WIND TUNNEL EXPERIMENTS ON A MODEL AUTOGYRO
AT SMALL ANGLES OF INCIDENCE.
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. Summary -Introductoyy -——A wooden scale model 6 ieet in dlameter oi
the original 4-bladed rotatitig wing unit of the Cierva Autogyro, has been
tested.in the.Duplex tunnel at blade angles of 0°, 1°, 1-8°,2-3° and 3°.. It
has also been tested as a 2-blader at a blade angle of 1- 82, The extreme range
of incidence was from 2° t0'20° and of rotational speed from 36 12 revolutlons
per second. - It was found- that the model would not rotate at all at a blade
angle of 4° while at 3° blade angle it would only rotate at angles of incidence
above 12°. In order to suppléement the measurement of forces and rota.tmnal
speed at zero torque, observations of forces and angular accelerations were
madg over a more limited range at varying rotational speed, by means of a;
<hronograph and stroboscope These observations were interpreted as giving
the forces and torque in steady motion when the torque was not zero. Obser-
‘vations were also made of the angular motion of the blades in ﬁappmg about;
'thexr hmges e e S

Results —*’I‘he greatest value of.hft/drag ra.tzo was observed on the screw,
with blade angle 1-8° at an incidence of 3° ; this value, subject to considerable
uncertainty’ on’ acéount of theilirge’ correction: fof drag of the boss, was 7+5°
for the 4-blader and 8-0 for the 2-blader at 4° incidence. The scale eflect was.
appxecaable on lift coefficient at all angles of incidence but on other coefﬁcxents
it was small except at the smallestincidence. The comparison between 2- and”

4-blader was in good agreement with the simple Prandtl theory of interférence.
given in R. & M.1111, so that the results should apply to an autogyro of any,
anterrnediate solidity. The torque curves derived from the observations of'
angular acceleration, confirm the remaining observations in showing that the?
. Tesults vary critically with change of blade angle. The observed flapping.

-motion is in’ good qualitative agréement with theory, the second and higher~
harmonics being negligible.on account of the }ngh den51ty of-the model bladeS. :
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LIST OF SYMBOLS.

= Angle of pitch.
= Chord of blades.
= Radius of autogyro. | :
= Ratio of blade area to disc area (solidity ratio).
= Solidity ratio for standard 4-blader.
= Forward speed, feet per second.
= Rotational speed in radians per sec.
= Rotational speed in revolutions per sec.
= Angle of incidence of Autogyro.
_ Vecoss

RQ

= Angular position of blade in azimuth, measured
from downwind position in an anti-clockwise
direction looking downwards.

8 = Angular displacement of blade about hmge,
reckoned positive when measured upwards

L = Lift." ‘ A

D = Drag.

T = Thrust. | ,

Y Lateral force reckoned posmve when measured
- to. starboard_ @.e., towards blade moving

_ upstream). C

Q = Torque. -~

Ly = LinpR? V2

Lo = Lfm p R*C2

Qn = Qfmp RO,

-2

ao, al, bl, &c.

B

290

= Coefficients in Fourier expansxon of ﬂappmg
angle 3. )
= @, — a; cos Y— by sin . -.

b, is positive when port wing is ralsed &
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Foveword—In view of the length of the present report it may be
mentioned that more tham half the text s occupied with description:

R

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, thé followmg list is insérted of those
sections of the report which deal with réshlts =-§8 1.0, 2.0, 3.3 to
3.48,'4.0, 4.4 to 4.42,.5:1 to end. Of the ‘purely experimental part
of the report, the method of obtaining rate ef change of velocity
from stroboscope observations described i in 4- 1 and of deducing the
lift, drag and torque on the model may be of some general interest.

10. 1 nzfroduciwn —-Thev C1erVa autogyro isa Wmdmlll of low pitch

whose plane is inclined at a small angle. to the relative wind ; this. -
windmill takes the place of the wing system of an ordmary aeroplane, :
Photographs of a scale model of 6 ft. diameter arranged for testin -
the Duplex wind tunnel are given in Figs. 1-and 2; the windmill %
rotates on a-ball bearing A, Fig. 2, and each blade, is hmged on a ball .
beanng B, Fig! 3, whose axis lies in the plane of rotation so that the '
bladés are frée to flap in g directiori hormal to. this plane. In flight
the windmill rotates freely tinder ‘the influence of the relative wind

¢dused by the forward or downward :motion of the machine, while &
the blade$ are “prevented from ‘departing far from the plane of &

rotation by centrifugal force, but execute a slight flapping oscillation -

relative to the plane of rotation under the mﬂuence of the unsym- -

metrical aerodynamic forces.

When the first reports of the autogyro éﬁpéared in ﬂ'llS country

fm 1925) the only experimental data availablé on'a screw of low pitch

were' those contained in R. & M.-885, *‘ Some experiments on air-

screws at zero torque ”’ and in R. & M: 1014, “ An extension of the

Vortex Theory of Airscrews: Applications to airscrews of low pitch. **
The experiments .in these reports

124

with experimental results.
related to a two-bladed screw of 3 ft. d1ameter Wlth 1ts plane of
rotation normal to the wind dJrectlon SRS SRR .

A few preliminary expenrnents were tindertaken on this screw
with its axis inclined to the wind, and it'wds found possible to apply .

the results to the autogyro with the aid of strip theory calculations.

This screw failed, however, to, give. a reasonably high maximum -
Lift/drag ; ‘chiefly because' it rotatéd with difficulty at-angles of :
incidence below 20° and would not rotate at'all below 10°. At this *.

angle the lift/drag must be less than cotangent 10°:0r.5-5.

At the time it‘was supposed ‘that thé failureiof this model to s
reproduce the high efficiency claimed for the Autogyro was due to
differences in design, particularly in the following respects :—(a}
freedom of the blades to flap, (b) difference between two and four .
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experiments, however, which suggest' that the L/D of -this screw
should have been favoured by considerations () 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 mode] i in conjunction with cause (a). S

. It was-therefore decided to make and tést a 3 ft. dxameter
scale model of the autogyro wing unit, but it was found that the
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 experiiental evidence of a considerable scale effect, especially
on the rotational speed, e.g. the model would only rotate at small
angles. of mczdence by the use of the very hlghest tunnel speed
available. ' ,

Tn order to obtain the hlghest possible scale it was then decided
to construct a model of 10 ft. diameter for test in the Duplex Wmd
tunnel. Tt was realised that so large a model would experience d
very large tunnel interférence, but this effect would be least at thé
smallest angles of incidence correspondmg to the highest lift/drag.
In order to check the. correction for tunnel interference and to bridge
the gap in 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 by the R.A.E. It was decided
to build up-each blade of the 10 ft. model on a central steel tubular
spar with wooden ribs covered with doped fabric, with the object of
obtaining ‘a model dynamically as well as geometncally similar to
the full scale rotating wing unit which was of similar construction:
In the ‘model as ‘originally designed the fabric was found ‘to sag
between the ribs soas to touch the central spar ; in order to improve
the section 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 22 tunes the full scale value. -

Prehmmary fests were made on this model 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 been impossible to avoid sudden changes of curvature,
especially at the edge of the 3-ply lining, of such a.natureas might
be expected to increase the drag of the sections appreciably. . It was
feared that these errors of shape mlght aﬁect adversely the perfor-
mance of, the autogyro model. :

; Accordmgly, a model aerofoxl of 9 . chord was constructed at the

R.A.E. identical in the shape of section and method of ¢construction .
with the 10 ft. autogyro model. This was tested for lift and drag in
the usual ‘manner on the. roof balance of the 7-ft. tunnel No. 3 for
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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. Mecasurement 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 tunne] 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.AE. 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 bridging .-
the gap in scale between the 10 ft. and 3 ft. models. The results of
the tests on the 6 ft. model, here described, amply support the con- -,
clusion that the performance of the 10 ft. fabric model was adversely .
affected by errors of shape, since a maximum value of L/D of 6-0 was "
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.
blade centres. The high value of the correction for the 6 ft. model :!
was partly due to the use of the boss of the 10 {t. model and partly :i
to the addition of a locking device for the blade angles; in every
other respect the 6 ft. model was entirely satisfactory. IR

‘The special object of designing the 10 ft. mode] to be similar in =
depsity distribution to the full scale machine was to obtain an exact
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 (- D*) was increased. from 22 to 4-0 times the.full scale *
value. More recent developmentsin the theory of the flappingt have
indicated, however, that the difference in flapping motion is unlikely -
to be of importance at any rate when the blades are straight 4s in the
6 1t. wooden model and the present fuil scale machine ; ‘the blades "
of the 10 ft. model were curved to imitate those of ‘the -original
machine. -~ -~ - - S I PR S
.. A complete description of the 6 ft. model and 'of the method of -
supporting it for force measuréments is given below in §2.0. © The ¥
original programme of tests included as principal items the measure:
ment of lift and drag, rotational and forward speed over a suitable |

g2

N =

*R. & M. 1066.—Wind tunnel experithents on a symmetrical aerofod
{Gottingen 429 Section). By C. N. H. Lock, H.C.H. Townend and A. G: Gadd: -
tR. & M. 1127.—Further development of Autogyro Theory, Part IL.-.
A general treatment of the flapping mogon, “By.C.N. H. kamW' n a. Coedi
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range, subsidiary tests being the observation of the details of the
flapping motion and the measurement of the lateral (horizontal)
component force. The range of incidence was from 20° (the
largest attainable with the apparatus) to the lowest incidence at
which the model would rotate (2°). The limit of rotational speed
considered safe was 12 revolutions per second, but at small angles
of incidence the speed was limited by the highest tunnel speed

available (100 ft. per sec.).

The original intention was to test the 4-bladed model at a
sufficient series of blade angles from 0° up to the largest positive
angle at which the model would rotate. The blade angle is defined
to be positive when the component of relative wind parallel to the
axle strikes the trailing edge of the blade before the leading edge,
1.e. the pitch is of thie same sense as that of a helicopter. - The model
was first tested at a blade angle 1-8° agreeing closely with the value
1° 45 for the original full scale machine.* The blade angle was
then increased to 4° and somewhat unexpectedly it was found that
the model would not autorotate at any angle of incidence even
when initially speeded up to 12r.p.s.  With a blade angle of 3° the
model would only autorotate at angles of incidence greater than
12°,  The standard measurements were finally made at the following
serles of blade angles :i—0°, 1°, 1-8°, 2-3° and 3° (from 12° to 20° -
incidence in the last case). o

In order to study more closély the nature of the breakdown at
large blade angles, an attempt was made to develop apparatus to
observe lift, drag and rotational speed while the model was rotating
freely but the rotational speed was changing. Observations were
made with this apparatus at certain angles of incidence at a number
of blade angles, and in particular with a blade angle of 3° at angles
of incidence below 12° at which the model decelerated at any tunnel
speed. The results of these tests, though somewhat crude, are of
great interest especially as they define in certain cases the maximum
frictional torque against which the model would rotate, and t}1e'
minimum rotational speed from which it would accelerate up to'its.
steady speed. - : : '

'2.0. Description of 6 ft. diameter model.—The blades of the 6 ft.
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 GSttingen 429 modified to give a thicker trailing
edge. The chord was 5:-36 in. The boss and blade roots were
considerably imore “bulky than.those of the full scale machine on
account of the necessity of varying the blade angle and of the fact
that the centre was designed for the 10 ft. diameter model. The

*T.2155. (Unpublished.) 3
(33064) .
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normal direction: of rotation of the dutogyro model ‘was counter:
clockwise-looking downwards, as in the full scale machine, and the . )
pitch‘thafc of a'right-handed screw for positive blade angles. - ‘

" For the purpose of attaching the blades to the centre and of .
-altering the blade angles, the innet end of the blade root inside the .
hinge bearing was screwed into the boss as shown in Fig. 3 and was _
originally held in place by a simple lock nut. As the result of an -
accident to the 10 ft. diameter model caused by the lock nut slacking
ofi-and the blade altering its angle during a run, it was decided to
provide a more positive locking device. The arrangement shown in ::
Fig; 3 was designed and fitted by the Royal Aircraft Establishment; “»
the tangent screws EE grip between them the radial piece F attached
to the-blade and allow an accurate adjustment of blade angle between .
the limits'— 2° to - 6°. This device was perfectly satisfactory in -
combining ease-of setting with security.. The method of setting the
blade angle is described below in § 2.121.-. -~ - . o

G20, Description- of Autogyro Balance.—~Owing to the size ‘and
motion of the model the wire suspension ordinarily used for force

measurements on model aeroplanes and aerofoils was replaced by d .-
more rigid mode of support. “The arrangement actually used I -

shown i .Fig. 4., .EFGH is a.frame in the form of an inverted. :

tetrahedron of rigid 16ds, of which'the apex E carries the $pindle on -,
which the model rotates ; the frame FGH is horizontal and above -*
the roof of the tunuel, the members EF, EG, EH.passing through™ :.
the holes in. the roof. . The frame carries steel points ¥;, G, and Hy; "
attached to it near F,-G and H, by which it is supported from the
standard lift-and vertical force balances.* For.the present purposs.
these.:balances; may be considered as three independent..weigh .
beams which determine independently the vertical components of ./
the:reactions. at Fy, Gy and Hy.. Actually the two. beams of the Lift, !
balance .which:support: F and G can be linked together so as fo, .
measyre -either. the sum ot difference. of the vertical .component .’
reactions at.Fy and Gy.. ‘The link for measuring the difference is not "
shown.in Fig. 4.. “To support the points at F, and G, the pulleys.of
the Lift balances were replaced by steel cups. The point on the frame
at H, is supported directly by the cup on the balance weigh-beam, .-
and to avoid redundant constraints the point at G, is supported
through a straight vertical strut, while at F; there is a pair of points -
in the line F;G, resting in a cup and groove of the triangular strut K
. ‘whose lower point rests in the cup on the lift balance arm, and whose -

