ owing to fundamental defects of the thoorem -
produce only moderately exact results. And the chiof ob~
jeet of .our mathematical analysis is to obtain a formula |
which thon may be compared with the modol measurements and
adapted to them by a factor, as accomplished for tho flap-
ping angle Pi. :

: Lock (reference 2) defines the thrust component H

' porpendlcular to the axis of rotatlon, in" the same faghion
as indicated in the sect:on{"The Autogiro of Large Tip-
Speod Ratio - Flapping Motion", page 21, for B,; the re-
sult can bc formulated nondlmen51onally as offected for
kgt D : P -

R = e S
kp= 0 [ A ey P ,§»k:9 ap hd 5

+ e ap Bi \4 Mo 5P K 51)} .(Vl?g)
" Now we rewrite the equatmon 80 as. ta brlng the quant:ty
expressing the nonup1¢orm1ty, that is, the tip~speed ratio

" Ay Dbefore the bracket, . To this -end, we remove B, by an
approximation formula conformably to (IV,10):

B, = 2 %.de ¥ 3)

Then, with (VI,3), the 1ift/drag ratio of H becomes

‘ kn : ..O-.;C."a;- ./ . 4.-‘2
T kg A Q i
gy I 16 g] L
+ ET;; + 3 >\'d. -+ 5 A 19 + g & (vI,4)
which, after putting - ,
_ ST T 3oy

3 A" +2 Ag & = > E;E“

‘ ' ap

(according to (III,14), yields:
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et o C‘ap 4 e 5 cWP R
B 3o -"“‘*E‘"‘“[ (*a. & )' Y "’?, Ll *’z] ¥4 B

.r»

“AGE AR A 1ast step, me ellmmnate Wy through (V 1) and o
frUmI(VI 5), so that e o B

I TN P 2 o s R « &

BT P il ¢ 40\ 2 .8 Twpit %L 8 g2

T s .<Aa + 3“&> Kot gartighae b g 8T
€ = M . N ¢ 5 35
S e o ﬁim+-§ e

 mhefﬁﬁmerica1.evaluation of-this. formila withithe di~
mensions. of “the models manifests a rige in.the value of
the fraction (as a result of the effect of ¢ in the numer-
ator) with & (0.21 at §:= :.8°_ against 0.155 at $ =0 %y,
whercas the first term of tne dumerator with M ig of no
significance, But, according to a previous section (p. 21),
;the -tangential’ force. is mueh. overestlmated for the retrecat-
ing blade; the- overestlmate 1ncreascs with & . Consequente
ly, it may be ocxpected that the value of the fraction in
(VI;6) .is:a:-1ittlen lower and mare constant than the calcu~
hluﬁlOn dlsc103e3.< = ; R TTE R BRY B E 4 Redodol

To checkathls, we nut g e ol i L

and define . ¢, by trial 1nsert10n of different -but con- -
stant values of k for sach’ ‘model, so that the Ytest p01nts
of the four models compared here are reproduced as clos

ly as possible. As a matter of. fact this is surprlsxng~
ly well accomplished, Zccording to figures 22-285., The non~
vniformity loss for each propeller in close approach is
comparable to- the t1p~speed ratlo. &

But the enumerator x& al 0 fluctuates only very l1ite
tle. Admlttedly, it does not rise with 4 as it should,
according to (VI,6), but rather shows a slight® drop.- “Int
(round) figures it amounts to:

3= 0° =00 1,89 1,8° (2 blades)

K

it

0,185  0.13 041257 ¢ GilE6i.
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R APV

It is fortunate for the check on the reliability of,
our method that precisely the- two practically most 1mpor~
tant four-bladers with & = 1° and 1.8°% (of which the lat-
ter especially, shows numerous btest p01nts) are so c¢losely
and accurately expressed by the simple law (VI,7). But
the enumerator of the two~blader (fig. 25) is difficult
to define exactly, because thé p01nts scatter irreaularly;
;Since, however, ¢ does.mnot occur im, (VI 6), we. chose K
“ag for the corresponding four-biader_” Tne curve passes .

through the middle of the test p01nts.':” '

During the evaluation it should be borne in mlnd that
€y, amountsto only a fraction, in.part even a minor frae-
tion of the total 11ft/drag ratio, so that errors in meas-
urement in this enlarged by ¢, would be readily shown
upe On the other hand, the accuracy:of the measurements.
is limited by the fact that the deduction for the hudb drag
constitutes a considerable proportion of the total drag
(23 percent gor the four-blader Wi%hdbest‘lift/drag ratio
and ¢ = 148 , and 39 percent for the two-blader) In spite
of. the fact that the:hub:drpg had been measured separately
with the greatest of care and with all due allowance for-
mutual interferences, the gource for difficultly estima~
ble inaccuracies still.reméigs.‘ .

