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. Summary.-.. lvtroductoyy.-A; wooden scale model, 6 feet-in diameter, of.

fhe original 4-bladed' 'rotating wirig' unit of the Cierva Autogyro, has been'
tested-in the.Duplex tunnel at blade angles of ,0 °, 1°. 1.8°,- 2.30 'and 3°,. It:
has also been tested as a 2-blader at a blade angle of 1·8~. , The extreme range,
-ofincidencewas from ZO to'ZOO ana of rotational speed from 3"~6 J2 rev:o!utiOJis:
per second. ' -I t was·found ,that the model would not rotate at all at a blade
.angle 9£ 4 o while at .3° blade angle it would only rotate at angles of incidence;
above 12°. In order to supplement the measurement of forces and rotational
speed -at zero torque, observations of forces and angular accelerations were'
made over a more limited range.at .varying rotational speed, by' means of a;;
chronograph and stroboscope. These observations were interpreted as giving
the forces and torque in steady motion when thetorquewas notzero. Obser-'
vations were .also made of the angular.motion of the: blades in 'flapping about;
~~ir , ?-inge~., .. :-;; :: ; .~ .. ~ " ' ..... ~ '1.... - , : . ', ~ " , . ':;

,' . Results.-The greatest value ofJifYdrag ratio-was observed on the screw.
~th blade angle 1· 8° at an Incidence of 3°; thiS'value,' subjectto considerable
uncertainty:onaceounf 'of th~'largc ' correction- for drag' of the boss; was 7" 5'
:for the 4-blader and 8·0 for the 2-blader at 4 0 incidence', The scale effect was.
appreciable on lift coefficient at all angles' of incide~cebut on other coefiicienta
it was small exceptat the smallest-incidence; The comparison between 2- and '
4-blader was in good.agreement-with the simple Prandtl theory of interference.
given in R. & M.llI1, so that the results should apply to an autogyro of anYl
'intermediate solidity. The torque curves derived from the observations of'
.angular acceleration.confirm the remaining observations in showingfhat the'~

results vary critically with change of blade angle, .T he observed flapping-
' m otion is in' good qualitative agreement with theory, the second and ~ighe<

harmonics being negligible.on account of the high density of -the model blades, ,
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LIST OF SYMBOLS.

e = Angle of pitch.

C = Chord of blades.
R = Radius of autogyro.

0' = Ratio of blade area to disc area (solidity ratio).
er.s '= Solidity ratio for standard 4-blader.

V = Forward speed, feet per second.

Q = Rotationa! speed in radians per sec.

n = Rotational speed in revolutions per sec.

1, = Angle of incidence of Autogyro.

V cosi
~ - RQ
tlJ == Angular position of blade in, azimuth, measured

from downwind position in an anti-elockwise
direction looking downwards.

fj = Angular displacement of ,blade about hinge,
reckoned-positive when measured upwards.

L = Lift. " "

D == Drag.

T == Thrust. >

y , ' Lateral force, ~~ckoned positive :when ~ measured
, , ' , to . . starboard (i.e., towards blade moving

upstream).
Q . Torque. ' .:' :

~ = .Ljrc p R2 V2•

LQ = L/rc pR~ 0 2•

Q.Q == Q/1t,p R 602•

( D) ' = D +QQ ,
L L LV

~o,:· ~~, bl , &c. == Coefficients in Fourier 'expansion of flapping
. ' ' . angle ~. " '.

[3 = ao- a1 cos ~ '- bl sin ~. ': .
bl is positive when 'por t wing is raised, ' ,

., '
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Foreword.~In view of the length of the present report it may be­
mentioned that more than half too textis occupied with description
of the apparatus and methods of observation, the length of this part
of the report being due to the novelty.of 'many of the experimental .
methods required. For the benefit of..those ,who wish to take the ..'
experimental methods as read, ~J;1.~ following listIs inserted of those "
sections of the report which deal -with results :~§§ 1.0, 2.0, 3.3 to­
3.43/4:0,'.4A to 4.42, ,5;1 to end. Of tfie 'purely 'experimental part J
of the report, the method of obtainingrate of -change of velocity ,:
from stroboscope observations described in 4·1 Cl;I1d of deducing the- ::::~
lift, drag and torque on tlieniodel may be bisome-general interest. ' i':~

, x;-
r - ' . '

. '

• ,. I r ,

"
. ....: ..

1.0. I ntro¢u:ctio1l:,-:The-Cierva autogyro is a windmill of low pitch : ;:"~ .

w~ose plane is inc~n~d,.at a S~~!1 a?-gl~; to the..r.el~!.~ve,wind; this. ~ i'
windmill takes the place of the wingsystem of an ordinary aeroplane, ':
Photographs of a scale model of 6 it. diameter arranged for test in. ' :~:

the Duplex wind tunnel are given in Figs:' ,1·and 2; the windmill, ', : ~;',

rotateson a-ball bearing A; Fig. ~, and each blade is hinged on a ball : : ~,

P¢~ri?g,':B,)~i'ig: .~~ "whose axis lies 'in J}:i~..plaIJ.e. 9{'rota tion so that the ',';.:;
blade's are' free to flap in a directionnormal to:this plane. In flight .:
the windmill rotates 'freely under 'the influence of the relative wind : ·1~·~

caused by' the forward or downward .motion of the machine, while. ":F
the blades' .are "prevented from ~ depa.rting tar ' from the plane of '>;i:
rotation by centrifugal force, but execute a slight:,f.lappil?g oscillation '.' ~:>'"

relat~ve to the plan~ of rotation under the ~fiue~c~ o~ .the nnsym- ;<.
metrical aerodynarmc forces. . -." , ' :'

. . .. , . .. . .

'. When the first reports of the autogyro appeared in, this country "'<
(in 1925) the only experimentaldata available on 'a screw of low pitch >
were' those contained in R. & M.'885, , Ii Some 'experiments on air- . ~: '

SCrews at zero torque" and in R. & M:'1014, " "An extension of the ~~:

Vortex Theory of Airscrews : Applicationa .to airscrews of low pitch, ~ ':~;.

with experimental results." The experiments. in these reports ' -:
related to a two-bladed screw of 3 ft. ' diameter With its plane of ~~:~!
rotation normal to the wind direction.'; '1, ~ ~..: r ~..:' " ~ ~:: :: '.,:, " ' : i~'

r .. ' ,. . ~ • . '\. : ~

A few preliminary experiments were '-rihdertakeri 'o~ this screw ;~<:
with its axis inclined to the wind, and it -was found possible to apply "</
the results to the autogyro with the aid 'of:strip .theory calculations. ::}
This, ~cre~ , failed" however, to, .give, a reasonably high .maximum ' ':';; '
Jift/drag; 'chiefly ' because' it rotated. with 'ilifficufty -at ' angles of":j ,
incidence below 200 and would not rotate 'at:all below 10°. At this ':;r'J
angle the lift/drag must be .less 'tb.a-~,cota~gent ~Oo:or .~ · 5. ": .{l

I ' • • . ,'"' J.: "

At the time it ;was ·su'pposed·~that >the :fal1irre ~:o.f fhis model to'.·/1
reproduce the high efficiency claimed for .the Autogyro was due to :<~

differences in design, particularly in the following respects :-{a} '.\ F
freedom of the blades to flap, ,(b) difference between two and four..;'-;:):
blades, (c) difference of blade section. In the light of subsequent :}~':~'

o '. ' .' :.':: ' .: : ,"C"':':.,L ~ _ . ! I ,....~ \'~:" '::',," '",~ ·o , ;+1' ; ~ ~:"~ :; ; , ,,':/ :

~ . .:.

. .. .~~,~~:



FIG. 1.

[To face page 4.

FIG. 3.

FIG. 2.

Photographs of 6 ft. diameter J!odd Auiogyro in the Duplex Tunnel.



, ,

.experiments, however, which suggest that the LfD of ,this screw
should have been favoured by considerations (a) and (b), it seems more
likely that the large boss was partly responsible for the low. value
obtained, whilst the failure to rotate at small angles was:due to the
low scale of the model in conjunction with cause (a). :

, It ' ,~- th'erefore de~ided to make and test a 3 ft. dla~eter
s~~le model 6£ the autogyro wing unit! but it was, found, that th~
'difficulty of obtaining rotation at small angles to the wind with this
model was nearly or quite as .great as with the airscrew of aerofoils
while the highest, lift/drag obtained 'was no greater. There wa~

also experiinental evidence of a considerable scale effect, especially
'on the rotational speed, e.g. the model would only rotate at small
angles, of incidence by the use of the very' highest tunnel speed
'available . ' ,', : '- ;' ' ,

, ,

" i~' ord~~ to' ~btairi the. highest possible scale it was then decided
.to construct a model of. 10 ft. diameter for test in the Duplex Wind
-tunnel. 'It was realised .t hat so large a' modelwould experiencea
,very large .tunnel interferenca.but this effectwould be least at the
smallest angles of incidence corresponding to . the' highest lif,tjdrag'.
Inorder to check the,correction for tunnel interference and to bridge
the gap ill scale a set 'of wooden blades to make ' a 6 ft. ' diameter
model was also, to be constructed. The design-and construction of
these models was kindly undertaken bythe R.A.E. It was decided
to build qp 'each blade of the 10,ft. model on a central steel tubular
spar with .wooden 'ribs covered with doped fabric, with theobject ~f
obtaining 'a:' model dynamically as well as geometrically' similar .t o
the full scale 'rotating wing unit which was of similar construction.
In the -model 'asoriginally designed the fabric was found to sag
between the ribs so "as -to touch the central spar; in order to improve
thesection the forward half of the blade, between the leading edge
and the main spar was reinforced 'with 3-ply wood; this added to the
weight as originally designed' and -the final value of the moment-of
the weight about the 'hinge divided by the fourth power of the
diameter was about 2·2 times the full scale value. , ,

P~eJ?ninary teits 'wer~ ~ade on this '~odel in' July; 1926. ,At
the conclusion of the experiments the blades were measured up .at
several ,sections and it was found that owing to the method of con­
struction it had beenimpossible to avoid sudden changes'of curvature,
especially at ~e edge of.the 3:"Ply lining, ~f such 3: .¥~ture:as might'
~ expected to increase the drag of the sections appreciably.v It was,
~eared that ,these errors of shape ~gh~,a~ect, a;dve~ly the ,perfo~~;
m~ce ~f, the autogyro model, ,>"';, ,.: " ','" .. !. ':' ,',..-. ',' ,"
, .Accordingly,'R m~d~laerofoil of 9 in. chord'~ constructed at the ,
~.A.E.. identical ill the shape of section and method of construction
~th,the'i6 ft. autogyro model. ,TIlls was tested f~r: Iiftand ~rag in:
the usual 'manner -onthe .roof .balance of the 7-It • .tunnel No. 3 , ~9r.

(83<l64) , A a
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'comparison with the previous tests in the duplex tunnel of a wooden
aerofoil of similar symmetrical section and 18 in. chord described
in R. & M. 1066.* The comparison showed that the fabric
model was very adversely affected 'by slight errors in shape; the
minimum drag was increased from 0·0054 to 0-0066 and the
.maximum lift decreased from 0·515 to 0·444 as compared with the
wooden aerofoil at the corresponding scale. (VL = 67 ·5.) To put
this in another way, the results for the fabric aerofoil corresponded
roughly to those on the wooden aerofoil at only about one third the
corresponding scale. Measurement of the 10 ft. model also showed
:that 'the sections had developed an appreciable camber.

.When the opportunity arrived (in July, 1927) to resume the tests
on a·model autogyro in the Duplex tunnel it was therefore decided
to concentrate first on the 6 ft. diameter model with wooden blades
which had not been previously tested. This model was made by the "..
R.A~E. at the same time as the 10 ft. model, with the principal object '.
of checking the tunnel interference on the 10 ft. model and of bridgirig ':. '
the gap in scale between the. to ft. and 3 ft. models. The results <?f ::.
the tests on the 6 ft. model, here described, amply support 'the con~ ""
elusion that the performance of the 10 ft. fabric model was adversely . .
affected by errors of shape, since a maximum value of LjD of 6· 0 wa~ , ';
attained as compared with 4 ·25 on the 10 ft. model, the corresponding "',
'Values being 7 .5 and 4 .6 after correcting for the drag of the boss and , -:

• . ' ~ to-blade centres. The high value of the correction for the 6 ft. model ::
was partly.dye to' the use.of the '~oss of the 10 ft. model and partly ;[
to the addition of a locking device for the blade angles; in every '. ,;.
other respect the 6 ft. model was entirely satisfactory. __ ." . , .

:... ' ,The special object of designin~ the 10 ft~- model t~ be's~ar '~ ::: .
density distribution to the full scale machine was to obtain an exact J
imitation of the flapping motion: As mentioned above exact ",::
dynamical similarity was not attained with the 10 ft. model ;- -for ;:;
the 6 ft. model the moment of the weight of the blade about -its .~ ;'

hinge (..;-:p4) was .increased. from' 2·2 to 4 ·'0 times .the full scale '?
value. More recent developments'in the theoryof the flappingjhave ' :~
indicated, however, that the difference in flapping motion ,is unlikely -,';~

to be of importance at any rate when the blades are straight as in the , ~,
6 ft. wooden mo~el and the present full scale machine; -the -blades ':..~
of the 10 ft. model were curved ·to 'imitate those of 'th e "origirial -j.
machine ; " ' . ' '" ' . ,. . , '. ' . ' ." " ., ;" .; 1 ,1 .$

.-, :. .ft. co~pl~te < description of 'the 6n. 'model and 'of 'lli~ ~~t~~d :~~ ··~;t
~upl?0rtmg it for force .measuremen ts is given below ill §.2.0~ .; - rh:~ ,"f{
ongmal programme of tests included as principal items the measure- .':~~
ment of lift and drag, rotational and fonvard speed overasuitable L}

* ~~ & , M: 106~.-W:ip.d t~ngel .e~~e~ts 'o~ a s~etricar aerofci(' ;~
{GOttirigen 429 Section). By C. N. H. Lock, H.C.H. Townend and A. G: Gadd: . :~

'f R. & M. 1127:':"-'!i:urther development ,of AutogyrO Theory> 'Part' it<i.
A general treatment of the flapping motion. "By c. N.~;Lock. .": ; .: .:, : -; ,{i " , :~

' r . ' • , ~ ),• .... ~:J .., j
, ;. :;".t .

: ... , '::~~:'
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"2.0. 'DesCriptio~ o/6/t. dz·ameler model.-The blades of the 6"ff. '­
diameter model were of wood, of constant chord and section; and
without twist; the ' shape .of section is given in Table I being the,
symmetrical section GOttingen 429 modified to'give a thicker trailing
edge. The chord was 5-36 in. The boss and blade roots were
considerably. more 'bulky "than .those of the' 'full scale machine on
accountof the necessity of, varying the 'blade angle and of the .fact
that the. centre. Was designed for the 10.It ..diameter model. . The

" .

,* T.2155~· .,' (U~~'~b&hed~) "
(3:lOO4)

. :.'. - ~ . : .. ... " ...
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nonhar ·'diiection: of-rotation of -the autogyro model was counter.. ...
HockWlse.fooking·doWnwards, as in the full scale machine, 'and the ..
pitch't hat of a'right-handed screw fOT positive'blade angles. ,; , '. :.

, .' For the purpose o{ attaching the blades 'tq' .the centre and '6!. .
_'altering the blade angles, the inner end of the blade root inside the ,
'hinge bearing wa? .screwed into the boss as, shown in Fig. ~ .and was __.
originally held in place by a simple lock nut. . As th~.r~sult of an ,
accident to the 10 ft. diameter model caused. by the :locknut slacking '.
p~~ and the blade 'altering its angle during a run.tit was decided to ',:
provide a ~ore positive locking device. The arrangement ~ho~.~ ::,
Fig; 3 was designed and fitted by the Royal Aircraft Establishment; '1/'

.the tangent screws .EE grip between them the radial piece F attached
t-o the-blade and allow an accurate adjustment.of blade angle between "
t4e limits '- ~~ to +;()O. 'This ·device .was perfectly satisfactory in . .
combining ease-of setting with security. , The method of ssttingthe . :
blade 'angle ·is. described .below i~j 2.121: ,. " , -' . .., : -; .~: ;~

:' '·.~'-.2;i ·~ ··.iJe~i;riPtf,6';' - 'oj Au~ogy;(}. B'alance.-OWing to 'the' ' Si~ :and';
motion.of the model the .Wire suspension ordinarily used for for~~ .
measurements on model aeroplanes and 'aerofoils was replaced by ~ .' '.
rnore 'rigid I mode ~ of 5UPP0!i:. . 'The arrang~ment ' actually ,~e~.~ '..:
S~OW1l inFig. '.4. ' ~ ." EfGH is a.frame 'inrt hc form of' an inverted . .;
tetrahedron of rigid rods, of which"the'apex ,E carries the spindle o~ '. .
which the model rotates; the frame FGH is horizontal and above :.:l"

theroofof the tunnel, the members EF, .EGI ~H ,passing through· , ~ , ~ .

the.holes in;the roof. " The frame carries steel points F t l G1 and lItC.',:
attached -to-it near: r. ,G ap:<J.;II, bY'whic~ it is supported from -~~..;- ;~.
standard Iift,and vertical force balances.f For,the presentpurpose . '~ ~

these. ~J)~l~nc~s ;- ~a~- be. considered as three ~dep~pdell~,>~~?-gh<.: ~
beams which. determine independently the vertical components of,-, ;',
~e-~reaction$- a:t.;f.t, G1·and HI- - Actually.the two .beams 'of the .lift, .',}
balance-which- support .F ,and G can be' linked together -so .as ..t~ 'R
~e.as?re :either-. the , s~ or .. difference ..o~ . the , yertical, : co~po~ent; :~:~,
reactions at:F t and ,G i l! -Tbe link-for measuring the difference is no(\'~

~hp.v:njn Fig~.4. - ,:T o support the-points-at r, ~n~.G:l·the,pu1IeYs~o~:'-:: 5
the lift.balances were .replaced by steel cups. The point ,on' the frame ,:,~ l
at HI IS supported directly by the cup on the balance weigh-beam, <J
end .to ~void redundant constraints .the point .at .G:l' .i~ .supported ' ::~

'!'M0ug~ a straight ;v7r;tif<l1~~~~, ~~e, ~~ F:i there:;~. '~ l?all:"o~ p?in,t?;,:::t
~ ~h~ line 1!19t~~stptg ~_ a cup and gro?~e of the'tna!l~3;~ strut ~>;;,i
who,se.1ow~~, point rests ill the cup on.the Jilt ,balance arm, and whq~ ·. :~!..
plane is 119Imal,to'the Wind; ··.. ,.:: :.:: \;', ; " ,' . '.: ,;.' l ~ :·: " :t· : :·':' t

' ' . , " " .l, •• ,. lt ..f .~ ~ •.- ~ . '. . ~ . :· ".., ,rr • " ~r'f ~ .:. ~, . ~ :. ·1 - ,.,\ . ' :: 3. r ~ ~ ~ • • ,../ t"'J..-:! .!.~~

; .. , ~. 1~1. .'.Method of :tilte!i?ti ~he angle:of · incidence.~The' spind1e 'of?. :~,
th~ aut~gyro mode!-'lS ngrdly attached to ·the :arms.EF,:EG'of-the;i j
frame, which'·.are hinged. at F ':ina. G~about:."the axis FG~· .. .;The' ann ~Xt

---.."_ . . - ~~ 'k

lit R. & M. 823. Descriptio;Qflift, verli~l :force-and drn.g:ba.iiiioo!a(;~~ '.<~j;
roof of the Dttplex~d tunnel. '.~ewster. (..;:,,: : ;, . ' :. ~.",,; '..:j .•;<, ; ~·.·t :'t. ,"))

t- ~, ' \~;~:(:,~j .::;)r:"
.. ' t c <:.

.-{ ... .
.. . , ".. :.': ~J,~t

. '; '~*
",' :; ' :, .',~, ;.,\ 'f



,EH is hinged at E and slides through a clamp at H connected to the
rigid .t riangle FGH. By sliding the arm through the clamp the
inclination of the plane EFG to the vertical, which is equalto the
incidence of the autogyro model, can be varied between the limits O~

'and 20°. A scale attached 'to the ann EH moves past a pointer
attached to the main frame and the scale reading is calibrated
against angle of incidence so that it can be set while the tunnel is
running. The method of calibrating the scale is given below in
.§ 2.122.

2.102. Guard' Tubes.-The arms EF, EG, EH which' are insid~
'the tunnel) were constructed of streamline tube in order to' reduce
the parasitic drag as much as possible, but as a result of a direct
measurement of the drag of the frame alone it was decided to' con­
struct guard tubes 'to shield the frame from the wind. These guard
tubes (Fig. 1) were pivoted about the axis FG-and about a point
near -E so that they could move with the frame when changing
incidence. . " ; :

Modifications to balance introduced after the preliminary tests :-. -..
, ,

2.111. Raising the balance in the T'unnel.-In the original balance
the centre' of the autogyro was 10 inches below the centre line of the
tunnel for 0° incidence ,and 5 inches for 20°, incidence, the height
being chosen so that the centre of the circle described by tile _wrng
tips of the original 10 ft. model would be in the centre of the tunnel
.at 20° incidence on the assumption that the mean upward inclination
of the blades C coning" angle) was about 5° as in the full-scale
machine. . As the actual U coning II angle of the 10ft. model was.
found to be about 0° the blade tipswere always about 5 inches lower
than they were designed to be. It was therefore decided to raise
the model 8 inches for which purpose it was necessary to raise both
balances by this amount onsteel girders and to cut away a portion
of the main-roof beams to clear the arms EF and EG. In its final
position the centre was 2·2 inches below thecentre line at 0° and
2·8 inches above the centre line at.20°; as the mean flapping 'angle
of the. 6 ft. 'model was approximately zero' this -adjustment "was
satisfactory. , . ' . , . . .. ' . ' ,';-:

. 2.112. Stiffening ;the .Framee-«In ' the preliminary. experiments .
trouble was 'experienced "wit h vibrations of .the spindle. It .W3$­
therefore decided to stiffen the triangle EFG,by: inserting a -strut
inside the guard tube D (Fig:' 1) and bracing wires H passing through
the roof of the tunnel. : In the present experiments-the vibration was ,
not l~rge except at-a,criticalspeed of a~ut '11 revolutions persec•.-::· .