%
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2,101, Method of. ;a'ltering the angle. of incidesice ~—The spindle of
the autogyro model-is rigidly attached to the ‘arms. EF, EG of thes

frame, which are hinged at F and Gabout the axis FG. The arm’:}
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* R. & M. 823. Description of Ifft, vertical force and dr-ﬁébalancesfor?:heg
roof of the Duplex wind tunnel, Fewster. O TR O BN T |
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9
EH is hinged at E and slides through a clamp at H connected to the
rigid triangle FGH. By sliding the arm through the clamp the
inclination of the plane EFG to the vertical, which is equal to the
incidence of the autogyro model, can be varied between the limits 0¢
and 20°. A scale attached to the arm 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. K ' ' '

~ 2.102. Guard Tubes~The arms EF, EG, EH which are inside
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. . ' B

Modsifications to balance introduced after the preliminary tests :—-

2.111. Raising the balance in the Tunnel.—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 chosén so that the centre of the circle described by the wing
tips of the original 10 ft. model would be in the centre of the tunrnel
at 20° incidence on the assumption that the mean upward inclination
of the blades (““ coning ” angle) was about 5° as in the full scale
machine. As the actual ““ coning ” angle of the 10 ft. model was
found to be about 0° the blade tips were always about 5 inches lower
than they were designed to be. It was therefore decided to raisé
the model 8 inches for which purpose it was riecessary to raise both
balances by this amount on steel 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 the centre line at 0° and
2-8inches above the centre line at. 20° ; as the mean flapping -angle
of the 6 ft. model was approximately zero- this-adjustment was
satisfactory, .= o - I

2.112. Stiffening .the .Frame~In the preliminary experiments
trouble was experienced :with vibrations of .the spindle. It was
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 large except at a critical speed of about 11 revolutions per sec. .-

- 9,118 Starter Gear—-As a result of the preliminaiy tests it was .

considered -essential to-construct’ a power drive for the autogyro - . -

model which could rotate it up.to its:maximum’ speed"a_nd t_hgn. be ,
completely disengagéd so as to leave the model free to.rotate _qp‘af_s -
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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
one h.p. electric motor on the roof of the tunnel whose power was
transmitted through a rod L (Fig. 3). This rod bad-a universal
joint at each end and a telescopic portion in the middle to allow of
the change of incidence of the model. Its 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
antogyro. The bearing R of the pinion S was a brass block sliding
fore and aft about the centre Q in a guide V attached to the guard,
and was kept in its disengaged position by a spring W. 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
Jong as S drove T the key remained in the slot but as soon as T
started to drive S, 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. : . . :

" 2114. 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 .

eléctrical relay which reduced the number of contfacts 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 turn in 15 revolutions of the model and a contact on its spindle

was used for timing the revolutions with a stop watch, .

2115, Additional. Guards—As a result of preliminary experi- -

ments it was found that the flexible wires inserted in the.10 ft; model
to limit the flapping motion of the blades could be dispensed with on

the 6 ft. model as the blades could be allowed to come down to 8
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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 (see
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
stmilar 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, : c

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 ¢ and 4 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
parailel 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
@ at the centre of which was pivoted a radial arm ¢ carrying a senst~
tive bubble which could be adjusted at a given angle to the straight
base of the instrument. The radial arm 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
be accurately vertical by means of the clinometer. The clinometer
set to the required blade angle was then placed on the surface &
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:
Teversing it and placing the clinometer on the surface ff.°. Actually,
1t was found that the weight of the clinometer was sufficient. to twist.
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 setting
the axle vertical could easily be checked by repeating the setting:
with the model rotated through two right-angles. . The final relative:
accuracy of setting the blade angles (i.e., apart from possible wantiof- .
symmetry of the sections) is probably less than 2°, g



12

2,122, Method of setting incidence.—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 minimum readings of the
clinometer as the autogyro was rotated about its spindle. o

* . It'is suggested that the use of the clinometer in 6ther experiments
for setting incidence would be an improvement both in convenience
and accutacy over the standard method of sighting on a 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

be too great. :

19 193 Contre of pygssu'ré Jor derodyndmic forces.——’l‘he- 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 eguivalent to a moment of the resultant
aerodynamic.force about an axis through this point. The éxistence

of a pitching moment about the centre of the model would be most .

serious since it would cause an error in.the determination of
drag. It is mecessary to consider separately the possibility of the
transmission of such a moment by the blade in its different positions
round the circle. L I

. (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 effect must be very small because the instantaneous velocity
of the air relative to these two opposite blades is approximately the.
same, while the moment dune to this difference acting on a leverage
gif; 431 ;1n"' appears-as an error 'on the drag acting at a leverage of

mc es. . ‘ R s ’ ‘--_.-( LT . ) . . i R . ‘ .

L '(2) For the pair bf bladeé inétantdnediisly" .a'crosé'st'ream: th;'

required moment will be equivalent to ‘the' moment of ‘the aerody-:

namic. forces about the line in the blade through the hinge, and will
be zero-if this line passes through the centres of pressure of all the:

sections of the blade. Actually the model was designed so that this

might 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 . -

is known. to agree: accurately with the centre of pressure of the .-
section at all ‘angles of incidence ‘below the stalling angle. - As the -
proportion of the sections beyond the stall is always of very small -
importance it follows that this contribution to the moment is also

negligible.
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It may therefore be concluded that it is sufficiently accurate to
assuma that the centre of pressure coincides with the centre of the
autogyro )

2.124. Settmg of the blades for taking zeros on the balances. —-When
the spindle of the autogyro is inclined to the vertical at an angle 1,
an angular displacement of all the four blades about their hmges
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 4, and this will‘affect the readings of both balances:
It is therefore desirable that when taking zeros on the balances. the
blades should be supported approximately at the mean of their
posmons 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. Calibvation of the Balances. The force componmts (lift and
drag) in the plane of symmetry—In general both lift and drag are
functions of both balance readings. Let L be the vertical component
{iift) and D the horizontal component {drag), and let / be the reading
of the lift balance, which is proportional to.the sum of the vertical
feactions at Fy and Gy, and 4 be the reading’of the drag-balance
giving the Vertlca] reaction at H,.- From the construction of the
balance it ‘was considered that deflection was negligible, and- con-
sequently the force components would be linear functlons of the
balance readmgs Write therefore : C

L=A,}—B,d .. .. .. .00 (n
D=Ap 4 Byd .. o e (2)
(l is reckoned posmve when the sum'of the reactions at Fy and G1 is.

upwards, and 4 is positive when the reaction at Hy 1s downwards).
Altematwely

l=a4L485D .. L e ®)

d=—aL+0bD .. .. . R C))

The constants a;; b, a,, b, were determined by direct- calibration at

a series of angles of incidence by applying known lift and drag forces’

separately and taking readings of both balances. - The ‘values of Ay,

By, A, B, which are the constants actually requlred in analysmg the
observatlons were then deduced from the formulae :

A=1by5, Bl—blj's Az_az/‘a By=a,/3, 8—-albz+a2bl

A, and B, are mdependent of the incidence since A, [ is the upward’

reaction at F, G, and B,d is the downward reaction at H,: - This was’ .
_ verified by the cahbratmn A, and B, which vary with incidencé’ .

were plotted against mc1dence from calibrations at a sufﬁcxent‘~ :

* mumber of d1ﬁerent angles. of incidence. »



14

 2.126. Balancing of the autogyro about s centre—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 con:
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 £ 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 on the blade tips.

-2.127. Calibvation 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
‘balance. As previously explained the lateral force was determined as
the reading of the lift balance, when rigged to measure the differences
of the vertical reactions at the two points F, and G;. 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 O° incidence) each within 2
or 3 minutes of angle. : : .

- 3.0. Range of Force Measurements —For the initial measurements

of forces the blade angle was adjusted to the value 1 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 L/D.- For this blade angle the observations
were taken at angles of incidence ranging by steps of 2° from 20°
(the highest angle which the apparatus would permit) down to 8%,
and then by stepsof 1°down to 3°. .. . 7" e T

-The highest rotational speed was in general limited by considera-
tions 9f strength of the model, to 12 revolutions per second, corre~
sponding to a tip speed 226 ft./sec., roughly equal to the tip speed
of the original full scale machine. The lower limit was in general
S revolutions a second. though a few observations were taken as low

as 3 revolutions a second.

*T.2158 doc wit, . oo e T L)
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At angles of incidence below 5° the rotational speed was limited
by the maximum tunnel speed available, 100 ft./second. As the
maximum value of L/D occurs in this range, the limitation of
rotational speed to 12 revolutions 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./second. At 1° incidence
the model would not rotate at all and anaccident 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 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 critical speeds for blade angle 3.

. Incidence (uncorrected).. 11°° 112° 14° | 16° 18°

—

# (revs, per sec.) at which the model : _ L
will just rotate .. . .. | above 12 |8-52| 6-7 | §5:3* | 4-2

‘While the blade angle was still set at 3° the method of making observa-
tions on the model when accelerating or decelerating was developed,
as mentioned in the introduction and described in detail in Section 4
below. * Force measurements were then made with the blade angle
set at'0° and also at 1°. No difficulty was experienced Wit!l these
experiments, which call for no special comment. On analysing the

Tesults it was found that the maximuri L/D for a blade angle of 1%~ -

- *This value was confirmed by the observations at varying rotgtio’x_;'g}f '
Speeds, see below'§ 4.4, 00 T Tl C e
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was appreciably less than for 1-8° It'was therefore decided to test

an-additienal blade angle (2-8°) intermediate between 1-8° and 8% - -

This again gave a lower maximum L/D and the results at the smaller:
angles of incidence were very critical, but.no case of actual failure

to rotate was observed at rotational speeds above 5 revolutions a

second. -~ Finally, as mentioned above, some repeat tests were-made
at:a blade angle of 1-8° and the results were found'to be in satls-
factory agreement with the original tests. o »

~In view of the success of the Autogyro Company in ﬂymg a

2~b1aded autogyro, it was decided to test thée present model as a;
2-blader by removing two of the blades. The experiment was con-

veniently made after the accident to the inodel in which one blade
was damaged. The experiments showed no special features except
that as expected there was greatly increased vibration due to thé

periodic variation of the drag which necessitated additional damping = -

in the drag balance. . This vibration increased rapidly with decreasing
incidence and.the lowest incidence attained was 4° Wthh was
hardly low enough to estabhsh the maximum’ L/D L

73, 01 Lateml Force. —Observatmns of the lateral force component '

Y ‘were made in conjunction with the observations, of flapping

described below in § 5 for the blade angle settmg 1.8° only, at angles .

fmC1dence from 4° to.16°..

s 3 1 Method of Rea?uctwn _As compared W1th an aerofoﬂ axr
autogyro has in addition -to the ordinary. vanables—velomty, inci-
dence and the two- components of resultant force—a fifth variable,
the rotational velocity. There is therefore a rather large variety of
types of non-dimensional coefficients by, which to describe the results.

For the practical purpose of determining the merits of the autogyro |

as_a.flying machine it is convenient to resolve the resultant force in
the plane of symmetry into the components lift L and drag D, while

the - rotational speed is unimportant. The coefficients which -are-
important im.this connection are.the lift coefficient on velocity .

L/mR? o V2 here denoted by Ly, and the ratio D/L. The incidence

is of secondary importance so that it is comvenient-to plot-D/L .

- agdinst Ly, and Ly against incidénce. - Fromthe point of view of the

theory of the autogyro, the force comnponents T, the thrust parallel -
to the axle, H, the.longitudinal 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

greatly from the lift-L and the thrust coefficient T/rc R4p ()2 may be
réplaced by the lift coefficient L/ wR¢ pC)* hete: denoted by L

This coefficient has the additional advantage that it defiies ‘the'

rotational speed of the full scale mdchine in' horizontal - flight/
In - the more recént developments of - the theory ‘of ‘thé ‘auto-
gyro, the. longitudinal force Companent Has been superséded . by"

the coefficient D/L deduced {rom consxderatxons of energy loss. ,
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The four non-dimensional quantities Ly, D/L, Ly and the incidence #
are actually sufficient-to describe the results completely but it is.
convenient to record also the additional coefficient 'V cos #/R ;.
denoted by ., which is of fundamental importance in the theory.

. When the torque Q is not z_el;é it 'm-ust, be included as a sixth.
variable. The form of torque coefficient which appears most
convenient is Q/TR® p? which will be denoted by Q. Its rela~

tion to the standard torque coefficient %, of airscrew theory is

1.
kQ _': —8-' Tta QQ,

The lateral compaonent force Y is conveniently recorded in the formm
Y/L, the value of this ratio being expressed in degrees for convenience:
of 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 Y are
discussed below in § 5.13 in conjunction with the observations of the:

flapping motion.

- 3.2. Corrections.—It is necessary to apply the foﬂéwin'g'correc-»
tions to some of the quantities observed in the tunnel.