For this reason the data obtained from these experi-
ments’ should not be 00351dered as deflnite. - Further model
experlments at sufflclently darge scale are’ urgently de~f

‘$ired, But' in the meantlme,:formula (VI,?7) and the :
Tigures obtained -here, may be confldently used. WnateVer
laek of accuracy the formula may have  is moreé” than balanced
by its simplicity and practical conveniences :

. ~ A" sonmewhat” deeper 1n31ght into the nature of nonuni-
formity loss ‘¢ may be gained by-following- Glauertts *°
(reference 1) and Lock's (reference 2) procedure whereii,
however, axial flow and nopuniformity losses (eg + €u) do
not occur separatelygivThewpoWer'to be ‘exerted by the pro-
file drag of the blades in the propeller disk as used in
section "The Autorotatlng Windmill", page 5, for computing
the flow velocity, can equally well be resorted to for de-
fining ‘€upe Since the flapping motion as a kind of reso-~
nance oscillation absorbs no energy, therc remains as lost
power 1nduced bJ the. nOnunlformltj only the.- proflle power.

The Qower due to uneven alr f;ow equals the power of
the corresponding drag proﬁortlon in path direction:
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1, s} i ~ . . s “ - '
toi e wy LNy E ey A v ,
’ 4. = i Ny, &
i et e €u Tt g .
v S cos - RERI

5,00 fonfining ourselves conformably to Lock (rcference 2)
.to tao velocity component Cy perpendicular to the blade
haxls (IV  6), we have:

s e ; 29 R i
gl @ 2 3 2l
L?%L_dﬂfewgit{ 6[ d-Y, - f i(r e+ Ru sin W) (r wﬁ dr
which, integrated, gives: . . i P R

\’ —— 3 & ‘2.’ ‘ A:j-:., i N ; - 4 3 ’

Tben w1th (11 5), (111,2);fg@@j,ks in plade of §, we::
have e - : Fo ma o

) . q 50 . 5 -
. €y = 3"4‘1‘59,7‘

o S M

Thls abrees wlth tac second part of the partlcular’

.-formula by Lock. Glauert computes the loss by including
the component Au cos ¥ in blade-axis: d;rectlon, that ~%8,

with the actual yawing veloeitys: The form of €u -is re~

.tained hereby, the factor 3 becomes 4, 5 (for = O)
5 (for A = 0. 5)

But the ultimate reduction has nét\yet'been.attéiﬁed.
‘It is accomplished by inserting kg ¢onformably to (V,1)
and cyp conformably to (V 4): ' ffi e e

.,:f" PR

€y = 5 \d x <°x only)

it

€y = (4.5 to 5) Ag M. (actdal air flow).

fhzs'result denotes . that the lo kes on profile power
increase with A and (accordlnb to0- (I;,lé)) wEER 'ep' as
a result of uneven air flow,
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.The‘folioﬁiﬁ‘ tabulatlon wives the comparison with
the . experimental figures: T :

s =0 1 1.8°

ha = 0,030 0.025 0,022

.3 Ag = 0.090 0.075. . ..0,066 (ex only)
5 Ag = 0.150 0,125, . 0,110 (actual flow)

.instead of K 04135 - 0,230  .0.,125 - .

- The order of magnitude of .the factors of A "is, to ..
be sure, correct with a view to the-actual air stream,
but the change with & is sensibly greater than with the
model (k). The fact of the factor for % = 0  becoming
even greater than K, 1is indicative of this method of
calculation to overestimate the profile losses; for there
probably is yet anothér unassessably small proportion to
be added, as a result of the turbulence in the detached
part of the flow at the retreating blade. So. the actual
value of the .assessable. proflle losses probably lies Dbe~-
tween the two mathcmatncal 11m1ts.,

Thore is no doubt but that tho lower Iimit (3 )
used by Lock as the starting point of his-calculations,
gives too favorable llft/draw ratios. --Still, it would
serve no useful purpose to speculatively form an-addition-
al term, say, by starting from &, to establish the agree-
-ment with the measured «, For that, the test data are
not reliable enough yet. Eowever, one fact is certain,
and that is that the calculation with K. promises more re-
liable data by a simple method than any of the analyti-
cally adduced relations.

~Practical importance of three-—way division - Limita-
tlon - Let us return to the disgrammatical representation
of flgure 21, We have geen that the energy loss at the
1ifting propeller expressed in 1ift/drag ratio can be re-
solved according to physical aspects iato three compon-
ents .and assessed by approzximations They were:.

. . Smdre o o : S
a, the induccd lcss {e¢g); 3t Las a lowsr limit, for
which the 1nducei angle of attack Qi = cg/ 4,

but which is nét reacned in Dractlcc by virtue of
the curvature of thae flow. 4An approach is given
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by subtractlng thé flow angle ma “from’ thé angle

of attack o on model experiments. The then ob-

tained angle a3 (fig. 18) indicates the appareant

slope of a'plane field of flow, whose resultant

effect on .the propeller is the same as the actual

curved field, which"is difficéult to assess numeri-
- callye. : o

. The induction loss on the lifting. propeller is

"essentially given by the plan form, hence Aiffi-
cult to 1nfluence. = :

. b)ithe flow loss, (ed) It covers the power require-

" ”“_‘”ﬂment by propeller rotatlon agalnst tne _profile

7 7drag of the blades.' Its relative minimum’ ig ob="

" “tained by assuming 8" tlp—speed ratio agproachinb
‘zero, i.0., ‘Symmotricalair flow; it i¢ character-
“ized by twc ax1al flow coaff10104t § w1tﬂ flow

’;angle."‘ - -

a =V§§(E;1§e§ a (# ea).