-:-.. 2.11R .Starter Gear.-··As a' result of the preliminary tests it 'was '. ..'
eonsidered :essential tn'-'construct' a 'power drivefor the:·autogyro , ',' .
model.which could rotate ifup.to its :maximum:speed"a!ld th~n.~: · · "
completely disengagedso as to leave. the model free to.rotate Q~.~ . '. ' " .

. ' . -.' .

. : .' :'.
• " .. ,' • o • • '

. ".­. . " ~. ' . .., . " '
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ball 'bearing, .and the main frame free to oscillate on its points for
the purpose of force measurements. The drive was provided by a
{me h.p. electric motor .on the roof of the tunnel whose power was
transmitted through a rod L (Fig. 3). This rod had a universal
joint at each end and a telescopic portion in the middle to allow of
the change of incidence of the model. I ts lower bearing P was
attached to the guard tubes M which shielded the arms of the main
tetrahedral frame from the wind. Below this bearing the drive was
transmitted through a universal joint Q to the pinion S which could
be engaged with the pinion T attached to the rotating hub of the
autogyro. The bearing R ·of the pinion S was a brass block sliding
lore and aft about the centre Qin a guide V attached to the guard,
and was kept in its disengaged position by a spring Vol. The block
had a key which engaged in a slot in a piece X attached to the fixed
axle of the autogyro. The key and slot were so designed that so
Iong as S drove T. the key remained in the slot but as Soon as T
started to drive 5, the. block was forced from left to right until the
key disengaged and the spring W forced the pinion S out of engage­
ment with the pinion T. In this position the driving gear and pinion
were supported by the guard and entirely detached from the main
.frame supporting the model. Thus the model could be driven up to
a high speed by means of the gear, which could then be disengaged
by retarding the starting motor; or if the autogyro overran its
drive under the effect of aerodynamic force, .the gear automatically
disengaged itself.

" 2.114. New timing gear.-In the original design, the gear for
timing the revolutions of the model consisted of an electric contact
on the axle of a 5 toothed star wheel of the ordinary cyclometer type
driven by a pin near the circumference of the pinion T. The device
therefore made contact once every 5 revolutions. Owing to the
comparatively large diameter of the pinion, and' the large amount
of friction required to prevent the star wheel over-running it was
thought that the retarding effect on the model might not be quite
negligible. . For the present experiments it was replaced by a pair
of platinum contacts shown at N actuated by a roller working on a
cam sweated to the surface of the tubular spindle A of the model.
This device made contact once per revolution and actuated an
electrical relay which reduced the number of contacts 15 times.
The relay was constructed from the movement of a clock, the escape­
ment lever of which was actuated by an. electro-magnet in the make
'and break circuit; .'the escape wheel of 15'teeth.then rotated through _
one tum in 15 revolutions of the model and a contact on its spindle' ,
was usedfor timing the revolutions .with a stop watch.· . . ., ~ . -:{

. : ·2.115.. Additwnal- Guaras.-As a result of preliminary' 'experi- ,
ments it was found that the flexible wires inserted in the .If) ft. model
to limit the flapping .motion of the blades could be dispensed ~th on
the.6 ft. model as the blades could be allowed-to come down to a .:
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nearly :vertical position without touching the floor, small springs
being inserted to stop the blades at about 20°· to the vertical (set:
Fig. 1). It was therefore possible to insert" guards" to protect the
spindle of the autogyro from the wind. The lower guard Z was
supported on a spindle from the tunnel floor, adjustable horizontally
and vertically as the incidence of the model was varied. In Fig. 2
the blades are shown extended by means of steel wires YY which were
inserted when it was required to take zeros on the roof balances so
that .the centre of gravity of the model might be roughly in its
running position. When preparing to run the model the wires YY
were removed and an upper guard (G Fig. 1) attached, which was
similar to the lower guard and was fitted to the main guard tubes so'
as to shield the pinion T and the upper part of the autogyro spindle.
It was desirable to shield as much as possible of the centre as the
main and flapping bearings were relatively much more bulky than in
the full scale machine. ' ,

,2.12. Details of Calibration.

2.121. Method of setting blade angle.-· Since the blade section was
symmetrical, a straight edge of the form shown in Fig. 5 was used
for setting the blade angles.. The two blocks c and d were pushed'
towards each other so as to grip the two sides of the leading and
trailing edges symmetrically. The . surface' b was designed to - be
parallel to the chord of the section under these circumstances. ' .. For
the experiments on the 6 ft. model, an Army pattern 'clinometer was'
available for setting the angles. This consisted of a brass quadrant
a at the centre of which was pivoted a radial ann e carrying a sensi­
tive bubble which could be adjusted at a 'given angle to the straight
base of the instrument. The radial ami carried a vernier graduated
to 3 minutes so that it could be- set by estimation to about 1 minute;
In making the setting, the axle of the autogyro was first adjusted to
~ accurately vertical by means of the clinometer. TI;1e clinomet~r

set to the required blade angle was then placed on the surface b
of the straight edge} the blade being supported horizontally by a
retort stand; the blade angle was adjusted by means of the tangent
screws and lock nuts until the clinometer bubble was central. The,
accuracy of construction of , the ' straight edge , was , checked ..by:
::eversing it and placing the clinomet~ron the surface.if: ' , Actua~y;
It was found that the weightof theclinometer was sufficient.to t~t.
the blade .slightly. .This effect was eliminated .by the use of ,a light
senSitive bubble which was attached directly to the blade close ,to

, the straight ,edge by means of plasticine. ". The,accuracy of sett~g
~e axle vertical could easily be checked by repeating the sett~ng;
WIth the model.rotated through two right-angles. : The 'f~nal .relatlye ·
accuracy of setting the, blade angles (i.e.japart frompossiblewant.cf;
S~etry of the sections) is probably less than 2', . , .: :,; , ; ,:' ~~, i ~}~ ~j',~
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:,: ', (2) For the pair' of blades instantaneously:' across"stream the
required moment will be equivalent to 'the- rooment .of ·the aerody-. ,
namic.forces about the line in the blade through the hinge, and,will ,
be ~ro'~ this line passes through the -centres of pressure 'of- all the: t
-se~tions of the blade. A~tually the mod~l:vas designed so that' this ,' ,i
nught be the case as the line through the hinge lay.at one quarter of. ' ~
the chord from the leading edge of all the sections, and this position " .: t
is 'known, to agree , accurately with the centre ,of pressure of. the ' " t
section .at all 'an,gles o! incid~ce ..below.the .stalling'angle. . ',As the ' " t
proportionof .the sections beyond the stall is always of very small ' 'f

, " , .. ' ,;{

'::: (1) For the blades instantaneously up or down stream a resultant'
moment of this type can only be due to a difference of the component
forces at the hinges parallel to the axle between opposite blades.

,This
f

tho ef!~~mIall?t be vthexy small because the instantaneous velocthity ' I
't? e,ali re tive to eSe two opposite blades is approximately e, 1
same, while the'moment due to this difference acting on a leverage,
of 41 in" appearsas an error 'on the drag acting at a leverage of
78 inches. ' ,' ,:,- ' '",,: ' ,< " , ',, ' ,-: ' , " ' , ' : ,: "

i

, , ' 2.122',"Method of setting "intidence.- The 'clinometer also proved
very convenient for calibrating the incidence scale. For a given
setting on the scale it was only necessary to rest the clinometer on a.
wooden frame fixed to the rotating spindle so that its plane was
vertical ,and its zero line was roughly parallel to the plane of the
autogyro and to take maximum and mi~um .readings of ,the,
clinometer a~ the autogyro was rotated about Its spIndle. ' ,,:

" " It-is suggested that the use of the clinometer in other experiments
for setting incidence would be an improvement both in convenience
and,accuracy over the standard method 'of sighting on ~ 'protractor

, .on'the tunnel wall, For models designed for a smaller tunnel than
the' Duplex the 'deflection 'due to the weight of the clinometer might
~ t09 great. ' , ,

.. . .' ~

i i ' '2.1:23/ Centre oj pressur~ for aerodynamic !orces.-The'apparatus'
for measuring forces on the model was designed on the assumption
that the resultant aerodynamic force passed through the centre of
-the spindle,

A displacement of the position of the centre of pressure from the
centre of the autogyro is, equivalent to a moment of the resultant
aerodynamic.force about an,axis through this point. The existence ;
of a ,pttching moment about the centre of the model would be most" ' ' i
serious, since it would cause an error' in. the determination of ~
drag. It is necessary to consider separately the possibility of the r
transmission of such a moment by,the blade in its different positions I
round the circle. " !

5­
~,
~
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: -I t' may 'therefore be concluded that it is sufficientlyaccurate to
assume that the centre of pressure coincides with the centre of the
autogyro.

2.124. Setting of the blades for tak~ng zeros on the balances.-When
the spindle of the autogyro is inclined to the vertical at an angle {
an angular displacement of all the four blades about their hinges
causes a displacement x of the centre of gravity of the model along
the spindle which will give a horizontal displacement of the centre of
gravity, x sin i, and this will 'affect the readings of both balances:
Itis .therefore desirable that when taking zeros on the balances.the
blades :should be supported approximately at the mean".of 'their
positions when in motion. This was affected by Inserting the hooked
steel wires Y (Figs. .2 and 3) whose length was accurately adjusted to
give a flapping angle of 0°. 'It Will be seen in §5.11 below that this
was sufficiently near to the.mean angle in all cases. .' . .
... . ' . . . .

\ 2.125. Calibration of the Balances. The force components (lift 'and
arag) in the plane of symmetry.-In general both .lif t and drag are
functions of both balance readings. Let L be the vertical component'
{lift} and D the horizontal component (drag), and let l be the reading
of thelift balance, which is proportional to. the sum of the vertical
reactions at F1'and G1, and d be the reading -of the drag-balance
giving the vertical reaction at H t " ' From the construction of the
balance ' it .was considered that deflection was' negligible, and- COD;'"

sequently jhr, force components would be linear functions of the'
balance readings. Write therefore . . . . ." . - . . . : .: . :. ' -. ::

.: . L = .Al 1- B
1

d . . , .. : ,',<.... ..' ..(if
.. ' ..D = A 1+ B d . . . '. .' (2)-,; , 2 . 2

{l .is reckoned Po~iHv~ when the 's~'of the reactions ~t F1 'ana G1 is'
upwards, and d is positive when the reaction at H 1 is downwards] ..
~tematively .

:,' .: 1" a;'L-tbtD' .. ' . .. .. " .. , .. , ' . ~ ; ·· (3)

.. . d·-',-.a
2

,L .+ .b2 D . .. __ :. ,:{4r
The constants aij:bv a21 b'2 were determined by direct, calibration at
a ~eri~s of angles of incidence by applying known lift and drag forc~s:
separately and taking readings of both balances. , The values. of At,'.
BI I A2, -B 2 which'are the constants actually required ill an~l~mgthe",
observations were then deduced from the formulae :: , . ' , ~

AI' .. : '·bj~, . B~ ~ b;) ~,:,A2 : . : ;~j ol:.B!l. -aJ8, 8,~a~b~+~lbi
Al ,~d 'Bl are independent 'of theincidence sin~e All isthe upward:
reaction at F 1 G1 and BId IS the downward reaction at Hl~ "This~, .

, verified by the calibration. . A2 and B 2 which vary ' with Incidence' .',
. ~~~e'beplo"t.t~4._ against__~~~~<f.~~"~~ . l ro1!!:.. .~!i.~r.a_!i~~. _~t , ~ ._~~~eIlt .
' num r of different angles.of incidence: -s• .: ' '. ' " , . r : '

... . ..
. .

' . .
: . '.' ... .

....: -, ~ . ' .~ ~. ': " . ' :" . -':' ~ ...
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, 2.126. Balancing:"of 'the autogyro about its centn.-In order to
reduce vibration it was necessary to adjust the centre of gravity of
the rotating model to lie accurately on the axis of rotation. ' A can':'
venient method of determining whether the model was in balance
Was to take readings of the drag balance with the model rotated into
4 equidistant positions. It was found that balance weights ,of
about t oz. were required on two consecutive blades and these were
inserted in the wood near the tips; ' a final adjustment was made by:
smearing plasticine 0I.1 the blade tips. .s

' 2.127. Calibration of lateral force.-The centre of pressure for
lateral 'force as well 'as for drag was ,assumed to coincide with the
centre of the model. The arguments already given in the case of the
drag may be .applied to the lateral force though with less certainty,
but the importance of the lateral force is also less.

The balance was calibrated for lateral force by-applying a known
horizontal component force across tunnel by a string- attached to
the centre of the model and passing over a pulley. The .calibration,
was taken at one angle of incidence only as the variation of the
calibration factor with incidence was small and could be calculated
with sufficient accuracy from ' the geometrical constants of the.
' "!:>alance. · As previously explained the lateral force was detenniri.ed as
the reading of the lift balance, when rigged to measure the differences
of the vertical reactions at the two points F1 and G1• If the geomet-'
rical construction of the balance were perfect, this reading should be:
independent of both lift and drag forces. The independence of the
lift was checked when the balance was previously set up by hanging
a .weight from the centre of. the model and noting that the balance
reading was zero. On replacing the balance for the present tests
it was.considered sufficient to verify that the bar FG was horizontal
and the axle of the autogyro vertical (at 0° incidence) each within 2
or 3 minutes of angle. ' , . .

. ' • • e . , :

, 3.0. Range of Force Measurements.-For the initial measurements
of forces the blade angle was adjusted to the valueI ;8° corresponding
roughly to the blade angle 1°·45/ of the original full scale machine as
recorded in T. 2155.* .: This blade angle was ultimately found to­
give the highest value of LfD. - . For this blade angle 'the observations
were, taken at angles of.incidence ranging by steps of .2° from 20°
~the highest angle ~hich the app~t~, ~Olild permit) down to 8~.~
and then by steps of :l 0 down to 3°. ' . , " . , . '. " '. : :' , .::

, -The highest rotational speed Was in generalliniited-by'coilsidera-'
tions ?f s~engt~ ofthemodel, to 12 revolutions per- second, corre­
spon~ t? a tip speed.~6 fL/sec., roughly equal to the tip speed
of the o~gmaI full scale.~ac~e: .The IowerIimit was in general
5 ,revolu,tions a second-though a few observations were taken as low:
as 3 ieyolutions a second. . ' ':... ' :' ,, ' . - ,

··T.2155 loc cit. " ,,'
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At angles of incidence below 5.° the rotational speed was limited
by the maximum tunnel speed available, 100 It.jsecond. As the
maximum value of LfD occurs in this range, the limitation of
rotational speed to 12revolutions a second was not of great import­
ance. Observations at the same blade angle were repeated at the
end of all the experiments and a solitary observation was taken at an
incidence of 2° in which it was found that the model would not
rotate for a tunnel speed of less than 90 ft.jsecond. At 1° incidence
the model would not rotate at all and an accident occurred in attempt­
ing to make it do so. Owing to failure to shut down the tunnel
with sufficient rapidity the rotational speed of the model fell until
one of the blades hit the supports. Fortunately the only damage
consisted in the splitting of the trailing edge of one of the blades
which was found to be repairable. .

It was originally intended to test a series of blade angles ranging
from 0° up to the highest value at which the model would rotate.
After completing the preliminary tests at 1·8°, the blade angle was
set to + 4° and somewhat unexpectedly it was found that the model
would not autorotate at any angle of incidence. The blade angle
was then reset to 3° and autorotation was obtained at large angles
-of incidence. In attempting to reduce the incidence it was found
necessary .to modify the gear ratio of the starting motor so that it
would rotate the model at its maximum safe speed of 12 revolutions
.a second. With this modification autorotation was obtained at
12° incidence at 10 or 12 revolutions a second, but-at 10° incidence
the model would not autorotate. Observations were made of -the
approximate lowest speeds at which the model would rotate at each
angle of incidence above 10° which are given in the following Table.

. , .

Table of crit.ical speeds for blade angle 3°.
-

"

Incidence (Uncorrected) .. 11 0 - 12° ]4° 16° 18°

:n (revs. per sec.) at whicll the ~odel -
will just rotate _. . . . . . . above 12 8·5 ? 6'7 5·3* 4:2.'

'YJille.the biade angle was strnset at 3° the method?fma~gobser~­
tions on the model when accelerating or deceleratmg was developed,
as mentioned in the introduction and described in detailin Section 4
below. . Force measurements were ·then made With the blade angle .
-set at 0° and also .at 1°:.· No difficulty was experienced wit? these
experimenis, which.call for no special comment. On analysmg the
results it wasfound that the maximum L/D for a .blade angle of ~~

. . . . .- . ..-
...

. .:. .

: ' .* This value was confirmed by the observations at varying ro~tio~~ . . .
~ds> see below'§ 4.4~ " . . . (:. :: .': 1

.. . ' ~ . , .:' . ~. . '; .
'.. " . . "

.' ..' .
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Was' appreciablylessthan for I-SO': It-was thereforedecided totest
an-additional blade angle (~_3°) ·~ntermediate between 1.80 and 3~;
This again gave alower maximum LfD. and -the results at the s~~llet
angles of incidence were very critical, but-no cas~ of actual ~ailuTe
to rotate was observed at rotational speeds above 5 revolutions 'a;
second . .' Finally, as mentioned above, some .repea t tests were-made
at-a blade angle of 1.80 and the results 'were found ' to 'be in satis­
factory agreement with the original tests. . . . ' ~

': -.. In view' of the success of the Autogyro Company in flying a
2--bladed autogyro, 'it .was decided to test the present model as a;.
2:-blader by removing two of the blades. ' The experiment was con­
veniently made after the accident to the'model in which one 'blade
Was damaged. The experiments showed no special features .excepf
that as expected there was greatly increased vibration 'due' to the'
periodic variation of the drag which necessitated additional damping
in the drag balance. .- This vibration increased rapidlywith decreasing
incidence and, the lowest incidence attained was 40

, which'. was.
hardly low enough to establish themaximum 'L fD; , .. ' . ~. , .~ : J ; ~
.. ~ ~. . .. . '. . . ' . . . . ' . . . ' . .
: '-.'.' ·3 .0 1 ·. "~Lateral Fo~ce.-Obse;v~tion~ of"th~'later~l force 'cOIi;pOiIe; t
Y,'were made in conjunction with the observations . at flapping
described below in § 5 for.the blade angle setting I-SO_only, at angles. " .1
of incidence from-l0

. to .16°_. .:: . ..'. ' " .. .._:.. ... .:
. , .

:: ....: ~ : 1:: ' .: "~ . '. . . . ~ ' '' , ' , ":

::.:. 3.1. .]Y!ethod of .Reduction.:«As' compared with 3:Il aerofoil -an
autogyro has in addition -to ..the ordinary. . varial?~es--:-:-::-ve,loc~ty" inci­
dence and the two-components of. resultant fo~ce:--:¥, fifth ,variable"
the rotational yelocity.,__There is therefore a .rather Iarge variety o~
types of non-dimensional coefficients by. which to describe the results. I

For the practical purposeof determining the..merits of the autogyro ~.
as.a.flying machine itis convenient to, resolve the resultant force ill' t
tl!~ plane of symmetry into the components lift L and drag D, while ~

the -rotational speed 'is unimportant. The coefficients 'which ' are , ,J
important ia. this..connection .are .. the ..lift -. ~oe:fficient on ._v~locity. (
L/1tR~ PV'l., here denoted by Lv, and the ratio D/L. The incidence: .. : . ~

is .c:.f ~ec9?-dary impo~an~e ~? , that. it is . c(mveni~nt :to .pl?t .'.DfI;. :.:·:t
against LV, and Lv against mCldence•.. From-the pomt of VIew of the . '
theory of. the autogyro, the force components T, the thrust parallel " 1
to the axle, H, the.Iongitudinal force, normal to the axle, and ,the '.
rotational speed are fundamental, Within .the range .of incidence
covered' by the present report (2° to 22°) the' thrust does 'not -differ: I
~~tly from the Ii~.· L and ~e thrust coefficient ,T /1tR ~PQllmay'~:
replaced by the lift coefficient ·L/ ~R~ pQ2 .here' denoted.by~ L.Q1,
This ' coefficient .has the' additional advantage that if defiheS .the
rotational speed of : the: full .. ,scale "machine .'in horizontal flight!
In ·' the· more ' recent. developments -of - the theory -of "the "auto­
~9';'-~e:- Ion@tU:dr~~I-force' ".component"': lias. ~ been 'superseded ~..bY,
the coefficient D/L deduced .from considerations of. .~riergj( los~o: .. .: .

' . " .
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The four non-dimensional quantities Lv, D jL; LiJ and the incidence f
?ore actually sufficient-to describe the results completely but it is,
convenient to record also the ' additional ,coefficient' V cos ifR n;.
denoted by (.L, which is,of fundamental importance in the theory.

When the .torque Q is:not ze;o it 'tP~st , be included as a 'sixth .
variable. The, form of torque ,cgefficient which appears most
convenient is Q/1tR 5 pO! which~ be denoted by QQ. Its rela...
tion to the standard torque coefficient kQ of airscrew theory is

k 1, 3 Q
Q=-1t n.- 8 ;:'4.

• . . . .: . . . . ; J

The lateral component force Y. is conveniently .recorded in the form)
YfL, the value,of this ratio being expressed in degrees for convenience:
o~ comparison .with.the flapping angle. The lateral force is reckoned',
positive when measured to starboard (i.e. towards the blade which is­
moving up stream). The results ' of the measurement of Yare
discussed below in § 5:1,3 in conjunction with the observations of the:
flapping motion. . _ " ' ; ,: . _ " . , . .. . ,

. '

, 3.2. Corrections.-It is necessary to apply the following correc­
tions to some of the quantities observed in the tunnel.