321. Velocity—Towards the close of the experiments some
observations were made with a standard Pitot tube of the velocity
in a line across the tunnel through the centre ¢f the autogyro at a
point 2 ft. from the wall. At the larger angles of .incidence the
velocity at this point was found to be appreciably increased by what
may be considered as a blocking effect of the model. The maximum
increase observed was 4 per cent. on V2 for the 4-bladed autogyro
at 1-8° blade angle and 20° incidence. "It was decided to take the:
velocity‘at 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/ tR? p V2 only, this assumption being found to agree sufficiently
well with the observations.. On this basis corrections wére applied-
to the velocity and to the coefficients Ly and g, in which it occurs. -~

- 3.22. dir Déhsizy.éi‘ﬁé temperature. and barometric pressure:
were observed each day.and the rotational speed was reduced to
standard air- density-by the method .customary in all wind tunnel

- €Xperiments on air SCrews. - o i

-~
A S R
‘

¥ ’f5_3-23. ‘G_b%rec;fibh: for tmmei iﬂte}féféhce.f%rﬁe . ordin:aryf, fofmxﬂ?.'{
for the Prandtl .correction_for tunnel - interference on an ‘aerofoil - -

. * All observations throughout the report were made at ah-exact mimber

of degrees incidénce (uncorrgcted),  In general when an-angle of incidence iy R

n.lentioned‘ in discussing.the results the uncorrected 'i,ncidence-is,meal_:lt,_' P
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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 :

Ai=0-274L[p V2 C

where C is the cross sectional area of the rectangular channel and A¢ |

is the increase of the incidence ¢ (in radians). This formula can be
applied at ‘once to the autogyro; an argument in 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
.experiment. In applying the above formula to the autogyro it was
assumed that the relative values of four of the five variables, viz,,
V, ), T and H were unaffected by the presence of the tunnel walls
-while the incidence 7 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 equation : ,

AD =1 Ai

Of the coefficients here recorded the only ones affected are ¢ and D/Z |

and the magnitudes of the corrections are .
\ A1 = 4-525 Ly degrees
A (D/L) = A< in radians

- =0-0790 L,

" 8.24. Correction for. drag of boss and blade rools—Tt was 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

for a 10 ft. model 'and secondly to the necessity for means of ‘i

varying and locking the blade angle described in § 2.0 above. -As

‘mentioned in the same. section it was. possible owing to the omission -

of the safety wires to design guards which shielded a much greater
proportion of the boss than in the case of the 10 ft. model. A
number of observations of forces were made before these guards

‘were completed, At the end of all the experiments after the blades |
had been removed, observations of drag were made with the spindle |

alone and also with wooden dummies of the blade roots as far as the
point 0 of Fig. 3. The observations were repeated with and without
.additional guards in place. ' By taking the difference of the drag of
the complete model with and without guards we obtain' the drag_of

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 -

s e ey ot e e e
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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 0-0013/Ly on D/L. 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 L/D of the 4-bladed model
at 1-8° blade angle from 6-1 to 7-5, and of the 2-bladed model from
5:6 to 7-8. The maximum wvalues of L/D 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
convement to make use of the conception of an ideal autogyro of
zero ““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 e]hp‘uc loading and of a span equal to the diameter of the
autogyro.” Writing 7, for the incidence -and D, for the drag of
the autogyro of zero solidity ratio, the formula for 1, may be
derived from formula (22) of R. & M. 1127 in the form (neglecting

(%)% )

' tanio;.tanz — -;—’,[‘/n:l?u‘*pV2 cos®s

-. . —tarH — 3 Lv{l + D/L an¢}secz

the formula of DD/L ma.y be sumlarly derived fxom formula (30)
of R & M. 1127, - : .

/L D[L.-}— 1 LV {1 D[L) tan z'} sec 1.

TREM 1111.—A general theory of the Autogyro By H. Glauert,
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In order that the force coefficients L and Ly may be independent,
of the solidity, g, 1t 1s necessary to. refer them to the total blade area
instead of to the disc area, i.e. to usg (1/6) Lg and (1/o) Ly in place
of Lo and Ly.  As the majority of the results refer to the 4-bladed
autogyro, it is convenient to take its solidity & , as standard and to
work out (6,/6) Lo (=2Lg) and (0'4/0') Ly (=2 1) for the 2- bladed
autogyro. Accordingly values of 15, Dy/L, (g,/6) Lo, and (04/6) Ly

have been worked out for the 2-bladed and 4-bladed autogyro at: )

1-8° blade angle. . (Fig. 11.) -

3.41. Discussion of Results. Force - Measurements. Eﬁ'ect of'

change of blade angle—Fig. 6 shows values of D/L corrected for drag:

of boss plotted against lift coefficient Ly for all blade angles tested:

The results correspond to a rotational speed of 10 revolutions a
second, 1.e. a scale value QR ¢ = 84-2 ft.%/sec. 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-

R s SR

0° blade angle up to 1-8° there is a steady decrease of D/L 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/L has started to increase

at 2-8° blade angle while at 3° blade angle the model will not rotate:
Thus the change from highest maximum efficiency (lowest D/L} to’
the condition of failure to rotate corresponds.to a.change of blade .
angle of probably less than 1°. The failure of the model to rotate.
is undoubtedly connected with the stalling of the blade elements of

the retreating blade. This point is considered more in detail below.

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.
the results verify the conclusion of R. & M. 1127 that the efﬁmency';

mcreases with blade angle.

On the same. diagram Flg 6 are plotted the correspond.mgx '
results for a monoplane aerofoil of aspect ratio 6 having the same.
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 span as diameter, so that the span of the aerofoﬂ. 5
corresponds to the diameter of the autogyro. This basis of com- .
parison has the further advantage that the approximate value of the
induced drag, shown by the dotted straight line is the same for =
both. The comparison shows clearly the distinguishing qualities of the =
aerofoil and autogyro, the superior efficiency of the former at high .

- speed, and the absence ‘of -sudden 'stall with- increasing flying .
incidence of the latter. - The remaining Figs. 7 and 8 show '
respectively the lift coefficients L, and L g plotted against- id-" -
cidence. The first figure does not call for special comment ; -Fig. 8' -
shows that the .coefficient .L g is very ' nearly mdependent of -
incidence down to fairly small values in all cases, the only exception . }
: bemg the case: of blade angle 2. 3° at smaH angles of mcxdence and,-‘* B

7 R AR R e Sa I et

r




[,

21

blade angle 3° for which the results are known to be very critical.
The values of Lo 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 Lo 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 rotatlon mcreases
slightly with increasing forward speed.

342. Effect of change of Reynolds Number.—A selection of the
coefficients is shown plotted against the rotational speed n* as
follows —D/L in Fig. 9 and Ly in Fig. 10, while the scale effect on
Lg 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 mterpreted as a scale effect on torque coefficient since the rota-
tional ‘speed 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 coefficient.and
the energy loss due to profile drag; the effect of the latter on the
value of D/L 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 ;- the former part (relatively most important at large
incidence) depends on' Ly and therefore increases with mcrease of
Reynolds number whtle the latter part decreases.

The scale effect on the coefficient L, alone shows no tendency to
diminish with increase of scale, the curves against # being sensibly
straight lines on the average at angles of incidence greater than 10°.
The average increase from » = 10 to # = 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 full scale machine will have consider-
able advantage over the model in this respect. - The remaining-
cotfficients 'L and D/L appear to have settled down to sensibly
constant values at the highest Reynolds number reached and httle'
alteration is to be ant1c1pated up to full scale values. . :

"All' coefficients tend to vary in a critical manner at speeds_t
approaching that at which the autogyro will not rotate ; this suggests’
that model experiments are of little value when the blade angle is-
close. to’ the- critical value, e:g. for a 6 ft, diaméter model the blade
angle should not exceed 22, for a 3 ft. model it should not exceed 1 5°.

3.43. Effect of change of solidity—The coefficients for the

Q—bhded and " 4-bladed attogyro at* blade angle 1-8° have been j ‘, N

_ * Which is proportional to the Reynolds number at the tip = hp speed x
<hord (RQG) = 8.42 nft’[sec - 4
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reduced to zero solidity by the method already described, and are
plotted against 4, in Fig. 11 in the form {6,/ o) Ly Do/Land (a,4/6) Ly
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 formule of § 3.3 which may be
written in the form ’ : - : .

Ly = (o/0y) Lviz.
L.Q‘ = (6/ay) Log \
L =y — % Thya + % T

DL =Dyl — 5 That 5 T

where T’y = Ly {1 + (D/L) tan 7) sec ¢, and suffix 4 denotes
values for the standard 4-blader. : A

. The agreement of D/L for the 2- and 4-bladers also tends fo
confirm the accuracy of the correction for the drag of the autogyro

4.0. Observations at varying rotational speed—On . discovering
that the autogyro model would: not rotate with the blades set at
-+ 8° 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 4 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 of the torque would be of considerable interest. - This -

extension of the number of variables would be of assistance in com~
paring the observations with the result of strip theory calculations ;.
it. should also be of some  practical importance in a comparison

between model and full scale. The experiments indicate that the -

most important scale effect is on the rotational speed for zero torque,
or alternatively, on the torque for given rotational speed; this

suggests that it may be possible to obtain results corresponding more

closely to full scale by applying a torque to the model.” In particular,.

it is probable that the full scale autogyro will autorotate at a some- -
what larger blade angle than the meodel ; experiments at thé corre-
sponding blade angle could be made only by applying a.driving:

torque to the model.

 In considering péssiblé e;;kperi;méntai rﬁéﬁioas.fbr,'tﬁeb' 'ft(,. model 2
it was thought undesirable to-attempt-to design new apparatus-for -

the purpose ; the existing starting gear was not ‘suitable as its use,
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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. (@) Ifitisstarted at a speed above A, the speed
falls to the steady speed (A); (b)ifitisstarted 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 (), (b) and (¢), 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 discernablé 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.  In cases when the autogyro would not autorotate at all (run
steadily) the torque was always positive as at (@) and the speed
always fell continuously. - - - - - S

4.1. Details of apparatus and method of observation.—The instan-
taneous angular velocity of the autogyro was observed by means of
a stroboscope disc rotating on a vertical axis, mounted just above a
glass window in. the roof-of the:tunnel., On the floor of the tunnel
was placed a white sheet on which a sharply defined shadow of the
autogyro was cast by a " Pointolite” lamp. The motion of the

shadow was observed successively through concentric rings of holes -
. Dlerced in the disc of the stroboscope which was driven at a constant .

speed through a reduction gear of 8% to 1 (afterwards 7 to 1) by a



24

small electric motor. “The rotational ‘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:—I14, 13, 25 (= 2 x 12-5), 12, 11, 10, 19
(=2x95),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 4 cycle from 30 to 50
cycles and the wave form produced by the contact breaker was such
as to cause all those reeds to vibrate which corresponded to a complete
séries of harmonics up to the 6th according to the speed. Advantage
was taken of this circumstance to use the meter 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 orlgmal reduction gear which caused the speed to oscillate
about its méan value, and a number of observations were rendered
useless from this cause. On substltutmg 2 new gear thJS trouble
Was. eliminated. =

The chronograph was kmdly Ient by the Engmeermg Department ;
it was provided with four electrically operated pens marking a % in;
paper tape which was.fed at a constant rate by an electric motor,
To provide a time scale, one pen was operated by a mercury contact

attached to the lever of a clock, the hairspring and balance wheel’

of which had been ad]usted to beat exact seconds.

. The- remaining three pens were. controlled by tappmg keys of
which one was operated by the observer on the stroboscope and the
other two by observers on the lift and drag balances.

' The’ ob]ect of the experiment was to determine the mstants .
relative. to a.common time zero at which the rotational speed and .

balance | readmgs attained . definite . predetermined  values. ,The

procedure in- a, typical experiment was as follows :—Case (d) in’

. which the autogyro decelerates indefinitely. . The funnel was run at

a given constant speed and the autogyro rotated by means of the
starter at a given initial speed under the control of the observer on .
the stroboscope. The stroboscope speed was adjusted so that the
time of passage of one hole in the outer fing of 14 holes past the eye

of the observer'was slightly greater than the time taken by the'4

bladed autogyro to make a quarter turn.- Under these circumstances ..
the image of the autogyro appeared to have thé normal numbeér of - |
blades and to rotate slowly backwards. To commence the: ‘experi- - -

mernt the stroboscope obsérver pulled out the switch of the starting .
motor leaving the model Totating freely so that it at once staited to .- -
decelerate and its image in the ring of 14 holes appeared-to'comet¢- |
rest-at an instant 'which; was recorded’ by pressmg the key, and was L
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taken as the arbitrary time zéro. Aftefwards the instants at which
the image appeared to come to rest when seen through the remaining
rings of holes were succéssively recorded on. the chronograph and
corresponded to rotational speeds of (13/14) #,, (12/14) n,, etc., where
#, 15 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) ny = 1/2 ng; in favourable circumstances the observations
could be continued beyond this point, since, at the same instant; the
image re-appeared at-rest in the. outer ring of 14 holes but with 8
blades ;. afterwards it appeared-at rest in‘the next ring of 13 holes
when the rotational speed bad-dropped to % (13/14) #,, and so'on.
Ultimately- it was necessary to shut down the tunnel beforé the
rotational speed became so low as'to cause excessive vibration due to
increased. flapping. - Con SRR,

. The use of the extra rings of 25 and 19 holes was as follows. At
some’ iristant’ bétween those at which the image with.4 blades
appeared at rest in the rings of 13 holes and 12 holes, an image with
8 blades came to rest in the ring of 25 holes'and was recorded at the

.