't is sénsibly depondont on’ ‘the 1ifb- drag ratlo of
the profile at which thé blade operates, and on
-the. sariace Gdensity o;.. it .can, therefore, bc
;markedly 1nfluenced by the olan form.

o) nonunIformlty lcsv (€u) It 1s ‘a’ result of tho
T uneven flcw 4t the bladcs in the ‘different set—
';'tlngs wibk no longer neéllglbly small tlp-speed
'firatlo <as customary by énergy conversion in flows
‘.IOf nOnunlform ve1001ty,._ "Exact" analytlcal asses -
‘nent is probably impossibie, In accord with modgl
‘éxperiments, it can be’ expressed w:th ”ﬂ;j, .
o €u= B A s piies
© " 'where K = 1/8 apprOXLmately for the . usual rangsé
of blade angles. It can, llkej g,_ be 1nf1uenced
by the plan Iorm. :Q.

The detailed process “to be followed for fedueing €g
and €y 1is best seen whoen the formulas for the lancet-
shaped propeller, developed in sccbion, page -5, dre msed
as basis. R p : 'ooTa e

A "8lightly medified (I1,12) eives . . .
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4
< g IR . o : (VI’B)

and (II 15) together Wlth (III 2 and 3) glve

0 e, k i Ea
A= cOo8 O /(—~~QE = o8 O / _g _ (VI;S)

Cg

, ‘Of‘the:three"Variables, cwp’ cap, and © only the
first appears with deéefinite effect,  The coefficient of
axial flow behaves exactly like the drag coéfficient of.
the blade profile. Contrariwise, -czy - and 0 affect { .
in the invérse sense of A} the-.greateriicap(d) and. ¥e} 1s,
'the smaller g becomes but )m 80 much greater. _

. ‘Formulas: (VI 8) and (VI 9) show the aes1gners of auto-
giros how to proceed in order to reach a particular aim.

On theé other hand, it should.be borme in mind that
ap(&) can only be increased to a limited extent., Up to

now the"evaluation of the model’ experlments had been in-

tentionally limited to & = 1,8° altheugh the measure—

ments included blade angles of 2, 30 and 3. 3But the er-

“ratic behavior of kg even at ‘9 = 2,3° was indicative

of & marked irregularity of the happenings at the blade,

Such measurements are unsultable for checking or coufirme
ing a tneory.

The data for & = 2.3° are included 4in flgure 26a--
The improvement with great cg as against 4 = 1, 8% s
slight, while the best values fall considerably behind.
This is not simply due to the increasing A conformadbly
to (VI,10) for, upon closer examination, the enumerator
K in (VI 7) 1s also found to be substantially higher than
with & = 1.8° (~ 0.145 against 0.125, increases with Cg)e
This example shows that a certain amount of care must be
exercised in the application of our derivation method.

~ However, this much is certain: the smaller the tip-
speed ratio, the more reliable our relationships. ‘' A low
tip-~speed ratio is attainable by small- -cyn or ¢ with’
otherwise given conditions, but a certain percent change
of Cgp Vitiates { substantially more than an identical
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change of 0. This is tho.recagon why in high-speed air-
étaft, in which the nonuniformity loss is pronmounced

(cg < 0,05), a low surfacé demsity is of advantage. Its
inferior 1limit to-day is 1argely a design problom.

Any a ttefipt at‘estimiting the attainable € encoun-
ters first of all Cups which for physical reasons con—

?tltuﬁes an 1nsuperable obstacle for any agprec1able prog-
resse In view.qf K~ and A/ together with the danger of
falling out of step, it is imperative that cgp im (v1,8)

doeg.not exceed a very limited amount Whlle,.on}the other
hand hol shoul& not Yecoma un11m1ted1y small, or else the
flew ioss at hlgh cs 'weuld beceme - abnoringlly great ana
absorb too much potier in cllmblng and throttle Flight o -
The scdpe of 1mproving CWP‘ under the conditions- exlst~5

ing - to~day id, indded; Cyery llmlted. TIv con91ste‘of Caro-
ful selection  and” treatmen% of profile, higher charactéers
istic through high tip apoed and fewer variations of ¢4

”“tnrouéh fower tip—speed ratios.’ And phe” total result of

thess attdmpts will at the very most, 1ower: cﬁp "ot to-
exce ed oo to @5 percent. e
S pop computlng the numerlcal values, the fmllowing #
formulas are ascd* L o e R R §.ad e
PR AT, R ;.. R - 7\‘& s B B R nabeeo
S R P ‘G,d '.:-‘7'\':' B oege T gy w o ol Wighed :
€4 is taken from figure 18, whereby .
a5 R = ;.n‘ k g . ‘ o Pt s . : 8 ‘
_ ¢os? q )
®s % T e Mmoo (TAB)

;Mo kgs and.of from (ITI,5), (Vy1), and (V,4)e: To'ilius-
trate;,-for 9 = 2°, gy =~0.00B,?ande 0 = 0408, it gives

N = 0.0173, kg #:040092,' { =-0418 ok

and the' ¢ values for high tip-speed ratio with  k:= O 12
(estlmated fron tneutest datq with (VI 6) uret“iJSV

L gy . L
, eoae L N

J & gas

Froh fspals (15,3 510 (1) ot (TLA2). -
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cg = 0,075 . 0.058 - 0,087 . .
ey ='0.028, 71]0 0255 jj_o 0175 .-
€d'=0.0495. . 0.043, = 0,034