. 3.21: Velocity'.-Towards' the" ~lose of the ~xperimenis so~~':
observations were made with a standard Pitot tube of the velocity'
in a line across the tunnel through the centre of the autogyro at a
point 2 ft. from the wall. Atjhe larger angles of .incidence the
velocity at this point was found to be appreciably increased by what
rnay be considered as a blocking effect of the model. The maximum
increase observed was 4 per cent. on V2 for the 4-p}aded autogyro
at 1.80 blade angle and 20° incidence. ,' It was decided to take the'
velocityat this point .as being the equivalent free air speed ; as the'
variation of this velocity was small,,only a limited number of observa­
tions.were taken and the observations were'analysed' on the assump­
tion that the increase of velocity was a function 'of the drag coefficient,
D/1tRa pV2 only, ,t his assumption being found to agree sufficiently
well With the 'observations. , On this basis ' corrections were applied:
to the velocity and to the coefficients Lv and iL, in which it occurs. ,- ,',

.,3.22.'Air De~sity.~ih~ temperature . '~nd barometric ', press~e':
were .observed each. day ,and the rotational speed was reduced ,to'
stand~r~ air ,density-by the. method .cust omary in all ,wind tunnel

, expenments on air screws. . .. ': :;. ,-:: ' ; :" ~ :"~ ' :" ' , ~ ", '.,

.:· : '.~.23. ~C9frectlon: 'jor: ttl~nei i~t~~j~~nce.~-'ijl~"ordu;ary:, formula;
for the- Prandtl .correction for tunnel interference on ~ _aerofoil ,
__ .' • l • • -

, *" All. observations throughout the report were made at ah-exact number' ._ . '.
~f 'degrees incidence (uncorrected). ' In general when an' angle of incidence j}}.. , ' "
~entioned in discussing .the results the:uncorrected ,¥t ciden ce ,:is , n:te~t .:~ ',;y.)-

• • _ . ~ • • . , • ~ . .. -.I. '. • '. • •

. , .. .. . :'
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-contains only the velocity V, the total lift L on the aerofoil, and the
breadth and height of the wind tunnel. For an aerofoil horizontal
in the Duplex tunnel the formula is

s: = 0,274 Lip V2 C

where C i~ the cro~s sectional area of the rectangular channel and D.i
.is the increase of the incidence i (in radians). This formula can be
applied at 'once to the autogyro; an argument ill favour of its
.correctness is the fact that the calculation of the interference velocity ' !
.on the assumption that the general"flow pattern is the same as that
round an elliptic wing having equal lift and a span equal to the
.diameter of the autogyro, gives results in fair agreement with r
,experinient In applying the above formula to the autogyro it was
.assumed that the relative values of four of the five variables, viz.,
V, 0, T and H were unaffected by the presence of the tunnel walls
'while the incidence 'i was increased according to the last equation.
For the present purpose it is sufficiently accurate, since the correction
-is fairly small, to assume that L instead of T is unaltered and that
there is a correction on the drag as in the case of the aerofoil given
:by the ~qu?-tion

~ D = L ilia

r" . ·r
.t
i. ;,.,.
, .

;.
= 0-0790 Lv '

-Of the coefficients here recorded the only ones affected are i and DfL
.and the magnitudes of the corrections are ;" ,. .

..1 i = 4, 525 L, degrees

~ (D/~) = i.\i in radians

, 8.24.. Correction for. drag of boss and blade roats.-Itwas, un- . {
-fortunate that the drag of the boss and blade roots 'of this model . {
-was relatively of much greater importance than that of the full scale }
-machine, This was due firstly to the fact that the boss was designed t
for a)O ft. model .and secondly to the necessity for means of '.i
varying and locking the blade angle described in § 2.0 above. . ~ AS i

'mentioned in the sam~. section it was .possible owing to the omission ' , t
-of the ~fety wires to .design ~ards which shielded a ' much greater I
proportion of the boss' than ill the case of the 10 ft. model. 'A
number of observations of. forces .were made before these' guards, ' .
'were completed. Atthe end of all the experiments after the blades '
bad been removed, observations 'of drag were made with the spindle , I
alone and also with wooden dummies of the blade roots as far as the I

-po~t.O of Fig. 3. ,'The ob~~!vations.were rep~ated with and ~~out "
.additional guards inplace; ' By taking the difference of the drag.of
the complete model with and without guards weobtain the drag_Q!
the .parts of the 'centre 'Shielded by the guards and subjected to the .
-interference ,flow of. the autogyro blades.. Comparison .with the
.corresponding observations on ,the dummy boss and· blade roots ,

. ,: '
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showed generally good agreement and suggested that the interference'
of the blades on the boss was of small importance. On the basis of
this result it was assumed that the drag of the dummy boss and blade
centres with the guards in place represented the correction which
should be applied to the observed drag of the complete model with
guards in place in order to obtain the drag of the blades alone. The
accepted value of this correction was 0 ·OOt3/Lv on DJL. Unfortu­
nately this correction still represents a very large percentage of the
drag of the blades at small angles of incidence; in particular the
correction increases the highest maximum LID of the -l-bladed model
at l·go blade angle from 6·1 to 7 ·5, and of the 2-bladed model from
5·6 to 7 ·8. The maximum values of LID 'for the blades alone are
therefore somewhat uncertain. In order to obtain a correction.
suitable for the 2-blader the dummy boss was also tested with two '
blade roots only, set across stream and also along stream. The·
drag in the former case was quite as great as that of the four blade
roots. Accordingly it was finally assumed that the correction for
drag of boss and blade roots to be applied to the 2-blader was equal
to that of the 4-blader and the relative importance of the correction
was therefore twice as great. Further evidence for the accuracy.
of these corrections is obtained below in § 3.43 in discussing the'
comparison between the results for 2- and 4-bladers.

3.3.' Reduction to zero solidity ratio.-For the purpose of com­
parison" between the two bladed and four bladed models it ' is,
convenient to make use of the 'conception of an ideal au togyro "of
zero H solidity ratio." This corresponds to the reduction of aerofoil
data to infinite aspect ratio as a basis of comparison between
aerofoils of different aspect ratio. For the present purpose it is
proposed to make use of Glauert's assumption of R. & :M. 1111*
as to the interference flow:-that the total interference velocity
is parallel to the axle of the autogyro and constant over the disc,
and that it is equal to the velocity of downwash of an aerofoil
with elliptic loading and of a span equal to the diameter of the­
autogyro. ' Writing io for the incidence' and Do for th~ drag of
the autogyro of zero solidity ratio, the formula for ~o may.~,

~ derived from formula (22) of R. & M. 1127 in the form (neglecting
(xj[J.}2 )

" tan i o = , tan i - ! Tire R2 PV2 cos'' i2 ' ., '

,'"= tan'"i ~. !, r., {I + (D(L) t~ i} sec'i "
. , 2 "

the -formula ~f D~/L: may be ~imilarly ', derived 'flOm formula ',(SO}
of R~ , & ,1\1. 1l27~ -.' .: " " '" ' "

·. D~/L : D/L+~~ L;{l+ (D/I:): taut} seei. "::,';
-'; ' . .,. • • I • I"
"' ", R. '& M. 11U .-A general theory of the Autogyro. 'By H. GIauert'- " ,.
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In order that the force coefficients Ln and Lv may be independent
-of the solidity, 0', it is necessary to, refer them to the total blade area
-;insteadof to the disc area, i.e, to use (1/0') L.Qand (1/~) L, in place,
of LQ and Lv. As the majority of the results refer to the 4-~1~ded:

autogyro, it is convenient to take its solidity (J 4 a~ standard and to
work out (aJ e) L.Q (= 2L.o) and (cr4/c) L, .(= 2 Lv) for the 2-bladed,
autogyro. Accordingly values of i o, DolL, (aJ~)Ln, and «(j 4/O')~ ,
have been worked out for the 2-bladed and, 4-b1<ided autogyro at ,
1 .80 ,blade angle. . (Fig. 11.) '. - " I

2

3.41. Discussion of Results. Force " Measurements. ' Effect' oj '
change of blade angle.-' 'Fig. 6 shows values of DJL corrected for drag
of boss plotted against lift coefficient Lv for all blade angles tested.' r
The results correspond to ,a rotational speed of 10 revolutions a ~

second, i.e, a scale value nRc = 84·2 ft. 2jsec. . The most obvious
conclusion from this' as from all the results is,that the performance:
-of the model is extremely sensitive to.changes of blade angle. From -
0° blade angle up to 1;80 there is a steady decrease ofD jL with blade ,
angle for given lift coefficient over the whole 'range. ,At large values '
of lift coefficient this decrease continues up to 3° blade angle but at" _
-small values of lift coefficient the value of D jL has started to increase
at 2.30 blade angle while at 3° blade angle the model will not rotate.
Thus the change from highest maximum efficiency ' (lowest DfL) to'
the condition of failure to rotate corresponds .to achange .of 'blade '
angle of probably less than 1°. The failure of the model to rotate . f
is undoubtedly connected with the stalling of the blade elements of: I
the retreating blade. This point is ,considered 'more in detail below: 'f
in connection with the results of tests at varying rotational speeds. , )
It is evident that as the.blade angle increases, the effect of stalling: '
'becomes important with great suddenness; apart .from .this effect i
the results verify the conclusion of R. & M. 1127 that the efficiency, t
.increases with blade angle. , ,', . " ' : ~
: ', On..the same. diagram Fig. 6 are plotted the corresponding, ' !

results for a monoplane aerofoil of aspect ratio 6 'having the 'same. i
section as the autogyro wing.. .For the purpose .of comparison, the . ';
lift coefficient of the aerofoil is calculated on the basis' of the area of- [
the circle on the sp~ as -diameter, ~~ that tJ:1e,spa~'of theaerofoil .]
corresponds to the diameter 'of the autogyro. This basis of .com-, 'j
parison has the further advantage that th~.appr~xim~tevalueof the ' '.
mduced drag, shown by: the dotted straight line IS . the same 'for "
both. The comparison shows clearly the distinguishing qualities of the ." ', :
aerofoiland autogyro, the superior efficiency of the former -at high ,",
speed, 'and the absence 'of , sudden .stall , with : increasing flying" '.
mcidence of the .lat ter , ' The remaining Figs; .7 ,and 8' show. .;
r~spectively the lift coefficients Lv' and L 'a plotted ,aga~s~· . ~.:.~, .. f
cidence. The first figure does not call for special comment ;'Flg: 8 ' ,." f
~h~ws that the "co~fiicient- ,.LDis :.very.:, n~a,r~,Y :indepen~e~t ~ of ::" f
Incidence down to fairly small-values In all cases, the only exception , ';: J
being the case -of blade-angle 2-30 at -small angles of incidence and;,'., J

. . . . . < .', ... ; ~ ' . . . -: ... " , <, : "':IJ:

. . . ..-. .' .: ~~: ': .

-" '.. .:. ': ',' _.~. ..... ,.... .l. " ... ~. ;. ..'. c~.; .::~/". ':~' ~ ,f L .
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blade angle 3° for which 't he results are known to be very critical.
The values of Ln shown in Fig. 8 are sufficiently regular to provide
a useful check on the relative accuracy of the setting of the blade
angles. It is interesting to notice that over a considerable range the
values' of LQ decrease .slightly.with' decreasing incidence in accor­
-dance with the theory of ·R. & M. 1127 and also, it is understood,
with the full scale observation that the rate .of rotation increases
.slightly with increasing forward speed.

3.42. Effect of change of Reynolds Nu.moer.-A selection of the
,coefficients is shown plotted against the rotational speed n * as
follows :-D/L in Fig. 9 and Lv in Fig. 10, while the scale effect on
L.o is shown in Fig. 8" The most striking result is the large scale
effect on L, in comparison with 'the other coefficients for large values
-of n, large values of incidence and small blade angles, these being the
conditions in which the scale effect on the remaining quantities is
least. This implies that the ratios 'of rotational speed, lift and drag
.are more nearly independent of Reynolds number than their ratios to
the forward speed V required to produce rotation; this again may'
be interpreted as a scale effect.on torque coefficient since ·the rota­
tionalspeed is determined by 'the condition of zero torque. It is
to be expected on theoretical grounds (see R. & M. 1127, Part II) that
the greatest scale effect will be found on the torque coefficientand
the energy loss due to profile drag; the effect of the latter on the
value of D fL at .large incidences is masked by the fact that the drag
is the sum of the Prandtl induced drag, and the energy loss due to '
profile drag j : the former part' (relatively most important at large
incidence) depends' on Lv and therefore increases with increase of
Reynolds number while the latter part decreases.

. The scale effect on the coefficient L, alone show? no tendency to
diminish with increase of scale, the curves againste being sensibly
straight Iineson the average at angles of incidence greater than 10°. '
The average increase from n"'::"" 10 to n = 12 is from 3:to 4 per cent.
It is impossible' to' predict full scale values of this quantity with any
accuracy except to say that the ful! scale machine will have consider":'
:<l:ble advantage over the - model in this respect.. The remaining­
coefficients 'La and -DfL appear to have 'se~t1ed' down to sensibly
constant 'values 'at the highest Reynolds number reached and little'
,alteratio~ is to beanticipated up to full scalevalues. . " .' : - . ' ..' .; :
'. .All coefficients ' 't~a to' vary in a .critical' menneratspeeds'

approachiIlg thatat whichthe autogyro will not rotate; this suggests:
that model experiments 'are'of little Value .when' the blade angle is·
close to' thecritical-value, e:g..for a 6 ft::-~eter model t?~ 'b~adoe~
angle should not exceed 2\ for a 3 ft. model It should ~ot.~xceed ~ ·5, ".'

: 3.43. _.Effe~ of change 'of soli~ity.-Th~ coefficients "'£or" the' . '
'2-bIaded ~ .and··4-bla:d~ alitogyro:· "'af' blade' angle ' l '~ have ·been:.~ .., ...'

," • Which isproportional to the Reynolds numberatthetipe- .~pS~"~'~' .~ ." . :
clxord (Me) ·-.:.· g . 42 ·n ft tlsec ' - ,. .. , : ::-- :" .' 'J < . -:.: ." : •.: .. ... . .' ,', ' •. '

. [1 ~ ~ . . ' . .
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reduced to zero solidity by the method already described, and are
plotted against i oin Fig. 11 in the form (cr41 0') Lv Do/L and (O'J0') L.o
The agreement between 2-blader and 4-blader is good over the
whole range and may be taken as evidence that the performance of ,
an autogyro of any solidity less than that of the standard 4-blader :,
and of any blade angle within the range over which the 4-blader ' , .
was tested, may be ,calculated by the formulae of §3.3 which may be !

written in the form ';

Lo ~ ((1/0'4) LV4
LQ ;=: (cr/<34) L.Q4

, . 1 T' + 1 T'
~ = '~4 - - V4 ' v2 ' 2

, '

_D/~ , D 4/I:4- ~ T'v. + ~rv
.. ' .

where T'v -:- ,Lv (I + (DJL) tan ~) .sec i, and suffix 4 denotes
values for the standard 4-blader. ,

" The. agreement of , D IL-for the 2- and 4-bladers also tends to
confirm the accuracy of the correction for the drag of the autogyro
boss. .

that
4'tOh' Obsetrvatio1ts adt lvaryin

l
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rottationtatl sp~tehd. thOnb'1adid'scovennt'gt ,f
e au ogyro rna e wou ; no ro a e WI e es se a

+ 3° at angles of incidence below 12°, it seemed desirable to extend:' !
the range of experiments by taking observations when the torque Was, !
no longer zero. The application of a small driving torque would', ' !

make it possible to extend the observations at + 3° blade angle to ~
small angles of incidence, while observations over a range of rota­
tional speeds for a given tunnel speed involving small positive or
negative values 0,£ the torque would be of considerable interest. ' This
extension of 'the number of variables would be of.assistance in corn­
paring the observations with the result of strip theory calculations ; . i

it, should also , be of some ' practical importance in a comparison !
between model and full scale. The, experiments indicate that the j

most important scale effect is on the rotational speed for zero torque. 'I
or alternatively, on the .torque for given rotational speed; pll& . '
suggests that it may be possible to obtain results corresponding more
closely to full scale by applying a torque to the model. ' In particula,rt: f
it is probable that thefull scale autogyro will autorotate at' a soine- ' . l
what ~arger blade.~ngle than t,he rnodel ; experimen~s. at the:c?!!e~,, ', I
sponding blade angle . could, be made only by applying a ,driving. "
torque to the model. ' , . , , ' " ' , ' , . '. ".' " ' ," ~.: " .. '

~.. ' . .. . ..' .:t ~ ' ''''''.: . .r ' : ", = ..,. . ,' . \ ._~.... •.: : ( I" . ~ :, I ~;:~ , '. . l

, .In considering possible experimental methods for,the '6 ft. rp.odel: '
it was thought undesirableto -attempt -to design new apparatus-for- " .
the purpose; the existirig starting -gear was not 'suitable 11$ itsuse. ,

I • • ', • • ' _ •• ' . If
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interfered with the readings of the lift and drag balances and
it would only exert a positive torque. In addition there was
no simple means available for its measurement. As a simple
preliminary method requiring scarcely any additional apparatus,
observations were attempted when the rotational speed of the model
was varying. The instantaneous angular velocity of -the model
was measured directly by means of a stroboscope so that the accelera­
tion or deceleration could be deduced from a single differentiation
of the resulting observations. In a number of cases instantaneous
readings were also taken of the lift and drag balances and these were
correlated with the readings of angular velocity by means of a
chronograph.

In the, normal case the autogyro has a definite stable speed of
rotation A, (Figs. 12 and 13) at which the torque changes sign from
negative to positive as the rotational speed increases. It is to be
expected that in general the torque will again change sign at some
lower. rotational speed corresponding to a possible' unstable steady
motion B. There are then three possible types of motion, illustrated
in Figs. 12 and 13, .according to the particular speed at which the
autogyro is started. (a) If it is started at a speed above A, the speed
falls to the steady speed (A); (b) if it is started at a rotational speed
slightly greater than B, the speed rises to the steady speed A; (c) if
it is started at a speed slightly below B, the speed falls indefinitely.
The curves shown in ,Fig. 12 were those actually obtained in a -test
at blade . angle ,3°, incidence (uncorrected) 16° and tunnel speed
32.0 feet per second;' the zero of the time scale of Fig. '12 is of course
purely arbitrary. ' The 3 branches marked (a), (b) and (c), in Fig. 12
correspond .to the 3 portions of the corresponding curve of torque
coefficient in Fig. 13; on particular occasions the speed remained
close to the unstable speed B for many seconds before any indication
was discernable as to whether the speed would rise or fall. This
uncertainty added to the excitement of the experiments, since if the
speed fell it was necessary to take as many observations as possible
before-vibration became excessive, and then to shut down the tunnel
promptly enough to prevent possible damage being caused to the
model. · Incases when the autogyro would not autorotate at all (run
steadily) ' the' torque was always positive as at (d) and the speed
always .fell continuously. . ,- ' , , . . .',

, 4.1~ Details oi~#aratus and.method of observation~-The instan­
taneous angular velocity of the autogyro was observed by means of
~ strob"?scope disc rotating on a vertical axis.mounted.just above a
glass WIndow in,the roof-of thetunnel, , On the floor of the tunnel
was placed a white sheet on which a sharply defined shadow of the
autogyro'.W~S . cast bya ~,~ ,Pointolite" lamp. The. m?tion of the
shadow was observed.successively through concentnc nngs of holes
pierced in the disc of 'thestroboscope which was driven at a constant ,
s~4 through .~ reduction gear of 8! to 1 (afterwards 7 ,to I) :1)y ,q
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small electric motor. -The 'rotat ional 'speed of the disc' was varied
between " the extreme limits 3·4 to 1·7 revolutions per . second
,by varying the armature voltage and by the use of field resistances;
The concentric rings had the following numbers of 'holes starting
from , the. outer ring :-14, 13, 25 (-= 2 . X 12,5), 12. 11. 10, I~

(. == 2 X 9,5) ,. 9, 8, 7. .The motor driving the stroboscope was
.provided with a make and break contact by means of which 'an
intermittent current was supplied to an alternating current frequency
meter, of the vibrating reed type. This arrangement enabled the
stroboscope to be maintained at a predetermined steady speed. The
meter, contained reeds responding to every ! cycle from 30 to 50­
cycles and the wave form produced by the contact breaker was such r
as to cause all those reeds to vibrate which corresponded to a complete i

series of harmonics up to the 6th according to the ,speed . . Advantage
was taken of this, circumstance to use therneter over a .range, of
speeds otherwise outside its limits. ' Difficulties'at 'first experienced
in obtaining steady running of, the disc were traced 'to .imperfections.
in the original reduction gear which caused the 'speed to oscillate
about its mean value, and a number of observations were rendered
useless from this 'cause, On substituting a new gear this "trouble
was 'eliminated. " . . ' ,

.:',: .~e. ~hron~gr~ph ~is kindlyient by.the·Engineering.D~partme~t· '~
~t was' provided with four electrically operated pens marking a .! in; !
paper tape which was .fed at a constant rate by an electric motor; r
To provide a time scale, one pen was operated by a.mercury contact I
attached to the -,lever of a clock, the hairspring and balance wheel l

,0#which pad been adjustedto beat exact seconds. . '. ;, ' : ..