“instant appropriate to 12-5 holes. - The appearance of these images

with 8 blades was useful in-making it possible to obtain a greater,
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 was looking through. - For the formet purpose it was
sufficient--to. take: two. successive runs: fors which the.stroboscope
speeds werejin the 1atio say 12 ta 12-5 s0:that theirotational speed.
corresponding to the ting 12 in the first runwas equal to:the rotational
speed corresponding:to. the ving: 1245 in the second run. :; It was then
possible to adjust the time zero for the two, runs. by making these two:
points coincide, whilst the:remaining points of the.two mins occurred:
alternately.at equal intervals; = - 0w sl T e e
. In'a limited number of cases, observations of 1ift and drag were.
made simyltaneously with' observations. of rotational speed. For.
this. purpose it was necessary to détermine first by trial the approxi-,
Thate range through which the balance reading would vary in the
time during which the model ‘was decelerating.. A suitable nymber,

f. balance readings were chosen beforehand, at, intervals of say 11b.
or-2 Ibs. in the case of the lift., At the commencement of a run the,
weights Were_adjusted {0 a. reading corresponding to a rotational
speed which ‘would:.be passed through shortly after the:commence-.

BRI

;
ey e

ment ; "after, cutting out the starter the index of ‘the. balance .was.

watched until it passed through its position of: balance, at, which;
instant a record was tiade on.the: chronograph by.means.of the,
tapping Key. The observer immediately reduced.or increased.his;

[

weights, by the predetermined .amount ind, then waited until the. o

index again passed through its balanced position. It was necessary .

allow sufficient time for the observer {0 change weights and for the -

ive readings great enough to -
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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 secs. 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. . . . o . L

411, Method of Reduction—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 correlated with 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 on a single -

smooth curve. The kind of accuracy with which this can be done i$
shown in Fig. 12. -The same zero adjustments are then applied to

the readings of the lift and drag balances plotted against time and’

should serve to throw these points also on to single smooth curves.

‘The smoothness of the curve is of greatest importance in the case 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 functionsof n. From the values of Jand @

the values of lift and drag can be obtained from the standard
formulae of § 2.125, and from them the ordinary coefficients ¢an.

be ‘deduced. . The angular acceleration was interpreted as gmng '

the-torque which would be required to maintain the autogyro at the. " |
corresponding steady rotational speed by means of the formula "7 "\ - }

5 -
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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 coeflicient Q, was then deduced by the formula

9 p R6 Q* o
It appears that the quantity required in determining the torque
coefficient is (1/n% (dn/dt) which is equal to — d/dt (1/n). It was
therefore found more convenient to plot 1/#instead of # against # 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 3°, 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
totational 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 (D/L)’ 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 oi
the.autogyro is DV while the power expended to produce steady
rotation is Q3. We shall therefore define .(D/L)’ as equal o
{DV - QQ)/LV or : L e

_D, % ..
L g

approximately. SRR

4.12. Range of Observations—The observations at varying
Totational speed are recorded in Table 3 and covered the following
cases.. The earliest tests were made with the blade angle set at 3°
at an angle of incidence 16° and cover all the four casés denoted by
{a), (b), (¢}, (d) in Figs. 12 and 13.. They also cover four different

“tunnel speeds and seven independent runs (about 30 runs in,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
cases the torque was always positive, type.(d) ; three values of tlole
tunnel. speed were taken at.each angle of incidence (two at 8°).
Observations of both lift and drag were taken at all three angles of
incidence. ' As the blade angles were changed, observations were
taken at 16° incidence .in .all cases except O blade angle _:md in -
the range (b) only. These observations were taken at two different -

. tunnel speeds at each of the blade angles 2-3%, 1-8° and 1-0°, The
. €xperiments were limited by the necessity of completing the whqle.
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of the experiments by a given date ; the tests at varying rotationat
speed being considered less 1mportant were sacrificed to the standard
force measurements. No balance readings were taken in any of
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 1-0° blade angle at incidence 10°.:

' 4.2. Static Deceleration Test, _Wlth the blade angle set at 3° a4 .
single deceleration test was made with the tunnel at rest to obtam i
the static torque coeﬂicrenf of the autogyro model. ' '

43 Measurement of -Meoment of Inertia of the model, about zts
centre —This measurement .was made by two independent methods
of. which . the results” were. in-satisfactory. agreement. .- The first -
method consisted in determining the amount of inertia of each-blade . -
separately by swinging it as.a pendulum about the actual balle.
bearing upon which it ran, making an allowance for the moment of - '
inertia of the hub, which was determmed very roughly, bemg only;
about 1 per cent. of the whole. -

The second’ method was snnpler and more - sat1sfac’cory The

g ot e ee

means of light strmgs and was swung from knife edges: ‘attached to -
a-chosen point in one blade, the axis of oscillation-béing normal o

the plane of the model. - The point of suspénsion was so chosen (6n: .
the basis of a previous rough estimate of the moment of inertia) that .
its distance from the centre of the model was only required very -
roughly, the only additional ddta required being the time of oscﬂ-;
lation and the total weight of the model. !

I I is the moment of inertja- of the whole model about its centre N
and 2 the distance of the centre of oscillation from the centre of the
model the periodic time of oscillation T is given by

RN T I A kl‘
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Thls formula shows that the time of Qscﬂlatlon has a maximuny -
'value when /% is equal to the radius of gyration of the model and for -
nelghbourmg values of % the relation between I and T is.sensibly
independent of the éxact measurement of 4. The accepted value of
I deduced from these experiments was' = - - Jo i )

SRS L

: =>0 630 slugs feet? .\, ..« b, e

4, 31 Momemf of I nemcz of @ Blade about its Hi mge —Tlus quantlty. 0
together with the morment of ‘gravity about the hmge ‘which is'of . 1
importance in the theory of the flapping motion, was measured by, .

swinging the blade as a'pendulum, at the time of the expenments on;
the 10 ft. model in 1926, and the values obtdined were;—. -

Moment of blade about hmge 2 177 lbs £t P ey ﬁ 1 i(i :
Moment of merha L 0 118 slugs feet”. ;, ,; L

4

. . .
o PR
R R N




i A G e < et b 2 Ay sy

Ay s e ey

19D

- 4.4, Tests at Varying Rotational Speed. - Discussion of Results,
Torque Coefficients—A fairly complete set of observations of rate of
change of angular velocity are available for a séries of blade angles and
of velocities for the case of 16° incidence. The values of torque co-
efficient deduced from these observations are plotted in Fig. 13 against
g (= V cos) (i/R2} ;- the results appear to be very fairly consistent
ahd confirm the accuracy of the method of observation* -At values
of ubelow 0-22 thé curves are all roughly straight and parallel, the’
variation with scale and blade angle-being fairly small. The points
dt-which thie curves cot the axis correspond to the ordinary stable
speed -of the model ‘and are in good agreement with the values
obtained’ in the 'course”of the - ordinary force measurements “at’
constant rotational speed. = As the value of y increases,- the slape of
the.curves changes abruptly at values of p. which vary considérably
both with blade ‘angle+and with -scale.- This -sudden -chafige of
curvature evidently ‘corresponds to' the stalling.of an important part |
of 'the blade :section, thé larger values of p tortesponding -to the.
stalled .condition..: In'the stalled region the curves’for different:
blade-angles diverge from each otlier to a surprising degree ; a result.
of this .is that the. differenice between the stable and .unstable
rotational speeds incréases very rapidly as the blade angle diminishes.:
This for'3° blade: angle at.a tunnel speed’of 40 ft. per. second, the
unstable rotational speed is 0:72 of the stable speed ;. for a blade:
angle of 1:8° it was found impossible to reach the unstable speed, the:
torque being still negative at'yu = 0-59 corrésponding to one- third:
of ‘the stable rotational speed: -The unstable speed corresponds’ tor
the critical speed of starting up:the autogyro;' such that if it s,
started above this speed it will accelerate until it attains the stable:
speed. - The maximum negative value of the torque coefficient given:
by the curves of Fig. 13 determines the maximum frictional torque

~against which-the model would maintain its rotation and shows how:

this: quar_ltity varies with blade angle and’ scal_e;- PR

- "As regards-scale éfféct the curves of Fig. 13 all correspond to:
constant forward speed but if a sufficient number of observations
at different tunnel speeds were available the curves could be cross-
Plotted ‘to give results for*constant rotational speed, i.e. constant
Reynolds number, * At blade angle 3° and incidence 16°, for which’
there are results at four different tunnél speeds, points at'a series of
definite values of rotational speed are marked on the curves:and from
these points the géneral course of the: curvés for constant rotational
Speed COUId :e?lSiIY- be dedUCéd._'*:‘? *, CTHELEY. T
- Corresponding résults at the stialler angles of incidence 6°; 8% and
10°, are shown in’ Figs. 14'and 15. *:These results are less extensive

- * The observations at one tunnel .speed (35-8 ft./sec.) out of five for blade, |
angle 3° were found to be inconsistent with each other and with the observas

Hons 3t the remaining speeds. ' The discreparicy was niot discovered till the' .-

bladeé“angle {as changed and its causé-is uncerfain but was probably due to” -
,me?dmasfﬂfspeed‘df ‘the. stroboscope disc,: s ¥ 17020 Lo 50
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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 1-8° blade angle

the torque coefficient has no maximum negative value but the nega- 3

tive value continues to increase with increase of w 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 nelghbourhood of 0° and 180° incidence must con-
tribute an appreciable negative torque ; this possibly accounts for
the change from positive slope for large values of g at 16° incidence
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 at a small angle of incidence.

4.41. Tests at varying rotational speed. Force ineasurements.
Lift coefficients—In Fig. 16 the lift coefficient Lo ( = L/x R* e
is plotted against pfor 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
the result of observations in the three different ranges (), (b) and (¢} ;
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 -

to show that there is very little scale effect on the lift coefficient for

given . Such scale effect as exists on L at zero torque is therefore -

due chiefly to the scale effect on the value of pfor given torque. : On
the same diagram, Fig. 16, are plotted points showing the valties of

Lo 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 pat
zero torque. . The results; especially at the smaller angles of incidence
appear very consistent and show no tendency to a critical change of
lift coefficient for given . within the present range of blade angle.
This consistency further provides an important verification of the

accuracy of the measurements of lift at varying velocity while the -
curves indicate the type of change of lift coefficient with y,for glven

incidence.

4:411. Drag coqﬁ"zczents —The only observatlons of drag at varymg )
velocity relate to blade angle 3° at incidences of 6°, 8° and 10°. - For |
comparison with other blade angles the quantity (D/L) * defined in -

section 4.11 as representing the total energy required to maintain

autogyro in its steady condition is plotted against y.in Fig. 17. .. The

observed results'are not very consistent and suggest what appeared

probable when taking the observations, viz., that the readings of the
drag balance were more uncertain than thosé of the lift, Apal’f-
from this inconsistency the .curves appear lzngher than- would b&
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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, but 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.
In the 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
move 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 aerodynami¢
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 do not call for special
comment., They should be of interest, however, in connec_:tior} 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. .. . . : P ;

4-Bladed Autogyro at Static. Blade angle 3°, axle vertical.
e 10 [ '8 ‘ 5 4 ‘ 3
l0‘><QQ U ’ 301 | 3-02_’_ 3-04 3»14’ 3:97

5.0. Observations of the flapping of the blades—In order to measure
the angular motion of the blades about their hinges, a small concave
irror was attached to ‘the under-surfacé of one blade close to the
hinge. . Ligtit from a-100 c.p-** Pointolite”" lamp, about 7 it. below
the-autogyro passed upwards through a large-plate-glass window in

the floor of. the tunmel, was reflected: at the concave mirror back:

thro“’gh' the window and came to a focus at the surface of a sheet of

Paper-on a drawing board close to the lamp:- As the model rotated” . -

and the: blade flapped, this spot of light described.a closed curve on-

. the surface of the paper which could be traced in pencil. The bhde"‘ e
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had two'degrees of freedom: (see Fig. 2) ; “the first corresponding to
rotation of the model about its main bearing, is represented by the

s

angle  through which the model has rotated in its normal direction 5

-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 [3 which is taken to be zero when
-the blade is at right-angles to the axis, and positive when thé blade
is inclined upwards. S oo o ; Loy
¢ For the purpose of explanation we shall assume for simplicity
that-bath Jamp and mirror lie.on the axis of rotation of the autogyro
and that the mirror is adjusted so-that its axis is' parallelto the
axis of rotation when {3is zero. The reflected beam thus strikes the
paper on the axis of rotation when [is zero for all values of {;* taking
this ‘point . as.origin of polar co-ordinates 7, 0, the scale-of 7 and thé
origin of fcan be chosen éo:that 7 =.f*and O=1¢. ;- . o
.- The restlts -show that to ‘a‘good approximation the tips of the
‘blades move ‘in-4 plane whose normal may be slightly ~inclined
to the axis of rotation ahd which- passes near the centre of the

model. - “This ‘is-’equivalent to ‘a motion in which the value of f -

‘varies- harmonically about a 'mean value [, the period being equal
to the period of rotation ;- the equation of the motion is therefore

;-'z'. . ver T BZBO + @1 CQS, (QIJ_' %) SRR _

and the equation of the curve traced out by the spot of light is™ "
L e s 0
‘which is the equation of a limagon.  The resemblancé of thé cutve
actually obtaineéd to-this form is obvious (Fig. 18). ~This formula
Tepresents.the curve actually observed sufficiently closely to illustrate
such modifications of the ideal adjustments as are necessary ‘in
practice. In the first place the rmirror was situated at a radius.of

e

x:

-3 inches from the axis and. the lamp had to be set outside the surface

of the drawing board.--‘Both these-divergencies could-be sufficientl
compensated by altering the angular adjustment of the mirror.
—_Owing to the limitation of the area of the glass window in the .
floor of the tunnel it was impossible to take observations at angles of
incidence greater than 16°. ‘In the later experiments the system was
therefore modified by.placing the lamp on the floor.inside the tunnel
and reflecting its beam upwards by means of a plane mirror. -Even
with  this: arrangement the reflected. beam becomes increasingly:
‘oblique for angles of incidence of 16° and upwards, and the results._.
at these angles are therefore perhaps somewhat Jess accurate. oo
.. From equation- (1) it appears:that if B, is: zero: the:limagon"
reduces to two coincident circles passing: through :the ‘origin: - Th&
- two branches of the curve can always be kept distinct by altering
- » L : S R S )

.. .+ To a sufficlent approximation since the greatest value of § observed was.
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the adjustment of the mirror so that the origin corresponds to 4 value

of @ different from zero. It is convenient in practice to keep the’

two branches fairly close together but distinct. It is further necessary
to identify the values of Y corresponding to each loop of the curve
which would otherwise be liable to an ambiguity of 180°. For this
urpose 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 doés not cause serious difficulty in practice
when the whole curve is traced. In certain cases it was considered
sufficient to determine the value of f3 corresponding to )= 0°, 90°,
180° and 270° only, and it was then desirable to adjust. the mirror
so that the indeterminate points did not occur at these values of (.

