


General Investigation into the Characteristics
of the C.30 Autogiro

Parr 1.  Performance and Aerodynamic Characteristics
Parr II. General Blade Motion

By
P. A. Hurron, A. E. Woepware Nurt and F. J. Bise
of the R.AE.
and
" J. A. Beavan, of the N.P.L.

With an Introduction by C. N. H. Locx
and an Appendix by §/Ldr. H. P. Fraser

Reports and Memoranda No. 1859
Mareh, 1930

CONTENTS
. Page
. Introduction .. .. .. . . .. .. .. .. .. .. .- 3
. PART 1 )

Perforimance and aerodynantic characteristics
1. Description of aircraft .. B . - .. .- .. .. . 8
2. Particulars of tests made .. .. . .. .. .. .. .. . .. 10
3. Preliminary calibrations and particulacs of blades . B . . .. .. 11
4, General flying qﬁa.]itics .. . . . .. .. .. .. .. N 13
5. Results O
5.1, Performance tests at full load T .. .. .. e .. .. 14
5.2. Performance tests at reduced load .. .. .. L -. L 4
5.3. Parformance tests at least possible load . . .. .. .. .. .. .. 14
5.4. Take-off and landing tests .. .. . . .- .. .. .. 18
T S
542 Landing .. .. .. e e s
5.5 Aerodynamic tests .. .. .. .. . i . . . . 20
6. Caleulation of performance .. .. . . .. . . .. . 22
8.1, Comparison with performance tests and glides .. .. . . A . 22

8.2, Rotor liftfdrag ratio . e . .. . .. o .. - 30




2

Parr 1T
General blade motion tn gliding flight
7. Intreductory ..
8. The effect of blade twist on the characteristics of the autogiro .,
9. Caleulation of blade bending
9.1. Iatroduction. .
5.2, General

9.21. Forces on sx element .
9.22. Differeatial equation of bending

G:S. Thu d‘l:li)hi:d fUILLb
9.24. The end conditions
9.3, Solution of the differential equations
- 9.4. Bending of rotor blades

10. Measurement of blade motion in steady Sight
10.11. Description of camera installation
10.12. Method of test
10,13, Accuracy ..

10.2. Results . ..

10.21. General definitions
10.22. Coning and flapping motion
10.23. Motjon in piape of dis¢ ..
10.24. Blade twist
10.25. Blade bending

11. Appendix I—Pilot’s notes on ﬁying the direct control auntogiro
12. Appendix I1.—Measurernent of parasitic drag of model fuselage

13. Appendix III.--Modifications to rotor theory to correct for various approximations

FPage
32
32

35
35
35
36
37
37
38
39

40 -

43
43
45
46
46
47
4
9

52
54
57
51

3
INTRODUCTION

By
C. N. H. Lock, M.A.

The present report on the performance of a gyroplane contains the first really
satisfactory set of full scale data to be obtained in this country, and affords a
valuable means of checking a body of theoretical investigation which has been
growing up during the past twelve years, The greater part of this gyroplanc
theory can be transferred with little change to the case of the helicopter, on which
Jull scale evidence is still almost completely laciing. In particular, the freedom
of the blades to flap, which has played a considerable part in increasing the
difficulty of gyroplane theory, seems likely to become an essential feature of all
helicopters. :

The first general account of the novel type of aircraft now known as the
gyroplane appeared in this country in February, 1925 ; during the following three
years a considerable amount of research on the subject was carried out at the
Royal Aircraft Establishment and the National Physical Laboratory. This work
is described in a series of reports L % % 4 & and symmarised in a report dated
April, 1928.% The research up to that time consisted mainly of theory and of wind
tunnel. experiments ; there was little direct full scale evidence as to the true
performance. The model data included observations of flapping and of unsteady
motion as well as performance and showed reasonably good agreement with theory.

Since the date of the above report,S a series of improvements has converted
the original Cierva Autogiro C.8 into the present C.30. The chief mechanical
improvement has been the fitting of a gearing for starting the rotor by the engine ;
this has greatly reduced the time and distance required in taking off. Among
aerodynamic improvements, the most fundamental is the control by tilting the
rotor head, with which is associated the elimination of the fixed wing and ailerons
and of the rudder. A slight advance has been made with regard: to streamlining,
but the parasitic drag of the fuselage is still undesivably high. A further aero-
dynamic improvement has been a reduction of the solidity to slightly less than
a quarter of its original value (0-19, 4 blades, to 0:047, 3 blades}; the original

- symmetrical section has changed to a cambered section and the blade angle

measured from zero lift has incrersed from 1-75° te 5-5°.% With the large decrease
of solidity there has been combined an undesirable increase in thickness ratio from
11-4 per cent’ to 17-1 per cent., but the associated increase of blade density is
probably advantageous.

* In actual flight this value is reduced as a result of blade twist.
1486271 A2
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For some_years after 1928 there was little further research on gyroplanes in this
country though considerable progress was made in America®®®, Eventually in
1934 a full scale C.30 autogiro was acquired for experimental research at the Royal
Alrcraft Establishment. f

At about the same time an enquiry was instituted into an accident to a C.30
“autogiro. The accident was attributed (originally on the advice of the inventor)
to a Joss of control in & high speed dive caused by differential twisting of the port
and starboard blades. This enquiry led ultimately to a detailed theoretical
investigation of blade twist and was followed by an investigation of blade bending.

At the time when the full scale experiments on the (.80 aulCgiro were Arst
proposed, it was suggested that estimates of the probable top speed, lowest speed
and rate of ¢limb should be made independently by members of the staff of the
National Physicel Laboratory and the Royal Aircraft Establishment on the basis
of existing theory. The two estimates were in fair agreement with each other
and with the subsequent full scale observations, but they showed that uncertainty
as to the parasitic drag of the [uselage would seriously affect the estimate of top
speed performance, and te a less extent that of rate of climb.

Accordingly, wind tunnel measurements of drag were made on a model fuselage
at the National Physical Laboratory, both in an atmosphenc tunnel and in the
Compressed Air Tunnel.

The twisting of the rotor hlades is a fault in this particular airerafi whick it is
‘hoped to remedy in future designs by adopting a more stable section and by mass
belancing the blades. The twisting has materially increased the difficulty of
comparison between theory and experiment ; the fact that it gave occasion for a
research into the theory of twisting may perhaps be considered as some compensation.

The present report containg an account of nearly all the research on the C.30
autogiro up to the present time and its contents may be summarised as follows - —

Part I—Full scale performance tests including :—direct ~measurement of
maxiznum level speed, minimum level speed and maximoum rate of climb
measurement of lift, drag, rotational speed and control setting for trim in. glides
at angles of incidence ranging from: 70° to 3°. These results are compared with
calculations of performance, based on the revised thecry including the effect of
twist, and on the parasitic drag of the fuselage deduced from wind tunnel
expetinments.

Pari IT —Full scale measurements of blade motion by means of a ciné camera
attached to the rotor hub. This determines the angular position of stations on
the leading and trailing edges at various radii and so includes flapping, coning,
motion in yaw, bending and twisting. All these measurements are compared
with theory.

)~
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The most important features of the report will now be discussed in more detail.

General performance,

Maximum level speed at sea level .. .. .. .- .. 94mph
Minimum level speed at sea level .. - .. .. .. 32 m.ph
Maximum rate of clinb .. . .. . .. 355 ft./min.
Service ceiling .. e .. .. .. 8,600 ft.
Distance to take-off —no Wmd . .. . .. .. 450 ft.
Distance to 50 ft.—xno wind. . .. .. .. . .. 1,510 ft.
Distance from 50 ft. to touch—mo wind .. .. . .. 230 fi.
Distance from touch to rest—no wind .. . .. .. 705
Minimum rate of descent . .. .. 131t fsec.
Minimum angle of glide . . .. .. .. Lo Ir
Steepest angle of controlled glide .. .- .. .. .o 450

In comparing theoretical with observed performance in a glide, theoretical
values of the rotor drag, based on assumed mean values of blade drag coefficient
Cp = 0:012 and 0-014, are added to the drag of the fuselage deduced from model
tests, and compared with observed values of the total drag of the aircraft. The
assumed values for the blade drag coefficient are higher than the values of profile
drag corresponding ‘to the mean lift coefficient of the section obtained in the
Compressed Air Tunnel and the difference is to be attributed to the large variation
of blade incidence, especially on the retreating blade, at small incidences of the
aireraft. Thus the comparison really determines a value of mean C, to fit the
experiments and the conclusion is that this can be done with reasonable valuss

‘of Cp.

At high forward speeds the ohserved drag of the rotor becomes greater and the
1ift smaller than the theoretical values for coustant C, of the blade section ; this
resulf is Lo be expected from the stalling of the central part of the retreating blade.

The drag deduced irom the maximum flying speed agrees fairly well with that
deduced from glides and is perbaps rather more reliable on account of the
uncertainty of the drag of the idling propeller.

Staep descents. . .
Lowest gliding speed reached . . .. . .. 22mph..

Rate of descent at lowest gliding speed . .. 30 ft./sec.
Steepest a,ngle of glide .. . .. .. .. B8Y°
Maximum lift coefficient (based on disc area) .. - .. 110
Maximum resultant force coefficient (approx.} .. . ..o 14
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The observations at very high incidences appear to have established the fact
that the speed of vertical descent would be of the same order as that of a parachute
of the same disc area. Although the highest incidence reached was 72° there is
little chance of any appreciable change of normal force coefficient within the
range 70° to 90°. This result seems to rule out the much slower rate of descent
suggested by some earlier doubtful full scale experiments (R. & M. 1108, p. 2), and
confirms a prediction made before the autogiro was known in this country.

Minimum speed in level flight.

Measured. Predicted.
“Miimuro-level-speed-ut-1;908-1b- = —3%mphe 365 mph—-
Minimum level speed at 1,700 1b. .. .. 28 mp.h 31 m.p.h.
Minimum level speed at 1,560 1b. .. .. 231t mph 27 m.p.h

It appears on investigation that the minimum speed of steady flight is limited
only by engine power and contrellability ; subject to control Hmitations the
minimum speed would decrease indefinitely with imcrease of thrust, and the
ultimate Iimit would only be reached when the thrust became-gqual to the weight
of the aircraft. The full scale experiments alsc showed that the minimum flying
speed varied considerably with the weight, the minimum speed falling by 8% m p.h.
for & reduction of weight from 1,900 Ib. to 1,560 Ib, Theoretical calculations, while
somewhat overestimating the minimum speed for given weight, give a slightly
higher change (94 m.p.h.) for the same change of weight.