, : The- remaining ' 'three pensw~i-e . controlled ,by tapping keyS-:of I '
whichone was operated by the observer on the stroboscope andthe
other 'two by 'observers on the lift and drag balances. ' ' --- " . .' ,
~ .: 1';'The':.object of the experiment w~' to determine' 'the' '-inst~n:t~ , r
relative .to a, common time zero at which the rotational 'speed,and . ,::
balance ' , r~~dirigs: . ~~tained . d;finit~.- , predetermined ' values ....~~ f
pro.cedure .irr a. typical expefll!l~nt. ~s as. follows :.-. Case (d) 111. ' .(
which the autogyro decelerates llldefinitely. , The.tunnel was tun at '" 1
a given' constant speed and the autogyro rotated by means 'of the ' f
starter at a given initial speed under the control ofthe.observer on : ',
~e s~oboscope~. , ,!,h~ stro"'?:oscope sp~~ .was adjusted sothat the, I I,
time of passage of one hole-in the outer nng of.14 holes past the 'eye . ,
of the 0 bser~er ;' was slightly greater ,than the ,time .taken' by the:,4, J
bladed autogyro to make a quarter turn. ·' ' Under these'circumstances ' .' " i
the image of theautogyro appeared to have the normal number 01 ". f
.blades and to rotateslowlybackwards. . Tocommence the .experi- .: . \
merit the stroboscopeobserver pulled out-the switch of the starting . '",
motor leaving the model rotating freely So that it at once' started td ' : ' .
decelerate.and it~ im~ge in t~e ring of:-l4 holes ~ppear~d~t6 "c~me,tQ ' : :,t
restat an instant which.was recorded"by' pressing-the ke~l.and-W~ ;. J

. .. . , 'r " ' ': ' ".. ' • • ' •• ,. .. :~:" ~~l
- • :'.~ : ."- .1 • '. " ~ ,. : .. ~. • ,/ / _...~!
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taken asthe arbitrary time zero. Afterwards theinstants at which
the image appeared to come to rest when seen through the remaining
rings of: holes were successively recorded on the chronograph and
'Corresponded to rotational speeds of (13}14) no, (12J14) nu, etc., where
no is the speed corresponding to the outer ring. ' At the instant-the
image appeared at rest in the innermost ring, the speed .had the,value
{7/14) no.= 1/2 no;' in favourable circumstances the observations
could be continued beyond this point, 'since; at the same instant; the
image re-appeared at -rest in the"aliter ring of 14 holes but with 8
blades ;, afterwards it appeared 'at rest in 'the next ring of.,13 holes
when 'the rotational speed had-dropped to t (13/14) nO't and so:00..
Ultimately' it was necessary to shut down the tunnel before the
rotational speed became so low asto cause excessive 'vibration due to
increased. flapping. " , , '. , .' ' " , ' ., ,:; ' :: , ' ,",'

, The use of. the extra rings' of 2s'arici' 19 holes 'was asfollows. ' At
some "instant between those at which :'th,e image with. 4 J:>lade's
appeared at rest in the Pugs of 13 holes and 12 'holes, an image with
~ bla~es carne ~? rest.in the ring of.25,holesand w?-~ recqrde,d;at the

.mstant appropriate to 12·5 401es.. .' The.appearance o~. these images'
with 8 blades was useful in-making it possible to''obtain a g'i~~teJ.:
number of points to define the curve of rotational speed against
time>.:They also helped the-observer.to avoid mistakes'as ,to' which
ring of holes.he .wasIooking.through. .. I10r the .former,purpose it-was
sufficient-to .take. two ~ successive runs-for- which .the.rstroboscope
speeds werejin ·the 'r~ti9,;"say l~ to 12 ',5.so-that, the-rotational.speed,
corresponding.to.thering .12,in the first runwas.equal to .the.rotational
speed corresponding.tothering.12 ~.5 in the secondrun..» Itwasthen,
possible to adjust the timezero for ,the .two runs.by making,these two:
pcintscoincide, whilst .the.remainingpoints ofthe.two runs occurred:
alternately,atequal intervals.:..", ",' " ;::' '. '.'-:y : '2 • ~ ~ i, "": ,.": ;. . ' .: ::.' ", ~