-~ The scale of the radius vector of the spot of Iight on the drawing
board was about 3 inches for a variation of 1° and the image of the
spot was about § inch in diameter. It was therefore considered
quite sufficiently accurate to sketch the pathin pencil by hand, and it
was found that the path was usually sufficiently steady to make this a
comparatively easy operation. Where the path varied slightly, it was
possible, after marking orie 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 0-1° on 8. R RN R
The diagram of the path of the spot of light was calibrated as
follows. - The blade carrying the mirror was-set at a given value of B
(—2°,— 1°,0°, etc.) by means of a wire of adjustable length support-
ing the weight of the blade., For this purpose the clinometer proved
convenient and accurate, It was set up along the surface of the blade
for §i= 0 or 180° so that the clinometer reading was equal to ¢ - Bor
¢ — [ where 7 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
different positions in azimuth corresponding to (¢ = 0°, 90°, 180°
and 270°), and the blade was rotated on its hinge, the straight line
described by the path of the spot being marked on'the diagram. The
four paths thus marked should coincide in pairs at right angles to
each other and intersect in the origin O." The circles on the diagram
then provide a scale and a- zero for the determination of 3 while the
straight lines provide a zero and, origin for the determination of g

‘The time required for calibration was the chief drawback to the

* ethod, as the calibfation’ had to be repeated at-each angle of inci-

S

dence -and required distinctly more’ time than- the .agtual_ makmg
»qfthe records. . - ' T T SUE LTI CEA P S
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. 5.01. Flapping Observations. Range of Observations.—The earliest
observations of flapping were made at the original blade angle of
1-8° 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 1-0°
over a similar range with a single observation at 2-3°. In these
observations attention was directed to securing the greatest economy

oA

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 (§ = 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 observatlons
of flapping were made at 12° and 10° incidence with the model driven
by the electric starter. The results of these observationsare 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 {3 and { were obtained by direct measurement from the

calibration circles as already described. For the case of blade angle

1-8° the results were obtained for 24 equidistant values of ¢, and
results for 12 values of Jat 30° intervals are given in Table 4. A
few specimen curves of B against () are shown in Fig. 19. The
analySIS of the observations is based on the expansion of Basa
Fouriers series in {)in the form

;(3‘— ao'malcosq)———b smq)~a20052zb——-b stq;w

The values of the coefficients @, @, and 5, have been worked out in all
cases by the followmg approximate formule, Writing B, By, Bo Ba
for the values of Bat ¢ = 0°, 90°, 180° and 270° respectively, it is
ea(siy ‘to verify that neg ectmg harmomc terms of the 4th and hlgher
orders— :

(Ba—l~Bb+B —H3a)

neglectmg harmonic terms of the 3rd and higher orders—— -

1(@ ~BJ
1
"2—«3 “*Bd)

ll' -

.8y

|

by

In ihe case of observations at 0° and 3° blade angl%, values of {’
were taken off at the four equidistant values of aponly, but the abOVG i

\formulae still remain applicable.

e
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5.1. Discussion of Results. General—To. verify the accuracy of
the simplified method of analysis curves have been recalculated
from the first three terms of the expansion (a,, a,, b,) 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. o : '

5.11. The mean flapping angle a,.—To a first approximation the
value of a, is determined by :—(a) the moment of gravity about the
hinge (due to the weight of the blade), (8) the moment of the centri-
fugal force and (c) the moment of the thrust. Of these () is exactly
and (c) approximately proportional to €)? and independent of the
incidence, while (a) is approximately constant. It follows that. [
is a function of of the form o

Gy
Lo

where A is approximately constant ; -Gy is the moment of gravity
about the hinge of a single blade and I, the corresponding moment
of inertia. Accordingly, in Fig. 20, a, has been plotted against
1/n? (proportional to 1/Q2) 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 G,/I, {32 deduced from the
observed values of G, and I, for this blade, viz., Gy = 2-17 1bs.
feet, I, — 0-118 slugs feet?. . 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 ai of the flapping motion—~The
observed coefficient a, of cos  represents the semi-amplitude of' the
component oscillation in the plane of symmetry ; in Fig. 21 it is.
plotted-against g and shows the expected increase with increase of
blade angle and with increase of . " There is also a large and rapidly
increasing scale effect for given incidence but much less scale effect
forgiven (. The present results lie fairly well on smooth curves and

Bo=A —

* are reasonably self consistent. -

© - 5.13. Lateral - component by of the flapping motion, and laieral
force, Y.—Tt is convenient to discuss the coefficient b, (representing
the lateral inclination of the circle in which the blade tips move)and
the lateral force Y together for the following reasons. - It appears
that on the assumptions of R. & M. 1111 * and R. & M. 1127%, both

by and Y are exactly zero for the case of infinitely heavy straight

blades neglecting gravity. It appearsfrom R. & M. 1111 and R. & M.
1127 that the vanishing of &, and Y for straight blades depends to.

—
-l * loc, cil. R
- I BR

a high approximation on the vanishing of the * coning " angle a :
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only. This result depends on the original assumption that the inter-
ference velocity 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 b, and Y, and he obtains formule
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 a, with rotational speed #, i.e. a fictitious ** scale effect.”
This “ scale effect *’ will appear in b, and Y in so far as they depend
on the ‘‘coning ” angle a,; 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 4, and Y and suggest
a method of doing so. - S

The observed values of b, and Y/L for each blade angle and in-.- -

cidence were first plotted against @, (see Fig. 22) for the case of blade

angle 1-8°. These points lie fairly well on straight lines whose
slopes indicate the dependence of the variables on a4 ; the values of

the slopes have been plotted in Fig. 22 against p. The results for - :

b, -though very irregular show no-systematic variation with blade

angle.. The continuous curve was calculated from the equation on’

page 12 of R. & M. 1127 neglecting the term in a,,
= - g 2 .

| T

The observation points lie somewhat above this curve especially.

for large values of p. - oot

'For Y/L observations are_only available for the oné blade éngie '
‘0= 1-8° "The theoretical formula of R. & M. 1111 equation (33)°

contains a factor depending on x and. 6 which vanishes for 6 — 1:6°
and is positive for § = 1-8°, while the value corresponding to the
observed slope is negative.: ‘Accordingly a mean straight line has
- been drawn through the observed points. = - ' .

. To obtain the term in b; depending on the curvature of the stream,
a value of 2z, has been chosen for each blade angle cotresponding

roughly to the result at the highest value of Reynolds number and
the observed values of b, corresponding to these values of 4, corrected

to zero ay by means of ‘the theoretical curve of slopes of Fig. 22.

~The values of &, chosén were

o« - Bladeangle . ogqy LS iDL
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According to’the assumptions of R. & M. 1111 §10 the corrected
values of b, should satisfy the relation '
vy |
1 v 2t Ly S

where v, 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 v; = v and it is to be expected
at any rate that v,/v will be a constant. Accordingly in Fig. 22d -
the corrected values of &, have béen plotted against pLy. It appears
that the observation points lie on straight lines o;l' 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 4, with Ly is due to curvature of the stream but it
is difficult to reconcile the observations with any probable law of
variation of curvature with Ly and blade angle. . ‘

The lateral force ratio Y/L has been corrected in a similar way by .
means of-the empirical straight line of Fig. 22c.. The curve shows
that Y/L is from 1° to 1:5° more negative than &,.. It may be
remarked that the observations indicate that an increase of the
“coning ”* angle a, will make both &, and 'Y/L more positive. The -
greater. “‘.coning " 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
believed to be consistent with the full scale observations. . - - -

- 6.0. Conclusions.~——The most important result of t})e present .
experiments is that they have revealed an appreciably higher value :
of L/D than have been recorded in any previous experiments on the :
autogyro in this country. The final maximum values of 7-5 for the .
4: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 qertamly .
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 appreciably higher.

It is true that the boss effect on the full scale machine is probably -
 fairly 'small: but the lower density of the blades, which gives an .

increased ! coning.”. angle, is likely to counterbalance the aero--
dynamic scale effect tending to increase the L/D. Fig. 10 shows that .
the scale effect on the lift coefficient Ly is cpnsiderable_ and is to the :
: . S )

/An important application of the present series of tests is to supply :

2 means of interpreting observations on a smaller scale model. 'I:hq):
results of the present tests fully explain the difficulty of obtaining™
consistent results with a 3 ft. model whose blade angle was in:the™ ..
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neighbourhood of 2°, since such.a model at 90 ft./sec. is well in the.
critical range where the stalling éffect 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 1°
from that at which the model ceases to autorotate. There is good.
reason to believe that the existing strip theory is competent to predict

the effect of 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
range of blade angles below 1° 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. Tt istherefore suggested that any future experi--
meérits that. may be required on the effect of varying the blade angle’
from root to tip and the shape and chord of the section should be made

on a 3 ft. model over a’'simall range of angle séttings 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 -be-assumed as the most efficient, the results being deduced’

by theory from the model observations at the smaller blade anglel™ -
This suggestion is put forward provisionally as it still reqiires testing =
by means of the present results. It seems likely that the chief practi- |
cal difficulty would be to make a 3 ft. model of which the boss drag’
is not too. much greater than that of the full scale machine. .- -

Estimate. of probable performance of an autogyro—Mr. Glanert*;
estimates theoretically the probable performance of a complete
autogyro by assuming a drag coefficient-of 0-015 on wing area
corresponding to 0-0048 on disc area, for the standard Avro structure;: .
and a:curve of thrust power available; suitably modified:to allow :
for the efficiency of the airscrew. . From the curves of D/L -against:
L, given in the presént report and the thrust power curves referred’-
to .above, performance curves have been calculated for autogyros - -
having different. diameters of rotating wings. The same body drag . !
and body weight have been used in each case. In estimating the
weight of a wing it-was thought that to assume the weight to be® |
praportional to the cube of the radius would unduly prejudice the. -}
larger diameters. . For a given weight of machine it is probable: -
that-the wing spars would not have to be”very much stouter and- -
that - the: variation of weight: would lie between . the cube.and:. i
the. square. --”._l‘he latter power has-béen assumed here, $o that the..
comparison is likely to favour the performance of the autogyro. Since”
the weight to be supported is constant the centrifugal force will not-
vary appreciably, and the weight of thé shaft has been taken to be,
the same throughout..” ~ o T 0 o T TR
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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 (D, = 85-5 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 D1-2, 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 D/D,
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 may be compared with the performance of an Avro
biplane 504K, fitted with a 110 h.p. Le Rhone engine given in
Martlesham Health report M.268a. The top speed obtained with
this machine was 88 m.p.h. and the maximum rate of climb was
650 ft./min. 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 145 ft./
min. and the speed range is from 40 to 70 m.p.h.* ; 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 would give the
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 L/D, and we may conclude that in this respect the
best value for the autogyro is not likely to exceed 1/2 of the best
value for the corresponding aerofoil of normal aspect ratio.

Intonclusion the authots wish to record théir appreciation of 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.



© TABLE 1.
6 ft. diameter wooden autogyro miodel. ;

Dimensions of blade section. -
Gottingen 429 modified : symmetrical section : chord = 5-36". -

. Dimensions in multiples of chord length. |

Dista.ncg from L.E. : Half_ thjckgess.

Radius at LE. | 0-022;
005 | 0-034,
010 -~ - | 0047, ;
0-15 -  oes2 ¢

0-20 | . 0055
0-25 ‘ 0057 A
0-30 ~ . 10-056 IR
040 o052z -0
0-50. : 0-045

0-60 0-038 e

070 - - | . g3 on

080 Tl T T2, - T

080 L STl o014 . LT
. Radius at TE . .| N 0-005, | |

L a T

o A e
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TABLE 2.

- Force Measurements, Blade Angle § = 0°.

Incidence 7 (degrees).