Tt is considered that a sufficient explanation has been given of the demonstration
flights in which the aircraft is raced by a running man ; such stunts are at any rate
far less dangerous than the flight of a normal aeroplane close to the stall since
any instability is far less catastrophic,

General blade motion.—The observations made with the ciné camera on the hub
represent perhaps the most interesting part of the investigation from the
theoretical point of view. These cbservations determine the blade flapping, coning,
twisting and bending, which are found to agree, almost without exception, with
theoretical predictions, within the limits of experimental error.

General flying qualities—The remarks by the pilot as to controllability are put
clearly and briefly in an appendix to the report, and the main conclusion is that
the addition of a rudder would be desirable for landing and low speed
manceuvres, The addition of an elevator is desirable and indeed essential for
safety in a high speed dive, unless the longitudinal instability can be cured by
removing the tendency of the blades to twist.

To face pags 6 R. & M, 1859
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F1g. 1.—C.30 Autogiro.
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Fig. 2.—C. 30 Autogiro.
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Comeclusions,—The experiments do not suggest any very obvious method of
Improving the perfermance of the aircraft except by reducing the parasitic drag
of the fuselage. It has been estimated that the reduction of sclidity and increase
of blade angle as compared with the C.8 autogiro has increased the L/D ratio of
the rotor at top speed from 5-9 to 8-8, and it seems unlikely that much further
improvement in the aeredynamic performance of the rotor can be obtained.

It has been shown by various authors that from a theoretical point of view there
is a very close resemblance between the autogire and the helicopter ; sc much so
that in forward flight the equation of the latter can be derived from that of the
former by a mere change of sign together with the suppression of the zero torque
condition. This resemblance extends to all details such as flapping, twisting and
bending of the blades. These considerations will very considerably increase the
value of the present work to those who believe in the future of the helicopter and
consider the gyroplane principally as a step in its development.

Certain gaps in existing theoretical knowledge are brought cut by the present

‘investigation. Thers is still little information as to the effect of the stalling of

the blade sections in limiting the maximum blade angle at which autorotation is
possible and safe. Some atlempts at caleulation made at the time of the model
tests (R. & M. 11545 did not give good agreement with experiment.

The outstanding problem of both gyroplane and helicopter is that of stability.
This is likely to prove even more difficult than the worl: that has been done up to
the present, but a start is now being made by several investigators, and it is to be
hoped that success will ultimately be reached. ‘
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PART 1

Performance and aerodynamic chayactorisiics

1. Descripiion of atreraft—The C.80 type autogiro is an open two-seater with a
140 H.P. Civet 1 engine. Except [or minor details the antogirotested was simdlar
to the standard “ Rota ™ type in the R.A.F. Photographs of the autogiro aré
given in Figs. 1 and 2, and the principal dimensions and partmulars in Table 10
{at the end of the report).

_ The rotor is 3 bladed and of 37 ft. diameter, The section of the blades closely

resembles Géttingen 608, and the blade chord is 11 in. The solidity (defined as "

beiwR, where b is the number of blades, ¢ the blade chord and R the rotor radius)
is thergfore 0-0472. A plan and section of a blade are given in Fig. 3.

QDFJ CTOR Hug.

1ok o) S DU S = 30K 4ok oy e5%

’ FAIRING
s 7 8 5 4 = 2 i WHICH was REMOVED
FOR LATER FLIGHT TESTS

PLAN OF AUTOGIRG BLADE.
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]

BLADE SECTION.

Fic. 3—Auvtogire Blade.

The fin and tail surfaces are fixed, control heing effected by tilting the rotor shaft
laterally and longitudinally. This iz done by an inverted control column piveted
at the rotor head and tilting the head through link mechanisms. A forward or
haclkward movement of the control tilts the rotor head, and hence the line of action
of the resultant force, in the opposite direction, thus causing the nose of the autogire
to fall or to rise. A lateral movement of the control tilts the head in the opposite
direction laterally, causing bank and then sideslip, which in turn generates yaw in the
required direction. Diagrams showing the linkages arve given in ¥ig. 4. Longi-
tudinal and lateral trim is obtained by adjusting the tension of springs, which con-
strain the control coluran in the appropriate planes. Directional control or the
ground is provided by a swivelling tail wheel coupled fo a rudder bar.

9
Initial rotation of the blades on the ground is obtained by driving them from the
engine through a friction clutch, bevel gear and dog clutch. The normal rate of
rotztion reached on the ground is about 185 r.p.m., the r.p.m. during normal flight
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. F16. 4 —Control linkages and resultant forces on roter disc.

being 200-240. To take off, the clutch is slipped and the autogiro allowed to run
along the ground until an air speed sufficient for autorotation of the blades at flight
speed Is attaned (for details see Appendix I).

The fixed tail plane has upturned tips to provide an additional yawing moment
for turning, and has positive camber on the right hand side and negative on the
left to counteract io some extent the engine torgue, the engine rotating anti-
clockwise. Small trimmer tabs, adjustable on the ground cnly, are attached to
the trailing edges of the tail plane for the same purpose.

The total loaded weight of the autogiro as flown in the tests at full load was
approximately 1,980 Ib. The position of the centre of gravity was 8 in. aft of the
junction of the front pylon struts and the top longeron, measured parallel to the
longeron. Tests were also made at a total weight of 1,700 Ib., and measurements
of the minimum speed at the least possible locad of 1,560 lb Weight analyses
in these three conditions are given in Table 1.
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TABLE 1°

Weight analyses

Full load. Reduced load. Minimum load.

Tare weight .. . .. . 1,261 1b. 1,261 lb. 1,261 Ib.
Pilot and parachute . . 200 1b. 200 ib. 180 1b.*
Observer and parachute .. 200 Ib, —' —
Fuel .. .. . .. .. 177 1b. 138 1b. 38 1b.
671 R, .. . .. 30 Ib. 30 1b. 30 1b,
Special :nstruments ete. .. .. 29 Ib, 67 1b. 50 1b.

Total loaded weight .. 1,807 1. 1,696 1. | TT1,559 Tb.

* Pilot had no parachute.

2. Particulars of iests made.—In the first place handling tests were made by a
number of pilots to investigaie the features of the direct contrel, and to compare

the behavicur of the autogiro with that of an aeroplane. They were followed by -

performance tests at full load. These comprised measurement of the maximum
and minimum speeds in level flight at various heights, and determination of the
maximum rate of climb curve for full throttle climbs to the service ceiling, the
best climbing speeds having previcusly been determined from. partial climbs at
two heights. The level speeds were measured using a suspended air log, the maxi-
mum speed at ground level being checked by a number of runs over a speed course.

Similar performance measurements were made at the reduced load of 1,700 Ib.
In addition, as a minor repair had been made to the engine, and the rotor blades
had bheen changed since the determination of the full load performance, it was
considered advisable to check the latter. Accordingly measurements were made
of the maximum and minimum speeds at full load in level flight near the ground.
All results have been reduced on the piot basis.

A series of measurements of the minimum speed of the autogiro at the least
possible load was made, by timing it along a speed course on the aerodrome at
various heights. For reasons of safety, they were not made at full throttle, but the
performance at full throttle may be estimated from the results. In certain cases
ciné-photographs were teken of the autogiro flying over the special speed course,
and from thess films the speed, helght and attitude throughout the runs were
deduced.

Talke-off and landing distances at both full load and reduced load were meastred
using a ciné camera.

In addition to the performance meéasurements, glides with the engins throttled
right back were made over a wide range of speeds, and the air speed, rate of descent,

R

11

attitude, rotor r.p.m., and control position measured,* and the principal aero-
dynamic characteristics of the autogiro deduced from the results. The speed was
measured by a low reading suspended air log, modified so that it lay along the
flight path.for steep angles of descent. The effect of the proximity of the aircraft
on the speed as measured by the air log has been calenlated and found to be
negligible throughout. The fore and aft position of the harging control was given
by a scale and pointer at the rotor head, read in & mirror in the cockpit, and so
arranged that the readings were unaffected by lateral movements of the control.
The other quantities were measured as on an -aeroplane.

3. Preliminary calibrations, and particulars of blades.—Before starting the tests,
the rotor blades were removed and the incidence of each blade checked at a number
of stations along its span.  Theresults are givenin Table 2. The method of finding

-the mean blade incidence is that adopted by Messts, Cierva, and consists of

multiplying the incidence at each station by a factor depending on the distance
of the station from the blade root, before averaging the results.

. TABLE 2
Blade incidence for st set
Blade incidence.
Position.
Blade 431¢. Rlade 441¢. Blade 417c.
1 2% 5% 20 58 ' 2° 4y
2 2 5% 20 5 P 1
3 2° 59° 2° 59 3 5
4 32 2° 47 3 0
5 3° & 2° 37 20 5%
g 3 2¢ 437 20 4%
7 3° 3-5 25 457 20 84
8 20 42 2° 3 A
Mean .. 2° 567 (2° 43 2° 38

t See Fig. 3 for positions along blade.
Mean blade incidence =
(gi + 1'552 +28; + 2'5ﬁ4 +3ﬁs + 48 _+ 58, + 6?’3)1’25;

where f; = incidence at posmon 1, etc.

* Some of these quantities were measured in the course of fhe performance tests in addition.
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Affer completion of part of the performance tests, the blades had to be removed
and sent away for a modification which had to be made to all £.30 autogiro blades.
Before despatch, the incidences were checked and found to be substantially the
same as before. A second set of blades was received and calibrated, but on the
first flight after fitling them two blades failed by splitting at the trailing edges.
A third st was received some time later, the performance tests were finished and
the gliding tests all made with these blades, The incidence measurements for the
blades are given in Table 3.

TABLE 3

Blade incidence for 3rd set

EBlade incidence.

Position.
Blade 539/B. Blade 549/B. Blade 544/B.