€a = 0,042 " 0,048 . 0,060

& o.;gof”w 0.114;” ?ﬂb 112

According to thls, the ¢ value of the llftlng propel~
ler with rectangular blades will hardly exceed 0,10 even
with . the most favorable. dimensions,- especially:since the
coning motion (IV,14).will. set up still ofher additional-
.1osses.7 On top of that there is the drag of the hudb and
of. the other. nonllftlnb parts (fuselage, landing gear),: so
‘taat the . ¢ value of the complete: alrcraft probably does
”not fall much ohort of ~1/8, ;. . :

As the best 1ift/drag ratio of the autogiro is not
{far-from the maximum speed, it  is ' not inferior, in this
respeet, at least, to the aircraft with a fixed-wing sys-
tem. But in cruising flight, its 11ft/drag ratios are
substantially less’ favorable,: for which reason its use
will probadbly always be limited to short and. medium dlS“
tance flying.  4And there its special advantages will. come
into full play: ease of handling, spinproof, indifference
to gusts, and landing with steep angle of descen?._u

. ADDENDA- -

The foreb01ng ezp031t10n igs.-ess8 entlally 11m1ted to the
_purpose of assessing the aeradynamic.- guantities of: the-
1ifting propeller with a minimum:of mathematics yet cor="’
rect appreciation of the physical ftindamental ‘procésseéesg .
involved. Admittedly, they are in need of :further:  improve-
ment ia many respects. ' Fota T B T ¢

In the following, we select only a few of the more
outstanding problems from the practical:-point of viewe*
To be-.sure, they will. be.more in.the line: of pointers and

.~giving orders of maénltudo tnan of adduclng deflnlte solu—
tions, : s ; : e : :

*For gencral 1uformat10n on aufogiréé;fgéq‘feferénceg;lg‘
and 1l - R 6 m Farey Ao AT D m G w o
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ey T . ° .
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Light and curved blades, cross-wind force.~ In the
developmonts thus far, the.weight of thp blades, or their
centrifugal force, relative to the tﬂrust had been assumecd
grcat enough so that the Dblade motiou was sen51b1y in a
plances This st4Xl holds with sufflcient approach for the
mass conditiong @f the model whero, bhag recorded deviation
from the plang,,the angle; Qﬁ the coning,motlon, did not

exceed 1 to 2 which Jjustified us in dlsregardlrg its
effect, Ty Ly e .

L T

Cogong Bab st ie quite -different .mith lifting propellers
Wh@se*bLa&es, as already pointed out in, section, -page.2L,
are galte eften only from one thzrd to., one flfth as heavy

as, those of the model. ,Then the angle -Bg of ;the coning

motlon 1s ﬁrom 3 to 5 tlmes as 1arge ‘as o1, the model., Its

.usual.range is between 6 and=9 s and .(LV, 5) glVGS 1t tne

va_lue* { ERTRE s 5 Tew S nTy, .

Bo POt - WP S LIPS {.., (’VIl‘,l)

A "ths thrdst noment 3MS= risés’ W1th tne tqrust
“while it id- pr0portloval ko @Ry 50' ig’ 1ndependent of
tae prdpeller léadlgg ‘aid 'SOlelJ def;ned by the: quaﬂt1~
tles o;.cﬂap; ﬁ,;R} an& g ot (IV 14) aad Qap(ﬂ)

i

(w = 180° ) which has the greatest backward slope. Lock
(reference 2) gives a &oucral treatnent of it in the scce~
ond part of his report; aid dis formulas which, admitted-
ly, must be used with certain reservations, give neverthe-
; less, ~a.measure of cnmparlson.m He finds. for an “utogiro
Cwith, ,10..(as abaznst 2" for the" modél) ety
cwpf~ 0,012, "and ¢k 0.2} "that ‘ig, of slow speed. and ’
- very llght blades, that the best 11ft/drag ratlo becomes
aoout Oe 0075 poorer.. (e Fln g Sl a
But the coning motion has yet another effect: It ex~
plains, the formation.of a lateral inclination of the
thrust which, Wltaout it, would be 1mpossible. ‘The advanc-
1ag Llade sustalns, as’ we have Secn, a faf ﬁreator 1oad

*Anart from the weight of the blades proper, ‘mich," hqui
cver, plays an 1QSIbP1flc nt nart 1n full~scale designs.

P L I S . - R
B R CGARE Ly a WS T
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than the -receding blade,: As the resultant -of the air force
ig. cons:stently at right angles to the blade axis and this
describes a - cone, : the other doeg likewise but, while rew
volv1ng,»changes its magnitude to such an extent as to set
uwp a ecomponent. perpendicular fo the axis of rotation, which
p01nts athwart the direction of the retreating -blade, Ac-
cording to Glauertls formula (reference 1), its ratio €g
to the resultant force. (a kind. of 11ft~drag ratlo) should
be. proportlonal to  Ae o

" The curvature of the flow 1nduces a second. cross~w1nd
'force whlch accordlng to Glauert (reference 1) should be
dlwmetrleally opposed to the first and increase with 1/h