· ' 4 . - - " .. I . ." . '~ ..' \ . , : ; ~' $ J ~ : • , 'r . . - , " .. ~ . : . ...~' . .. . ~ . ' . I ." .~ ::
: :.:Iri 'a limited'number ofcases, observations ,oI)ift .J:!-nd drag.were
m~de. simultaneously ';With:',Q"hser.yations-.0£ rotational speed, ,,~~r::
t~s:p'urpo'se' it was necessary,todetermine ~:t by trial .the 3;PJ!:,-,qXl-)
mat~J'ange through whichthe .b~an~ereading wouldvary ~;~~
time during whichthe model wasdecelerating. . ~;·stiita~le .n1W1be.r~
Q~_,ba1anCe ,re,ad.ings" we~~ chosen beforehand, at intervals ofsay 1~J:>~
or:21bs.'.in the case of thelift.'," .At the comnience~ent.pf a run;the ,
,!~ig?ts '~e~~, adjusted to' ~~,: reading .~oiresp6n,djri~:~o a r:~~tioD:~;'
speed .which .would be passedfhrough shortly' a~~e:-r: the c.<?~en~::

~~~t ; .~ afte'r~ .c~t~irig ,?~~: t1?-~: :sta~e~Jh~ ~~d~~ ~f, ~e•.balance :~~­
~t~h~9-":~p.~ , ~t .,P~<f:" ~o~~h: ~t:s ,pos,~tip~ ',of: ~c~"a~ ! which.
instant arecord was-made p,n .the: chronograph "J?y;.nieans .of.:the,l
t~kpmg 'k'eY: : ' :Jhe '.ob~rver: :~~t~ly I~u~e4";o:~.~Cr~ase.d :his~ .'
~lgIit~: bY :#ie. "'pi¢~et~$ined .~oUriL;~~1,~~~..~te~ .until .~~.:-. ,.

. Index again' passed through Its balanced position; It was necessary .. ", " ,
to make the difference between"saccessive .readings great enough to.' ", . :
allow sufficient time for the observer to change weights and fo~, ~he, ' , ' -:

: " .
. ' . ". . . .. , .".... ~" " : . : .:. .: ::. " r:
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balance to settle down, but in favourable cases it was found possible
to take as many as 10 readings in a single run at intervals of about
5 sees. Where necessary readings bracketing the previous readings
were taken in additional runs; In actual fact the observations of
forces were made in only a small proportion of these tests ' on
account of the number of observers required and the time necessary
in the preliminary trials to determine the range of forces. In the
earliest experiments with blade angle 3° at 16° incidence the
range of the drag balance reading was so small that it was found
impossible to obtain satisfactory readings, and it Was considered
sufficient to take readings on the lift balance only as the reading of
the drag balance affected the lift only slightly. .Peculiar difficulties
were experienced in the later experiments at fairly small blade angles
where the acceleration of the model reached large values so that there
was a tendency for the starting pinion to be thrown out of gear
before the tunnel speed could be adjusted to its steady value. In
this case it was necessary to throw the starter out of gear when the
rotational speed was quite small and to allow the model to accelerate:
freely as the tunnel speed rose starting the observations as soon 'as
the observer signalled that the tunnel speed had attained its steady.
value. - .

. . ... ~ ::
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. ::4.11. Method of Reauction.-· A complete set of observations
consists of the time points on the chronograph tape corresponding to
a series of known values of the rotational speed and of.known balance
readings. The first operation is to plot the rotational speed and
balance readings separately against the time referred to an arbitrary
zero which is usually taken as the nearest second before the :first
recorded rotational speed. In general, there will be from 2 to 5
separate runs under identical conditions to be correlatedwith one
another. For this purpose the time zeros of all the runs except one
are altered by definite amounts and adjusted to make the values of
rotational speed 'against time lie as closely as possible ona single
smooth curve.' The kind of accuracy with which this can be done is.
shown. in Fig. 12. .The same 'zero adjustments are then applied to ~

th~ _ readings of the lift and drag balances plotted against time .and' _ . i

should ~erve to throw these points also ' on to single smooth curves. t
The smoothness of thecurve is of greatest importance in thecase.of"
rotational.speed since it is necessary to differentiate this to:obtain . '
the torque. The 'next step is .to obtain from the 'smooth 'curves'
values of dn/dt, land d as fnnctionsof n. From the valuesof land (J '
the.·values 'of lift and .drag can 'be ":obtained 'from the"standard"
formulae' of §.2.125,' and from them-the ordinary coefficients can.
be .deduced. ~ 'The angular 'acceleration was interpreted ' as gIY4Lg'.
the-torque which would be requiredto maintain the.autogyro atthe ':
corresponding steady rotational speed by means-of the formula .::<>~.: .':
... .:» ,.. :.'..~ ,<;' ..1 :·· ·· : ·· · ·~'_..Q· ' · ·~ · ·I· · ·d6. - ·: . " -..:. .,. .': ,:/;. ,"':~: ~~ >. .:' ;. : ~" ':: ' :~.

- -- ' . . '. . . .," . ~ " , .. :. , '. :'.:', :"" . .';. ': . .. . ' . .d t .:: '.' .:',.. ; .,. 1: ' -; ,-, : ' " L I
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-where I is the moment. of inertia of. the autogyro about its axle,
as determined subsequently by the method. described in § 4.3
below. The torque coefficient Q-O was then deduced by the formula

Q - . Q .
Q - 7t PR 5 0.2• ..

It appears that the quantity required in determining the torque
coefficient is (ljn2) (dn/dt) which is equal to - djdt (lIn). It was
therefore found more convenient to plot l/ninstead of n against t as
in Fig. 12 before measuring the slope of the curve.

Among the force coefficients' deduced from the observations the
value'of the ratio D/L was included. It may be remarked that from
the point of view of energy loss, the observed value of D/L when -the
torque-is always positive, as in the case of the blade angle SO, inci­
dence 10° or less, is not strictly comparable with value of D/L at
zero torque for smaller blade angles, since in order to obtain constant
rotational speed. energy must be supplied : to' the ' autogyro. It
therefore seems more reasonable to use for purposes of comparison a
coefficient which will be denoted by (DJL) , defined so as to include
the whole of the energy required to propel the rotating unit of the
autogyro. The part of the power .required to overcome the drag of
the ,autogyro is Dy while ,the .power expended to 'produce steady
rotation is .QQ. 'VVe shall therefore define ,-(DfL)' as equal .to
~DV+Q.n)/LVor .' . .... "

(
D )' ,.: D - Qn ', ' !,; ; . ,

. ' ' : ' . L ·L -'tLV· · ; ;' : c v ,

=
D···.+··· Q~ :.. ' ~ < : ' , " " ,-

~4 ~ =,. ':. i }.( . .

L . f1 .L' · .' ." . :. .
. . ' . (J.approximately. ~ , . .' ',' ,, ' .

4.12. Range oj Observatwns.-. The observations at va~g
rotational speed are recorded in Table 3 and covered the followmg
-cases.' The earliest tests were made with the blade angle set at go
at an angle of incidence 160 and cover all the' four cases den<?ted by
.(a), (b), (c}, (d) in Figs. 12 and ta. They also cover four d~fferent

. tunnel speeds and seven mdependent runs (about 30 runs ill , all).
The majority of these include. readings of the lift balance .but
not of the drag balance. The observations were then repeated at
angles of incidence of 10°, 8° and 6° .. (Figs: 14:and 15). In these

·case~ .th~, torque was always positive, .t ype .{d) ; . three values: o~ t~e
tunriel . speed were taken at .each angle of incidence .(two at 8 ).
,?~erva:,?9nS of .~th lift' and drag were taken 'at all three.angles of
mcidence, , As .the blade angles were changed, observations we~~

taken at !()O jncidence .in .all cases except O~ blade angle :md 1~
the range (b) 'only. ' T~ese observation~were taket; at two ~H:~rent
tunnel speeds at each of the blade angles'2-go, 1-8 , and 1·0 • , The

: .experiments were limited' by the necessity ofcomplering the whole.

~ ' . - . ' ..
. .~ .' '.: ' ,,'. .

" ~:, -' ,- ; ~ . . ~

: .. ..
~ , '~ '; .' -.
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ofthe experiments -by-a given date; the tests at varying rotational­
speed being considered less important were sacrificed to the standard
force measurements. .No balance readings were taken in anyof
these later tests at varying rotational speed. Additional tests were
made at 1·8° blade angle at angles.of incidence of 10° and 6°, and
at 1.00 blade angle at incidence 10°.:

. , . ...

. '4.2. Static Deceleration ·Test.-·With the blade angle set at 3° a,
single deceleration test was made with the tunnel at rest to obtain,
thestatic torque coefficient of the autogyro model. .. .': ' . . . .. - ,~ .

• . . ' . . . .... . p ' _ . " • • ..

-: - ~4.3. Measurement of··Moment··of. Inertia of the model; about. itS' r
centre.-«This measurementwas made by, two independent methods :
of..which ,the .results were, iri satisfactory, agreement. .'The ·:first .
method.consisted .indetermining the amount of inertia of each-blade .
separately by swinging ,it asa :pendulum about the actual ball-.
bearing 'upon which it ran, making an allowance for the. moment of.
Inertia of-the hub; which Was determined very roughly, 'being'only;
about 1 per cent. of the whole. . . c - . ... •

.:::. The second method was simpler and more :satisfactory.' . !fh~ ·.. "
complete model was -extended-in its normal running. position' by . .';
meansoflight stringsand Was swung from knife edges-attached to ; !
a.-chosen point 'in one blade. :the axis of oseillation-being normal -to 1
the plane of- the model. ' ..The point of suspension was so chosen (on" .
the basis of a previous rough estimate of the moment of inertia) that - f
its distance from the centre of. the model was only required very - j
roughly, the only additional datarequired being the time of oscil- . !

lation and the total weight of the model. ' ' " , . }
If I is the moment of inertia-of the whole model about its centre! ~

and h the distance of the centre of oscillation from the centre of the ; t
model, the periodic time of oscillation T is given by .:' .. ~'. ' ..).- .,' , >:;:; ~ ': t'
';P ; ' :; ' J. : -.< .~; . .r "-,-4-w.{I +':' 'W h2/g}. ': ....; . ~. ..'; . ~..~ .'; " .. ' t
~ .~ I ~: ' / · ..f , ~·: ..:: . .1 . 0" ' ... ; 'W h ~ , .. .. . ,1,4 . .. . '. ~ ~ : . :.,~ ~' :. .:- ~;'i . { ·: :.... ": . ~:

: .: This "f~rm:iilit:· ~h~~ 't ha t 'fhe time of oscillation has a maximunr . . I
' ~ltie whene is egnar' totheradius ofgyrationof the model andfor '. !
neighbouring values 'of ~ the relation betweeri 1 andT is· sensibly ,:,'
independent of .t he exact-measurement ofh. . The acceptedvalueof
! deducedfrom.these experiments was ' ." , . " - / '. :.: ' </ ': ~. ' .:";' ,

• ' . .. . .. • , ". J ' ' . J .e , • . , . t • ~ - : .. 0. ~ "I ... l: } ~ '. f' \ ! I ~ ~ 1 .

.,>: ' .<.< . , ;:. ~ 'I .: to'630 slugsfeet-. ...;:; .\ .:.',: . , " :: : ' ~ ; , '~ ' ; ':'~. ;.'.'. :~ ~;~~< <.

~ " : ... { • - . . , ~ .. " 1" 4 ," .. t' · , A • • • .. • , • • " .. ... " j" "'I . !.. , oJ
t
'. ' . . •

. '.·:..4.31. ¥omento!Irterlid'o!aBlade'about its Hinge.-··, This'quantity>:'.·.· '.
together With the moment of 'gr:ayity about the ' hillge~ 'which- is ':p~ : ,, ' .
i:mP9~Cl;llce , in - ~~e·. t~~ry of .the f}apping motion,~:' measuied :bjr; ~...:,.: t
s~gmg,th,e bla~~. as a ..penduI~, 3:t. the time of the e~rim~nts}?~ ,, ', .{
~e.lO ft. :r;no~~~ m,~~6. ~nd:-tb~'valu~~(bb~ained'~r~~;+" ~,.::~' f ,, :_:, · · :~;~ .~ " .:t
:·,i'::. }I~me!ltof blade '~1?0~~ ?~~ge~.. :..'?-'·)77 ~bS~4t;- .· ! .: .: · ,, :: : · ·~:··~~ ;~~""r·~, ~ ( ;y';~}· :.· . ·~l

. . . . ~ .

. ~ ... .'.' .
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, ' ,4.4. Tests at "'rhiiyihg Rotational Speed," Discussion ,of Results,
Torque ,Coefficie~ts .-'A fairly complete set of observations of rate of
change of angular velocity are availabIe 10ra series of blade angle'sand'
of velocities for the case of ,160 incidence." The values of torque co­
efficient deduced from these' observations are plotted in Fig. 13 against'
ti:f ',.v cos) '(i/R Q ) ; . the -results.. appear to be very fairly consistent
'arid confirm 't he .accuracy of the method of observation..*,, -At values
'of ~below 0-22 the curves are all roughly straight and parallel, the'
'variation with' scaleand 'blade angle-being fairly small. The points­
'ifwhich the 'curves cubfhe 'axis ' correspond totlie ordinary stable'
speed .of. the -model :and are :in'-good agreement' with the values:
obtained in the-'course 01. the : ordinary force ' measurements ' af
())~stanf rotational speed. " As, the 'value of f1. increases;' the slope of
the.curves changes abruptly at values of fi whichvaryconsiderably
both with blade 'angle 'A'and. With .scale , ' This '·sudden '.'change 'of
curvature evidentlycorresponds do-the stalling.of an important..part '
i?f'the :bl<!~e .section, the .largervalues .of !i'corf'esponclirig -to the.
stalled .condition.« Infhe stalled region' the curves : for .differenti
blade-angles diverge from each other.to a surprising degree ;. 'a result
of:' thisvis that .t he idifference . between the - stable arid .unstable:
rotational speeds increases very.rapidly as the bladeangle diminishes.i
Thus for '3,° .blade angle at.a 'tunnel speed',of ,4Q ft. per. 'second, the
unstable. rotational speed is ' O ~ 72 of the stablespeed ; : for a blade:
angle of.I',S°.itwas found impossible'to reach the' unstable speed, the!
torque being-still negative at-,lL = 0·59 corresponding to one' third'
ofthe 'stable',rotational speed; "The unstable speed corresponds' to:
the ' critical speed of-startingup :the autogyro, ' such that ~.it ,~

started 'above .this .speed-it willaccelerate 'Until it attains the'stable:
Speed;' ';The·Il'J.aXimum negative value of the torque coefficient given'
by~the curves of Fig~ :13.det ermines the .maximum .fri ctional torque'
against which ..the model would maintain its rotation and shows how:
this;quantity varies with blade 'angle and' scale. ' ; , , ..' . ': . ' '

: . ~:~ 'regards 'scale effecf'the:'CltrvJs' of Fig>13 al(correspond t~
c?~s~nt..forward 'sp~'ed, but ' if~ a; s~ffici~n~ number of , obse.r~tions
at di,fferent'tunriel speedswere 'available the curves could be ,~ross--:

pl~~ted ~,~~ :give ~~s~~ts,' fo.! ' c~n~~a~~' r6~ati~ria! 'speed ; i~e. ' ?onst~nt,;
Reynolds number, .At blade angle 3° and incidence 16 "for which
there. are'results at four 'different' tunnel speeds, points at 'a series ~~
de,~te :-alues Of rotational speed are ~rke,d ~n. th~ cu~es'~d!~om
these points the general course 'of the-curvesfor constant:rota~o~al
speed could :easily be, deduced. "!: .t, ..~, : __ ' .. :; .... ' :: ' l , ' : .:', " ',... . : " ...

.,~~~sPon~i:1gres~ts' a~ ,~~ sm~e~.~gi~sof incid~iice'ri~~i.n~~
~,O ,, :are,,~~hoWn ' ill' 'Figs: 14 and '~5_ \;TheSe resm,ts are less extensive ,

~, ~. The,~~~'ti'o~s a~ o~e ~el ,~~i'(35;8f~.:lse,c.) out ~f .five ~or , blad~ ,
~g1e ,~ o were found to be Inconsistent with each,other. and with ,th~ ~~rv~~ " '

. ~ons~,M ~e. remaining speeds... The'·discrepancy 'Y~ .not c!i~~vered ~ ~e:; , ::, '.' '
bl¢e'?ongle waS 'changed'and itS cause-is uncertain but Was probably due,~ ..'" ., :",~

.~e~esS:.of.speed' Qf:the.~J:~oscope .disc. :,: ,d : l~ : .; " f<, ;<:'. ;' ,: / ~<. '~.t ::<I~ 1: :' ::- .... ..
.....:. . . ~ . ' '. , " '~-'.' . -." .. . : . . . ~ . : ..• - - : " " ~ ',,": # :' : : '- . 1 ·/ ~ : ..·'

"" , . " .' ...:. . . '" ; ~'; .J . . . . ' ~ '. .
• '''t '- • • • • . : . -. , " •••" ' ,' ' :'. •.. ..: : "

, ;":i', ....: • :,~. : , ;.,:',>, i;'~?t ~;~·t",c; ,·:: .:, ~. ': ' j,: ·f{;" '> <";,(,,
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and somewhat less consistent. The -results for 3° blade angle show
a gradual increase 'of the minimum retarding torque for a given
-rotational speed as the incidence decreases. For 1.80 blade .angle
the torque coefficient has no maximum negative value but the nega­
tive" value ,continues to increase with increase of ~ up to the limits
of observation. In general as the incidence decreases, the torque,
though still varying critically with blade angle, varies less critically
with rotational speed. At small angles of incidence and low
rotational speeds, the difference of drag of the blade sections
working in the neighbourhood of 0° and ,1800 incidence must con­
tribute an appreciable negative torque; this possibly accounts for
the change from positive slope for large values of fL at 16° incidence r

to negative slope at 6° incidence for 1·8° blade angle. This is con- ,
sistent with the possibility of starting up the full scale autogyro
fairly easily from rest 3:t a small angle of incidence.

4.41. Tests' at varying rotational speed. Force measurements- .'
Lift coefficients.-In Fig. 16 the lift coefficient L.o ( = Lire R4 pnS)

is plotted against fLfor a given incidence. Force measurements were
taken for 3° blade angle only. The results at 16° incidence are
subject to the uncertainty due to the absence of readings of the drag
balance mentioned above. The curves for this incidence represent i

the result of observations in the three different ranges (a), (b) and (c) ; i

it will be seen that the results for the three ranges lie accurately on a
continuous curve. The range of variation of tunnel speed for which <

the points lie 'accurately on the 'same smooth curve is also sufficient "I

to show that there is very little .scale effect oil the lift -coefficient for !
given fl.. Such scale effect as exists on L.o at zero torque is therefore - l
due chiefly to the scale effect on the value of fl for given torque. ': On ;'
the same diagram, Fig. 16, are plotted points showing thevalues of,
LQ deduced from the -standard' force measurements at zero torque ' ~

for all the different blade angles, at the same angle of incidence; 'the !"
extension of these curves is due entirely to the scale effect on !1. at f
zero torque. .The results, especially at the smaller angles of incidence \­
appear very consistent and,show no tendency to acritical change of I
lift coefficient for given f.L within the present range of blade angl~. -t
This consistency further provides an important verification of the f.

accuracy of the measurements of lift at varying velocity while the , t
~uryes indicate the type ofchange of lift coefficient with flfor 'given r

mct:~~~~. Drag coejf;;'ients.-The ~nly observations of dragat~g..!
velocity: relate. to blade angle 3° at incidences o~ 6°, 8° and 10~. ' F~r -l
comparison WIth other blade angles the quantity (DfL) / defined .in - ~

section 4.11 as representing the total energy required to maintain the ,
autogyro in its steady condition is plotted against (.l. in Fig. .17. _' .The
.observed 'resultsare 'not very'consistent' and suggest what appeared
probable when taking the obServations~'viz., that the readings ofthe. "
drag .balance were more uncertain than' those .of the .Iift . Apart, '..
from this inconsistency the.curves appear higher, than- would ' be:,,- : ;

~. . .



31

t
,

' i
I

!
, !,
i
!
~,,
:,
;'

!
l

i'
;,
i
I
!-

expected from the corresponding observations at the smaller blade­
angles at zero torque, plotted' on' the same diagram. This may
possibly,be due purely to observational errors in reading the drag
balance in the case of variable 'velocity , hut there is another possible
source of error which involves a general discussion of the basis of the'
present experimental method. ' '

It is tacitly assumed in interpreting results of the tests at variable
velocity that the forces involved, including the torque, are functions
of the velocities (rotational and translational) only, i.e. that the
effect of the acceleration derivatives is negligible. This is probably
true as regards aerodynamic acceleration derivatives because the
accelerations observed were always very small owing to the large
amount of inertia of the model and the small torque coefficient. In
the actual model, however, the blades were free to flap, and it is by
no means certain that the instantaneous flapping motion will be the
same .when the angular velocity is varying ,as when it is constant.
Inthe particular experiments just referred-to, the model was decelera­
ting and the amplitude of the ,flapping motion must have been
increasing, that is, ,the inclination of the plane in which the blades
~ove to the ,plane normal to the axle must have changed by a
considerable amount during a run. This change of inclination must
require the application of external forces (apart from aerodynamic
forces) and this would be equivalent to an additional loss of energy
in steady motion.

4.42. Static deceleration test.-The results of the static decelera­
tion test are given in the following Table and donot call for special
comment. They Should be of interest, howevervin connection with
the analysis of results by strip theory as giving a determination of
the,mean profile drag coefficient of the section in a specially simple
case. :' " - , i, ;

, " - ·;TABLE . _
4-B~aded 'Autogyro at Static. ' Blade angle 3°, 'axle uertical. ,

5.0. Observations ofthe flapping ofthe b1a:tes:-. . In,order-to measure.
the angular motion 'of theblades about their hinges; a small concave
mirror was attached· to :the 'under-surface of 'one blade 'close tothe
hinge. .-'. Light from a-100 c.p. :" POultolit6'"lamp/about" 7 ~tA ~lo:w'
the..~utogyro passedupwards throngh.a.large <plate-glass ~dow m,
the floor of. the tunnel. :was reflected' at the concave ,nurror back.
throUgh- the window and came to a focus at the surface of a sheet of
paper'~n adrawing board close.'to the Iampc-. .As ,~e _ model rot~~ed'- ~ .. :
and the 'blade flapped. this spot 'of light descrt'?OO~~ .clcsed curve on; , ~
the surfaceof the paper which could be traced ill pencil . The blade .,. . ' . .

. .
, .. ': .. .

~ . " .

104 ,_X'Q' .
,: . £1', 3·373·14

, ,

, ,. . . ' .
. .,\; ' . . .

3·043·02

10

".,:, .... ." • •> •
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liad two 'degrees of freedom . (see Fig. 2) ; ..the first corresponding to
'rotation of the model about its main bearing, is represented by the
-angle tP through which the model has rotated in its normal direction
-of rotation) from the .position in which the blade is down wind; the
-second corresponding to the rotation of. the blade about its hinge is
represented by the flapping angle ~ which is taken to be zerowhen
'the blade is at right- angles to the axis, and positive,when the blade
.is inclined upwards. " . . . , . ,
;: . For the 'purpose of explanation we' shall assume' for simplicity
-thatbcth Iamp and mirror lie.on the' axis of rotation of the autogyro
and that the mirror is adjusted so ' that its axis is' parallel -to the
.axis of rotation when ~ is zero: The,reflected beam thus strikes the
'paper onthe axis of rotation.when Bis' zero for all values of ~ ;"taking
this 'point .as.originof polar'co-ordinates r, e, -the scale-of r and the
-origin of ecan be',chosen ,so -t hat r = .~* 'and e .tJI: ,;' .' , ('--:',
. ' . The results .show that ~o 'a 'good' approximation the tips of the
'blades move' 'in a:.plane whose normal may be 'slightly ' inclined
'to theaxis of rotation ' and which-passes 'near the centre' of the
'model. ,:This .:is,::'eq trivalen t to 'a motion in which the' ,value of~

'varies -harmonically about amean value ' ~o the 'period being , eq~.l
to the periodofrotation ; ' the equation of the motion is therefore

~~:' : '~:' : '; ' :: ', .,,: / ~:;' ~ ~;-' , · ~'o +,~l ·'Cq~_(~ .-·, ,' t1Ji). '.,: .. :;~ ~ , ' ~, ~: ,~ ; " ,~;:
and the equation of the curve traced out by the spot of lightis ,:' , : ;,, '. 1

f -:' , " : :- . ; ' .' : "r'" ~ , " ~o"+ ' ~;;·~?S re -;' ~~~) , ' . : ~. ". ,' j .. . " :, . ",: .. t · ' ;

.. . I
'which is the .equation of a lima~on; ' The' 'rese mblance ;of the ' ·ci.riv~ !
.actually 6btained ' to ,this form is obvious '(Fig. 18)~ . This formula'
'represents.the curve actu'illy observed- sufficient1y Close!Yto illustrate'
such modifications of the ideal adjustments as are necessaryiri
practice. In the first place the mirror was situated at a radius .of

'.3 inches 4"9~ 'the axis and..the JaJ?:lP .had to be set outside-the surface '!
ofthe dr:awing- board..·,.:Both ,thesedivergencies -eouldbe sufficiently
compensated by altering the angular adjustment of the mirror., ' .. i

!Ioo.~te!fi,l~l~tni~f:p~~si%le~~eMHt~~TIo~t:n:e~ '.!
.incidence greater than 169.:' 'In the later experiments the system' was r
therefore n:odi!ied by.placing.the lamp on the floor-inside the tunnel f,
and reflecting Its beam, upwards by means of a plane mirror. ,:Even r
with . this . arrangement .the reflected. beam becomes increasingly ~
oblique .for angles of incidence of H~o, and upwards, and theresults.. J
'a t theseanglesare \~erefore .perhaps somewhat Iess accurate. ' ,, (,~~,\~,~,~ 'i
.:~ From equation , (1)' it appears ;that 'if f30 is"zero the ,:Jinla~Oli< , ~'

.reduces totwocoincident circles .passing-through ithe :oi:igm~; ~;The: r
. two branches of the curve can always-be kept distinCt'by altering I

, , .' - . . ' - _1 f
. : .: To~~ _sji~~ent.~ppro~~o~.~~.the.l&e.~t~t yalue 'ofi.o~~~~; ~
:J~~ ~Y~~?O° ~~~.~t,i!7h ., , ~ :' 7' ·?:.::C:. ~'~.::' ~ J:,'~, ::f" ::: • • , -. ~ '~ ' ''::::l :~ ~" · :;" ~: " ~ :. ~ ' i::/~'ft:, ' f
' " . . ' :' . " ~

..' .: '....' . .;;J
• - «, .: .. < " ,,l

>. " .• " • •:. :.: ~ .. ,:, <':':;'-',):



I

f
I

f
f.
r

!'.

33

the adjustment of the mirror so that the origin corresponds to avalue
of ~ different from zero. Itis convenient in practice to keep the'
two branches fairly close together but distinct. It is further necessary
to identify the values of ~ corresponding to each loop of the curve
which would otherwise be liable to an ambiguity of 180°. For this
purpose a small piece of plane mirror was so placed on the drawing
board that in describing one of the loops the spot of light crossed ,
its surface. . As it did so the rotating mirror (when viewed by reflec­
tion in this :fixed mirror) flashed brightly, appearing dark for the
remainder of the revolution, and its position' in azimuth at the
moment of flashing .was easily located by the eye. ' The value of ~
becomes indeterminate at the two points where the curve passes .
through the origin but this does not cause serious difficultyin practice
when the whole curve is traced. In certain cases it-was considered
sufficient to determine the value of {3 corresponding to ~.= 0°, 90°,
J80Q and 2790 only, and it was then desirable to adjust. the mirror
so that theindeterminate points did not occur ~t these values of. tlJ.

. . The scale of the radius vector of the spot of light On the drawing
board was about 3 inches for a variation of 1~ and the image of the