1 2° 51 2° 3’ 2» 55
2 20 547 2° 30 2° B3
3 2° 497 2° 32 2° 48
4 2% 4y 2% 830 ‘ 2° 56
5 2° 417 2° 29 2% 487
G a3 2° ar 2° 57
7 ¢ 23 ¢ 24 2° 4R
8 17 22 24! 20 2y

Mean .. 2° 32 2° 26 ¢ 447

Tt will be seen that there are small differences between the first and +third sets of
blades, and in addition it was found necessary with the thivd set to remove some
fairings mear the roots, thus slightly reducing the total area (Fig. 3). The effect
of these differences is just detectable in some of the curves of blade characteristics
and will be referred to later, but a careful check revealed no measurable effect on
the performance or acrodynamic characteristics of the complete aircraft.

The angular mevement of the votor head wes also calibrated with respect to the
movement of the hanging control column. The full angular movement of the
eontrol column longitudinaily gave an angular movemert of 10° o the rolor head
and the full lateral movement of the control gave a movement of 9° to the headf
These movements were unaffected by the position. of the lateral or longitndinal
trimming controls. ‘
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4. General flying gualitiss—A detailed pilot’s report of the flying qualities ‘of -
this autogiro is given in Appendix I. Briefly it may be said that under normal
Aying conditions, contral with the hanging control column is straightforward and
much simpler than that of an aeroplane. The control is heavy compared with that
of a normal.aeroplane, and there is an appreciable lag in the fore and aft control.
Laterally, the autogiro rolls immediately the control is applied, but there is a
definite time lag before the sideslip which follows has caused sufficient yaw to
turn the aircraff. . .

The lack of a rudder is considered a serious drawback, particularly for correcting
drift when landing and for directional contro! near the ground. ({Seez Appendix L)
It has however been suggested that fitting a conventional rudder may cause some
lateral instability.

In dives at speeds greater than about 115 m.p.h., the aircraft becomes nose
heavy, and the force required on the control column increases slightly with speed.
In recovery from a dive, the response of the autogiro to control movement is very
slow. In view of this the maximum speed in the gliding tests was restricted to
110 m.p.h,

In glides at low speeds, control is maintained down to an air speed of about
22 m.p.h. When gliding at about this speed, if the control column is pulled back
further, the aircraft yaws to the right and the nose drops. The lateral control is
quite ineffective to prevent this. If the control column is pulled back when fiying
at low speeds with engine on, the autogiro assumes a very steep attitude, until
eventually fore and aft control is lost, and the nose continues to rise {unless the
throttle is closed) until the lateral control also breaks down and the aircraft yaws
and falls away rapidly to the right.

The autogiro is unstable, but not violently so, both longitudinally and laterally.
The lateral force on the comtrol column varies with speed, and if the lateral
bias is adjusted so that there is no lateral force on the column for intermediate
spesds, the aircraft will tend fo yaw to the left at low speeds and to the right at
high speeds. :

Any lack of balance between the blades causes vibration of the contrel column,
On one occasion, small splits developed in the trailing edges of two blades during
flight, causing the contrel column: to vibrate through an amplitude of about 12 in.
at high and 6 in. at low speeds. Thus the consequences of any accident to the
litting surfaces are magnified, and this must be considered a serious drawback to
the hanging control ¢olumn type of control. (See Appendix I, §11.9.)

It should be noted that both above and in Appéndix I, attention has been
concentrated on the special features possessed by the C.30 type autogire by virtue
of the direct control. The inherent features of the autogiro as compared with an
aeroplane, 1.¢., the ability to fly at low forward speeds and to land in confined
spaces, are well lknown and have not been especially emphasised.
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' 5.1. Performance tests at full load —The maximum and minimum
speeds in level fight and the corresponding engine r.p.m. are plotted against height
in Fig. 5. It will be seen that the maximum speed at ground level is 94 m.p.h.
at 2,250 r.p.m,, and the minimum speed (which was found to cccur at full throttle)
is 32 m.p.h¥ at 2,100 .p.m2,  Tn Fig. 6 the rate of climb, time to height, and AS.I.
on climb curves are plotted. The meximum rate of climb is approximately
355 ft./min., and the service ceiling of approximately 8,600 ft. is reached in

33 minutes. The results have been reduced to standard conditions on the plet
basis. :

5, Reswuiis.
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~ During the performance tesis some measurements were made of rotor rpm.,
—~gttitude gf EiTeratt, control pesiticn, ete., from which various characteristic curves

have been deduced. These will be considered later when discussing the results of
the gliding tests. i

5.9, Performance tests af veduced load —Fig. 7 shows, plotted agaiunst helght, the

maximumn and minimum speeds in level fight at full load (1,900 1b.), repeated :
from Fig. 5, and for the reduced load of 1,700 Ib. In addition some check
measurements of the maximom and minimum level speeds at full ivad are plotted.
Fig. 8 gives time to height, and rate of climb curves for climbs to the service ceiling
at both full load and reduced load. The A.S.1. for the best rate of climb was found
to be the same for both loads. If allowances for the change of weight are made

in accordance with R. & M. 984%9, the performances at the two loads are brought
into good agreement.
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Tt appears from Fig, 7 that the change in rotor blades and the overhaul of the
engine have had no measurable effect on the performance and the measured.
performance at reduced lead can be compared directly with that measured
previously at full load. The main results are :—

v {MPH)
MAxIMUM SFEED

1,900 1b. 1,700 Ib.
Maximum level speed (S.L.) 94 m.p.h. 97 m.p.h.

Minimum level speed (S.1..) .. .. 32 mph 28 m.p.h.
Maximum rate of climb (S.L.) .. .. .. 355 ft. /min. 540 ft./min.
Ceiling {service) .. 5,600 ft. 9,400 ft.

5.3, Miwmimusn speed ab least possible load.—The reduction in minirnum speed
obtained by reducing the load from 1,900 Ib. to 1,700 Ib. was not sufficient to
explain the extremely low speed obtained in demonstrations of the C.30 autogiro.
Further tests were therefore made with as light a load as possible, to establish the
minimum. safe speed of flight near the ground. For these tests the autogiro was
stripped of all unnecessary instruments and flown ‘with five gallons of petrel only. U . 44" LHDITH QEEONTAS
In this condition the total weight was approximately 1,560 Jb.

”EM.
i
ik . & MIN. SPEED .

and corresponding engirne r.p.m.

v {mmn)

MiiMUL SPEED
Fic. 5.—Maximum and minimurs level speeds

g0

* Tor reasons of safety the Jowest height at which the minimum level speed was measured was
about 500 ft., and the speed at ground level was obtained by extrapolating the speed fheight curve,

Fic. 5.—Rate of climb, A.S.I. on climb
and time to height.
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Some of the ﬂ{ghts at this weight were made by a pilot from the Cierva Autogfrd
Company.” No distinction can be made between his runs, and those made by the
Royal Aircraft Establishment pilot. Fig. 9 gives the results of the measurement

of the ciné films of somie of the flights.
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F1c. 9.—Speed, attitude and height on slow speed Aights at least possible load,

Tt appears from the above that the airspeed can be reduced to about 22% m.p.h.

without any considerable loss in height (throttle setting unknown).

For the

complete run of 930 it. however, the lowest mean speed is about 25 m.ph. The
rotor speed was measured from the films and found to be 182 r.p.m.

Some further runs over the speed course were not photographed and the mean
values of the speed, engine revolutions, etc., for these runs were as follows :—

TABLE 4
. Mean
True air speed. Engine height, Notes.
revolutions. £,
28-Om.ph. ... 1,690 5 3 runs, not full throtile,
27-3mph .. .. 1,995 10 5 runs, not full throttle.
Minimum level speed 2,135 250 1 rum, full throttle,

(4002
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From the above figures, the average minimum level speed at 1,995 rp.m, is
274 m.p.h. Tl throttle engine revolutions. are however 2,135 Using these
figures, the data for the engine and airscrew and the results of the glide tests,
234 m.ph. is estimated as the minimum level speed at full throttle. There is no
svidence of any ground effect on minimum speed.

It is considéered that this reduction of minimum level speed explains the slow
lying demonstrations of the C.30 autogiro.

5.4. Take-off and londing iests —Full notes on the take-off and landing of the
mtogire are given in Appendix I, to which reference should be made.

5.41. Take-gff —A sevies of take-offs were made and photographed af full load
1,900 Ib.) and reduced load (1,700 Ib.). Table 5 below gives the data corrected
o a zero wind speed. .

TABLE 5
. . . Iristance '
PM.at Velocity . Velocity Distance - Total
Serimtenr | attakeoff, | atSOft, | to ke, | omizkeoff | ol
m.ph. m.p.h. ft. in ft. £t
1) 1,900 i5. :

210 39% 44 432 975 1,407
207 461 455 402 1,070 1472
206 40 43 352 .01 - 1,362
203 45 424 455 825 1,280
260 36% 54 463 978 1,441
195° 37% 421 478 1,202 1,680
195 38 50% 458 1,020 1,478

195 393 55 483 1,196 1,659
195 38 604 475 1,103 1,578

190 38 564 465 1,062 1,527
185 38 50 471 1,270 1,741
Average .. 443 1,068 1,510

J 1,700 5.

210 403 43 200 804 804
208 374 47 269 790 1,059
200 394 403 320 843 963
200 a7 374 270 588 858
200 37 363 325 532 857
190 43 34 323 390 712
190 354 36 327 508 335

180 39 38 340 543 883
170 39 401 270 490 760
170 873 271 322 134 756

Average .- © 305 550 855

-,
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The following pomts regarding these figures are of interest :(—

(a2} The distance required for take-off- does not bear any noticeable relatlon
to the speed at take-off, nor does the reduction of roter speed at the
start of the um from 210 r.pom. to 170 r.p.am. make any consistent
difference to the take-off distance.

(&) With full load (1,200 Ib.} the average distance required to talke-off is 445 ft.,
and to reach 50 ft. from rest 1,510 ft. With reduced load (1,700 Ib.)
the average take-off distance is 305 it., and the distance to reach 50 it.
from rest is 855 ft.

5.42. Landing—Table 6 gives the results of landings made at two loadings, by
two different pilots. They have all been corrected to zero wind speed.

There seems to be no relation between the velocity on the glide and the velocity
at touch, the velocity at touch evidently depending to a large extent on how far
and bow quickly the stick is pulled back.

Similarly, no definite conclusion can be drawn from the fact that the average
velocity at touch is lower for the lightly loaded autogiro than when it is heavily
loaded, for the tests-at light load were made by a pilot with greater flying
experience on autogiros. It seems likely that the piloting was entirely responsible
for the diﬁerence in touch speeds, and hence for the difference in landing run.