(by - camber of arc). iy ,

Lockls model experiments also include a lateral force
measurement for the 4-blader at & = 1. 8% (fig. 27). The
force. dlrectlon igs indicative of its source-from the con-
ng motlon, but -the risc of :its: 11ft/drwg ratio eg 1is

greater than ant1c1pated. This is probably bound up with
the -equally increased’ flapplng motlon (IV 15) compared %6
the theory.. - ;

Then tne conlng motion has yet. a certain effect on:
the position-of the cone formed by the blades, The for-
‘wardly .accelerated air force (at ¥ = 180°) causes the
‘blade to déflect, an ddditional flapping motion, which-
obtains in a dlsplacement of the highest coning point of
from 10 to 30° in the direcection of rotation, Waturally
this displacenent affects, even if subordlnately, again
the mag vitude of the lateral component. : :

, The Plade curvature effect ensuing with elastic blades
under the combined effeet of unevonly distributed thrust
aad centrifugal force loading is, in a certain sense,,ren
lated to the just discussed process. Glauert and Lock as-
sumed a mean curvature of the blade axis in circular arc
form,  Lock (recference 2) obtains for the aforementloned
untoward -dimensiondg and a 3-percent pitch of the arc, a
drag dincrement of 0,011l for best 11ft/drag ratio,

But thls result is the most uncertain of all, for the
assumption .of a constant curvature of blade axis is utter-
ly untenable, as shall be shown hereinafter, because this
point is of: con31derab1e importance for stress analyses.

Strength problems of the Dlade. In the solutlon of

-
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the questlon concerning the resultant air loads of the

liftih ywopeller, we “had,- wlth success, taken: advantage
L o¥” thie) fao#~tﬂa% ‘thiet asymme%ry of the"aid loads is amply’
eyialuzed" on” Vo th' ELWéE- of* the! nediah’ plaheo The’ correct
reouitant“fcrces are~ébta1ned by 51mply assuming & “mean"
symmé%rztal flow.-;~“ o

N

;f Such a method, bowever’ brea&s down in blaa8~str@ss
analysis,’ bDetause tThen  i¥ 1&°a matter  of naleum rather
than of nean values. So, strictly speaking,  we' should ’
#equally bc unable to have rocourse to the simplificd appro=-
01wt10n ‘of a“planc fleld of flow,'but shotld know “the 8,C=
tual flow 2t c%er ;nstant. Thls,hhowevcr,'rema1ns oy
thoe tlﬁ%’bEIHg, but’ aipious wish Decause’of tﬁe ehormous;
nathematical difficultics involved. fol, W :

And %o there’ rcnalﬁs but ofiel al%ernative For'the
gtrews a“a1y51s, nﬁmely, to’ start w1th a plane”1ﬁ&uced
field of flow Wwith the 1ncllnat1o A fig,’ ‘LB Fappl—
1y,'th1s signlfles, with the krnowh eouallzation prbcesses
of.such airfoil. flows, ah augnentatioen! of the. assumptlons
for the air loads, that is,.added safety factor. for the.:
analysis; for at the points of greater operating angle, -
consequently greater locally produced thrust than agreea=
‘ble: to muiforn thrust grading,ithe flow:is more .deflected
anﬂ”actnally'striKGS'the“blade‘at & smallér angle than the
calculation stipulatess: [Thus: the: highly loaded p01nis are
relzcved and the 1ow1y loaded, g¢nessed more.su :

Thls con 1dera$10n, whnle admlttedly not univ&rsally
alld L gives however the 88 SUTawCe: 4in the majority of

cases of being on the .safe sides:  An exception might. be.
the tip load of the forward lJlng blade at small angles of
attack s & result.of the relatively excessive flow. curva-
turest: That would have i o) be cleared up throubn measura~
ments. £ N PR A I AT T B TR T S LR R SO S

No% the.smtuatlon of the 1oad distrzbutlon of the
blade in:itg Tour: settlngs 4ig basically as follows: On' the
straight blade: the' centrmfugal force- components normal -to
the blade:cancel in ‘every instance the masg" forces: pro=
duced by virtue of the flapnlng acceleratione. ConSOqueﬂt~
w1yy it sufficos 0 dnalyze the 'play of. tho forces' at the
“pure: doning: motloﬁ, that 1s,‘of the (comwsbant ond outs. N
wardly: dirgeted) ‘centrifugel force and of the (wariablel.l
and Upward ncting) wir loade - Fi;tﬁifglbfu ST L Y

o Torg tes thio blade. is.straight. tite normal load in-
creages linearly outward with uniform mass distribution
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by virtue of the centrlfugal force- but the air load ine
creases rather parabolically outward at ¢ = 0 and 180°%,
At thls stage the moment of the 1oadxa1scregancles bends
the blade coacavely upwards But at "y = 90% the center :
of gravity of the air load shifts c0n31derably to the in-
side and it may itsclf outwardly bocome negative under
s%q%cd ‘conditions. The blade is’’asi ‘a4’ rosul¥, severoly
bcnt boncavblﬂ downward. Contrar1W1se, the air load ' :i-
snlfts utrongly outward at W =.370%. the upwardly con=.
Qave curvatu¢e should reack ‘itts maximum there. . Thus:the .
blade' éxecutes at each revolution & (ot harmcnlc) forcea
V1brat10n in bendlng.' Theré is nd imminent -danger of rean
onance,,olnce the ”requency ot firgt higher harmonics - »x
mist ‘be > 2 n by virtué of ‘thesever-existing blads ri-.-
zidity. Of course the air lTosds damp the motion of the.
1nd1v1&ual blade elomcnts agaln.