L

L

v Lo = L DL V cos 1
' n - = 2y2 #=

Uncorrected. Corrected, ! T R4 vowmeRIV R £

.5, 5:12 558 5.15 0-00846 0-026 0-166 0-573

5:12 55.7 5.22 0-00858 0-027 0-163 0566

5-13 76-6 752 0:00814 0-028 0163, 0-541

5-13 766 7-57 0-00811 0-028 0-162 0-537

5+ 14 97-2 1011 000784 0-030 0-161 0-509

8 6-16 476 5-20 0-00842 0-086 Q-173 0-483

6+18 6271 7.39 0-00802 0-040 0:169 0-443

6:20 789 9.84 0-00775 0-043 0-169 0-423

'8-21 92-0 1177 0-00774 0-045 0-168 0-412

7. 722 347 4-37 0-00841 0047, 0-181 0+420

: 7:25 ' 52-1 7-30 0-00783 0-055 0181, 0:378

7-27 69-9 10-22 0+00773 0-059 0-180. 0-362

7-28 82-1 12-20 0:00778 0-061 0-180 0-356

8 i8.32 486 7-60 0-00797 0-069 0-194 0338

8-33 59-8 9-68 000784 0-073 0-194 0-325

" 8435 66-9 11-0 0-00781 0-075 0-198 0-319

8-85 72.3 11.91 0.00785 0-078 0-197 0-319

- 10 10-45 39.7 7-38 0-00801 0-097 0-224, 0-281

10-48 52-3 10-07 . 0-00793 0-101 0+225 0-271

10-49 56-9 11-08 0-00785 0-106 0-226 0-268

|64
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' - ) Fo%;'jq M eaéurehiénts. ‘Blade Angle § = 0° (conlinued). I

. Incidence i‘(degrees). : V . : L~ L - L oL Veosi
i Vo . n T RO v 2 V2 . # =
Uncorrected. | Corrected. v o anRsy wPR\r , 'BQ
14 . 1469 32-3 750 0-00786 - 0-151 0-291 0:222 .
' Tk 14-71 323 . 7-56 0-00793 0154 0-290 0-220
1479 . 4048 10+07 0:00794 0-172 0-291, 0-208
14-81 [ 45.9 11-43 0-00799 0-176 0-292, 0-207
18* 19-02 26-8 7-46 0-00805 0221 © 0+363 0-181
o "19-01 - 337 5-30 0-00812 0-219 0-365 0-183
5 19-03 337 9-56 0-00787 " 0-223 0-368 0-178
; 19-09 38:8 11-14 000805 0-235 0-367 0-175;
19°14 38:8 1147 0-00754 0-246 Q-367 0171
200 |0 2121 19:6 5-90 0-00806 0-261 0-407 0165
- 21.23 2440 ‘765 000798 0-287 0-409 0-157
- 21-25 o 31-7 9-79 0-00796 0:270 0-408 0-162
2131 37:5 11-82 - 0-00803 0-284 0-408 0-158
' | .
- : *Rotational Speed unsteady.
M . } { . . . L
- = . 1 ,!
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TABLE 2 (continued).
. Blade Angle §=1°. T

Incidence. f o _ L - = ) .
Uncorrected. | - Corrected. - V o " ' r‘Q _ : _‘f h ‘ D(L #

4 . 4413 564 494 | 0-01047 0-028 0-154 0605
b 414 838 8-01 0-00974 0031, 0145 . 0-554,
. 415 1005 10+00 0+00951 0083 0-143 0582

5 . 5918 | 47-6 4-96 0-01008 0:039 0-155 0-507
520 . 649 7:47 0-00951 0-045 0-151 0459

o 522 813 9-84 | 0-00926 0048 . 0-150 0-437

IR 624 41.9, | 5-09 0-01011 |, 0053 0-161 0-435
. 628 55-8 | 7-54 0-00941 | ‘0061 0-160 0-390

| 828 558 7-56 | 0-00929 0-0605 0-161° 0-389

8-30 72-0 10-15 | 0-00933 0:066 |  0-159, 0-374

631 82-3 | 11-79 000932 0-068 0160 0-368

8 8+42 37-4 6:05 | 0:00974 0-091 0-190 0-325
844 446 7°48 | 0-00957 0-096 ©0-189, 0-313

f 847 58-0 10-15 0-00943" 01025 . | 0-190 . 0-301

' 849 64-8 1151 | 0-00946 0-106 . 0-190 0-293

10 " 10+61 384 7-60 000955 0-133 ~ 0-223 0-264

3 10-84 496 1009 | 000951 0140 | 0-224 0-257
- 1065 552 11-32 0-00956 | 0-143 0-224 0-255
4. . | 14-96 . 30.7 7-57 | 0.00970 |  0-209 0-292, 0-209
| ase0t 40-1 10+12 0-00965 0-218 . 0-295 0-204
15-03 44.5 | 11-32. |..  0.00073. 0-223 - 0-295 0-202

18 1932 261 " 7.53 0-00968 0+285 0-361 0-175
19+37 34-3 10:08 ;| :. 0-00965 - . 0-295 0+362 0-172

18-40 38-7 11-48 000966 0-301 0-363 0-1704




0 TABLE 2 (continmed).
. .- Blade Angle Q = 1-8°. Four Blades.

-568-9

Incidence. . N : - S . .
. — v 7 | Lo o | DL Iz
* Uncorrected. | Corrected. o : . _ ) o
3 314 | 576 4-56 001853 - 0-030 | 0-146 0+670
= 315 80+5 697 0-01195 0032 0135 0-614
\ 315 | 10046 9-07 0-01150 0033 0134 0-590
4 4-16 | 412 3.39 0.01477 0-086 i G-148 0-644
4:18 | 814 5-89 0-01230 0-040 |  0-144 0-552,
419 '80-5 8-06 0-01197 0043 0-142 0-529
" 420 94.5 9.74 0-01183 0-045 | 0-140 0-513
5 5:21 1384 ' 3:69 0-01407 0-046 0-154 0-551
| 5-24 604 652 0-01267 0-052 0-152 0489
. 5.29 80-3 9-88 0-01186 0-064 0+150 0-431
6" 6-24 806 2-85 0-01666 0-051, 0-166 0-627
6-24 30-8 2-95 0-01561 0-052 0-176 0-605
826 30-8 3-02 0-01538 0-056 0-178 0534,
6-29 457 5-98 0-01343 0-063 0-161 0-481
| 638 71-2 1027 0-01129 0-083 0-157 0-368
: 7 7.25 '32.7 3:82 001397 0-068 0184 0-451
; 7-41 456 6-63 0-01177 0-088 0-175 0-362
o 7449 63-4 1048 0-01092 0-108 0-175 0-319
-8 . 8-38 . 290 . 3.66 0-01448 0-082 0-196, 0-417
T 851\ 402 .V 8885 1. 0-01149. ... .0-112 .| . 0-187, . 0-317
" 8+59 t ‘10'.35‘:1\\ -+, 0-01088 - - - 0-128 01680 0-289
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- - TABLE 2 (continued). -
Blade Angle O = 1-8°. Four Blades (continued).

10-68 - - 27'8 5-25 0-01161 - - 0-147 0-224 - 0-277
10-74 375 7-60 0-01107 0161 0-223;4 0-258
10-78 47-2. 9-80 0-01101 0-169 0224 0-252
12-80 201 4-05 0-01212 0-175 0-267 0:258
12~82 201 413 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 1008 0-01128 : 0-210 . 0-260 0227
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, 0-205
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 -189
19+43 185 4-98 0-01187 0-306 - 0-374 0-187
19-56 33-7 9-74 0-01131 0-334 0-377 0-175

14374



TABLE 2 (continued).
Blade Angle 6 =1-8°,

Four Blades (Repeats).

Incidence. v n L_Q Lv D/L u
Uncorrected. Corrected.
-2 210 1006 7-08 0-01272 0-022 0-143 0-753,
3 3:13 57-6 4-32 0-01402 0-028 0-160 0706
3-14 80-5 6:89 0-01187 0-031 0-141 0:619
315 101- 9-04 0:01157 0-033 0+137 0-593,
4 4418 814 597 | 0-01201 0+040 0-146 0-544
‘ 4-19 805 -8-10 0-01183 0-042 0-144 0-526,
421 95.0 10-00 0-01148 0-045 0-142 0-503
5 . 5:20 384 364 0-01408 0-045 0-162 0-559
525 604 6-78 0-01207 0-054 0-150 0-471
528 80-2 9-87 0-01138 0061 0-149 0-430
5:30 92-2 11-87 0-01118 0-066 0-148, 0-411
8 628 ; 457 5-20 0-01318 0-061 0-167 0-464
6-37 W 718 10-04 0-01136 0--080 0162 0-374
_ 6-39 824 11-98 0-011824 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.-180 0-193 0-291
| * 8-61 1 859 12-12 0:01098 0-182 0193 0-285
20* 21-65 - B 19-0 5-45 0-01185 0-346, 0-418 0173,
21-72 26-1 774 0-01151 0-361 0-418 0-168
32-85 8:79 - | 0-01146 ' 0+370 0-420 0-166

AT eenta it £
Y

B T R

* After breakag
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TABLE 2 (continued).
Blade Angle 0 = 1-8°

Two Blades.

| Incidence. v o :Lg I‘v- | D/L fu :
Uncorrected. Corrected.

4 4410 55-4 5.51 0:00608 0+021 0-134 0-533,
410 73:2 7:67 000581 04023 0>129 0506

4411 90-8 10-00 0-00574 0-025 0127 0-481

5 5.12 45-3 5-02 000817 0027 0-144 0:477
- 5+14 60 1 740 000577 0-031 0-142 0430
5.16 74-4 9-85- 0 -00560 0-035 0-136 0-399

6 6-16 375 4.77 . 000609 0:035 0:163 0-415
8-17 37.5 4:90 0-00805 0:037 0-155 0-404

621 497 7-49 0-00558 0-045 0-155 0-350

8-21 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

8-25 61-7 9-83 0-00598 0-054 0-147 0-331

8 8+30 29-9 5.97 0400590 0-065 0-185, 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 1254 220 5-19 0-00592 0-117 0-254 0-220
12-61 29-0 . 7-48 0-00569 0-134 0-254 0-202

12-67 36-6 9.:88 0:00565 01486 0-254 0-193

16 16492 19-5 6-03 0-00586 0-199 0-325 0-165
. 1698 23-8 7.61 0-00577 0-210 0-326 0-159,
17-03 29.5 9.74 0-00576 0-223 0-328 0-154,

‘20 2125 1940 678 000577 0-269 0-405 0-138
21.29 214 7-71 - 0-00579 0-277 0-406 0-136

2134 26-6 9.80 000571 0-286 0-407 0-133

Ly



" TABLE 2 (comtimued). ~ . .
' Blade Angls 6 =2-3°. ' ’

Incid . ' ' '
nadence -V ‘ 7 L, - Ly . D/L : B
Uncorrected. {1 Corrected. o . . . B :
4 4-19 59-4 489 0:01708 0-041 0-174 0:633
: ; 421 80:8 740 0:01502 0-045 0159 0:577
’ 422 1006 971 0:01434 0;0475 0-157 ‘ 0-549
5 o 5-23 " 56-3 4-95 0:01796 0-049 0:194 0602
- - 5.25 757 - 767 0+01521 0-056 0-166, 0-523
- 5-27 ,' 92.7 9-86 001491 0060 0-164 0-498
8 -6+28 5740 5-84 0,:01658 0-062 0-189 0-514,
. . 682 _ - 67-9 760 0+01548 , 0:069 0:174 0-470,
o 8:35 : 78-0 9.51 0-01437 0:076 0-168 0-432
7 . 7-33 . 49-8 ‘ 5.87 0:01751 0:073 0:194, 0-488
~ ‘ - 7048 65+9 9.90 0:01324 0106 0-179 0360,
8 8-40 48-1 620 0:01483 0-088 0206 0-407
: §-55 54-2 862 0-01344 0121 0:194 0-330
8.60 - 607 10-18 0:01303 0:130 0:195 0:313
- 8:62 664 11:46° 0:-01280 0-135; 0-195 0304
10 ' 1075 - 361 690 0:01254 0:163 0-229 0-273*
. 1083 47 -4 9-64 0-01223 0:180 0:229, 0-.257
: _ 10-86 57-1 11-73 . 0-01247 . 0-187, 0-230, 0-254
14 . 15-01 210 4-58 0-01293 0:218 0+300 0236
; 15-17 ‘ 30-4 7-22 . 0-01265 0:253 0301 0-217
a ) 15423 38-3 9-32 0:01261 0:285 0301 0-212°
s 15028 0 48-2 11-80 0:01273 0-276 ’ 0-302 0-209
. 20. - - 21-61. .. 16-8 5-38 001283 0:336 0-4i8 0-184
o Coodw | 21472 26-0 7-34 001268 0-359 0-418 0-177
oo 21488 0| L 0B8e3 9-72 .| . 0.01286 - | - - 0-383 - - 0-419 - 0-171 |
l 21-88 40-5 "-11-86 : o 0-01286 |- . 0-892 0-421 0-170

* At V == 26-38 the model *‘ packed up.’”
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- . TABLE 2 (continued).
Blade Angle § = 8°.

- {m0eg)

- : 9 Inmdence - SEN N v Lo : " I' ‘:‘ L 'L_Q . .y . L;, o . D/L 1
- Uncorrected. '|. :Corrected. SRS AR Co 8 . o ' ~.
S g o | 1800 - 4546 9-95 0-01397 0-236 0-278 0-238
Feik T 1314 542 11-90 0-01449 0-248 0-271 0-236
ST S 18416 - 5442 12406 0-01428 0-251 0-274 0-233
AR VI 15-26 34-8 806 0-01360 0-273 0-313 0-222
LT e o el 15481 413 |0 978 .| ° 0:01433 0-283 0-311 0-218
e TN 15438 . 4800 |, 11-42 .| % 0:01466 0204, 0-303 0-217
: 8 1736 261 6-18 0-01466 0293 0-348 0-215
o - 17-47 32-5 8-03 0-01454 0-318 0-344 0-206
: 117+48 32:5 8-14 0-01425 0-318 0345 .0-203
‘- 17-51 405 10-18 0-01440 0-325 0-349 0302
: o 17-52 40-5 10-18 0-01450 0+326 0-347 0-202
A A U £7-1 . 40-4 10-33 0-01423 0-332 0347 0+199
: S WAL 175560 .| 4409 11-41 - 0-01460 0:335 - |- 0342 0-201
I T I 19-45 18+6 4-41 0-01533 0-307 0-380, 0-213
XA A : 19:87 30-3 7-94 0-01451 0-353 0-383 0-193
e e 19468 30-7 7-98 - 0-01487 - 0+355 0-389 0-194,
N 19-69 36-8 9.72 0-01428 0358 0-384 0191
R - 19-74 . 86-8 9:76 001467 0-367 0-385 0-190
19-74 367 9-87 0-01439 0-369 0-388 0-188
RERES 2 | 21-60 18-2 457 |- 0-01472 0-331 . 0-423 0-199
RN ol 21-82 26-6 720 o 0-01442 0-376 - 0-423 0-184
JARRE: oo 21-95 39-9 11-13 . 0-01455 0-403 0-427 0-179
O : ’ ' . For information about speed of ' packing up * se¢ § 3.0.
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TABLE 3.
Tests at 'varying rotational speed,
""" " Blade Angle g=1° =

Vcos1

Qp=—2

A A= TRo

n ¢ R® Q2

an b2
(o200}

L5560

0-574
 0-522
0-470
0-418
0-391
0-339

0-313

0-261
- 0235
0-209
0-190

-33x10~¢
66 - .