TABLE 6
Velocity Velocity 50 ft. high Touch Total
at 50 ft., at touch, to touch, to rest, distance,
m.p.h. m.p.J. ft. ft. ft.
() Fudl load (1,900 .} )
39 23% 258 177 433
43% 24 254 166 420
42 19 318 96 414
394 21 271 100 371
40 203 284 106 390
49 25% 328 130 456
563 251 316 140 456
Average . 280 130 420
{6) Redused load {1,700 5.}

39} 17} 331 88 418
34 10 264 39 303
301 13} 327 &0 387
27 13 232 57 289
41 131 230 96 326
39 13 380 55 435
41 143 380 80 470
38% 15 397 64 481
Average 320 68 388

{48627}
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Tt is concluded that the average distance from 50 ft. to touch is about 300 fi.,
and the distance from touch tc rest 'about 70 ft., for a pilot with moderaie
experience of an autogiro.

5.5. Aerodynamic fests—The principal results of the gliding tests are given in

. Table 11 at the end of the report. Curves of lift, drag and total force coefficients

(Cy, Cp and Cg), based on the total disc area, are plotted against the disc incidence 4

in Fig. 10. The disc incidence may be defined as the angle between the flight path

and a perpendicular to the rotor axis lying in the plane of symmetry of the
aircraft. - : :

—Tt-will-be-seemrfromFig—10-thatthe-maximem-Jift-ecoefficient Ciis- 110, and - _

cocurs at a disc incidence of about 31°. The total force coefficient hecomes sensibly
constant for incidences greater than about 37°, its value being about 1-36. This
result is similar to that obtained by Wheatley” with a P.C.A—-2 antogire in the
U.S.A. The highest incidence reached wag 72°.%

The attitude (i — ¥), gliding angle v, and inclination of rotor axis to fuselage
are plotted against Cp in Fig. 11. The top curve in this fipure shows that the total
change in the attitude of the-aircraft over the range of incidence covered is
approximately 14°, and that for steep descents the rotor disc is at & small positive
angie to the horizontal. ‘

Trom the curve of v against C;, it will be seen that the minimum gliding angle
is 11°, and occurs at a Cy, of approximately 0-20. The steepest gliding angle reached
in the tests was approximately 68 to the horizontal*  Glides at angles of this
order are only possible by vigorous and skilful use of the controls {see Appendix),
and the aircraft pitches and rolls considerably and is quite uncontrollable
directionally. The stespest angle for steady glides is of the order of 45° (See
Appendix L,-§§ 11.4 {¢) and (4).}

The bottom curve in Fig. 11 shows that y is sensibly constant over the range
of speeds covered by the tests, which implies that the position of the control
column is approximately the same for all speeds. In the very steep descents at low
forward speeds the-control colump had te be moved fore and aft frequently o the
full extent of its travel, so that the values for y are relatively rough means of a
widely varying quantity. At the other end of the speed range, there is some
evidence that at speeds higher than those covered by the tests, the position of the

* These values are mean readings during a glide of about 2} minutes’ duration. The gliding angle »
was obtained from measugernents of the total height loss and total distance travelled along the flight
path dering the measured time interval. The attitude was obtained by taking a mean of the series
of readings of a visual inclinometer during the glide. Owing to the pitching of the aircraft, the
inclinometer bubble was at times off the scale. For these unsteady glides, therefore, the values quoted
for y are irue means of widely varying angles, and the values of {£ — »), and hence 7, are approximate
means.
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control column to trim is further back, giving an increase of y with speed. Over the
normal flying range, however, the control column position may be taken as constant.
Change of speed or attitude is effected by moving the centrol in the appropriate
direction, but the contrel has to be ceniralised after the change has occurred.
In §8 below may be found a discussion of such changes of y as do occur.

The rate of descent — 2o and the r.pm. of the rotor (N+/a) are plotted
against indicated air speed (Vi) in Fig. 12. The minimum rate of descent will be
seen to be 13 fi./sec. and the rate of descent in the steepest glides about 30 ft. fsec.

A lifE Tepresenting the conditionr— v o—Vi-ds-plotted-on- this figure-and. the
intersection of this line and the experimental curve suggests that if vertical descent
were possible, the rate of descent wonld be about 32 ft./sec.  Very little change in
the air speed occurs for wide variations in rate of descent at the low speed end.
The second curve ir Fig. 12 shows that the rotor r.p.m. vary roughly between
200 and 230 in flight over the speed range covered by the tests.

‘In Fig. 13, C; and Cp, have been plotted against the tipspeed ratic p = V cos /R0, |

where () is the angular velocity of the rotor and R its radius®. In Figs: 14 and 15,
curves of disc incidence and speed against p, obtained from the glides, are compared
with results obtained during full throttle performance tests with two sets of blades.
It will be seen that the three sets of results are in good general agresment, but that
in the Viju curve there is a small but definite displacement between the points
obtained with the two sets of blades, particularly at the high speed end. This
displacement is in a diraction consistent with the small difference in mean incidence
between the two sets of blades. The effect on performance was not measurable.
There is a displacement of the same order between the results obtained in gliding
flight and at full throttle with the same set of bladés.

6. Calenlation of peyformance. 6.1, Comparison. with performance tests and glides,

—Previous estimates of the performance of the .30 autogiro had agreed in giving

a higher maximum level speed and higher rate of climb than those measured in the -

performance tests.

Several causes for the discrepancy in performance can be advanced. No
allowance was made for tip losses, nor for the change of blade incidence due to

twist. Furthermore, the fuselage drag was based on an estimate only and, in-

order to determine how far the discrepancy was due to fuselage drag errors, a
one-eighth scale model of the aircraft fuselage has since been tested at the National
Physical Laboratory. This model was complete save for the airscrew and roter
blades (Fig. 16).

The details of the experimental method, a discussion of the scale effect on drag,
and a comparison between the results of drag measurements made in a 7 ft. tunmel
and in the Compressed Air Tunnel are contained in Appendix IT.
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An approximate figure of 90 Ih. at 100 ft./sec. was obtained for the parasitic ‘

lrag of the whole aircraft fuselage at zero incidence, the contributions of the
7sarious parts being as shown in the Appendix. '

The Iift and drag variations with incidence are plotted in Fig. 40 (Appendix IT)
or both the cases, tail plane present and removed. It may be seen that except
vhen the aircraft is giiding steeply the parasitic drag, tail plane off, is nearly constant
or varying incidence, and even when this latter reaches 26° is only some 25 per cent.
vigher than at zero incidence.

—Adater-determination-of the-drag-at zero-incidence in the-Compressed-Adr-Tunnel - rtrerenet
s also discussed in Appendix IT. A somewhat lower figure, 82 Ib., was found at :ﬁ-_' e
:onditions corresponding to full scale flight at 100 ft. fsec. ! [Pt

o shli:

The calculations of performance have been carried cut on the general lines of i
& M. 17272 and include the effect on the rotor characteristics of the changes. .
f blade incidence due to twisting under the aerodynamic -and other forces.
mportant modifications were made however, in that the investigation was extended
o include corrections for the following major approximations made in that report :—

(I} Neglect of the loss of lift at the tips of the blades.

{2) Use of a mean angle of geometrical pitch along the Rlade, instead of the
exact formula giving ifs variation under twist from root to tip. (The
minoer importance of this approximation was however verified in R. & M. P

- 1727 for two particular values of w.)

(3) Neglect of the component of radial flow along the blades.

furthermore, when these corrections had been made it was thought more satis-
actory to work to the correct final value of the lift {equal to the weight of the
ireraft less the vertical component of the airscrew thrust and net tail plane and ‘
ody 1ift) adjusting the rotor speed as necessary, rather than to base the results, ) F16. 18.—The Corplete Model as Tested.
sin R. & M. 1727, on measured values of the rotor speed obtained in gliding tests. -~ )
\ detziled discussion of these calculations may be found in Appendix ITI.  Curves
howing the total power required for level flight and the proportion due to parasitic
Tag are given in Ifig. 17 for the two cases of § (assumed mean profile drag co-
ficient of the blade) ¢-014 and 0-012. ‘Also the corresponding curves for §=0- 014

t reduced loading are shown.

b
il
¥

The airscrew characteristics have been calerlated on the basis of a recent analysisi?
f {ull scale tests of a seties of airscrews. In conjunction with the known engine
urves from the log book these enable the variation of thrust power with speed to be
‘ednced. An allowance has to be made for the parasitic drag in the slipstream,
rhich is estimated to be about 601b. of the total, leaving fnally an available power ‘
t sea level as shown in Fig. 17, ‘ N (40630 »
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The intersections of the curves give the mavimum and minimum speeds for level
flight, which will be seen to be 91-5 and 36-5 m.p.h. respectively for § = 0-014 or
94-5 and 35-0 m.p.h. for § = 0:012. The maxinum rate of climb is easily derived
from the curves of Fig. 17 by subtiracting the power required for level flight’ from
the thrust power and thus cbtaining the power available for climb. It is found
tobe 312 ft, /min. for § = 0- 014 or 360 ft. fmin. for § = 0-012, occurring respectively
at indicated air speeds of 63-5 and 65-5 m.p.h.
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The measured values in full scale flight tests §5.1) were 94 and 32 m.p.h. for the

maximum and minimwm speeds and 355 {t./min. (at 57 m.p.h.) for the maximum
rate of climb ; so that the present higher value of the parasitic drag, together with
the more comprehensive calculation including blade twist, will give very satisfactory
agreement with top speéed and climb for § = ¢-0128 (a value which is lower than
the 0-014 of R. & M. 1727 as might be expected, since in that report 3 was assumed
to include an empirical allowance for some of the above corrections). Although
the agreement as regards minimoum speed is not se good, this value of 8leading to a
figure of 35-2 m.p.h., it should be remarked that the rotor is then at a somewhat
high-angle-of-neidence-(about-16%-where-the-basic-assumptions-of-the rotortheory
cease to apply so accurately. Furthermore, the fuselage will not be so completely
in the airscrew slipstream, which fact will decrease the drag; and the slipstream
will impinge more on the rotor, increasing the lift, so that on both counts the
minimum speed is likely to be overestimated. Again, at the low speeds considered,
the airscrew performanee estimates are open to some doubt.