: The ideal fron the standp01nt of strcngth would be o
‘porfectly soft blado, a hcaﬁy rope, so- to.say, which-at-
aay . instant conforms with the eguilibrium of tXe. theraal
mass forces.  Such-an-element would have to transmit lon-
'gltudlpal and transVerse ‘forted ‘but no flexural moments.
Naturally this is ‘Hot feasible in-view of the rlgldlty of
the blade by nonrevolv1ng rotor, and the designer is -~
forced to some compromise relative to the désired stiff-
“nessy | For the chésen'stiffneds and mass distribution;
“tho normal loading?is thon-established by progressive ap-
proach, the change of centrifugal force ceomponcats. due-to
varying blade curvature being of primary 1mportance, fol-
lowod by the change of air load. - The firstris. d:rectly
dopondeat on tho ghape of the blade axis,:ithesother on its
firgt dorivation' with rospett- to time. ~ A more oxact ex:-
amlratlon of thoso processos involves an enornous anount:
of pajéer work, sincc ho accurato short—cut. mcthod has AN
boon d0v1sod as yet. - S
“Free- fllght tests on the autogiro would nake- matter°
cohsiderably easier. (There is no adegquate wind tuanel
in Europe where models at the desired scale could be test-
ed,) The problem is twofold: a) determination of air
1oads at blade through pressure-distribution measurement:
at varying distance from the center; ©b) measurement of
deflectlons along ‘the blade ax1s. o o i

Both problems present considerable experimental 4if-
ficulties, because the measurenents must be made on a ro-
tating element which, in addition, is very sensitive. dyv:
nanically as well as nydro&vgamlcally., But- they are defl»
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nitely assential to completely clear vp.-the . conditlons,_
espegially W1th,a wiew to the type of the induced field
Of le}N’c R o RS " sorme
mrans1t10n to very hlgh angles of attac&. "The auto~
girgﬂcannot be stalled." . Undoubtedly this.is true when
referring to the flmgnt characterigsticss. for the, llft . CO»
efficient and the mean mir-stream velocity of the indi- ..
vidual. blade -element gre in fact,..as seen,, 1ndependent of.
the angle 'of. attack of tnp,wqole,autgg;rq which:. tberefore,
does motb: Lose Its Wifiing power.. But, inm spite ;of that .
the flow: about -the autogiro .is- 1ok always S0 4 sm@ath as ln
the prev1ously)treatad angle-of~attack range.:t« = v

Tnls is best seen in bhe plcbure of the aYLally:1m~¥
pinged autogiro, the attitude of vertical descent, which
haa:akso~beea~elaboraﬁely,treated by Lock (refereﬂce 8),
and .Glauwert (referenge 9).. The flow on - the autorobtating -
axially impinged propeller is analagous to the «flow of a .
correspondingly 'impinged round.disk, ices.ysin front a sym-
mebtrical pobtential Fflow, behind it a turbumlend -zone 'sepa=-
rated by & more or less exprossed inversion layer (area -
of discontinuity) from the-potential flow. - The fact that
10./t0: 20 ‘porcent of the flow escapes through the propeller
disk on ;the autqrotatzng propc;lcr does . not alter the pice
ture deczszvely. - : e »

i

Thls flow per;ectly deflned by the vortex fleld aft
of the propeller, now must gradwally change -in. the smooth
;alrf01l flow as the angle of attack decliness - The only.
attempt so far publxsned which covers this whole range - -
(reference 10), .is illustrated in figure 28, ‘The 4-blade
model of 0,65 m (2.1.ft.) was tested in the 2,10 m (6.9 ..
fte) closed wind tunnel. The plot shows the 1lift curve  ;
anticipated for smooth flow conformable to (III,7) and
(111,9), Wlthout particular regard to the 1n&uced flow.

. The theory agrees very closely w1ta tae test data up
to .o = 15° (fig.. 29a). . But at 20 thve test. points are
already scattered * a sign of disturbance of.. the smooth :
flow. - Observations are still lacking regardiug . it; but:

it may be assumed that, analogously to. the.f1xed~W1ng.sy5r
tem, a dead air ZOne is formod on the upper side at whose

can be slrghtly hmbher. ot

4 eI a 1’... doalut R
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~8léasg eddflng boundary layer »f. tho individual blades
Wlll probably come into plays As a result the total flow
will:ibe® accardlngly less deflected (figs 99) without nec=
essarlly 1n&u01ng an -appreciadble ef ffect of the:sound flow
at the" 1nd1v1dua1 blade element, for the eddy zone is. not
fored until above the olene of rotation. -As the angle
continues to inereasc, the flow around the lea&ing edge
will become more and more difficult, until at last the
‘flov»reverees altogether and’ apbroaches symmgtriecal: form
‘(see flb; 29c) observed at o = 90 (reference ll)