spot was . about i inch in diameter. It was therefore considered
quite sufficiently accurate to sketch the path illpencil byhand, and it
was found that the path was usually sufficiently steady to make this a
comparativslv easy operation: Where the path varied slightly; it Was
possible, after marking one position on the path, 'to wait until the
'spot again passed through this point .before. marking 'further points.
It is considered that the relative accuracy' obtainable in this way was
well inside 0.10 on ~. . . . " . i > <: '. .:.." - :.. . . ,'

The diagram of the path of the spot"ofIight was calibrated as
follows. :·The blade,carrying the mirror was -set at a given value of (3
( -: 2°,' '"7 10,0°, etc.) by means of a wire of adjustable length support­
~g the weight of the blade. . For this purpose the clinometer proved
convenient and accurate: ' ItWas set up along thesurface of the blade
~6r '-P.::=: 0 or 180°'so that the clinometer reading wasequal to i +.f3 or
1 - '~ where i is the known value of the incidence. The autogyro was
then rotated about its axle and the circle described by the spot of
light marked on .the diagram." The autogyro was then set in four
<lifferent positions in 'azimuth corresponding to (tlJ . 0°, 90°, l~O°
and 270°), and the .blade was rotated on its hinge, the straight .line
described by'the path of thespot being marked onthe ~agram. The
.four paths thus marked should coincide in pairs at nght angles to
-each other and intersect -in the originO. The <:ircl~ on the ~gram
then provide a scale and a-zero for the detenmnation of (j while the
.straighr lines provide a zero and origm. for .the dete.rmination of ~.

' f " The'time required for calibration was the chief drawback to. th.e
. 1llethodl'as thecalibrationhad.to be -repeated at-e~ch angle of ~Cl"

-dence .and. required distinctly more. time than. the .aC,tua!.~~?-
-of the records. . ". . . -. "-': '.' . ' t: r:.. .. :<.. ~ . : :<.. :' -.: . ~;..:>,:'.~ ,;~' ,
,-i33004) .. . .. ". B
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_ 5.01-. Flapping Observations. Range ofObservations.-The earliest
observations of flapping were made at the original blade angle of
1.80 and covered the .usual ,range. of rotational speed (up to 10
revolutions per second) and of. angle of incidence from 4° to 16°.
These observations were made with every possible precaution to
obtain the maximum accuracy of which the method was capable.
Subsequently, observations were made at blade angles 3 ·0° and 1.00

over a similar range with a single observation at 2·SO. . In these
observations attention was directed to securing the greatest economy
of time consistent 'with good accuracy. In particular in many . .
Cases the position.of the path of the spot of light was marked at the
four quadrants only (tfl = 0°, 90°, 180°, 270°) the remainder of the
curve being roughly sketched or omitted. For the method of analysis
described below this should cause no appreciable loss of accuracy•. :
:. ' . With the blade angle set at 3° a limited number of observations
of flapping were made at 12° and 10°incidence with the model driven
by the electric starter. The results of these observations are included
at the end of Table 4, but are not plotted in the figures as they do not
correspond to the results at zero torque.

. .

~ '. . 5.02. Method of reduction.-· . From the flapping diagrams .the .·
values .of ~ and 0/ were obtained bydirect measurement from the
calibration circles as already described. For the case of blade angle '
~ _8° the results were obtained for 24 equidistant values of 4J, and
results for 12 values of '-/J at 300 intervals are given in Table 4. A
!e~ specimen curves of ~ against 0/ are shown in Fig. 19. The
anal~sis of ~he. obs~rvations is based on the expansion of ~ asa . \
Fouriers series m.tfJlll the fonn ' . ' . .

~-{j ' = ao'-- a l cos q; - bl SID 0/ - a2 cos 2 0/ - b2 sin ~ t1J ~

The values of the coefficients ao 4 1 and hI have been workedout in all
~es by the following approximate formulas. Writing ~&t ~bt ~~,' ~d
for : the values 9£ ~at dJ = 0°, 90°, 180° and 2700 respectively, it is
easy to .'Ve~y that, neglecting harmonic terms of the 4th and higher }
orders- . - ' . ' . . .. -. . : '.' ' .. t

1 . .. - - .- . f
- ao': 4 (~a + ~b + ~c + ~d) ; c-

. . . . ". t
t

~e~le~ting harmonic terms of .tp.e 3rd .and .higher orders-s- . .. i
. r

. . 1 . " .. " t
.: at ' ~ 2 {f3a ' - '- ~S . , .' : .r

1. l ' '.. '. ':-. ,!
_ ,' b~ 2 (~~~~.). - . o i l

-In the case of observations at 0° and 30 blade angles, values of ~- ' I
.were taken ~ff at th~ four ~uidistant values of ~onlY:i but.the above: -_
formulas still remain applicable. . ' . . ' .": ' . '. ~.:' '. .... " ":.. ' J'
- . ~

; - , ' " " ~

: : "~<: ::~ j'
,,: •• • .,. J
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, 5.1. DisCUSS£01t of Results. ' 'Generat.- To: verify the accuracy of
the simplified method of analysis curves have been recalculated
from the first three terms of the expansion (ao,.aI' b1) only, and are
shown in Fig. 19 for comparison with the observed curves. The
closeness of the agreement suggests that the higher order harmonics
are of small importance and the' analysis has therefore been carried.
no further.

. 5.11. The mean flaPPing angle ao.~To a first approximation the
value of ao is determined by :-' (a) the moment of gravity about the
hinge (due to the weight of the blade), .(b) the moment 01 the centri­
fugal force and (c) the moment of the thrust. Of these (b) is exactly
and (c) approximately proportional to Q2 and independent of the
incidence, while (a) is approximately constant. It follows that . ~o
is a function of .Qof the form .

. ~

;
l

A - A _ G1
t-o - I .Q2

. 1
' . . . .

where A is approximately constant; ·G1 is the moment of gravity
about the hinge of a single. blade and 11 the corresponding moment
of inertia. Accordingly, in Fig. 20, ao has been plotted against
.lln 2 (proportional to 1/0.2) and it is found that all observations for a.
given blade angle lie fairly closely on a single straight line. On the
same figure is shown the theoretical slope G1/I1Qz deduced from the­
observed values of G1 and 11 for this blade, viz., G1 = 2-17 Ibs,
ieet, II = o· 118 slugs feet2• . ' The slopes of .the 'observed straight
lines differ from each other rather more than might be expected,.
but the theoretical slope constitutes 'a satisfactory mean value.

, 5.12. Principal component at of' th~ jlaPPing ,motion.-Th~'
observed coefficient a l of cos t¥.represents the semi-a?1pli!ude of. th:e·
component oscillation in 'the plane of symmetry; In FIg. 21 It 15·
plotted 'against l.t. and shows the expected increase with increase of
?lade 'ap.gle and with'increase of (..t. ';:l}1ere is also a large and rapidly
mcreasmg scale effect for given incidence but much less scale effect
for given fJ..: The present results lie fairly well on smooth curves and,
are reasonably self consistent. ' , . " ..

:. ,', 5.13.' Lateral: ~~p~nent, bi ~I the flaPping. motio~, . ffnd ~r~
force, Y.-It is convenient to discuss the coefficient bi (representing
the lateral inclinationof the.circle in which the blade tips mov~},~<;i
the Iateral force Y 'together for the following .reasons. . It ap~rs
that on the assumptions of R. & M. 11~1,*.and R. & :M. 1121 ,*., ~t!t
·bl and Yare exactly zero for the case of infinitely heavy straight
blades neglecting gravity. It appears from R. & M. 1111 and R. & M.
1127 that the vanishing of bI and Y for straight blades depends to
a high approximation on the vanishing of the :u'coning " angle a..

0. . . . . _

. ' '
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only. This result depends on the original assumption that the inter':
ferencevelocity is constant over the autogyro disc, but in § 10 of
R. & M. 1111 Mr. Glauert has suggested that the curvature of the
stream Will also give rise to terms in b1 and Y1 and he obtains Iormule
on the-assumption that the interference velocity varies linearly with
the co-ordinate of position in the direction of forward motion. For
the 6 foot wooden model it has been shown that the variation of the
relative effect of gravity and centrifugal force produces an important
variation of aowith rotational speed n, i.e. a fictitious tI scale effect."
This H scale effect U will appear in b1 and Y in so far as they depend
on the (I coning" angle 'ao; as regards their dependence on' the
curvature of the stream there should be no appreciable scale effect.
These considerations both point to the importance of separating the .
two effects in discussing the observed values of b1 and Y and suggest
a method of doing .50 . . . ~

The observed values of b1_and YfL for each blade angle and in- .:
cidence were first plotted against ao (see Fig. 22) for the case of blade
angle l·go. These points lie fairly well on straight lines whose ­
slopes'indicate the dependence of the variables on ao; the values of- .
the slopes have been plotted in Fig. 22 against p.. The results for -, . .
b1 ·though very irregularshow nosystematic variation with blade
angle. . The continuous curve was calculated from the equation on',
page 12 of R. & ·M. 1127.neglecting the term in a2t . " .... '

. 4
.,' '3 !L ao .

b
1

= 1 + ~ [1-2 • . ..: !
:I

The .observation points lie somewhat above this curve especially. 1
for large .values of fL· l
_: .For Y/L observations are only available-for the one blade angle ' t
·6= 1:~ .. . .The theoreti~l formula of R. & M. 1111 equation (~r ~
contains a.factor depending on x and.'{} which vanishes for e~ 1 ~6Q t
and is positive ~or 6 ' ',1 ·8°1 while ~e value corresponding' .to the ~.
observed slope IS negative a , -Accordingly a mean straight Iine .has ~
been drawn through the observed points. '. . . . . ' " :, '~ -:
. To obtain the term ~bldepenqingon the curvature of the stream, "
.a value of ao -has ,been chos~n 'for each blade angle corresponding ~
roughly to the result at the highest value of Reynolds number -and . f
the ob.served values of b1 corresponding to these values of aocorrected .:. f
to zeroc, by ~eans '.of -the , theoretical curv~' ,of .slopes of 'Fig."2?' '. f

·~7. ~ues of..aoch~n were " . . .. ~ . .., .' ~ ' .- .~. -':':<, ' . f
. ' . ~ . Blade anete . , '. >': a '. ," ,",'. .-. - ~: . '. 'c· r; .: f
. .. . "'... . .:', ' . . . . b . ", - - , ,' . . ~ 0 . ', ,. ",' '. ... ~ I '>' · . .. ... ~ :. . f
" :. -.,:"., . ' .' 0° :: "-'" ," "' . : ~ ' . ' . ' '':' O · ~o " :,, .... .: ':.';::: . ~:.~.:~ ~,~ . I

( ' . _ ' ' . -- • Co 31 ~80: · ' :'·- : · ''' · : ;:.:".>.: _.:~ ;.. 21,~'40: ' " ,..:~. ~ , -> :. ~ .::.~ . ':-. II:. . ' ..~':. . ".'. . '. "

, '
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According to : the assumptions of R. & M. 1111 §10 the corrected ~

values of b1 should satisfy the relation '

bI == vt 1. fl. r.,
v 2

where VI is the difference between the ,velocity of downwash at the­
extreme front and rear of the autogyro. In the calculations of
R. & M. 1111 Mr. Glauert assumes V1 = v and it is to be expected
at any rate that vJv will be a constant. Accordingly in ,Fig. 22d:
the corrected values of b1 have been plotted against ~Lv. It appears
that the observation points lie on straight lines of the same slope '
with an accuracy which can scarcely be accidental, but these straight "
lines fall below, the origin by considerable amounts which also vary
considerably with the blade angle. The diagram suggests that the
large increase of b1 with Lv is due to curvature of the stream but it "
is difficult to reconcile the observations with any probable law of '
variation of curvature with Lv and blade angle. , " ~

The lateral force ratio YfL has been corrected in a similar way by"
means of -the empirical straight line of Fig. 22c. , The curve shows
thatYjL is .frorn 1° to I-50 more negative than hi - , It may be
remarked that the observations indicate that an increase of the
"coning H angle a o will make both hI and:Y/L more positive. The '
greate~, " iconing " angle for the full scale machine due to the lower ;'
density of the blades ,would therefore agree with a change of Y/L
from negative (force to port) in the model ,to .positive (force ,to..
starboard) in the full scale machine over a part of the range, which is
believedto be consistent with the full scale :observations. . , ' ' ,' ~

, .

. 6.0.: Conclasions-:-:The most important result of the present .
experiments is that they have revealed an appreciably higher value ;
of LfD than have been recorded inany previous experiments on the ;
autogyro in this country. The final maximum values of 7-5 for the :
+-blader and 8·0 for the 2-blader' (for blades only) are subject to some :
uncertainty on account of the large boss correction but they certainly ,
give 'the correct order of magnitude. The order of magnitude of :
scale effect shown on the model makes it unlikely that the values '
,for: the corresponding .full-scale autogyro are ' appr~cia~ly higher.,'
It IS true that the boss effect on the full scale machine IS probably :

. ~airly' ,' small. but the lower density of the 'blades, which gives an :
mcreased (~coning, H angle, is, likely to counterbalance the aero- ,'
dynamic'scale effect tending to increase the L~. Fig. 10 sh?ws that :
the scale effect on the lift coefficient Lv-'is considerable and IS to the :

,advantage of the full scale machine, :' , ' ".. , . , ~ ' , ', " ' ': ,',, '>

.~' iili~.ctanfapplicatio~ of the present series of tests is to s~pply",:
a means of mterpreting observations o~ a sma~er~e model. ".~~:j
res~ts of the present tests fully explain the difficulty of obt~g' , .
COnsIstent results with a 3 ft. model whoseblade angle, was p?: ;~e ". .'

I
~

>.
l'
't
}

f
f.

i
ft ,
f
t
i

!
f~
l
F. , , ' '
~ , " , ' ,

f' , ',' ' --"'~ '; ; ' ; " .' . .,.

. . . ~ .- '- '.
~..' . ,

.'. ' .



neighbourhood of 2°, .since such.a model at 90 ft./sec·. is well in the .
critical range where the stalling effect is 'important. The results of
the present experiments indicate that the importance of the stalling
effect increases very rapidly .with increasing blade angle and only , .
begins to be of importance when the blade angle differs by less than 10

from that at which the model ceases to autorotate. There is good ,
reason to believe that the existing strip theory is competentTo predict
the effect 9£ 'change of blade angle on the assumption that stalling
does not occur. It should therefore, for example, be capable of . .
predicting from experiments on a 3 ft. model made over a small
~g~ of blade angles below 10 the performance of the full scale
machine at the largest blade angle' at which stalling is unimportant.,
The present tests.may be taken to indicate "that the full.scale machine
Will stall seriously at a' blade ' angle of perhaps. 1·5~. greater than .
would a .3 ft. 'model. 'It is..therefore suggested that any future eJPeri- ·.
merits that.maybe 'required on the effect of varying the blade angle :
fromroot to tip 'and theshapeand chord of the.section should be made:
on a 3 ft. model over asmall range of anglesettings up to the largest'
blade angle at which the model appears efficient, and -that for the . '
purpose of .prediction to -full scale a blade angle of say 1° greater .
should -beassumed as the most 'efficient , the results being ' deduced :
by theory, from 'the model observations at the smaller blade angle." .' .
This suggestion is put forward provisionally as it still requires testing" I

bymeans of the present results. It seems likely that the chief practi-. . ~

cal difficulty would be to make a 3 it.' model of which the boss drag.' ,
is nottoo,much greater than that of the full scale' machine , . ',:.: . . i

:. '- -". . .. .. . . " . .' . . . ... . . .' : . . : . -

Estimate, of probable performance of an autogyro.-Mr. Glauertf:' ..
estimates theoretically the probable performance of a complete .:.
autogyro by assuming a drag coefficient ··of. ·O ·015 on wing area' :
correspondingto 0 -0048ondisc area, for the standard Avro structurej : .
and a-curve of thrust power available; suitably modified .to allow : .i
for theefficiency of theairscrew. - From the curves of DJL ·against t

.:

4- 'given in the present report.and the 'thrust power curves referred>' , ~
to..above, performance curves have .been calculated for autogyros' : .-;'
having diffen:nt. diameters'of rotating wings. The same body drag ', . .~

an<:1 .b?~y ..w~~ht ~ve .been used ' in' each case. In est~ating the ,: :' .
'Wetg~~ ?f .a wmg it-was thought that to 'ass-qme the weight to be : ~
proporti?nal. ~o the cube of. the radius would unduly prejudice the. ' : ,~
larger diameters; . ·For. a given weight of machine it ' is probable ': ' . ' ' ~.

that:ihe .wing. s~~rs ·would .not have to be:'very' much stouter and: ': ~ . ~
that. rthe . variation of- weight would lie between . the' cube sand; .-t
the. 'sq~ar~ . · .~he latter power h~<been , a~sumed. here, so that. the.. '.J
compa~on 18 likely to favo~ the performance of the autogyro. ,smce ·. " .f
till: .weight tp be supported.is ~.const~t, .the centrifugal force will not .- l
vary.appreciably, andthe ,we~~t.:,!~ . the 'shaft, has been . t~~~ to,~ h . ' :f
fhe same throughout. . . ' ..: . . t ' _ . ' • . . ,.. • ~_ ' r- .. .. "

~~T~'144:' .:{tr ' b~~' d)';' " , : ~ ~ ' : ,: > -.'.". ",. I . ~· '.<.: ., t
-. . .. ..~ npu e ~.. . ~. . ... ., .1":;._ " . .;" .. ,: ~ . ~ ' - ., .. ... ~ .. " ': .' ~ :,," ~ _ .:r " 1.
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The results of these calculations are given in Fig. 23 which shows
the horse power required for given speed with various diameters of
rotor, in terms of the diameter (Do = 35·5 ft.) of the standard
machine. In the case of the 4-bladed autogyro it appears that a
considerable improvement would be obtained by increasing the
diameter to Dl·2o, specially at the low speed end, but this result
depends critically on the assumed law of increase of weight; with
the cube law no improvement would be obtained. The improvement
in the 2-blader continues to increase with diameter even when DIDo
is 1·5, though it is very unlikely that use could be made of such a
large rotor especially with only two blades. The most useful
improvement is in the surplus power available for climbing.

These results maybe compared with theperformance of anAvro
biplane 504K, fitted with a 110 h.p. Le Rhone engine' given in
Martlesham Jlealth, report .M.268a. The top speed obtained with
this machine was 88 m.p.h. and the maximum rate of climb was
650 ft.jmin, at 60 m.p.h. In the tests made on the full scale autogyro
given in T.2155 a rate of climb of 160 ft./min. 'and a,maximum.speed
of 67 m.p.h. were attained, though it was thought that the engine
was not developing its full power at the time. ' The maximum rate of
climb deduced from the curves of Fig. 23 with 100 b.h.p. is 145ft.j
min. and the speed range is from 40 to 70 m.p.h.* i these are in fair
agreement with the full scale figures.

, A noticeable feature of the comparison is that the autogyro would
be able to make greater use of a variable pitch airscrew if available,
than would the aeroplane, since the " power available " curve could
be raised at its-low speed end by this means which wo~d give t~e
autogyro the ability to fly at still lower speeds and to Increase its
climbing power considerably while the stalling of the aeroplane
would preclude use being made of the increase of available power
consequent upon a change of airscrew pitch.

Although there is little real evidence available it seems unlikely
that changes of section or twist of the blades will produce a very great
increase of LfD, and we may conclude that in this respect the
best value for theautogyro is not likely to exceed 1/2 of the best
value for the corresponding aerofoil of normal aspect ratio.

Inconclusion the authorswishto record their appreciation 6f the
assistance at various times of Messrs. Nixon and Walker in the
experimental work and of Miss Yeatman in reducing the observations.

" The Stalling speed lies between 25 and 30 m.p.h.
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- TABL~ 1..

6 It, diameter wooden autogyro model.
, ,

Dimensions of blade section.

Gottingen 429 modified: symmetrical section: chord = 5 036"'0­

e Dimensions in multiples of chord length. .

:' . 0(,

.J

. i

•• • •f. •

Distance from L.E.

Radius at L.E.

0·05

0·10 "

0 ·15

0·20

0-25

0-30

0 -40

0'50 ,

0·60

0-70

" Q-80

, 0-90

.'. Radius at T.E

Half thickness.

0 0022

5

0'034 5

0'047 6

0 '052

0·055

0·057

,0·056

0 '052

0·045

0·038

0·031 :

. ' . , 0·023 ' .
6 '. ' . . ~

0·014 -

0 -005;.

. , ,., ,

. . ~

, ,
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,-. " TABLE 2.

Force Measurements. Blade Angle B= 0°.

Incidence i (degrees). L L v cos i
V n, La - 0

Lv = ~ eRiV2 DjL p,= RfJ
Uncorrected. Corrected. rre R 4fJ2

, ,, ', . , 5 , .. ' " " 5,12 ' , 55·6 5-15 . , 0·00846 0·026 .. 0·166 0'573
5·12 55·7 5·22 0'00858 0·027 0·163 0·566
5'·13 ,76 ·6 7'·52 0 '·00814 0'·028 0"163j; 0·541
5',13 76',6 7·57 0 '· 00811 0·028 0'·162 0'537
5',14 97·2 . 10'·11 0·00784 0~030 0·161 O~509

6
. , .. 6·16 47·6 5·20 : 0·00842 0·036 0 ·173 0·483

6',18 62 ',1 7·39 0·00802 0 ~O40 O ~ 169 0·443
6·20 78·9 9·84 0',00775 0"043 0 ~169 0'423

, 6·21 92·0 11'·77 0"00774 O ~045 O ~168 0·412

-7- -7 ·22 34·7 4·37 0 ·00841 0·047~ 0 -181 0'420
, - 7·25 . 52·1 7·30 0 ·00783 0-055 O~18111 0'378

7·27 69·9 10-22 O ~OO773 0 ,059 0,180 , 0,362
7·28 82',1 . 12·20 0·00778 0·061 0 ~lS0 0'356

8 ~ 8·32 '48 ·6 7·60 , 0·00797 0·069 0 ·194 0·338- . , 8-33 59,8 9'68 0-00784 0,073 0'194 0·325. ' \
. ' , 8 ·35 ' 66·9 11·0 0'00781 0'075 0·196 0'319

" 8·35 72·2 11 -91 0·00785 0,076 0·197 0·319

10 10·45 39·7 7·38 0·00801 0'Q97 ,0 .224 5 0·281-.. . .
10·07 ' 0'00793 0 ·10110-46 52-3 .. , 0·225 0'271

10-49 56·9 H·OS . 0-00785 0·106 0·226 0'268
, ,

"

.~

~
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.: ... '. . . ... I" . TABLE 2 (continuell). , . :
' .1' , ' • . ! , . l .." I

Force Meafurements. (3lade 4ngle e= :00 (cotiti?:ued). ;
I -

., . .. Incidence i :(degrees).
.. .. I

L '
L = L Vcosi! ' V , L.Q~' DJL .f 1~

V neR2V2 tl = -.R D
Uncorrected. Corrected. , . -, . ~ £? .R4 Q2

, . ,

14 14··69 32·3 7;50 0·00786 0-151 0;291 0-222 . ' .. .. ., . . .. 14·71 32·3 .. 7·56 0..00793 0·154 0'290 0-220
14"79 4()~8 1O~07 0 ;00794 0·172 0~29115 0·208
14·81 45·9 , 11·43 0-00799 0;176 0 :2921> 0·207

: :

:
. 0;363IS'" 19·02 26;8 7-46 0·00805 0·221 O·181

. .. .. . 19-01 . 33·7 9,30 0·00812 0-219 0-365 0·183
19,03 , 33-7 9,56 0·00787 . 0·223 O~368 0·178

, 19·09 38'-S 11-14 0·00805 0·235 0·367 o·175 II

19'-14 38·8 11'-47 0,00794 0-246 Q·367 0·171
)

.. .

. .. , .. 20 .. ' · . 21·21 19-6 5'90 0-00806 0-261 0·407 9 ,165
21·23 24·0

,
'7 ·65 0,00796 0:287 0;409 0-157:

. 21·25 I 31-1 9·79 0·00796 0:270 0·408 b·162
21-31 37·5 11·82 0,00803 0·284 0'408 0-158

: ..
.. ' - ' ..

, " : ~ • J
.. , . ) 1

j

*Rotation~l Speed unsteady.
I

. ~

. i . ; ' . " .. . ~ ' r~ .... ! ; h ·

. ' " ! ... . ~ ..... . . . ..

_ ( r .

.. . ...... ..,.•. ,..:::.
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TABLE 2 (conlinuec1)_
, .BUde .Angle e= 10 • : , . ' " " --

Incidence.
. V' : L '

.,
, L.Q

. '

Uncorrected . .. · . Corrected.
n v ., DjL J.'

; , . ' .,
4 4-13 56·'4 4·94 ' 0·01047 0-028 5 0·154 0·605
.'. 1 4·14 83,8 8-01

,
0·00974 0'031 li 0':145 0.554 6

4-15 100·5 10-00 0·00951 0·033 0'143 0.. 5825r , . '

5 5'''18 47·6 4·96 0·01008 0·039 0·155 0·507
; '5 ·20 64'-9 7·47 0·00951 0·045 0"151 0,459

5·22 81·3 9·84 0-00926 0·048 . 0,150 0·437
I._-

' . - ' 6 : 6·24 ' 41·9& 5·09 0·01011 ! 0·053 0'161 0·435. · 6·28 55·8 7·54 0·00941 . 0-061 0 :160 0·390
• 6·28 55·8 7·56 0·00929 0'.06° 6 0:161' 0 ·3891 .

-' 6-30 72·0 10·15 0·00933 0·066 0-159 6 0·374 .... ~ ,. 6·31 82·3 11-79 0·00932 0·068 0·160 0 ·368
1 , .

8 8·42 37·4 6·05 ; . Q·0()974 0·091 0'190 0·325
8·44 44·6 7"48' I 0·'00957 0·096 0-189 15 0·313

r 8·47 58·0 10·'15 0·00943' , O·'102 c; . " 0·190 0-3()l . ,... . .. . . . ... 8,49 64·8 11·51 0·00946 O'W6 0-190 0·293..

10 10,,61 38'"4 7·'60 O'·t)0955 0· '133 0·223 0 ~264,
10·64: 49·6 10·09 0'·00951 0:140 0-224 Q-257" .. , ... - ' .. ..... . ..... .- ' _. .. 10,65 55·2 11·32 ' " 0·00956 0·143 0·224 0,255. . , , !. ,

,.. . " . 14 , ·· .. 14·96 ' 30·7 7·57 0 ·00970 0·209 0'292 6 0-209
.. . .'15-01 40-1 10-12 0-00965 0·218 0-295 0-204.

~ ... ., .. .. 15-03 44·5 11·32 .. . - . 0·00973 · 0·223- . 0·295 0·202. ; . .
i I

18 19·32 26-1 .. 7·53 0-00966 0·285 0·361 0·175
19-37 34·3 to "08 -< . r • • 0·00965 . .',' 0'295 0'362 0-172
19'40 38·7 11·46 0·00966 0-301 0·363 0-1705

t5
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. :..,,: : -TABLE 2 (continued); .
j . ' " .

" . ' .Blade Angle e= 1-8°. Four Blades.

t

' ,. . ' ,,...,, ... ........ ...... .,.,......,." "i'... .. ~

" ' .

Incidence. ' , ..
. . ' V n La Lv DfL It

· Uncorrected. . .Corrected, " . -

" .. . . ' .-
S 3·14 '57 ·6 4·56 0'·01353 0·030 0"146 0·670

, . . 3·15 80-5 6·97 0·01195 0',032 '0 -135 0·614 . ...· , .~ . . . ' " . . 3·15 ..
'100 ·6 9·07 0·01150 0·033 0'134 0·590

.,

4 4·16 41·2 3·39 0~O1477 0"036 l '0'148. 0·644,
4:·'18 . 61-4 5·89 ·(} ·0 1230 0·040 I 0·144 0.552 11.... . 4·19 'SO ·'S 8·06 '0 ·0 1197 0·043 ; 0'. 142 0·529

, . - I • • _ . - . .. '4 · 20 ' 94 ·5 9·74 0·01183 0·045
....

0·140 0·513j
, ". . . .

- ,

5 5·21
,

38'4 ' 3·69 0·01407 0,046 0·154 0'551
5·24 60·4 6·52 0·01267 0·052 0·152 0·489

• 5'·29 80',3 '9 ·88 0,01186 . 0·064 , 0·150 0·431.. . .
.' . 6" 6·24 30·6 2·85 0·01666 0'051 11 0,166 0·627

6·24 30·6 2·95 0-01561 0·052 0'176 0',605
. . 6-26 : 30··e 3·02 0·01538 0-056 0·178 0·534~

6"·29 45,7 5·26 '0 ·0 1343 0·063 0·161 0',461
• ... . ... w ~ • • _ • " 6·38 71·2 '. 10,27 0-01129 0-083 0·157 0·368

7 7·25 '32 ,7 3 :82 0'·01397 0·068 O'·HM 0'·451
'7 · 41 45·6 6·63 0-01177 0·088 0'·175 0·362

". .. ... ,. , . . .~ .. , ' 7 ·49 63·4 10·48 0·01092 0·106 0·175 0·319. _ . " '. . .,, .
'. . ,. '8 :" , . , " . . , 8·38 ' . 29,0 . 3·66 . 0·01448 . 0·082 0'196" 0·417

...... .: 8,51 , ....".' " " 40·2 ..,., , ... ..... 6-65 .-__~. ._".... 0·01149 ... . . .. . . .0·112 I . .... , 0 ·187 a ,' " '' · 0 ·317 . "
~ . , I · . ........, ."l- • • ~ ..... .....: ." . .. ,. ~ ~. :

.: ' 8 · 59 · 56 · 9 · 10 ·35 ·, ,, ,. - . .:,. 0·01088 .' , . 0 -128 0·190 0·289
.' I ~. •

. .
;~ ,

t, , " ',