Reduction. of the loading to 1,700 Ib, gives new calculated figures of 96:0 and
30-8 m.p.h. for maximum and minimaum speeds and 485 ft. fmin. for best rate of
climb at 3§ = 0-014, and 98-0 m.p.h., 30-0 m.p.h. and 532 {t./min. at § = 0-012.
These compare fairly well with the measured performance 97 m.p.h., 28 m.p.h. and
540 ft./min., considering the large extent of the correstion for rotor speed
necessitated by this reduction of rotor thrust (see Appendix ITT, §13.4). At the further
reduced loading, 1,560 1b., the minimum speed is calculated to be lower than that
at full load by 9-5m.p.h. (at § = 0-014) as compared with measured reduction of
8-5 m.p.h. {to 23% m.p.h.).

For comparison with the aerodymariic tests, calculations were made on the gliding
sharacteristics of the aircraff, assuming no thrust from the airscrew. (In this case
a somewhat different thrust is required from the rotor than for level flight under
power, involving a change of rotor speed. This was dealt with as described in
Appendix III). Including the convenient multiplier p?, final lift and drag ce-
sfficient curves for 8 = 0-014 and 8= 0-012 are compared in Fig. 18 witk those
deduced from the full scale tests, and the resulting gliding angle curve is shown in
Fig. 19.

Tt will be seen that the resulting gliding angle is estimated too high at the low
speed end and too low at high speeds, but the minimum of 10-5° {for § == 0-0123)
zompares fairly well with the full scale value of 11°.

The results would agree better at high speed if an allowance were made. for the
irag of the airscrew, which was certainly far from zero in the flight tests,
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It is clear from these results that the rather poor performance of the .30
autogiro could be greatly improved by a reduction of the parasitic drag. If by a
general cleaning up of the structure the drag were reduced to half its present
excessive value the top speed might be raised ‘to 110 m.p.h. and the rate of
climb improved same 50 per cent., without change of engine or airscrew.
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8.2 Rotor lift{drag ratio.—A comparison is shown in Fig. 20 between the calculated

and measured values of L/D for the rotor alone, the experimental points being
obtained by subtraction of the appropriate parasitic drag as deduced from the
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Fre. 20.—Measured L/D ratio for C.30 autogiro rotor compared with other rotors.

nodel tests and an allowance being made here for the drag of the airscrew. It will
>e seen that altheugh the points derived from the performance tests agree at top
ipeed with those calculated for 5 = 0-013, the glides determine the rather lower
ralue of 7-5 for 1./, Experimental results for an American rotor® and & 6-ft.
nodel rotor,® when corrected by the method of R. & M. 11545 to the same solidity
15 the C.30, also gave a figure of this order (sae Fig. 20), which would however be
tigher for the larger blade angle approprlate to the C.30 blades.

31
The dependence of the rotor L/D upen the solidity and blade angle, and the
actual improvement that has taken place in this respect since the early days of the
autogiro, are of considerable interest. In Fig. 21 the results of these calculations
with typical values of these parameters are shown, in every case a value of 0-014
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F1e. 21 —L/D for autogiro rotors {calenlated)—eiffect of solidity and blade angle changes.

being assumed for the profile drag coefficient 8. (It may be remarked that

" recaleulation at § = (-012 in general showed an increase of about 8 per cent. in

L/D at the same value of p.) The lowest curve is for a rotor with solidity four times
that of the C.30 and blade angle about a third {of the untwisted value), and
cotresponds closely to the Cierva C.6 which was fiown in 1925-6. The uppermost
curve is that of the C.30 if no allewance is made for twist, which in practice reduces
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the ratio to the chain dotted line. Maximum L/D was not reached in fight in

either case, but it will be observed that the value at top speed (87 m.p.h., = 0-39
for the C.6; 94 m.p.h., p = 0-31 for the C.80) has been increased from 5-6 to 9-0.
. As may be seen from the intermediate curves of which each corresponds to change

* of only one of gand ), the improvement at these speeds may be attributed equally
tothe two factors. Tn actual fact the advantage is not quite as marked as the above,
since blade twist on the C.30, equivalent to a reduction in the mean blade angle,
and an increase in blade thickness ratio from 12 per cent. in the C.6 to 17 per cent.
on the C.30, which may give 2 decrease of 0-001 in the & that should be assumed
for the C.6, alter the tespective figures for L/D to 5-9 and 8-8.

PART 11
General blade motion in ghiding flight

7. Imtroductory—4A theory of the twist of an autogire blade in flight, and its
effect on the rotor characteristics has been developed by Beavan and LockX
This work has now been extended to cover the bending motion. Measurements

have alsc been made in flight of the general blade motion, using a ciné camera
mounted on the rotor head.

A short resumé of the results of the blade twist investigation, an account of the

work on the blade bending, and the results of the measurements of the Dhlade
motion are contained in this part of the report.

8. The sffect of blade fwist on the characteristics of the autogivo—In R. & M., 17272
Beavan and Lock have analysed the blade motion and force characteristics of the
C.30 autogire rotor, taking into account the torsional flexdbility of the blades.
The analysis has been made over a range of speeds from zero to 130 m.p.h., using

the physical constants of the blades, and assumed mean profile drag coefficients
of 0-014 and 0-012.

The calculations show that the blade should twist to the extent of several
.degrees, in the sense that the mean pitch angle (at any radius) round the circle is

decreased, and that superimpeosed on this there is a pemochc variation. Both
effects increase with the forward speed.

The most striking effects of twist are found in.the rotor force characteristics
(Fig. 22). Inthis figure, the rotor thrust bas been deduced using measurernents of
rotor speed in the flight experiments (see Part I}. Apart from the lower end of the
speed range, where the rotor angular velocity upon which the caiculations are based
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bas had to he somewhat doubtfully extrapolated from the experimental curves,
the twist results show a fairly constant thrust. Except at very steep angles of
glide, the thrust should be approximately equal to the weight of the aircraft, and
if the corrections of Appendix IIY for tip loss, etc., are made, fair agreement is
obtained. -

The changes in the rotor force characteristics due to the inclusion of twist, in
particular the longitudinal force H, profoundly modify the pitching moment
relationships, and also the control column position for equilibrinm. It is known
that the C.30 autogiro exhibits a curious reversal effect on the control column
~pesition-to-trim—To-maintain—steady fight- at- both-high—and-low-speeds—the—
colurnr has to be held further back (rotor tilted in the sense of greater incidence)
than for the intermediate speeds (sez the experimental points in Fig. 28), This
may be considered to imply the existence of some form of instabifity, for since a
backward movement of the control column always produces a nose up pitching
moment, it follows that if the aircraft is flying in equilibrium at a fairly high speed
and the speed then increases with the control column held fixed, a nose down
pitching moment is produced which will tend to increase the speed still further,
The phenomencn is qualitatively predicted on.the twist theory, as is shown by
Fig. 23, in which the angle x between the rotor axis and the perpendicular to the
body datum is plotted against w. The remaining discrepancy thers shown between
the theoretical value and the approximate curve obtained in gliding tests is not
considered serious, in view of the critical dependence of y on the exact fore and aft
position of the cenire of gravity of the whole aircraft, and on the aerodymamic

charactefistics and downwash on the tail pldne. '
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FiG. 23—Control column—positien for trim.

It is obvious that measurements of the blade twist and motion are of great interest
as confirmation of the correctness of the assumptions made in this work. Com-
parisons made later in this part show agreement which is reasonably close, bearing
in mind the difficulties of such measurements.
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9. Caleulation of blade bending. 9.1, Intvoduction.—In certain flights of autogiros
of the .30 type, a mechanical faflure has developed in the rotor, usually occurring
as a fracture in the spar or its associated members, at the root of the blade.
Although it was thought improbable that the bending stresses on the blade-in
flight would be large enough to account for this, and some photographic evidencel#
seermed to support this conclusion, it was considered desirable to atfempt some
theoretical and practical approach to the problem of the magnitude of the bending
under the ordinary conditions of steady flight.. On the theoretical side the more
detailed knowledge provided by recent mathematical work on the aircraft fs useful
in giving a firmer basis for the calculations. In the following treatment, in connec-
tion with which acknowledgments are due to Mr, Pugsley of the R.AE. for seme
valuable advice, the theory and results of R. & M. 17279 are assumed throughout,
and the notation of that report is adhered to.

9.2. General—It is assumed initially, and verified subsequently by the numerical
results, that whatever bending takes place is insufficient to affect the calculated
values of the aerodynamic forces at any point of the blade to an appreciable extent.
Also that the distance » from the hinge to an element of the blade, which is further
considered uniform along its length, is unchanged to the first order of the bending.

It is convenient to discuss the bending as a departure of the blade from the
mstantaneous position it would have if it were infinitely stiff. For steady flight,
as is here assumed, this latter is completely defined by {, the angle of rotation of
the blade from its backward position, and B, the angle between the blade and the
plane perpendicular to the rotor axis. But when the blade is bending it is
necessary to define for each point of the blade an angle ' between the radius to
the peint and the aforesaid plane (see Fig, 24).

Fi. 24 —Forces on an element of blade in the plane through the rotor axdis.
{HBBZT . ce
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f then the upward deflection of the point # is v and the tangent to the blade (along

s length) iz at an angle 4 to the plane of rotation,
[B=8+yr . . .. .. . e (1)
o =p+dvidr .. .. O 4}
2 the first order.

9.21. Forces on an element (Fig. 24).—The external forces on an element ar are
hree, as fat as concerns bending in the plane of the rotor axis. There is the Lft
peW2C, dr acting perpendicularly {o the datum “infinitely stiff ¥ blade, the

reight gy Todtire—tentrifugal —force—mr Q2r—cos—Ptacting—perpendicnlasly to—

he rotor -axis.

Internal forces are S’ and S’ + 45’ the shear at the ends of the element, M’ and
I’ 4- dM’ the bending moment, and P’ and P* 4 4P’ the longitudinal tension along
he blade. These latter give a component P'd¢ perpendicular to the element.