“ Anotirer step further 1ea&s to the follow1ng' Accord»
1qg to Prandtlls airfoil. theory,.the 1ift of & wing of .
span b ahd identical deflection oy ab. the locus of the
.“w1ng'can be equated t the momentum per second of an air
mass. passmng a¥. the rete v~ through a pipe- sectlon of die~
,ameter b and evenly deflected across the whole section
by 2 O perpendlcular to its mean directidn. Then, as
10ng as it is 90531b1e to make the flow pass. along the -
surface of the ‘lifting propeller without becoming separat~
ed, we have a4y = a if the propeller is "dénsel enough
and the fictitious pipe flow is deflected tbrough 2 Oy
that is, through 180° at o = 90°. 1In this case the pro-

peller force coefflclent would be cg = 4 sing=4, accord-

4ng.to (11 I, 7) This is the highest, tncoretlcally con-
~coivable amount, according to the momentum thHeorém. (It
'corresponds to the perfectly elastic impact.*) "

) _ In reality, no such large deflection is reallzed-'“
”lflrst, on account of the necessarily strong flow curva~-’
ture within the propeller disk, which is not possible ac—
cordlng to the mechanics of the propeller; then,‘lt 1s A i
anetrlcally 0pnosed to the flow pattern observed at. =
.90°, for which reason we have the incipient breakdown of
the flow. Besides, the cited pipe does not deflect the
whole mass flowing through it; part of it escapes before~
hand, owing to the permeability of the propeller. The lat-
ter process is correctly assessed as to type through for-
mula (III,9). On our propeller (fig. 28), it lowers the
theoretical csmax from 4 to 2.8, Moy o4, 77

B

Now the remarkable feature is that the measured
csmax is exaetly half of thls amount, that is, leds If

further experiments should confirm this result the cited
Prandtl method could then be extended to include the per-
pendicularly impinged autorotating propeller, so far as
the force could be computed from the same (fiectitious)
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pipe flow, with the proviso, however, that instead of 2 a
the total deflection angle would be only a, Or - o = Ods
that is, 90° - gg. This would give for the perfectly
"dense" propeller ({ = 0) cgp,y = 2 as limit, in accord

with Glauertts (reference 9) and Lock!s (reference 8) -
curves extrapolated from the experlmental valuess. This
would bring us back to Newton, who deduced the same fig=
urc for the disk by mcans of his prlmltlve momentum the-
OTrY e

Assuming that it actually occurss Why then doqs the
round disk produce so much less drag (cy = 1.15)7 The
difference can only lie in the form of the' dead air space,
that is, the vortex field in the wake of the disk, Where-
as, on the fixed circular disk the air penetrates in the
form of irregular, larzgo balls, into the gzome aft of the
disk; the closely spaced vortex trains leaving the blade
tips as helices on the lifting screw, should form a honey-
comb-shaped envelope which prevents air from penetrating
the dead air spacec, as well as from setting up any suffi-
ciently large suction before the blade. The boundary lay-
er flung off from the blades is probadly very much in~
volved herein. It should be worth while to explore this
process thoroughly, especially by searching observation
of the flow with smoke filaments,

This much may, however, be averred on the basis of

modern knowledge, to wit, that the thrust coefficient will
not be in excess of c¢g = 2 in vertical descent -~ in most
cases, even 20 tc 30 percent lower. Higher figures oD~
served here and there in free flight tests (reference 12)
can be unréstrictedly explained by the almost always accom~
panying wind, which makes it easily appear as vertlcal de-
scent when, as a matter of fact, it slopes perhaps 459,
In this case, for instance, the sinking speed would be on-
1y 1[/~ times that of vertical descent; that is, the ap-
parent ajir-force coefficient to be. computcd therefrom for
vertical descent, would be twice as high as the actual,

In spite of that the drag of the autogiro in vertical
descent is greater than that of a parachute. The remark-
able fact is that this flight attitude with wing control
is perfectly controllable, a characteristic in which the
autogiro excels any other type of aircraft and which in-
sureés safe landing under the most difficult cond1t1ons.
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SUMMARY AWD COHCLUSIOES

It is shown that the flow on the autogiro in level
flight can be reduced to the simple symmetrical flow on
the axmally impinged autorotating propeller. The unusu~
ally simple formulas set up yield not only the fundamen~
tal lawg for flow and tip speed (section, page 5), but
algo a tneory of the thrust of the autogiro which in form
is in complete accord with the model experlments (sec~
tion, nage 12).: :

Discrepancies in tho mathomatical analysis of the
.thrust curves, however, point to the possibility of some
'quQamental error in the assumptions. 3But the effect of
the as ymmotrv in the 'air stroam, which coffocts tho flap-
ping motion of theo individual Dblades, is described before
this basic error is explalned (section, page 21)., It is
"shown that thc mathomatical troatment of those processes
f;nds its comparatively narrow limits in the inadoguacy

0f the formulas for the air forceg at the receding bladcs
This is one reason why the English theory (references 1
and 2) could not produce satisfactory results despite the
claborate mathematical work.