Red&

0-689
0-656
0-590

. 0-525
0-492

L 0-427

0-393
0-328
0-295.
0-262
0-230

0-213 -

0-185

10-6° - sl b

[

M by

TN RBENCS | RQAUNIRCSHN

0-:505
0-468
0-431
0'4115

" 0-393

0-355
0-337
0-318 -
0-300
0-265

L (107) 2 :
V=7
SR s
| 4
e
i = 10-6°

(10%)
48-6.

— . \' . . . i
omwuqmmmmﬁﬂqmmmmﬁgfhg IR WWWNNRN | OO

<P |

o
[~

0-512
0-487
0-436
0-384
0-359
0-333
- 0-308
. 0-282
0-255

0-538, -

* Uncorrected incidence shown in brackets,

AT et
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po o

o~ an s i

2

e




ol

TABLE 3 (continued).
Blade Angle § = 1-8°. °

'3.92 " 0-463. w098 X 10— ¢
3-33 0-447 —1:09
3:57 0-418. —1-30
7.5 3-84 0-388 -1-37
; 454 0-328 —1-57
(16°) 5-00 - 0-299. —1-69
- 5-56 0-268. —1-76,
28-9 6-25 0-239 —1-55
. 667 0-224 . —1-18
7+15 . 0-209. —0-52
774 0-193.
3-13 0-595 —-1-17 X 10=+4
3:33 0-558- —1-28
3-57 0-520 —1-31 -
384" 0-484 —1-44
- 417 0-446 —1-47
17-3° - - 4.54 0-409- —1-63
(169 5.00 . |  0-372° | =18
5-56 0-335 —2-10,
360 6-25 0-298 —2-08
714 .. (- -10-260 -2-10
7-69 | O 0-242 .| . =1-99
833 0-223 —1-47
9-09 0-204, —0-60
9-94 o 0-187
4-54 - 0456 —1:39%x10—*
s 5-00 0-414 —1-18
10-7° . 5-56- 0-373 —1-00
(10°) ;.. 6:25 . . 0-331 -8v$7>g
- 6-67 0-311 —0-
393 7-14 0-290 —0-55,
821 0-252
: 5:56 0-445 —1-60 X101
R 625" . 0-395; —1-27
10-7° 6-67 - 0-370; —]-26
(10°) - 7 0-346 —1-19
¢ e 7 0.%1“ '—1'02
46-8 1" - 8- 0-297 - —0-03
RS 9 0-272 —0-46
o 9- 0250 ‘

W2 e o A v gl as e
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TABLE 3 (continued).

Blade Angle § = 1-8° (continued).”

n ® Q0
' 3-33 0-756 —2+56 X 10—¢
3-57 0-706 —1-89
i = 6-3° 3-85 0-656 —1-59
(6°) 4-00 0-630 —1-39
4-17 - 0-605 —1-19
V = 474 4-64 - 0-554 —]-02
o 5:00 0-504. ~069
5-26 - 0-478 —0-44
4-00 0-776 257
4-17 0-745 —2:51"
© 4-64 0-683 —2-22
i= 6-3°" 5-00 ' 0-620 —1-89
B (3 TURNN 5-26 0 0-592 —1-66¢
. 5-56 0-559 —1-28
V = 584 . 5-88 0-528 —1-02
: . 6-25 . 0-496 —~0-85;
6-67. 0-465 —0-55g
7-14 0-434 —0-39
8-22 A .
Blade Angle § = 2-3°.
n u Qo
4-76 - 0-827 —0-29%x 10=*
S 5-00 0-312. —0-75
i = 17:4° -~ 5-26 0-296. -0 -97
. (160) S 5-56 . 0-281 -1 '035
5-88 | 0-265- -1-07
V = 30.2 6-25..- 0-249. -—1-10
S 6-67. 0-234 ~0-94-
. 7-14 0-218 :
8-01 0-201
. 5-56 0-347 —0-53
.. 5-71 0-337. —0-67
LT 5:88 . 0-328 ~0-76 -
. e 625 0-308 -0 -89
i = 17-4° = 6-67 0-289% -1-18
(16°) . ;rég . 0-270 —1-32
S 69 .. 0-251 —1-40
V = 37-8 8:33 . 0-231. —-1-38
8-70 - 0-222 - w111
-~ 9-09 0-212 . - w—()-70g
10-02 . 0-193 0-00

N rras—A

B I T

S IR £ SN P N AR HUNRANI Lol ST e e o e o s & o g 8 s i
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TABLE 3 (cortinued).

Blade Angle § ='3°,

7 Q =
# 2 Lo noR 0t
75 0145
7:0 0155 '
65 - 0167 1-51x 10—
e-g 0-182 1-26
. . 5. 0198 0-64
P '1;"6'? 5.8 0205 0-48°
(16°) 5.0 0.217 0-20
A 48 0226 018
V=210 446 0286 0-30
4-4 0247 0-46
4-0 0272 0-92
3-5 0-310 1-72
30 - 0:362 2.62 .
6-0 ©0-276 0-13
5.0 0-280 0-25,
i~ 17.50 5.8 0-285," 0-35 0-0196
=M 5.7 0-291 046 -050200
(16°) 546 - 0-301 ' | 0-80 0-0207
V = 320 5.0 0-331 137 0-0226
= 455 0-368 - | 204 . .0-0255
40 0-414 2-73 0-0295
345 - 0478 | - - 040853
65 0-255 | ' ‘
6-6 0-251 | =017 0-0173,
_ 68 0-244 | =—0-23 0-0167
i == 17-5° 7.0 “(-236 | —0°28; 0-0163
o a182) L 72 . 0230, | ==0-32 0-0161
: ‘ 7.4 0-224 | ~=0-41 00157
V = 320 7:6 0-218 | =0-41, 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= 17-5° '10-4 - 0-139 1-40 0-0113
(16°) 1040 0-166 1-25 0-0122
3 95 0-174, . | 0-90 00125
V = 32.0 9.0 - 0-184 | 0-74 0-0131
88 0-189 .| 0-54 0-0134
8:6 0-198 - | - 0-40, 00137
8-4 ' 0-197 027 0-0139
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TABLE 3 (conitnued).
Blade Angle 6 = 3° (continued).

n

%

2o

-202

fo)
7-2 0-287 005 x 10 —1
7-1 0-291 0-16
17-5° 7-0 0-295 0-32 0-0206
(16°) 6-9 0-299 0-39 0-0208
85 0-318 0-75 0-0221
40 6-0 0-344 1-15 00243
5-5 0-376 1-56 00272
5-0 0-413 207 0-0303
7-8 0-265 | —0-35 0-0186
8-0 0-258 | —0-41 0-0180
8-5 - 0-248 | —0-52 0-0169
17-5° 9-0 0-230 | —0-60 00161
(16°) 9.5 . 0-217 | —0-47 - 0-0154
97 0-218 | —0-31 0-0151
40 9-8 0-210, | —0-23 00149
9-9 0-208, | —0-16 0-0148
10-0 ©0-206 | —0-09 00147
10-1 0-204 0-0145
80 0-286 | —0-39
85 . 0-269 | —0-55
| 9-0 0254 | —0-65,
. 9.5 0:241 | —0-75
- 17-5° 10-0 0-220 | —0-69 .
(169) 10-5 0-218 | —0+50
Sl 10-8 0-210 -{ —0-33-
44-2 11-0 0-208 | —0-22
; 10- 1 £ 0-206 | —0-15
11-2 0-204 | —0-03
11-3 0 :

P

oty S .
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“TABLE 3 {continued).

Blade Angle § = 3° (continued),.

n Lo Doy, 0 (2)212 Qe
B T O 2 INL LTIy
9-5 | 0-0117 | 0-226 | 0-222 | 2-48x 104  0-322,
, 9-2 | 0-0125 | 0-227 | 0-229 | 1-60 - 0-284
, 1 90 |0-0128|0-225 | 0-234 | 0-78 0+252
1= 10-9° | g.5|0-01315( 0-228 | 0-248 | 0-43 0-239
(10°) | 8.0 | 0-0187 | 0-2244 0-264 | 0-48 0-238
7.0 D-0156 | 0-219 | 0-301 | 0-63 0233
V=400 | 5.0 |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 | 00113 | 0-228 [ 0-210, 1-18 0-278
11-5 | 0-0112 | 0-233 | 0-220 | 1-00 0-274
11-0 ] 00115 | 0-237 | 0-230 | 0-81 0-268
o | 10-5]0-0124 | 0-236 | 0-241 | 0-51 0-253
1= 109" y0.0 [ 0-0132 | 0-235 | 0253 | 0-39 0-247
(10°) | 9.5 | 0-0140 | 0-233 | 0-266 | 0-31 0242
v 9-0 | 0-01464 0-232 | 0-281 | 0-30 0239
=479 | g.5|0-0153 | 0-232 | 0-297 | 0-39 0241
80 10-0160 | 0-282 | 0-316 | 0-43 0-241
7-0 | 0-0209 | 0-236 | 0-361 | 0-72, 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 0241
: .1 10-5|0-0148 | 0-234 | 0-276 | 0-26 0-240
i=10-9° | 1.0 | 0-0148  0-234 | 0-290 | 0-28 0240
(10°) | "9.5 | 0.0158, 0-234 | 0-305 | 0-36 - 0-242
v 90 | 0-0166 | 0-235 | 0-322 | 0-45 0+243
=550 | g.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 | 0-0195 | 0-246 | 0-387 | 0-95 0-259
11-8 0-247 | 0-89
| 114 10-256 | 0-81
: . 110 o 0-265 | 0:72
=86 | 19.5 | 0-0140 0-277 | 0-60
8) | 10.0|0-0136 0-291, o'gg
9-5 | 0-0141 0-306, 0
V=1550 | 9.0 0.0148 0-324 | 064
- 85| 0-0155 0-343 | 0714
7-5 | 0-0171 0-388 | 0-92
11-7 | 0-0111 | 0-204 | 0-249 | 0-90, 0237
, 11-4 | 0-0115 | 0-202 | 0-256 | 0-77 0-230
i=86° |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 | 00130 | 0-196 | 0-291 | 0-57 0-211
V=550 | 9-0]|0-0142 | 0-195 { 0:324 | 0-64 0-2094
8:0 0-199 | 0-364 | 0-804
B

(33064)



56

"TABLE 3 (continued).
~ Blade Angle § = 3° (continued).

n Lo. | DL I Qo (D/L)’ ~
o 11-8 | 0-0126 | 0-202 | 0-269 | 0+63 x 10—* 0-221
e 11-4 | 0-0130 | 0-199 | 0279 | 0-58 0-215
1= 86 11-0 | 0-0134 ©0-197 | 0-289 | 0-55 0-211
- (8°) 10:5 | 00139 | 0-197 | 0-303 | 0-53 0209,
V=600 10-0 | 0-0145 | 0-197 | 0-318 | 0-54 0-209
o 9-0 | 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;4| 0-233 | 1-71 0-238 -
11-0 | 0-0097 | 0-158 | 0-241 | 1-71 0-231; "
o 105 | 0:0102 | 0-157 | 0-253 | 1+60 0-220 -
i= §-3° 10-0 | 0-0106 | 0-158 | 0-265;| 151 0-212-
(69 9:5 | 0-0111 | 0-159 | 06-280 | 1-43 0-205
o 9:6 | 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
. 8-0 | 0-0125 | 0-161 | 0-332 | 1-04 0187
75| 0-0131 | 0-163 [ 0-354 | 1-08 0187
7-0 | 0-0138 | 0-165 | 0-380 | 1-08 0-186
115 | 0-0106 | 0-164 | 0-277 | 1-14 0-203
11-0 | 0-0113 | 0-163 | 0:290 | 1-04 0:195 -
7 | '10-5|0-0119 | 0-163 | 0-304 | 1-01 0-191-, .
i= 6-3° 10-0 | 0-0125 | 0-162 | 0-319 | 0-93 0-185 :
(6°) 9-510-0131 | 0-162 | 0-336 | 0-92 0-183 - -
o 9-0 | 0-0135 | 0-163 | 0-355 | 0-90, 0-184: = -
V= 600 85| 00141 | 0-166 | 0-376 | 094 . 0-184 - |
~ 8:0 [ 0-0145 | 0-172 | 0-899 | 0-93 0-188 .
7-5|0-0153 | 0-177 | 0-425 | 0-95 ¢-192- . ¢
7-0 | 0:0162 | 0-183 | 0-456 | 0-98, 0-197 .
B 11-8 0-182 | 0:3815 | 0-75 ~ %
11-4 | .~ 0:177 | 0-326 | 0-77 ) .
110 0173 [ 0-339 | 0-79 $
i= 6-3° 10-5 { 0-0136°|-0-163 | 0-355 | 0-80 0-180 © 7
- (69 110-0 | 00140, 0165 | 0-372 | 0-84 0181~ ¢
95| 0-0146 |0-168 | 0-392 | 0-84 0-183 = |
V=700 9-0 | 0-0151 | 0-171 | 0-414 | 0-85, 0-184 f
8-5 0-438 | 0-84 S
- 80 0-466 | 0-85 :
7'5 0-497 | 0-87 S
. K