Hence the equations of motion of the element perpendicular and parallel to itseli
re:—
mdr oy =3 pcWEC.dr cos (¢ — ,B’j — my L2y cos § sin ¢ — mgdyr cos ¢
+d% + P'dd .. .. .. (3
0 ==my Py cos (' cos § — mgdr sin ¢ + dP’ o . {4)
We have also, for the  infinitely stiff * datum : :

wdrs B = 3 p6WiCody — iy O3y cos fsin B — mgdr cos B+ dS  (5)

Subtracting (5) from. (8),
mdw(ﬁ’# 8 =1 pCWQCd‘J’jCGS((I)—B')*l}
~— 2 %y (cos B sin ¢ — cos Bsin B)
— ngdy (cos & —cos f) + 45" —dS + Pldp . .. (6)
Neglecting second order terms of the small angles £, §" and ¢, and the g'rav1ty
erm g, in {4) and (6],

0 = mwrQldr + 4P .. . . .. . {7)
| mdry (§ — 8) = — mr Q% (o — B +dS’—:ZST Pd b ®
Hence, remembering that P; is zero at the free end R of the blade : —
P ={mQ? (R — %) .. . i .. 9
And, from (1) and (2} in con}'unction with (8) :

dZ
mij = — mr QP +d§, ds+1mm( R:— ) =2 (10)

i
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9.22. Differential equation of bending.—By considering the rotational equilibrinm
of the element one may obtain in the normal way —

Hence, substituting and re-arranging :—

ay 2 (2 s
ET4Y — 302 (R

&> a .

o &Y s @Y N

?)W = g €Y o + i 5 oo (1
Putting x =#/R and K =R Q?/2E] this differential equation for bendmg

becomes finally
daty

%o )ciy_‘_ ,,deerﬂxazy R* dS T

@ - Ea

9.23. The applied forces—The term on the right hand side of equation (12} is a
blade loading which may be obtained from data, such as in R, & M. 172712 of the
flapping and twisting of the blades. It may be evaluated as follows (for the case
of an assumed mean angle of pitch along the blade, asin R. & M. 1727} :

From the values of &, &y, @y, &5, 9,°, 0, for a given value of p and £ work out as
functions of x and { only {otherwise numerical) :
B =06"— 9sin ¢
Ux =xRQ + RO sin §
Uy = RQ— xR (g sin ¢ — b, cos ¢) — pRQaq cos ¢
+ uROa; cos® 4 wROb; sin Jeos .
Thus obtain as a function of x and ¢ -

%% =cpa (UxUy + BUY — mR D%x — mg
which is effectively a reduced form of equation (5) of R. & M. 11274

Reduce the terms sin® ¢, sin®{, sin 4 cos {1, cos® ... . to the first power forms
sin ¢, sin 24, sin3 ... . cos ¢, cos2 ¢, ... andin accordance with the general
principle of R. & M. 1727 neglect all but those in sin ¢ and cos .

Hence obtain the load grading in the form
. ,
— B —(aat + bt a) + g b+ o) sia g
: + {ag® + bgx - ) cos & L . L (18)

A valuable check on this arithmetical work is afforded by the fact that the moment
of this lpading about the hinge should be zero for all values of 4. This requires

J‘l (x4 b 4 o) doe = J % (A% - Bym + G} dx =

0

T

Jox (@y2® + bz + ¢ dxe =0, or%al—kéb] -l——%cl =0, etc,
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farther calculations were made to this order of accuracy. Curves showing the
rapidity of the approximations in this and other problems may be found in R, & M:

179925

It should be noted that such a five point collocation sclution merely

includes powers of x up to x%, the first few of these being little different from those
in the complete exact infinite series (cf, Table 7).

TABLE 7

Solutions of jix{ — 45 (1 — #Y) %{ + 98x ;‘% — 30722 — 2155 — 1017

By Collocarion.
A

p \ Exact.
3-point. 4-point. 5-point.
y= —-0-1503x —0-206lx —0-2307x — 02290
+0-99304% +0:6051x% 4-0-G9994° +0-6GBEZa?
—0- 424042  —0-4236x* —0-42365% — {04236
-~{3-3854x% 4-0-70194° —0-1279x5 +0-076748
+0-2978x%  —0-9117%°% --0-6273x¢ 016094t
-H0-35155°  —0-72038%. —0- 890957
4027244 088755
. —{}-3033x"
+0- 145510
+G-0603:1
—0- 0812412
-0 0780422
—0-0491x14
-0 018241%
+0-000741°
—{- 008927
+0- 0070518
—0- 003817
—+0-0008x20
+0- 00055
. -
[ xy dx 0-0512 0-0071 —0-0012 —0-0000°
‘o
Valueofyatx = 0 .. . 0 4] 0 0
I —06-0241 —-0431 —0-0485 —0- 04562
+ .. 0:0140 —0-0434 -0-0331 —0-0523
I 0-1210 0-0175 —0-000G -+0-0017
1 .. 0-2611 01171 0-0881 0-0928

9.4. Bending of votor blades —A few typical cases have been worked cut, nantely
. =20,0-2 and 0-3. The data, derived from R. & M. 17279, and the solutions,
gvaluated at varicus points of the range are listed in Table 8. Fig. 25 shows the
results plotted as biade deflection from the “ infinitely stiff ¥ datum, and in Fig. 26
the various components ¥, ¥, and v, are shown separately, all being here reduced
te a basis given by the line joining the root to the tip,

41

TABLE 8
Values of v at points along the blade

Y=y + vy sin |- v;cos §; where 3, vy, ¥4 satisly the differential equations (14),

(15) and (16) for the following values of the coefficients:

H K ay by £y &y by Gy g by [
0 49-1| 307 | —215-0 |—10-17 0 0 o 0 1}
e e 0.2 52-1| 306 | —226-3 |— 2-11 |—177-5 | 122-1| 7-35| 125-2 |— 95-0| 0-73
0-3 61-¢ ] 324 | —251-0 5-83 |—272-0 | 194-0| 6-G7 | 183-0 |—142-5| 350
=0 w=02 #=10-3
e N2 Y2 Y3 X Yo Y
[P
¥=0 . 0 . 0 o 0 0 0 0
i —0-0485 | —0-0420 | —0-0080 | 0-0031 | —0-0355 | —0-0074 | 0-003G
¥ —0-0561 | —0-0490 | —0-0133 | 0-0071 | —0-0416 | —0-0166 | 0-0084
L —0-0531 | —0-0467 | —0-0402 | 0-0225 | —0-0404 | —0G-0505 | 0-0283
2 —0-0007 ¢.0003 | —0-1118 00654 —0:0003 | —0-1428 0-0792
1 (-0881 0-0783 | —0-2076 | 0-1235 00701 | —0-2682 | 0-1524

It appears that the flexure of the blade nowhere amounts to more than about
21in., which on a length of 18- 3 ft. means that the bending stresses are negligible.

T

Since the curves of deflection in Fig. 26 are nearly symmetrical it seems that the
larger bending moments one might expect on the inner parts of the blades towards
the hinges are nullified by the extra stiffness due to the greater centrifugal tension
there. .

As muight be expected the periodic component of bending increases with speed,
though not uniformly. The permanent deflection however decreases,



To

00 0n T

/‘u B3
Y, g Sin e gfs sen )

mansured from the Lite joimimg be Reot to the Tip.

B

2o

prs

G5

wfaTf2)

Comporurts of the DeFldction yi

Y Y eip
1:-»7*-'4:&:,,

Yir =Yutip

%

Fre. 26.—Bending of autogiro blades.

5y

T E—
-0

Ft,
ong

|

-

T

o 270°

om0t —]

¢-0
—

#a00t

i = 120"

paoe®

[

|1

B3

L1

L2
afe fR)
16, 25.—Bending of Autogiro blades.

a

0-2

e
Defleckion ¥ (=Y, +3; 3in @y, cos¥), o ’I
T

fe=

=~

oz

o
o
03|
-0
ol
o2l

Lm0

43

10. Measurement of blade motion in steady fight. 10.11. Description of camera
installation.—A ciné camera, taking 30-40 pictures a second on 9-5 mm. film,
was mounted above the rotor-head, and rotated with it. The camera was adjusted

- to point along a blade, and was pitched up about 1-5° from the plane perpendicular
to the rotor axis (Fig. 27). The camera was started and stopped by an armature
and solenoid, energised with current picked up by two slip-rings on the rotor head,
from brushes fixed to the pylon. A third slip-ring, cnly half of which was con-
ducting, operated an indicating mechanism defining the position of the blade in

Lige o S
OF CAMERA.

FricTION
DAMPER.

Fic, 27.—Arrangement of camera and plates on blade.

azituuth,  This consisted of a small pointer which had two positions in the frame
of the picture. 'When the conducting half of the slip-ring was in contact with the
brush on the pylon, the pointer took up one position, and dropped back to the other
‘position when the non-conducting half of the slip-ring was in contact with the
brush. The only information cbtained directly from this indicator was, therefore,
whether the blade was on the port or the starboard side. :

To record the position of the blade, small plates of dural & In. x & in. were
fixed to the Dlade which was to be photographed. The position of these plates is
shown in TFig. 27. The three blades were re-balanced after the plates had been

- mounted.

10,12, Meihod of tesi.—Before-each flight a sight, fitted to the rotor head, was
photographed to check the setting of the camera.

Steady gﬁdes were made at seven different speeds, and instrument readings taken
as in the normal glide tests. These readings defined the working condition of the
rotor., The camera was switched on for about 10 seconds half way through the glide.
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The film was projected, giving an image of about 6 in. X 9in. Enlargements of
wtual pictures are given in Figs. 28 (4) and (B), showing the position and the
ippearance of the blade at two azimuth angles. The positions of the plates relative
.0 the mask of the picture were measured ; from the photographs of the sight taken
sefore the flight, the positions of the points were obtained relative to the trace on the
sicture of the plane perpendicular to the rotor axis. Points along the spar-line
f the blade gave flapping, coning and bending, the displacement between points
m the trailing edge and corresponding points on the spar-line gave the blade
necidence which provided a measure of the twist at the section. The measured
Iistance apait of corresponding poiils gave the canEra mmgnificatiom — ——-- -

About sixty pictures were measured corresponding to about five revolutions of
‘he rotor head. By assuming constant camera speed, it was possible to calculate
‘be azimuth angle of any frame. The positions of the plates, and the blade angles
were plotted against azimuth angle, on a base of 0° to 360°, the results from
jifferent revolutions being superimposed.. Figs. 29 (4} and (§) give examples of
:he points obtained for motion of the blade perpendicular to, and in, the plane of
‘otation.
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F16. 29a.—Measured distances on prejected image against azimuth angle, Motion perpendicular
to plane of rotation. .
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Fig. 295, —Measured distances on projected image against azimuth angle.  Motion in plane of rofation.
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_F16. 28 (). —Enlargement of specimen picture.
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Frc. 28 (b).—Enlargement of specimen picture.
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w = 260°

E. & M. 1859
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Mean curves drawn through the peints were then analysed by Runge’s method®
to give Fourier coefficients, An example is given in Fig. 30 which compares the
carves obtained for blade incidence 2t 90 m.p.h., by taking in succession the censtant
term, constant term and first harmonic, and finally constant term, first harmenic
and second harmonic, with the measured blade incidences at various azimuth
positions.
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F1a. 30.—Comparison of measured blade angles 6° with Fourier series representing them.
Tip section, V; = 90 m.p.h. u = 0-313.