~~~];~:;J~;~~ ~, :",..,..~~..,.-'#'_'"«""---" ~'~- ' 4 ~:.~. -r-.~.-._••~L..::" :, :~~~,, . _ .~. ....' .', ....,.'. . ' , ' "
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" ' TABLE 2 (continued). '
• I . •

Blade Angle e= 1.8°. Four Blades (continued).
, ,

.. - 10 .' 10·68 .' 27·8 5·25 0·01161 . 0-147 0·224 ' 0·277
10·74 37~5 7·60 0-Qll07 -0 ·161 0.223 5 0·258
1O~78 47,2 , 9·80 0-01101 0·169 0',224r; 0 -252

, . 12 . , , 12'80 20· 1 4'05 0-01212 0·175 0·267 0·258.' , . ,

12~82 20·1 4·13 0·01184 0·178 0·263 0·252
12·97 42-6 9·74 0·01126 0 ·210 0,.263 0-227

" 12·97' 44·1 10'08 0·01128 0 ·210 , 0·260 0·227

14 15'02 19·4 4·44 0·1184 0-221 0·300 0·225
15-18 39·8 10 ·03 0·1132 0·256 0.299 5 0· 205

. 16 17·23 18·2 4~57 0 '01185 0'265 0-344 0·203
.. ' . . 17·36 36·5 9-84 0·01133 0·294 . 0·337 0·189

,

18 ! 19,43 18·5 4·98 0·01187 0·306 . 0·374 0·187
19·56 33·7 9·74 0·01131 0·334 0·377 0·175

... _ .. . , .

,

. o,:

~



TABLE 2 (conti1~ueit).

Blade Angle e= 1·8°. Four Blades (Repeats).

Incidence.
V L,g Lv DfLn fL

Uncorrected. I Corrected.

· 2 2·10 100 ·6 7 ·08 0·01272 0·022 0·143 0·753:;
~

3 3·13 57·6 4·32 0'01402 0 -028 0 ·160 0·706
3·14 SO ·5 6·89 0 '01187 0 -031 0 ,141 0·619
3 -15 101 '2 9'04 0 -01157 0·033 0'137 0'593 5

, .
4 ·4 - 18 '61 · 4 5·97 0'01201 0 ·0 40 0·146 0"544 5

4-19 80·5 ·8 ' 10 0 ·01183 0.042 5 0·144 0 '52B s. . 4 -21 95·0 10 '00 0·01148 0 ·045 0 ,142 0 '503

5 . 5 ·20 38·4 3·64 0,01403 0·045 0·162 0 ·559
. . 5-25 ' 60 · 4 6,78 0-01207 0·054 0·150 0· 471

5·28 80·2 9'87 0 '0 1138 0·061 0'149 0'430.. ,5 ·30 92 ·2 11'87 0·01118 0 ·066 0'148 5 0'411
,

6 6 ·28 ·45· 7 5·20 0'01318 0·061 0·167 0'464,
6 ·37 ·71 ·3 10'04 0'01136 0,,080 0·162 0'374
.6 ·39 82, 4 11·98 0 '01132 5 0,·085 0 ·161 0 '363

8 8 ·50 40·2 6-59 0'01157 0·110 0' 190 0 ·320 .
:.8 ·60 ·56 ·9 10 ~ 26 0 '01124 0·-130 0,,193 0·291
. 8 ·61 .65 ·9 12 '12 0'01098 0 '132 0·193 0'285

-
20'" 21·65 . 1 19·0 5-45 0 ·OIl85 O·346lj 0-418 0 -173 &... . . . ' . .

I' • 21.72 ' 26-1 7-74 0 -01151 0-361 0-418 0'168
21'76 32·5.

, . .
9'79 .' 0 ·01146 . .0 ·370 0 ·420 0 '166. . . .

....,>:: -. : . " .. . '" After 1?rea.kage.~d ~ep~,,:. 9 f .qne blade.