The other roason lies inm tho assumption regarding thc
“shape of the induccd ficld of flow. The simple Prandtl
aSﬂum@tlon of a plang flow dcflected,by half the amount
and valid for slendor wings, must be altogether discardcd,
Ag the actual fiell of flow is scarcely tractable, a plane
substitute flow is introduced whose slope is figured bdack
from the modél experiments (reference 3), whereby the real
propeller is replaced by a substitute 1ifting propeller
with symmetrical air flow. The latter gives drag co§ff1~
cients for tlhe blade profiles which agree with the Gottin-
gen nodel experinents on the same wing section ("The In-
duced Field of Flow and Its Effccts", page 30). It is
saown that a moderate curvature of the field has no ocffect
on “the rosult, provided the planc substitute flow has been

hogon correctly. Furticr model oxperiments with lifting
‘propcllors are urgentlJ de31red. '
z

Then the total losses exprossod in 11ft/drug ratio is
resolved in three parts (see section, page 39):

a) induced loss (¢€3i), alwayrs greater than cg/4

empirically from figure 18 . (€3 = ai sec o)
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b) axial f10W21QSS with a minimum of

—— >

g J cs sec o = %%

g Whereby the flow coefficient. ¢ lies mogtly bew .
; twecen O, 12 and 0,25, and axial flow coeffigieit’
RSy SN also a constant (0,015 to 0.03); 1is seénsi~’

bly deflned from the profile 11ft/drag ratid;

c) nonunlmormlty 1oss €y = K.\,. wherein K, for HW\
/ good propellers, &eviates'apparent;y only'a lite /
" tle from 1/8. e - <

. Slnce -Ea and Gu depend inversely on the tip-speed
ratlo h,; wnexeas the inductloa loss is largely contin-
gent upon: the circular form, Tthe 1mprovement of total
14ft/drag:ratio is within relatively narrow limits, about
1/10 with/ the usual form.of to-daye. The problem; is essen~
tially: avmatter of ra1s1ng the speed by 1ower1ng the sure
face: density and refinement in blade profile, propellers

,1nzended fror-high speed having narrower blades than those
1ntenﬁed LOT vood rate of climb.

The conlag motion dlsregar&ed thus far, vitlates the
llLt/drag ratio very little, but scts up in conjunction
cwith the-aenrved flow, a lateral force which increases with
tho:tip~speed ratio. [(Scc section, pago 49.) Our knowl-
edbc concornlag 1t ig.etill very incompleto. : -

o The chanrlng air forcos deflect the blade durlng ro~
tat1on, inharmonously upward and dowuward. .The study of
..this procoss in flight mecasurcments undcr 51mu1taneous
dotormination of the actual field of flow in the. prope1~
lor disk is onp of the mnost pr9531nb problcms (sectlon,i
pabo 12). R : o

. Ins vcrtlcal dcscont the thrust coefflclont cs 1s,

,about 50 perceat of the valune anticipated from the el e

mentary theorye The amount of Cg = -2, is no? exceeded

l(gagq<é9)y~~The flow breaks down wnep qgnging to high

“angles of attack, that is, roelative to the total arca, but
v remaing sound at the individual blades, so that llftlng
power -and - controllab111ty arc maintained. -

Translatlor by J.’Va31cr, ;
National Adv1aorv Qormittee .
for Aeronautics. -
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Figure %.-Blade form of "ideal! autogiro. (lamcet

shape). The dotted lines are the plan
form assumed in the analysis. The solid lines re-
present a practically feasidle blade form, which
in effect is little different from the other.
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Figure 4.-Air flow and forces at blade element of
autorotating lifting propeller.
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Figure B.-Autorotation range for the lancet

propeller with Gottingen 429 profile
in axial air flow.

Figure 6.-Section through autogiro in level

flight. Velocity v! in disk is
composed of velocity v of undisturbed flow
by deflection through angle aj.The air
passes through the disk at angle ag.
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Figure 7.-Resultant force coefficient versus g for
several autogiros. The points are measgured,
tae curves computed according to theory of the auto--
giro with tip-speed ratio approaching zero. The agree-
ment is exceptionally close. The straight linc cg = 4o
gives the angle of deflection conforumably to the
theory of the lifting vortex.
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Pigs. 9, 10, 11
-Axis of rotation

FTigure 9.-Definition of flapping riotion and ensuing

velocities. The "heavy" Dblade runs at high
tip-speed ratio, because of asgymmetrical air flow in
a rlane (plane of rotation) inclined at angle B1 to
the normal plane. The transition from velocities v
in the principal plane to the velocities c at the
blade is effected by means of figs. 10 and 11,
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Figure 11.-Velocities at the flapping blade element.
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Figure 15.-Comparison of computed and actual blade
thrust and its moment at ¥ = 2700,
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Figure 17.~Comparison between circular wing and
rectangular wing of equal profile (Clark Y).
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Figure 18.-Induced inclination of tihe olane "substitute!
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Figure 19.-Resolution of flow velocity along
the radius.
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Figure 20.~Resolution of flow velocity plotted
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Figure 26.-Comparison of different 1ift/drag ratio

curves, the behavior of ¢ for § = 2.30,
showg that this latter measurement is not suitable
for comparison with the theory.
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Figure 28.~Resultant force coefficient of an
autogiro from 00 to 90°, compared
with the simple theory. The flow at the pro-
peller disk breaks down between 15 and 2009,
the highest attained value of the total forcs
coefficient is about B0 percent of the the-
oretical maximum. The letters a) to c) refer
to the flow attitudes of fig., 29.
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Pigure 29.-Flow at autogiro for three different
angles of attack. a) small angle of
attack (up to about 20°) sound flow. b) medium
angle of attack, flow broken down on propeller
disk but still sound at individual blade. Al
c) angle of attack 90°, symmetrical flow form,
large dead air space aft of propellsr disk, but
flow still sound at individual blade.