10.18. Aecuracy.—There were two serious disadvantages in the method used.
The first was that no positive external datum from which to measure the plate-
positions had been included in the picture. This was overcome by using the mask
line of the picture as 2 reference, and comparing this with the measured height of
the sight photographed on the ground.

The second disadvantage was that no definite indicatior of azimuth angle was
given, and due to the varying speed of the camera, the azimuth angle may be in
error by 4-10°. It was therefore decided to plot magnitudes and phase angles
instead of the usual coefficients of the Fourier series.

The position of the plates conld be read fo an accuracy corresponding to zbout
0-058° in angular movement, and about 0-02 ft. at the blade tip. Jump of the
mask in the camerza or of the camera in its supports could cértainly cause apparent
movements of the blade exceeding this,

Bending deflections were measured by comparing the relative motion of two
points on the blade. Movement of the mask in the camera would not affect this
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and the probabie error is --0-05 £, at the tip, or £+0-025 {t. at the mid-section.
A consistent error in the permanent bending deflection may occar, as this involves
the height of the camera above the blade, which conld not be measured accurately.

The relative deflection of the points on the sparline and the trailing edge counld
be measured to an accuracy equivalent to 4+1-5° at the tip. The accuracy

of the mean curve, and of the coefficients will be higher, and possibly the valne of

the coefficients will be within 40-5°.

_10.2. Resulfs. 10.91.General defmitions—Fig- 81-gives—the conventions of
measurement of the varions quantities referred to in this section. The actual
results have been cast into the following form for the reasons given above.

(aY Coning and flapping motion perpendicular to the plane of the disc : the angle

@ which the line juining tip and roet of the blade makes with the plane perpendicular
to the rotor axis (Fig. 31a), is given by

£ == Ay + Aysin (b + o) + Ag sin 24+ &) + A, sin (3Y+ gy

(8} Motion in the plane of the disc : the angle {® which the projection of the line
oining tip and root of the blade in the plane perpendicular to the rotor axis makes
vith the mean position of this projection {Fig. 318) is given by

L =y sin (¢4 &) +

{c) Pitch angle of the blade : the angle §° which the chord line of a section makes
7ith the plane perpendicular to the rotor axis (Fig. 30 and which therefore measures
he twist is given by :

g sin (24 + 8y

8° = 0, + Oy sin (§+ o) + O sin (¢ + o)

All the above coefficients are given in degrees.

{#) Bending of Blades : the deflection y of a pomt on the blade distance » from
1e root, above the line joining tip and root of the blade (Fig. 81 a) is given by

3 =¥y -+ Yysin (¢ + <)
¥

Yy, ¥y are given ia ft., and are functions of the quantity » =

5

*# In terms of the usual Fourier coeffcients,

= aE RO A= RP B Ay = A b

By ==y,

a a, a
— fgp 1l ob o —1 % = fan~t 2
wy fan 5 wy, == tamn B we = lan 7

3
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ASTUAL PosiTioN
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DIRECTION ©F
ROYATION,
Fig: 31 b

COMVENTION FOR MEASUREMENT OF THE MOTION N THE PLANE
of THE Disc 1

Fic. B1.—General conventions of measurement.
The measured coefficients are cormpared helow with those based on calculations.

The mechanical constants of the blade have been measured and the results sum-
marised in Table 9.

~ TABLE 9
Characteristics of rotor blade which was wsed for measurement of blade fwist and bendmg
Cherd, € .. . . .. .- .. .. . 0;7 i
Tip radius, R .. . . . RN .. 1851t
Mass of Blade/unit Iength " P . 00615 slug/it, run, .
Distanée of C.G. behind spar axis, & .. .. .. - 0-06 ft.
Geometrical pitch at root, 6n .- (-0465 radians.
Pitching moment coefficient about the spar axis, (x.. .. —0-052,
Torsional stiffness (NJ) . 19,900 1b. . fradian/ft. run of blade.

Bending stifiness (EI) 27,900 1b. ft.2

10.22. Coming and flapping motion.—Fig. 32 shows the magnitude of the coning
and flapping motion at the tip, and Fig. 33 the phase angles, plotted against the
tip speed ratio w. Theoretical curves,” inclading and neglecting the effect of twist,
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are also given for the constant term and the first harmonic., Good general agreement
is found with the theoretical curves (including effect of twist} for the magnitude
of the coning motion {A;) and the phase angle of the flapping motion ({y). The
magnitude of the first harmonic of blade motion A, is rather higher than the
theoretical magnitude, including blade twist, but not so high as the theoretical
curve, neglecting blade twist. The general form of the measurad curve agrees
with that of the theoretical curve, including blade twist, and shows the reduction
of the magnitude of flapping motion beyond a value of p = ¢-30.

10.28. Motion in the plane of the disc.—Fig. 34 shows the variation with tip speed
ratio of the magnitudes and phase angles of the first and second Larmonics of blade
motion in the plane of the disc. A comparison has been made of the first harmonic
with that calculated vsing considerations of angular momenturm alone’” It appears
that this method gives a sufficiently close approximation to the actual motion.
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F1e. 34.—Coefficients and phase angles of Fourier series
representing blade motion in plane of dise,

10.24. Biade #wist—Fig. 35 shows the magnitude of. the cosfficients and the
phase angles defining the blade pitch angle at the tip, plotted against tip speed
ratio p. Excellent agreement with theory™ is generally cbtained.
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10.25. Blade bending.—In Iig. 36 are given the coefficients defining the measured
deflection perpendicular to the blade at various stations along it, plotted against
tip speed ratic p.  TFaired curves bave been drawn through the points, and Fig. 37
is the resuit of cross-plotting from these curves at tip speads of . =0-2 and 0-3,
tor comparison with theory (§9.4).

The permanent deflection curve is found fo be asymmetrical, having a maximum
for p =03 of —0-07 fi. 2t 0-30R ifrom the rotor axis ; the theoretical maximum
for this value of wis —0-075 ft. at 0-50R. The periodic defiection curve bas a
measured maximum of 0-09 ft. at 0-3K, and a calculated maximum of 0095 1t
at 0-5R, Tor & p of 08 Calculated-and-measured-eur ves-agree-in- that-the per-
manent bending deflection decreases with increase of tip speed ratic, while the
periodic bending deflection increases.

The average value of the phase angle = for all values of p and x is —28°. The
maximum deflection of the blade round the disc occurs at an azimuth angle of 298°,
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Periooic BENDING DEFLECTION
F1c. 38—Comparison of theorstical bending curves with cbserved points,
with limits of error of observation shown.

Some photographs showing blade bending had been obtained previously using a
ciné-camera external to the autogirot, One of these photographs was measured
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to give the deflection along the blade ; in this photograph the azimuth angle was
30°, so that using a phase angle of ——28° for the periodic bending deflection, the
deflection curve corresponds approximately to the permanent bending deﬂeétion
curve alone. The resulting curve is plotted in Fig, 87 for comparison with the
present results, and agrees ciosely with the theoretical curves. In wview of this
the lack of agreement between the measured permanent deflection obtained in thc;
1ate1'l measurelnents, and the theoretical permanent defiection, may be due to a
consistent error in the measured values. Such an error, as discussed in §10.13,

could arise in the permanent bending deflection, thengh i iodi i
G o , gh not in the periedic bending

In.Fi_g. 48 curves of bending deflection against blade length are replotted, and
the.hrmts of error shown. It will be seen that the calculated curves le within the
region defined by the amount of possible error.

Measurements were also made of the bend; i ‘
: ending of the blade in the pi ¥
It was found to be negligibly small, | e? e olrotation
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11. APPENDIX 1

Pilot’s notes ow flying the divect control autogivo

11.1. Foreword.—When the vast majority of a pilot’s flying is done in 2eroplanes and but a small
fraction in direct control autogires it is hard te vefrain from drawing a comparisen between the two
in which an allowance is made for their rather different flying chavacteristics, This is unfair to both
the aeroplane and the antogiro and an attempt will be made, so far as Is possible, to aveid comparison
with the aeroplane and to confine remarks to considerations of the direct control as a means of
manceuvring the autogiro,

—11.2._Reactons of asroplane pilot—AL the outset, however, it is necessary to refer to the zevoplane
to explain the reactions of an aeroplane pilot flying an autogivo for the fivst time.  Some pilots have
an instinctive desire to move the control columm in the wrong directicn at first.  This s because,
though the hand moves in the same way as in an acroplane, the control column tilts in the opposite
direction. This desire is scon overcome. '

Just before take-off and during the last stages of landing the feet have to be kept on the tail wheel
steering bar (te keep the avtogire straight during the take-off run and after laucling), which leads
to an overwhelming desire fo steer by the feet instead of by the hand con the control colwmn.  This
is a desire which persists, when checking drift during a landing, even after some fifty hours’ flying on
the autogiro.

Itis only natural therefore that the rudder is missed. When well in the air the feot may be removed
Irom the tail wheel steering bar and the desire to move the legs in sympathy with the control column
is greatly reduced. - -

11.3. Convol within movntdl speed range.—The normal speed range is the range within which the
fiying characteristics do not greatly differ from those of the aeroplane, and within this range the
autogire is very simple to handle. There is a good deal of lag in the fore and aft contrel, though
practically none in the lateral control. The control is rather heavy, especially il turns.  Tums up to
about 45 degrees ¢f bank are possible, but if the bank is increased beyond this, the nose drops and a
spiral comuences in which the speed increases rapidly, making it necessary to reduce the angle of
bank before the safe limit is passed. No other manceuvres can be performed within this speed range.