~';tk>·~~,;.;~~",.,....;..;..;",,.;,.:.;~ ;,:.:..,-..,,..,;,..,, ,,,,: , ., .~ _' _, w:" ,,~,_ ';-., .';" . " '" _ "",.__ .• .__ ._

~
en

"7 • ..z ' .?' ,~ _ . \ ...



~~~';-~"'":'G~.~~~l~:~ "'~"~C ~"':."".""\"-,"~.\. ' ~ ' ,!:lI ~.. , : ,"\"".:" •.., .. ,• • .- ,.,.~ ~ ~__ ;..~: : : _ v ~ _ . ' . : . , _ ' •• : _

TABLE 2 (continued).
Blade Angle e= 1·8°. Two Blades• .

Incidence.
V ,LD Lv DfL11 ,1-4

Uncomcted. I Corrected.

4 4·10 55·4 5·51 0-00608 0-021 0'134 0·533:;
4 ·10 73-2 7-67 0-00581 0-023 0' 129 0'506
4·11 90·8 10·00 0·00574 0·025 0' 127 0'481

5 5·12 45·3 5-02 0·00617 0:027 0·144 0 .. 477
'. , ~ 5·14 60~1 7·40 0·00577 0'031 0·142 0'430

5-16 74-4 ' 9,85 , 0·00560 0·035 0·136 0·399

6 6·16 37·'5 4'77 , 0·00609 0~035 0-163 0'415
6 ;17 37·5 4;90 0·00605 0~037 0·155 0-404

"
6;21 49·7 7·49 0·00558 0·045 0·155 0·350
6·21 49·7 7'51 0·00567 0·045 0·152 0'350
6 ·23 61·7 9·89' . 0 ·00559 0·051 0·151 0'329

, , 6 ·25 61'7 9·83 0-00598 0-054 0-147 0-331

,8, 8-30 29·9 5-27 0.00590 0-065 0.185 5 0 ~299

, , 8·34 39;8 7·61 0·00564 0·073 0·184 0·275
8·36 49·2 9·81 0·00562 0·079 0·185 0'264

12 12·54 22'0 5·19 0·00592 0·117 0·254 0-220
12 ·61 29·0 ' 7·48 0·00569 0-134 Q·254 0-202
12-67 36-6 9:S6 0:00565 0·146 0·254 0·193

, 16 16·'92 19·5 6'03 0-00586 0·199 0-325 0·165
16·96 23·8 7·61 0-00577 0·210 0·326 0-159 5
17·03 29-5 9·74 0-00576 0·223 0-328 a·154 I>

,. ....
20 21-25 19·0 6-76 0-00577 0·269 O'WS O' 138.

21·29 21-4 7-71' ' , 0-00579 ' 0-277 0'406 0'136
21·34 26·6 9·80 P'OO571 0-286 0·407 0-133

o . •

ti



" . . ' " .. ~ .- ~ - .- ... .~ ~ . :.. " .TABLE 2 (conti11uetl) . . ... . ..'

Blade Angle a.' 2-3°..

.- .. , _-..- -- --, -... - - --- ..---._---_ _ ~ . -.... .-. -.__.._----- .__ "

~

. .
Incidence. :, V n LJJ .: Lv . DjL p ' .

Uncorrected. ' Corrected. ' . . ..

~ . ~ . " 4 4'·19 59·4 4'89 0'01708 0·041 0·174 0 ;(333
4·21 80·6 7'40 0'01502 0·045 0'159 6 0'577

s 4'·22 100·6 9,71 0'01434 0~047 li 0 ;157 0 ·549
5 5 A23 . 56·3 4 ·95 0'01796 0·049 0 !194 0·602

.. . . . 5·25 75'7 . 7,67 0·01521 0·056 o · 166! 0-523
5·27 92,,7 9'86 0-01491 0 -060 o -164 0·498

: 6 ,6 ,28 57"0 5·84 0.~01658 0-062 0·189 0~514(j
" . 6',32 67'-9 7·60 0 -01548 0~069 0 ;174 0'470 II. , ~ . . ,

. 78·0 9·516·35 0·01437 0·076 0 ,1686 0'432
7 7·33 49·8 5·37 0,,01751 0 ·073 0·194& 0·488

. 7·49 6S·9 9-90 0 ~01324 0·106 0·179 0·36°5
8 8·40 48',1 6·20 0',01483 0·088 0·206 0'407

S'·55 54·2 8·62 0'01344 0·121 0;194 0'330., .
8 ·60 . 60·7 10·18 0~Ol303 0;130 OQ95 0 ;313

. 1>...... . , •• .: 8·62 66-4 11·46 . 0·01280 0.135 5 0·195 0 '304

. 10 10.-75 .36., 1 6·90 0.,01254 o ~ 163 0'229 . 0 '273*
10.-83 47·4 9·64 0 '.01223 0 :180 0:229/; O ~257

.. 10·86 57·1 11'73 , 0·01247 0·187.5 0·230/5 0·254
14 15·01 21'·0 4"58 0·01293 0 ·218 0'300 0'236

15·17 30"4 7·22 0·01265 0-253 O'SOl 0·217,
15'·23 38 ',3 9·32 0·01261 0-265 0 '301 0-212 '

. - • ' >. ... , . 15 ·28 ; '48·2 . 11·90 0-01273 0·276 0·302 0·209

.... .... . 20 , . . . 21·61 . . . 19·8 5 ·38 0'01283 0·336 0·416 0'184
l,\ h :. . '. '21-72 ·26·0 7 :34 0,'01268 0-359 0-418 0'177

' ~ " ... ~'''' v ' __ " ~ .. '.... ........ / • '" 21·83 . . .
, ':~ '33 · 3 , . 9·72 ....... O~01266 . . ' . 0·aS3 ... 0·419 0·171 .'- . .. ~ " .

21·88 40 -5 . .. 11·86 .' 0-01286 , :' < . " U ·392 0-421 0·170
.. At V ~ 25-:-3 -the ;m.odel ~ ' packed up."

..'SlL$ifb>4.::'O'''\~ ;AI" ••-,~~ ••~~_""""-,,,~~ -: ~ ".-vo _ _ " ._ ' _ " '-.. ~ . p _ .. • _ _ ', _ _ ' • • ' __ _ . ~

(;L:::"~2
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" TABLE 2 (continued).

Blade Angle e= 3°.

For information about speed of " packing up .. see § 3.0_

. , '

1 ,,':; .,:.', .' Incidence. r . , '" . . . . .
.: " .' , , ,: .. v . : : . n .. . ',LD - , .: L DfL i'
· Uncorrected: "

. . . v
. .Corrected , . ' . . ,' .' . ~ . ' .

'. ~ ~ ~ . ~ '. .
, .:

\
.
: 12 13-09 45-6 9·95 0·01397 0·236 0·278 0·238

~ 13'14 54·2 11-90 0 ·01449 0·248 0-271 0-236
· . . , '. 13·16 . 54·2 ·12 -06 0·01428 0·251 0-274 0-233

'. - -~, : 14 15..26 34·8 . 8·06 0·01360 0·273 0'313 0·222
; . ~ ,.; . '. :::;.-:-- . '.~ ~. '.:. .15.-31 . 41·3 . ' - 9,73 - .0 -01433 0·283 0·311 0 ·218, "

~', . ." ; 15-36 . 48-Q ',' . , 11 -42 ., /. 0 -01466 . 0.294 5 0·303 0·217
~ . . . . .

, ,

; . 16 17·36 26·1 6·18 0·01466 0 -293 0 '348 0-215
" 17·47 32-5 8-03 0·01454 0·316 0-344 0 ·206{
~ . .. .' ,. 17 ·48 32·5 ~-14 0·01425 0-318 0'345 .0 ·203. ~ . '. . .
l' .' -; 17-51 40·5 10-18 0·01440 0·325 0 -349 0·302-r•

17-52 40·5 10·18 0·01450 0·326 0-347 0·202"

f .. , :~ .., ; ~ > ....:..:: . ,, 17~55 . 40·4 10·33 . , 0·01423 . 0 ·332 . . 0'347 0·199
. :,: 17 ~56 '.. 44·9 11-41',' '. 0 ·01460 0 ~335

, 0-342 0 ·201
; I . " 'J

-
, .--

18 19·45 18·6 4·41 0·01533 0-307 0.380 6 0·213.. . "·f 19-67 30·3 7·94 0·01451 0·353 0'383 0·193
· ' 19·68 .. 30'7 . 7·98 . -0 ·01487 . 0·355 0'389 0.194 5,; 19·69 36·8 9-72 0·01428 0·358 0·384 0·191"

,.~ 19·74 ·OO-s 9·76 0·01467 0·367 0'385 0-190 1S
19'74 36·7 9-87 Q·01439 0·369 0-388 0 -188

"

20· . 18-2 4-57 ·0 -01472 0·331 0-423
£'

21-60 . 0-199
' , . I

21~82 26·6 7·20 0·01442 0·376 . 0'423 0-184\
, ' . .

-; 21·95 39·9 11·13 . 0 -01455 0·403 0'427 0·179, ~

. .

· ' .<.,: ,:" ~:' ': I .,
, '. ~ ~ ~ :,.. -, . ,,~:

.." '\., .
»,

, ... . ~

J',:' .' .. : .:;'<
• ' ~ . ' 0'- • ~>

·-: '. ',',~. . .rL·
~ ; ~. ~.~ '.;.~~ '.t :~: , ~ ':

;...:' ~ . ::... . ..,
',',;.:;.: ":::,' " ' ~;
. . . . . ~ .

, • ~ I

:;X-::::·'Jt
~:;,;;.:>~ ";.>::, ':.~.::

. ' . -. . " , ~ .. . t: : ' ';

.:;.: ;;'. : ;. '--;

'-.\,t ·"'. ~ ·· -: .X
".- ,- ,'.

':':,.>::.:..: .:{~;.
,,' ';:',;' ... ~ ~

:/. ; "~ . ~. -,

": ';-/~:,' - '.".'.
• - . ; : ' , ~ J "~."
.. .. " \., " 0 '·. ,
· / ... . ': .... :.. . .,~..

... " . ...... " ~.. ' . ,
' ; .'-::" .

'~ '''-. ', .. ,

.,

:ti: \.:> ',".
.-: .

~ . ,\ '.- .
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TABLE 3.

. ,
~ . ' . .

"r , " • I

" Tests at varying rotational speed.
. • • I

. ~ . ... .
Blade A1tgle e= 10

_

\
. j.
s

· 1
!

, ,

I,

" < t-
o ,.
'.' .. t

• Uncorrected incidence shown in brackets. '

I n V cos ~

Q.Q=
.Q. " . ., . ' .-... .

/l - R.Q R5Q2;
J ~ (].
:

,

. 2·27 {)-574 -4-33X 10-(
; 2-50 - 0-522 -3·66.-

"
,. "

I : 2-78 0·470 -3-16
I I 3·12 0 ·418 -2·94

i - 17.2°*' 3·33 0·391 -2·83
'; (16°) 3·85 0·339 -2·44,
', ..- -, ~'16 b·313 .. '

-2·39
V - 25;3 5'00 0·261 :......2·22, .

' . , 0 - 5·56:, . 0·235 -I-53
I

6·25 0-209 -0.80 6
6·86 0-190,

" 2·38 0·689 -4·60 x 1O-~
2·50 0·656 -4·60 "

" r
I 2·78 0·590 -4-32

..
.. "

~ ,

) , , . "
: 3-12 " , 0·525 -4'05 , .'

" - " -,
.. " . ~ ~, 3 -33 0-492 -3-83 ~ ., 0..

oJ =r 17,-2~
..

3-85 0·427 -3;49
... ..

, ,
,(16°) 4·16 0'393 -3·33 . '"

: I , "

5-00 0·328 -2,886 , , ' . , .'
V - 31-8 5·56 0,295, -2·77, , .. - .. '

6-25 0·262 -2·55 "
.

7 ·14 0·230 -I-50
,,'

; . .
7-69 0-213

,.
-1-17..

"
. , , ,· 8·84 " 0·185 ~.

"
, . , -

" 3-70 0·505 -2'39xlO~'t I
" .. ' 4·00 I 0·468

..
-2-'16..•. ; r, "
.:....1·93 :, . J,t-35 0·431

J = . 10-6,0 ~ .' . '

, 4·54 " - 0.411 5 -1-78"
(10°), · 4-7f;- 0·393 -1·61: e , I,. -, " " ,

' " I . :.. 5-26 0·355 ':-1-201 , !
V 34-7 ' 5-55 0·337 : -1·10-, .. , . .. . , , 3·SS· 0-318 · -0-89

6-25 0-300 -0·68
~ 7-04 0-265, . . .' J , . . --.' .:' ." :

. , . '.. .~ " .- ,
.....-3-22 X 10- ~

, . ' ' .: 4-76' , 0-538,.. · . -' . , '. : ," ... ", ~ - : ' 0,
5-00 ' 0-512 -3-05I , , ' , . ' • t ~ • . ' ,

j 5-26 0'487 -3-00 i,,
5·88 0-436 : -2·44 ii - ,10 -6.0 " . . « , .. .,"- ~

~2-025~: (lOa)' 6·67 0-384 ,
I7-14 I 0·359 ~I-80 I

7-69
: .. :

V 48-.6: 0-333 .' ~1·55 '-
8~33 .. 0-308 " -1'16lS ~
9·09

,.
: 0-282 . '---0-78

"10-03 0-255 0·00 . . '
: ,

: "
, ~ - i'

• -
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TABLE 3, (tontinued).

"Blade Angle ,e= 1.8°... :
,

n ' p Qn
,

. 3·22· 0·463. -O·98x 10-&
, 3·33 0--447 -1·09

3-57 0-418. -1-30 ;
: 3·84 0-388 -1-37

i - 17·3° 4·54 0-328 -1·57
(16°) 5·00 . 0-299 · -1·69 '

v= 28·9 : 5·56 0-268 , -1-76 6
6·25 0-·239 -1·55

--, 6·67 0-224 -1-18 ' "

. ! 7>15· 0·209 - -0-52
'].'74, 0,193 ,

, ,

. , 3'13 0-595 -1-17xlO-'

.. 3;33' 0,558, -1-28
o ' 3·57 0 -520 I> -1-31

I 3-84' J 0·484 -1·44. , " 4-17' 0-446 -1·47
i= 17-g-o 0 • 4',54 ' 0,409 , -1·63

"
(16°) , 5-00 0-372 '

, . - -1-85 . ,.. ,

5·56 0·335 -2-10 5

V= 36·0 6-25 0-298 -2-0S
7 -14 .. . : 0 -26Q ':. -2-10
7-69

,
0-242 , 00.:-1- 99 ..... . " ." . -, "': ... ,.

8-33 0-223 -1-47
9-09 0-204 5 -0-60 6

9-94 0-187. . ..

- " . ' ,. -
4-54' 0-456 -1-39x 10-'

, , ", .. ' 5-00 '" 0-414 -1-18
i = 10_7,°, r __ 5-56' : '- 0·373 -1-00

(lW') ;~ , . 6,25- , 0-331 -0·90

V
';. " - .: 6-67 ' 0·311 -0-76

- 3~-3. . : 7-14' 0-290 -0-55 6

S-21' 0·252
- .

.,

, 5·56" 0-~45 -1-60 x 10-'..
, - ,6 · 25" , 0.3955 -1·27

i - 10'']'" . 6·61' 0-370 5 -1·26
(10°)' . 7-14' 0·346 ' -1-19

t . • I , ...
7~69' 0-321 ~ -1·02 -- J

v= 46'S' : . 8,33' i. i 0,297 .. -0':93
.,. • _ . t+-I 9''09' .: 1 0-272 ' -0·46

I
' -.' . ." 9·84' 0·250

,

.. ........ .. . ,

, , I, , , .

. ' .
I • f ' . ' _ ~ r. , ~ . ~c. " ~ .. _ • , "' , ' . ' "lo ;.~I·'~ ·..,.,. ..• >.' v'". ~ F.. f · .. '· · t

..
" ...

.. ' . . ' ; , ~ . \ ..
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TABLE 3 (continued).

Blade Angle e= 1.8° (continueti). '

Blade Angle e= 2'3°.

-.
~ n Jt QoO

i " 3·33 0-756 -2·56x 10- 4

" 3·57 0·706 -1-89
i = 6·3° 3·85 0·656 -1'59

(60
) . ' . 4-00 0·630 -1·39

, , 4·17 0·605 -1-19
v= 47'4 4-64 0·554 -1·02

5'00 0·504 . -0-69 , .
" 5-26 0·478 -0-44

, . 4·00 0-776 -2'57 6

4·17- 0·745 -2,51 '
4·64 0·683 -2·22

6·3° " 5·00 0·620 -1·891 =
, ' (6°) , 5·26 0..592 -1.66 6

5·56 0·559 -1·28
v= 58·4 ' 5·88 0-528 -1'02

.. 6'25 0·496 -0.855
6,67, 0-465 -0.55 6

, , 7·14 0'434 -0·39. ',

8·22 !
I
r,
I
r,,
,

, ..
" • • 4

" ,

'.' , " ' , ": , ~

-
n p. Q,Q

-
4·76 0·327 -o·29x 10- 1

" 5·00 0,312 , -0'75' . ....

1. = 17~4°, ,.... 5·26 " 0·296 . -0·97

(l~O). 5·56 . 0·281 -1'035' .
.. ..... 5·88 . 0·265 ' -1 ·07

V 30·2 ; ", 6,25· "' : 0·249 · -1·10-
6·67· 0·234 : ,..()·94 · ..

, . • < , ;
7·14 ' 0-218- 8-01 0·201

" -
. , 5·56 0·347 -0·53

" 5·7.1 0-337 : -0·67 :
.. "

" " . 5·88 0·328 -0·76 "
...... 6·25 0·308 -:0'89, - 11"4° 6..67 0·289 -1-18 "

(16.°) " : .~ 7~'14 . 0·270 ' -1·32 ;
;

, ,

37·3 . ' .. 7·69 " 0·251 -1·40
V - 8·33 0·231. -1'38,

8·70 0·222 -1·11
. . . , . , . 9·09 . . .. 0·212 ,. -o'70~ .. ..

10'02 0,]93 0·00 . ,

-
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TABLE ',3 (contimeetl).

Blade Angle 8 ='3°.

, '

D
~ , " . '

, ' . ,

• • _ . " • l • • .. . , ~ :'. '

" " . '- ' .

v

n p. Q L _ L
g '{} - ~oR 'DI..

7·5· 0'1~5

7-0 O'-iSS
6-5 ' 0·:167 ] ·51 X 10-'4
6·0 0,-182 }'26

i = ,17,5° 5·5 0'198 0.64 5

(16°)
5·8 0;205 0-4£
5·0 0~217 0'20

v= 21·0
,-4 ·8 0·226 -O ·19
4·6 0\236 0·30
4·4 0\24'7 5 0'46
4·0 . , 0·212 0·92
3·'5 0·310 1·12 '
3·0 0<362 2·62

",

-

6-0 ' , 0·276 0·18
5-9 ' 0·280 5 0-25 5

i = .17 ·5°
5·8 0.285 6 ' 0·35 0-0196

- , , f>'7 0-291' ' 0 ,46' .. ' 0 -0200
(16°) 5 ·'5 ' 0·301 , 0·80 0'0207

v= 32·0
5'{) ' 0:331 1-37 0'0226
4--15 ' 0·368 · 2 ·04 . .0 '0255
4·0 - 0·414 ' 2-73 ; 0-0295
3·:5 . ", 0·:.418 " ' . 0-0853

-' t". ~ ,
-

,._. ":'""
, . . , .

6,'5 " 0,2'55
,

6·6
.. , 0-2'51 -0-17" 0-0173.

6-'8
..

0-Z44 -0-23 " 0-0167
~ = 17-5° 7·0 ' 0 -236 -0'286 0'0163

' .. . , ' 16 ~) ,7 ,2 .... . .. 0-.230 . -0-32 8 0-fi161
7-4 0-224 -0-41 0'0]57

v= 32'0 7·6 0·218 -0.41 6 0-0153
7·8 0·213 -0·25 0-0148
7·9 0-210 -0·15 0'0146
8,0 0·207 -0·06

~-

12·0 0·138
11-5 0·144 2·44
11·0 0-151 1·99

i= rz-s- ' 10 -4 0-159 1·40 0·0113
(16°) 10-0 0-166

. ,
1·25 0·0122

, 9~5 0.174 6 - 0-90 0·0125
- 32'0 9·0 ' 0-184 . 0·74 0·0131

8·8 "0 -189 . 0-54 0-0134
. , .. 8;.6 . 0-193 .: 0-40 5 0-0137

8-4 . 0 ·197 0·27 0·0139

- - ..

~~) ,

".. ~ : . . - ' " "~ .
" " - ~ .. ".

,- , , . -'

. ~ " ' .
. . ", . .' . " ,.. . . , . -'::, ~ " .

". .' "- .' ..' . ..~. .
" ' . : "
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TABLE .3 (continued).

Blade Angle:fJ = 3° (continued).

I .
n It Q,Q L.Q

7·2 0- 287 0-05 xlO- 1

7 ·1 0·291 0 -16
i = 17-5 0 7 -0 0·295 0-32 0·0206

(16°) 6'9 0·299 0·39 0·0208
6-5, 0 ·318 0-75 0-0221

v= 40 6-0 0·344 1· 15 0 ·0243
5-5 0-376 1. 56 5 0·0272
5·0 0 '413 2-07 ,0 -0303

7·8 0 '265 -0·35 0-0186
8-0 0-258 -0-41 0-0180
8·5 ' 0'.243 -0-52 0-0169

~ = 17·5° g-O 0 -230 -0-60 0-0161
(16") 9-5 ' 0-217 -0·47 0·0154

9-7 0·213 -0-31 0·0151
V = '40 9·8 0.210 5 -0·23 0·0149

g.g 0.208 5 -0·16 0·0148
10-0 0·206 -0·09 0·0147

..
~ .. 10 -1 0-204 0·0145

. , -
" 8-0 0-286 -0·39.

8·5 . 0 ·269 -0,55
9·0 0·254 -0.65 5

"

9·5 0-241 . -0·75
.

~ = 17-5° 10-0 0·229 -0'69
(I6°) 10·5 0-218 -0·50

10'8 0·210 -0·33 ·
, __ I

V = 44·2 1l·0 0·208 -0·22
.. 11· 1 0·206 -0·15

11'2 0·204 -0-05 .'. 11·3 0·202" ",.,.., ..... ~

.. "

~. ' . ,

f
, ,
. ,

, ,
'.,
,
[

.
, \

i
~. ~

_ : ... . :.. " " ' '( ' ~.... o ,...: .... ~~ 1'-" r .. ~" .,' ....... . ~ . f "~ ,,,ooJ ~ ...-: :I...·~ • ..

" '.':(: - :.:,,:.:<:>.
. .

• • •• • :'J.,' "

.•... . <",'"..•.·,.· ·· '..<,~{ti~

, '.
:. ' :

, ) .

. . ' -

, ' ,

: # ,

f "

, . '

-,
. .

... ~. , ... ">',' .
..

";'. , " 0 ...... ~ • •

... . ' ..

, , ,

0" .", , ,: ~ , ' . -

.. - , "

: : '. ' .. ' '. " f
... .~. . . . ' ~

" ~ . " , ': . /,';:.'. ,"
, :

. , .. .;; " ...~ .
~ .-l ' , : ...... . .: \ .e-

.:

. ..•," ,, ' . . :.
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,TABLE 3 :(cont£nued) .

Blade' Angle 'O :- 3° ·(continueil) .

.-
L.Q

-D
Qa (~)'=D+QDn - f.4

.- . . L · L L LV
- • A' .... _ •

9-5 0·0117 0..226 0·222 2-48x 10- 4 0-322,
9·2 0-0125 0·227 0·229 1·60 . 0-284

i= io-s-
g-O 0·0128 0:225 0·234 0·78 0-252 . .'
8·5 0.0131 5 0·226 0,,248 '0 ·43 0-239

(l00) 8'0 0-0137 0-224 5 0·264 ' 0 -48 0-238 . .

v = 40-0
7·0 0-0156 0-219 0·301 0·63 0-233
6·0 0-0179 0-220 0·351 0·86 0-234
5·0 0-0209 0·229 0'422 1-24 0-243
4·0 0·527 1-94

. . - . ,

12·0 0·0113 0·228 0.210 6 1·16 0-278
11·5 0·0112 0-233 0·220 1-00 0·274
11·0 0 ·0115 0·237 0·230 0-81 0-268

i = 10 .go 10·5 0·0124 0·236 0·241 0·51 0-253
10·0 0·0132 0-235 0·253 0·39 0-247

(lOO) 9·5 0·0140 0·233 0·266 0-31 0-242

V = 47·9
9·0 0.0146 5 0·232 0·281 0-30 0-239
8·5 0·0153 0-232 0·297 . 0·39 0'·241
8·0 0-0160 0·232 0·316 0-43 0·241
7·0 0·0209 0·236 0'361 0.72 5 0·246
6·0 0'0244 0·421 0·96

11-5 0·0132 0·236 0·252 0·235 0-243
11·0 0·0138 0:235 0·263 0·23 0'241 .

i = 10-9°
10-5 0·0143 0·234 0·276 0-26 0-240
10·0 0-0148 0-234 0·290 0-28 0-240

(l00) 9·5 0.0158 5 0·234 0·305 0·36 . 0'242

V = 55·0
9·0 0·0166 0·235 0·322 0'45 0,243
8·5 0·0174 0·236 0·341 0·56 0'246
8-0 0·0184 0·241 0·362 0·72 0-251

, --' ..
7·5 0-Q195

. .
0·246 0':387 0·95 0-259

11'8 0·247 0·89
11·4 0·256 0-81

i·= 8.6 0
11·0 0·265 0'72
10·5 0'0140 0·277 0·60

. ' (8~) 10·0 0'0136 .
' . 0.291 5 0·58

V = 55,0 9·5 0·0141 0.306 6 0-59
- 9·0 0:0148 0·324 0-64

8-5 0·0155 0-343 0-71 5

7·5 0·0171 0-388 0-92
-

11-7 0·0111 0·204 0-249 0-90 5
0·237

11-4 0-0115 0·202 0·256 0'77 0·230
i = 8.6 0 11·0 0,0119 ' 0-200 0-265 0-63 0·220

(8°) 10-5 0-0125 0·197 0-277 0-59 0·214

10·0 0·0130 0·196 0·291 0·57 0-211

V = 55-0 . 9-0 0-0142 0·195 0·324 0-64 0.2091

8-0 0·199 0-364 O·80 a ,



56

TABLE 3 (continued).

Blade Angle e= 30 (continued).

..
l
~

. ~

1

... .

'"

·f
. f

.. I
. 'J. .. . "

. '- , '.-, f
" ' : " -;.. ... . '

~ -: -. . ~,: :. i
..... ,~'. t

-: . f
' . .'

- { , " .

. . "... ~

. <

- -,..
:." .

..
n LQ . .D (L fJ QQ (D/L) ,

. .
.. .

. ... - ..
' 0 -. . - ~ ~ . .. . . , - - _... .... .

. U·8 0·0126 0·202 0-269 O'63 x 10- 4 0 ·221
11-4 0-0130 0·199 0·279 0 ·58 0·215

z = ' 8.60

11·0 0-0134 0·197 0·289 0-55 0 ·211
. (8°) 10·5 0·0139 0'197 0·303 0·53 0'2095

V = ·60 ' 0 10·0 0·0145 0·197 0·318 0·54 . 0·209
g·O 0·0156 0·200 0·353 0·66 0·212 ·.
8·0 0 ·0172 0 ·205 0·397 0·84 0 ·217

"

11·4 0 ·0093 0.158 5 0·233 1·71 0·238
, - ' 0 ~ _ .

11 ·0 0·0097 0 ·158 0·241 1'71 0 .231
5
' ..

10 ·5 '0 -0102 0,157 0 -253 1·60 0 ·220
i = E-3° 10·0 0 ·0106 0·158 0 .265 5

],51 0 ·212 ·
. (6°) 9·5 0·0111 0 ·159 0·280 1 ·43 0· 205

, , 9·0 0·0116 0 · 160 0 · 295 1·28 0·197 .
V = 49: 9 8·5 0·0120 0·161 0·312 1·18 0·193

,. R·O 0-0125 0- J61 0 ·332 1·04 0·187
"

7 ·5 0·0131 0' 163 0 -354 1·08 , 0 · 187 "
, 7-0 0·0138 0 ·1 65 0 ·380 1·08 0-186

~

11·5 0·0106 0·164 0 ~277 1'14 0 ·203
11·0 0 -0113 0·163 0·290 1·04 0·195

. , . . - - '10·5 0·0119 0·163 0·304 0 ·191 ·- :.' 1'01
i = 6.3 0 10·0 0·0125 0·162 0-319 0'93 0·185 :

(6°) 9·5 0·0131 0·162 0-336 0·92 . 0 ·183
9·0 0 ·0135 0-163 0·355 0.90 5 0 -1&4 :,

V = 60 ~0 8-,5 0·0141 0·166 0·376 0 · 94 ' 0-184
8·0 0'0145 0·172 O ~399 0·93 0-188
7·5 0 '0153 Q·177 0 ·425 0·95 0-192 -,

- , -
7·0 0·0162 0 -183 0 :456 O '~86 0·197

..' ' . -..... ;

11·8 ' . 0·182 0 ~315 0·75 ' : -. . .. .... ... .. . ... - ..
11·4

..
~0 '- 326

... - . ,
..

, : 0 ·177 0 '77
: 11·0 O ~ 173 0'33~ 0·79

i = 6 .30 10'5 0·0136 ' -0 · 163 0·355 0-80 0·180 .
(60

) : 10·0 0 .0140 6 0·165 0·372 0·84 t 0·.181 -
9 ·5 0'0146 '0 · 168 0·392 0·84 0 ; 183 '

V= 70·0 9 ·0 0 ·0151 0·171 0·414 0.85 6
0·184

8'5 0·438 0 ·84 -.'. .

8·0 0-466 0-85
7-5 0 '497 0·87 ..

" - ' .
.. - -.. .-... -. - ,

.. ....,.. . ... - • • ~ . ~ ... . .. . ....... • • I .. . ... .. • . .. .. . .. ~ .. ,
4- ' " 1.... ~ • .. _ .... . .... .. "' , _ ~ ..... - . . .. . . -, •
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TABLE 4

Observations of the Flapping Motion.

Blade Angle (} = 0°.
-

Incidence i (degrees) . . Values of {3 (degrees). Coeff. in Fourier expansion.
I V , n I"

Corrected. Uncorrected. 'P = 0 90 180 270 ao a l
b

l
_

5·1 . 5° 52·2 4'78 . -4·21 0·48 ' 3·63 -0·07 -0·04 3'92 -0·27 '0 ·578. " . .. -
63·4 6·12 -3·52 '0 ·45 3·83 0·52 0·32 3·67 0·03 0·548

.. ,' 82·8 8·38 -2,'86 0·35 3·91 1·88 0·84 3·38 0·76 0·522
','

6-2 6° 47·9 5·30 -2'74 0'44 3·00 0·49 0·30 ' 2·87 0·02 0·477
.. 63·4 7·47 -2'08 0·57 3·33 1·10 0·73 2·70 0'26 0·448. ,

82·0 10·10 -1·64 0·69 3·41 1·41 0·97 2·52 0·36 0·429
,

. 8·3 8° 35·6 5·16 -2·14 0·00 2·04 0·64 0·13 2·09 0·32 0·363
47·0 7'18 -1·33 0·20 2·33 1·26 0.. 61 1·83 0·53 0-344
63·5 10 ·10 -1'·04 0·27 2,65 1·50 0-89 1-94 0·61 0-330

10·5 10° 29·2 5-12 -1·44 -0·33 1·65 0·79 0·17 I-54 0·56 0·298
40·3 7·46 -0·99 -0,05 . 2·13 1·62 0 ·68 I-56 0·83 0·282
53·0 9·78 -0·66 0·11 2·39 ' 1-97 0·95 1·52 . 0·93 0·283'

, .
t'4 Q14·7 18·3~ 4-10 -1·74 -0·98 1·16 0·50 -0·26 1·45 . 0-74 0·230

31·6 7·53 -0,76 -0,35 ,.2·03 2·00 0·73 1·39 I: 18 0·215
.41' 85 10-3 -0'53 . ...:·:0 '26 2'32 2-26 . .0.' 9,5 . 1.'.42 . 1·26 , 0.208 5" , • o.... .. .. , ... ... . ,

19·1 18° 19-0 5·20 -1·,13 " -1-03 : . 1'-22 1·38 0-11 1-17 1·20 0·184
26·8 7·53 -0'73 -0·68 1·91 1·93 0·61 1-32 1-30 0-179
35·7 10·30 +0'55 .' -0·51 2-16 2·20 0-82 1·35 1·35 0-174

(J1
"'-l
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TABLE 4 (continuecl).

..' Blade Angle e . 1·8°~

--.

30
1
7

4
4
7

8
6
3 CI1
5 t;p

3
8
8

8
;0
;2

8
3
9

is
o
7

4
5
;8

, ' .
Coeff. in Fourier - ' .

Inclden~e. ,. . . Values of: fJ (degrees). Expansion.
j

V n j , /.l. -
ttnc.orrected.

.,
- . Corrected. VJ =0 30 ilO 90 12() 150 180 210 240 270 SOO 330 a" al b1

~ ------------ ------- -------------
4'2 0 i 40 41·2 3·05 ~ - 9·57 -7·01 -2'94 - 1·55 4·99 "20 7·80 6 '50 3:38' -1 ·10 :....5·53 -8-89 -0'S3 '9 ' 18 -1-32 0·7

! 61'4 5'69 - 5 '90 -4 ,65 - 1 '69 1'49 4 ·39 ' 6 ' 58 7·54 ',00 4' 78 +1'64 -l·Ba - 4 -95 +1·19 ·6 ·72 +0 ·07 0-5
80·5 7·93 - 4,92 -3 -95 -1'71 , 1 '55 4-27 ~ ' 47 7'32 6'85 5'16 1·9B -1'45 -4,12 1·48 6 -1,2 0 ' 21 0'5

l , . , ------ --- --- --------- --------
" . . 5-25 .. So . 38 -7 3 -441 - "86 -6,24 -2,72 0 -93 4·30 6 -48 7 -28 8 '43 3-78 0 '38 -3'97 -7'06 0-18 7 '57 -0-27 0'5

: 60-4 lH7 - 4'78 -3-96 -1'79 1'00 8-80 5 '7S 6-82 6-53 4·86 2 '04 -0'79 -3,65 , 1-27 ,5 -80 +0-52 0-4
! 80 -5 9'30 ...:. 3·11 -3 '03 -1 ,03 1'32 3·12 5·61 6 -50 6·22 4·78 2-44 -0 '34 -2'79 1·62 5 -13 0'56 0-4

2-60 1

---- -----~------------------- - -~-----6-a ! 6° 30 '5. - 10 -33 -7 -66 -3-32 0-75 4 -30& 6 ·41 6 -83 5 ,34 1 -95 -2'03 -6'59 - 9 ' 90 -1-19 ,8 '58 -1'39 0-6- . 45-7 4-42 - 5'32 -4·17 -1-75 0'77 3 '65 5-54 6·31 5 '16 3 -86 +1'04 1 :"'2'06 -4-51 +0-70 5 -81 + 0 ·13 0·5.. ... 45 -5 5'19 - 4,00 -3 '77 -1'66 0·95 3 -47 5·32 6'18 5-83 4-25 I-S9 s -1'57 -3'70 1 '01 5 ' 42 0- 32 0 ·4
71-2 10-02 - 2 -52 -2'01 - 0 ' 45 1·03 3 ·05 4·60 5 -44 5'30 4-18 2 -42 -0-31 -1'73 I -59 .3 ·aS : 0'69 Q.;j

, --------- - - - ------------------ --- - -------
8 -5

I
8° 28 '9 3'34& ~ 5 '81 -5 tI4 - 2-97 ' 0 -00 2'97 5'50 '6 -33 5-09 3·04 0·00 -3'33 -5-09 0 -13 6·07 0- 00 0-4

- ,
40·2 6'44 - 2 ·23 -2'13 --1'14 . 0 -47 2'12 3 -53 4'40 4 -48 3'70 2'19 + 0' 17 -1,28 1·21 3· 31 0-86 o-s. . 57'9 10'19 - 1 -33 -1-41 - 0 -72 0-54 2 '10 3 '41 4·37 4·53 3·96 2'72 1-16 -0-17 I-57 2 '85 1· 09 0-1

--- - - - ---------------~-------- --
10-7 :

10 0 27·8 t)-22 - ,2-07 -1'96 -1'08 0'11 1-68 2'92 3 '69 3 ' 75 3'04 1'69 0-00 - 1 ,31 0 '87 2'87 0 ' 76 0'2
! 37·5 7'54 ..:. 1 ·38 -1,43 -0'73 0-43 HH g ·05 3 -90 4·10 8; 52 2-37 0 ·93 -0-53 1 ·33 2·84 0 ·97 0 -2

. 41 '1 f3'74 - 1'04 -1'13 -0'53 - 0'63 1-89 3'13 4'03 4 '25 3'75 2 ·65 1 '23 0·00 I-57 2 -53 1-01 O·~

i2'- 9 I ------------- - - ------------ - - - .,..-------
12° 20-1 4 '02 ..:. 2-45 -2 -36 -I-53 -0,20 1 ·01 2-18 2'96 3 -04 2 '34 1-00 -0-39 -1'66 0-33 2-70 0-60 O·~

~. , - , ~ ... .. . . ... , 28-8 6-14 - ]'30 -1 -4] s -0-89 +0-10 1'33 2'54 3 -45 3·69 3'28 2'31 +1-02 - 0, 36 1·14 2 · :r7 1'10 O·~. . , i 42 ·6 . ~-62 - 0 '70 - 1,02 -0-60 0-22 1-46 3 '09 8 -79 4 '13 3'77 2 -89 1 ·59 - 1·55 2~4 1- 33 o.~' ," , . ". --------------------- -----------. . ' 15-1 . 14" . 19 '4 4'22~ - 1·92 -2-)1 -1 '63 -0-70 0-61 1 -83 2'73 3 ·02 2'60 1 '64 0 -16 -0'96 0 '44 2'32 1-17 O · ~

, '. '" ~ ~ ".
. 25'4 p '91 - 1-]2 - 1 :41 -1,09 -0,24 1'07 2-27 3 -29 3-73 3'43 2 ·51 1-26 0'00 1·11 2 -20 1'37 O ·~. ' - .. 39-S f)- 87 - 0 ·61 -1 '04 -0-74 +0'08 1 ' 31 2-62 3 '72 4'25 4·01 3'13 1 '80 0,41 & 1'58 2 ' 16 1 '53 O · ~--------------------- -----------_ _ . J

17-8 ' .... 169 .. 18 -2 4'53 - 1'60 -1'98 -I-57 -0 '70 0'63 t '85 2'87 3 -30 9'05 2·1 0 0 '79 -0,40 0-72 2 ·23 1 ·28 0- 2
24-0 6'23 - 1'10 -1 -4B -1,12 -0,17 1 -00 2 '33 3-40 3 ·88 3-63 2'73 1 -38 - 1'21 2 ,25 1'45 0-1
36'5 9-84 - 0-33 -1,02 - 0 -93 -0'12 1 -17 2- 50 3-58 4 ·21 4-22 3 ·42 2·10 - 1-64 1'94 1·77 0 -I

".

..·· ~r'·.· ... ,~,..t~""''''· '' ' ...I ·':' ':I- '''' '''''' '''''''''·''''''''''~ L-.'''-l~



TABI,E 4 (continued).

Blade Angle e = 2,3°.

Incidence. Values of fJ (degrees). Coeff. in Fourier expansion.
V n t.t

Corrected. Uncorrected. 'p = 0 90 180 270 ao at bi

6° 68'0 8·0 -4·76 0'78 7'55 3· 10 1·67 6·1; 1·16 0·448
78'0 10·27 -3·78 0·67 6',75 3·03 1'67 5·26 1·18 0·402

Blade Angle e= 3°.

, ' ..
. ,.' , 13·1 12° 46·0 10·tO -1·45 0·30 5'10 3·65 1·90 3·27 1·67 ()·235

53·6 11·91 -1·25 ' 0 ·45 5·20 3·80 2-05 3·22 1·67 0'232

15·3 14° 35·4 8·13 -I-55 -0,,25 4·70 3·30 1'65 3·12 1'77 0·223
42·1 10-04 -1·20 +0·20 4·75 3·55 1·82 2·98 1·67 0·214
49·6 11-95 -1·05 O·aS 4·90 3-70 1·97 2·97 ; 1·67 0·212.... . ..

- ,

17'5 16° 26·1 6·22 ,- 1 ,70 -0·25 4·60 3·30 1'49 3·15 1·77 0·212
.. 32·5 8·09 ,- 1,25 . -0·10 4·65 3·75 1,,76 2·95 1·92 0·203

39·1 9·90 -0·95 +0-05 4'75 3·90 1·98 2·85 1·92 0·200
,.. 46·2 11·80 -0-75 '. 0·25 4·85 4·15 2',12 2·80 '1·95 0'198,- , . , , . ~ ,

"..'." 21·8 20° 19'0 4·83 -1·90 -0·95 3'70 3·DO 0-86 ' 2·80 1·97 0'194 s
23'3 6·20 -1·50 -0·60 4,20 , 3·40 1·37 2·85 2·00 0·185

" .
7·68 -)·20 4··.£0 3·80 1·65 2·80 2-10 0·181' . ,28,2 -0·40

._. ..._-_ ... ,. .. " . . , . . _- 36·5 to-1O -0,90 ' -0·20 4-50 4'00 1-85 2'70 2·10 0·180
39'9 11~10 -0,80 , -0·20 ',4' 50 , '4-00 1,87 2·65 2, 10 0·178

$
, "



. T,ABLE 4 .(contin.ued) -, , '

~ Blad~ Angle e= 3°1 starte« in.. gear. , ' ,'

"

" ,

" , ,

Incidence.
, \ ,

Values o(~ (degrees). , ' Coeff. in Fourier expansion.
. '. ' '

, . , . "
, "

,. ' ' . . ( ~ . .

..Corn~t~d. I:' ..Uncorr'~ted.
,V ,- n ; :

.. ". , 0 , ~ 90 , " , / . l~O I:, ~70·. , I. ai !' !l-
ao bi

I I , " . '

" ,

10° , 27-9 8,4", -8,7 . -0',17 2·92 2·41 1·07 II ' 1,89 1·31 0·173
. .' ~

37·6 8-33 -1·61 +0·35 ' 4·26 2'70 1·42 2-94 1·20 0·234
~

47·3 .r 10·2 -1·54 0·45 -4·63 2·85 1·591\ 3·09 · 1·19 . 0·246' . ..

10° 20·5 10'25 . -0·95 -0'40 2·70 Z'05 0-85 1-821\ 1·22/5 0·104
29·0 II-OS -0'8 ' -{) ',I O ' 2·9 2'50 1·12 1-85 1·30 0-136

.. . ,- 35·5 10·23 -0·9 -0·10 3·4 ' 2'75 1·29 2'15 1-42 6 0·181
41·1 10 '13 -1·0 -0'10 3',95 2·95 1.·45 ~-47 1\ 1.52 6 0·210

;

..
12° 19 ·5 6'46 -1,1 -0 ·45 2·5 2·30 0·81 1·90 1'37 6 0'156

, ' 32·8 7'73 -1·5 + 0 -5 4·2 3·0 1·55 2·85 1·25 0·219
27·6 6'10 -2·0 -0,5 " , 4-3 2'70 1-12 3·15 1·60 0·233

, ,

;

s

, q J. ,
"

'1 ' ' • ••• •

", '

i·.~~', \;~ : >" ,',~ ,.:'-', " "
~~4tu<rr"t~ . IL e ~"'.!.'l~" -~. ,"FJ . j"' '' ' ' ' v ....~tl' l! .. . '4 ..,... ~~.~ .. ~ ,. "'~..--,....._.__ ..

'. '

, "

"",: '....-, .-; . ..

\ ' " _, ~ . \ I '
" .

• • •~ • .•.,.-: ...... ...., - ••.•.""1--:-......,................ ...
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TABLE 5.

Lateral Force Y.

Blade Angle e= 1-8°.

Incidence i (degrees). y - y y
V n D-1t oR~D2 -

Uncorrected. Corrected. L

4° 4·2 40·9 3·055 -6'03x 1O-f. -0·0387
61·0 5·69 -3·48 -0·0281
80·0 7·93 -3-17 -0'0264

5° 5·') 38·5 3·447 -4·17 -0·0292-6
60·0 6'47 -2·92 -0·0230
80·0 9·30 -2·53 -0·0213

.
6° 6·3 30·37 2·605 -6-25 -0-0368

45·4 4·42 -3·14 -0'0226
70-8 10·02 . -1·66 -0-0147

8° 8-5 28·77 3·345 -3·81 -0-0246
39·9 6·44 -1·37 -0·0118
57-5 10-19 -1·12 -0·0103

.
10° 10-7 27·6 5-22 -1·05 ""(}·0090

37·2 7-54 -0·88 -0,0079
46·8 9·74 -0·80 -0-0073

12° 12'9 19-93 4·02 -1·56 -0·0129
28·55 6-14 -1-01 -0'0088
42·23 9·62 -0·80 -0·0071

14° 15·1 19·2 4-225 -1·36 -0·0116
25·17 5·91 -1·18 -0·0071 .
39·4 9·87 -0·72 -0'0070

16° 17·3 17·96 4·53 -0-24 -0·0021
23·7 6·23 -0·25 -0'0024
36·05 9·84 -0-48 -0-0046

-

Printed by IUtS.O. PrllBS. 1IamJW.
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