TABLE 4
Observations of the Flapping Motion.
Blade Angle § = 0°,

Incidence 7 (degrees). . Values of § (degrees). , Coeff. in Fourier expansion.
. . vV . ” — —_ 7
Corrected. | Uncorrected. p y =0 90 180 270 Ay ay by,
o5 | 2 8° 52-2 4:78 |© =421 048 | 3:63 |=0-07 |—0-04 3:92 |=0:27 0-578
o 63-4 6-12 | —=3-52 045 3-83 0-52 0-32 3+67 0-03 0-548
3 82-8 8:38 | —2:86 0-35 | 3-91 1-88 0-84 3:38 0-78 0522
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 0-73 270 0-26 0-448
‘ 820 10-10 —1-:64 0:69 341 1-41 0-97 2-52 036 0-429
83 8° 356 5-16 —2-14 0-00 2-04. 0-64 0-13 2-09 0-32 0-363_
C 470 7418 -1:33 0-20 2-33 1-26 061 1-83 0-53 0-344
_ 63+5 1010 | ~1-04 0-27 2+65 1-50 0-89 1-94 0-61 (-330
1065 | 10° 29-2 5-12 | —=1:44 —0-33 1-65 0-79 0-17 1-54 0-56 0-298
: s 403 7:46 ~(+99 =0-05 2-13 1-62 0-68 1:56 0-83 0-282
53 9-78 -0 66 0-11 2:39 1:97 0-95 152 | 0-93 0-283
14-7 | 14° 18-3; 4-10 —_1-74 —0-98 1-16 050 |—0-28 1-45 |- 0-74 0-230
R 316 7-53 076 —0-35 2.08 2:00 0-73 1-39 1-18 0-215
) i 418y 103 —0:'53 | =—0-26 2432 2:26. | .0-95 1:42 | . 1:26 | 0-208,
19-1 18° 190 520 | «—=1-13 -—1:03 | 1-22 1-38 0-11 1417 1-20 0-184
26-8 7-53 —0-:73 —0-68 1:91 1-98 0-61 1-32 1-30 6-179
35-7 10-30 +0-55 -=0:51 | 2-16 220 0-82 1-35 1-35 0-174
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TABLE 4 (continued).
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TABLE 4 (continued).
Blade Angle § = 2-3°,

R e el

Incidence, Values of § (degrees). Coefi. in Fourier expansion.
: v ) I3
Corrected, , Uncorrected, y =0 ? 90 ] 180 270 2y ay ] by
6° 68-0 80 —4-76 0-78 7-55 3-10 1-67 6-15 1-16 0-448
780 10-27 | —3.78 0-67 6-75 3-08 1-67 5-26 1-18 0-402
l Blade Angle § = 3°.
1801 12° 46-0 1010 | —1-45 0-30 | 510 | 365 | 1-90 | 3-27 | 1-67 @ 0235 ¢
53-6 11:91 | —=1-25 0-45 5-20 3-80 2-05 3-22 1:-67 0-232 @
15-3 14° 35-4 813 ~1-55 | —0-25 | 470 | 3:30 | 1-65 { 3-12 | 1-77 | 0-223
: 42-1 1004 -—1-20 +0-20 4-75 3:55 182 2-98 1-67 0-214
49-6 11-95 } —1-05 0-35 4-90 370 1-97 2-97 1-67 0-212
17+5 16° 26-1 6-22 -—1I~70 ()25 460 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
39-1 990 —0:95 +0:05 4-75 3-90 1-98 2-85 1-92 0-200
462 11-80 ;| —=0:75 0-25 4-85 4-15 2-12 2-80 1-95 0-198
. ﬁ21'8 20° 190 4-83 | =—1-90 —{( 95 3-70 3-60 0-86 2:80 1.97 0-194,
23-3 6-20 -1-50 —0 60 420 3-40 1-37 2-85 2-00 0-185
.28-2 7-68 | —1:20 —0 - 40 4.0 3-80 1-65 2-80 210 0-181
e 36-5 10-10 —0-90 .| =0-:20 4:50 4-00 185 2-70 2-10 0-180
39-9 11:10 | =—0-80 | =020 l"4"50 4-00 1-87 2-65 2:10 0-178




TABLE 4 (confinued). .

.Blade Angle = 3°, starter in.gear. ..

T

Incidence. - Values of # (degrees). Coeff: in Fomf'&;t_ expansion,
~-Corrected. |~Uncorrected. ¥=0 50 180 - 270 Kz T oa by
10° 979 | 84.| —87 | —o0-17 | 292 | 241 | v07,| 189 | 131 | 0-173
| 376 | 833 —~1-61 | 035 | 4-26 | 2:70 | 1-42 | 2:94 1.20 | 0-234
47.3 [ 10-2 | —1-54 0-45 | -4:63 | 285 | 1595 | 3-09- | 1:19 |-0-246
10° 205 | 10:25| —0-95 | =—0-40 | 2:70 | 2-05 | 0-85 | 182, | 1.22,| 0-104
| 29.0 | 11-05 —0-8 | =0-10 | 29 | 2-50 | 1-12 | 1.8 | 1-30 | 0:136
35-5 | 10:23  —0-9 —0-10 | 84 -| 275 | 1-29 | 2-15 | 1-42, | 0-181
4141 | 10°13 | =10 —0-10 | 3.95 | 2.95 | 1.45 | 2.47,) 1-52, | 0210
12° 19-5 646 | —1-1 | ~—045 | 25 | 2:30 | 0-81 | 1-90 | 1-37, | 0-156
32.8 7-73 | =1'5 +0+5 4.2 3-0 1-55 | 2-8 | 1-25 | 0-219
976 | 6-10| —2-0 —0-5°.| 43 | 270 | 112 | 3-15 | 1-60 | 0-233
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TABLE 6.

Lateral Force Y.
Blade Angle § = 1-8°,

Incidence 7 {(degrees). Y Y
L R s T
Uncorrected. | Corrected. re L
4° 4:2 40-9 3:055 | —6-03x10~4| ==0-0387
61-0 5-69 —3-48 —0-0281
80-0 7-93 -—3-17 ~0-0264
5° 52, 38-5 3:447 | —4-17 w() - 0292
60-0 6-47 —2-92 (0230
80:0 8-30 —2-53 —(-0213
6° 6-3 3037 2:605 | —6-25 ~0-0368
45-4 4-42 -3 14 ~—{( 0226
70-8 10:02 - | ~—=1-66 —0-0147
8° 85 28:77 3-345 | =-3-81 0 -0246
39:9 6-44 —-1-37 —0-0118
57-5 10-19 —_]12 ~—0-0103
10° 10-7 27-6 5-22 -—1-05 ~()+0080
372 7-54 - -88 -0 0079
46-8 9-74 -0 - 80 ~(}+0073
12° 12-9 19-93 4:02 —1]-56 —0-0129
28:55 6-14 —1-01 —{) 0088
42:23 9-62 -0 -80 -{0-0071
14° 151 19-2 4-225 -—1-36 ~0-0116
25-17 5:91 -1-18 -0-0071 .
394 9-87 -0 72 —0-0070
16° 17-3 17-96 4.53 —(-24 —(+0021
' 23-7 6-23 (25 -0 +0024
3605 9-84 -0 48 -0 -0046

Printed by H.M.8.0. Pregs, Harrow.



RaMIIS4:

\ g / Fic.5. Shape of section

 AUTOGYRO MODELS. |
Fis.4. Elevations.of Autogyro Balance with 6 ft. Mode! in Duplex Tunnel.
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RaM.)}54. I
- . - Bo.6.
Force Measurements on 6 foot Model Aubogyro.
Effect of change of blade angle.. |
9. (corrected for drag of boss) plotted against Ly 7zve
4 Bladed made at (0 revolutions per second

at blade angles a5 marked on curves.

—— lings show valuzzé of incidence L (uncorrected), -

vz

©

')

K
Q

R19 444
S Maler & Sons. Photad <,



R.gM.! 194.
. e 7

" Force Measurements on 6 Foot Model Auboggro;
| Effect of change of blade angle.

Ly = ﬁﬁ?‘ agpinst incidence 7

4 Bladed model at 10 revolubions per second
at blade angles as marked on curves,

L (degrees) lis

Q
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R.&M.I154 - _
Fic. 8.

Force Measurement on 6 Foot Model Aubogyro.
Effect of charnae of blade angle and scake,
Lg= -1—;-;5‘;—5;1—1 against incidence ©

4 Bladed model at blade angles ard rotational spexds
revolutions per second as marked on curves.
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R.sM.1154, _
Fie. 9.

Foroz_Measurements on 6 foobt Model Autogyro.
| Effect of change of scalke,

v/ (comcbzd for drag of boss) against n(rzwh.xbions per sec).

4 Bla»dzd model at blade anales 128 and 2%3 at
values of incidenoe L (uncorrected) os marked on curves. -

Bladke angle 1°8 . Biadzwﬁg_lz 23
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- RaM.lI54,
- Fie.10,

Force Measurements on © Foot Moded Autoguro,
Effect of charge of scale.

L,= ﬁl’%—\ﬁ against 7 (revolutions per second).

4 Bladed model at blade angles 8 and incidence ©
(ur\oomcbzd) as sShown. on. curves,

0-4
. 23
&
/’1% 6=1°8.
1 _’______-»---""'" —— 1.
03 bﬁ? — 8=1°| ,
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ReM.1154 ‘
Force Measurements on 6 foot Model Autogyro.

Comparison between 4 Blader and 2 Blader:  Fig, |1

%— ALy, ZALa, plthed against 1, ; all reduced
to zero solidity.
Bladw ar\gk»: 18 at 10 revolutions per second.
0015
4 Blades x
2 Blades o
g VA ¥ e -l
. Ln.
o-0l
= la
0-00§
o
: . /
olo2 S— %’
% /
- : P
A v / /
Da o 2//’{/ ﬁ{(
" e il /D%..' / 4
o ]
o2 17
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ReMMS4
6 Foot Model Autogyro ak Varying Roktationa! Spwd fic. 12,

Rotational speed plotted against tinve,
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Inciderce 1 =

6 Foot Model Autogyro at Varying Robational Spevd.

- Torgue coefficient Qg against u.

RaM.1154.
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ReM.1154. .
. ©_Foot Mode! Autogyro at Varying Robakioral Speed.

Torque_coefficient Qa against u.” FiG 14

Incidernce © = 10°
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RaM1154.

Model Autogyro at Varying Rotational Speed.
Torgue Coefficient Qa against .

b _Foot
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ReM.1154.
6 Foot Moddl Auboggro at Varying Rotatsoﬁal Spezd. -

0-03

r(:"02 5

Tunnel speed V, incidernce ©
and blade anglz 8 marked

on CUI"VQS

I . =~ 2
Lift coefficient Lo = sobrmr ooz Fie.16
‘ \ 1 1 z16
against M= ’C:; T . V,{gg .

™

0005

Lo
L‘n obl'amcd From bests at zero l;orquc ot cbhm- blexke

, obkairsadd From deceleration bests ak 3° blade angle
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R.sM.1154.

03% Foot Model Autoggro ab Varying Rotational Speed.
' Q
L. __.Q.. against = V’:zc‘zl’ Fie.17
1T hr\ql ed V, id
l | BIRae R 6 et o P
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RsM.I54.
: ‘ FI1G.18.

6 foot Model Autagyro.
Measurement of Flapping Motion.

Specimen diagram of path of spot of light.
Blade angle 6 198
Angle of incidence 1 (uncofrected) 4*
Rotational .speed 4-23 revs, per sec.
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RaMiIS4. & Foot Modkl Autogyro.
‘ Measurement of- Flapping_Motion. ,.-,G 19,

6pczcarrvzr’\ Curves of Flapping Anglzﬂ against Azimuth Andley
Blade Angle 6 = 18
Observed
_______ B = Qo-a,cos y-b, siny
lncudnzncc L (uncorrected) and robatioral speed n
. mar'kcd on curves.
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6 foot Model Autogyro. SR
Measurement of Flapping Motion. FiG. 20.

R.gsM.I154.

CoeFFncwnk: 0, in the Fourier Expansion 8= a,-a, oosw}r—b siny
plotted against 1/n2

Blade angles © as marked.
Slope of straight. lines calculated.

Notabion For cbserved points,
(uncorrected) \ncndz‘r\o‘z (2

opx +00>2cdq

| /n

.0 T 0.0 _o-oz_ooa 0os 005 - 006 007 508

PIgIA a :
-Mxlb_y&_Sonl Phowo |



6 foot Model Autogyro.
~ Measurement of Flapping Motion. —— g0

RaM:|154.
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ReM 1154, , :
Performeance _of Autogyros having
different diamabers of rotor F1G.23.

Values o /b, marked on curves, | /

2 bladkes —————
-4 bledes ———mmam
20 ] Rower avmlablf s e
o | , ' 1
% < 40 - 50 - 6o . 10 80 ®
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