Owing, presumably, to gyroscopic action, en pulling back the control eclumn, the autogiro tends to
swing to the right as the nose rises, and on pushing forward the column the ajrcralt tends to swing to
the left as the nose falls. In both cases the rate ot swing is roughly proportional to the rate of rise or
fall of the nose. If the throtile is suddenly closed the autogire tends to swing to the left, and on
rapidly opening the throtile, to the right.

In level flight the fore and aft bias, which is very effective, can be set so that only small forces are
required on the stick to keep longitudinal trim.

There is a side force on the control column which varies with speed, and this can be neutralised by
adjustment of the lateral bias control. When trimmed laterally, for speeds below aboeut 40 m.p.b.
{A.8.X) the autogiro tends to swing to the leit on releasing the centrol, and for speeds above this it
tends to swing to the right. This eccurs with engine on or off.

Bven in still air the autogiro cannot be flown hands off for any length of time, and in average burmps
it is definitely unstable. Fortunately its departures from a given attitude occur slowly, and the
necessary adjustment of the control column can be made in a very leisurely faghion. Bumps of average
magnitude make the autogiro wallow and swing in a pendulum-like manner about the roter head,
but ne sharp accelerations are transmitted to the fuselage, and no undue jerking is felt on the control
colmmm.
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114, Flight above and below normal speed range —Ontside the normal speed range the autogire is
not 80 easy to handle us might at first be expected. The characteristics will be discussed under the
following sub-headings.

{a) High speed.—Up to about-115 m.p.h. the nose has to be forced down, but beyond this speed the
altogiro becornes nose heavy. As the speed incresses the nose heaviness increases, and the height
lost in regaining level fight becomes unduly large. This is due rather to the extremely sluggish
response to control movement than to the force required to mowe the contral. It seems, and this is
well supported by evidence, that beyond a certain speed it becomes very difficult, if not impossible,
to recover from a dive.  The specified maximum permissible speed must, theréfore, not be exceeded.

(B) Slow flying —Slow flying close to the ground, besides being a matier of practice, requires an
understanding of the limitations imposed by the following four facts :—

(1} For 2 given throttle setting, the increase in the rate of climb for an increase in speed above
minimumn level speed Is small, and less than the increase in the rate ol descent for the same
decrease in the speed below minimnm level speed.

{ii) There is a large time lag in the fore and aft control,

(i) The control colurnn cannot be pushed forward toe guickly to increase speed or the autogiro
will sinl bodily on to the ground before it has had time to change its attitude (i.e. get nose
down a bit) and increase speed.

(iv) The lag in the lateral control is small but a fairly large angle of bank and a certain amount
of sideslip have to be reached. before the aircraft begins to turn.

The cumulative efiect of (i), (ii) and (iii}; in straight flight is that the fore and aft control cannot
bring about the necessary adjustments in attitude and speed quickly enough to compensate for bumps.
Thus to maintain level fight, adjustments of throttle setting have to be combined with control move-
ments.  As the mean throttle setting more nearly approaches full throttle, se must the height above
the ground be increased if the possibility of an involuntary landing is to be eliminated, since even in
absolutely smopth air, it is impossible to increase speed and commence to climb from full throttle
minimourn level speed without a small initial loss of height. The safe height for slow fying at full
throttle naturally varies with the air conditions. In smooth air over level ground, 5 ft. is probably
safe, while in bumps 15 to 20 ft. is more like the figure.

If it is necessary to turn during slow flight near the ground, the effect of (iv) in combination with
(1}, (ii} and {iif) as to be considered. A twrn cannot be made without sideslip, which means losing a
certain amount of height unless the throttle opening can be increased or a Little forward speed gained.
Thus, provided. there is sufficient throttle opening in hand, slow turns can be made a few feet from the
ground, but as the mean throttle opening becoraes larger the height must be increased. If flying as
slowly as possible at full throttle, it is impossible to turn witheut Josing height.

(6) Steep descent—Provided the aivspeed is not excessively low, steep descent, with or without
engine, presents no peculiar difficulty. Changes in throttle setting or alterations in pitch produce a
slight yaw, When the forward speed falls to a certain limit (dependent on the load) the lateral control
ceases to be effective, and the autogiro swings quickly to the right through about 180° and drops its
nose. To regain control the column has to be eased forward. If it is held back, the nose rises again,
speed is lost, and the swing is repeated. If this is dene at full throttle the nose will be up at a steep
angle and the manceuvre then becomes practically a stalled turn. At very low speeds the autogire
becomes tail heavy. With the engine on, the tail heaviness is likely to overpower the control, and
unless the throttle is closed, full forward movement of the controel column will not prevent the noge
rising until lateral control disappears and an mmpleasant stalled turn to the right occurs.
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{d) " Vertical ” descemt,—Tf the control column is nsed vigorously in the following manner, neady -
vertical descents with engine off appear possible. The speed js gradunally reduced and the AS.I
watched. As the speed at which the swing to the right cceurs is approached, the column will have
to be moved more and more to the left to keep the autogiro straight. The latter will become increasingly
tail heavy. Finally the limit of lateral control colurn movement is reached and the autegire will
begin to swing to the right. Immediately this happens the column. should be pushed hard up against
the instrument board, still keeping it {ully to the left. The A.S.I. reading should be noted. If the
column has been pushed forward in time the autogiro will not swing far. Shortly after the swing ceases
the A.5.1. needle will start to creep up the scale. This must be instantly checked by prlling the
column hard back and to the right te check the tendency fo swing left consequent on the bacloward
movement of the column. The AS.T. needle will then crecp down towards the critical speed, and the

cycle of operations must be repeated. Witk practice it is possible to anticipate the movements 6f the
autogiro with sufficient aceuracy to keep the A.S.I. needle close to the critical speed. By this method
angles of descent approaching the vertical are attainable, though the direction of the autogiro is not
constant. It appears that if the A.S.I. needle is held 1 m.p.h. above the critical speed and never
allowed to go below it the direction can be leept constant, though with some loss in steepness of descent.

115. The take-off —The take-off is accomplished in three stages :—
{a) Starting the rotor with the autogiro stationary.
{8) Accelerating the whole aircraft with the rotor disc at rpinimum incidence (stick forward),

{¢) Establishing autorotation by increasing disc incidence, and thus accelerating blades to the
speed of rotation necessary to LIt autogiro off ground.

During stage (4) the wheel brakes are on, and the engine is used to accelerate the rotor. At the
end of stage (a} the wheel brakes and the rotor clutch are released simultaneously by the operation
of one lever. Stage (b) then begins. The rotor decelerates during this stage, since there is insufficient
air flow through the disc to maintain antorotation. The necessary flow is builf up by allowing the
whole aircraft to accelerate. To obtain the best acceleration the centrol column is held forward to
keep the rotor drag at its lowest possible amount. Having, at the end of stage {5}, attained sufficient
air speed to establish autorctation, stage (c) is entered by pulling the contrel column slowly, but
firmly, back toits full extent. During stage {¢) autorntation sets in and the rotor accelerates. When the
rotor reveolutions reach 2 certain value (a function of the Joading) the autogire lifts off the ground.

It' will be obvious from the foregoing that the lemgth of the ground run, and the time cccupied in
getting off depend en the wind speed, thie rotor revolutions at the end of stage (@), and the load.

}1.6. Lt}ﬂdiﬁg.—LandJ'ﬂg from steep descent with the engine on is.merely a special case of slow
flying, which has been dealt with in paragraph 4 (8). (See also note on checking of drift, below.)

Landing with the engine off necessitates two things :—
() Having a minimum gliding speed of 40 m.ph. just before. flattening out.
(8) Having ne drift when touching down.

As far as (a) is concerned, the method of approach is of no consequence so long as the final condition
is satisfied. With regard to (8), for obvious reasons only the smallest amount of drift is permissible on
touching down. The Limits In this connection afe so fine that it is not pessible to tell until quite near
fche ground whether t}_ae drift has been reduced to o safe amount. If not, due to the sluggishness of
the control, there is then hardly fime to bank the autogire sufficiently to make the correction and level
up again before touching down. If the first attempt to correct drift has been unsuccessful, it becomes
necessary to keep the autogire in the air by wsing the engine until the drift is smali enough' to allow
a safe touch down. The result is that the final landing s probably made a good many yards from
the spot first chosen. On days when there is a light wind varying in direction from peint to point
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on the aerodrome, or a gusty wind, this inability to correct for drift at the last moment (or to steer
round an obstacle when slow flying) is a serious disadvantage of a control which, within the normal
speed range, is extremely simple and almest foolproof,

11.7. View dowswards and ahend.—A bad point in design, which has its effect in slow flying and
steep descent, is the sbape of the fuselage. In plan view the sids of the fusclage extends too far beyond
the edge of the entrance to the cockpit. This obstructs the view downwards at ‘all times, and zhead
when the nose is high (as in slow flying). There are several methods of remedying this, of which a
wide sliding peael in the side of the fusclage is probably the best, since it has the added advantage
of making an emergency exit from the coclipit easier.

11.8. Lateral bias conirol.—The lateral bias could be improved by operating it by the single stroke
of a lever (as for the fore and aft bias). Even if the present from of operation is retained, it should have
an indicator showing the position of the control.

11.9. The conirol colisnn.—If it became necessary to make a parachute descent from a direct control
autogiro, the present form of hanging control column would greatly hinder the pilot from getting cat
of the cockpit. If the rotor were damaged, the hanging coluwrnm would probably thrash about the
coclepit in so violent a fashion as to make exit without injury impossible. The possibility of breaking
the hanging column near the rotor head and allowing it to hinge in the fore and eft direction, and
arranging some form of bolt to restrain hinge movement normally but capable of withdrawal in an
emergency, might be considered. This, coupled with the slidiog panel suggested in §11.7, would
make it much easier to get out of an autogire if forced to do so (naturally this only applies to autogiros
whose occupants wear parachutes).

11,30, Rudder for low spesds.—A possible improvement in the yawing control at low speeds might be
obtained in the following manner. The present adjustable portion of the fin might be increased in
size until it asswmes the propostions of a small rudder. Tt could then be connected so as to operate
Dby the lateral movement of the cortrol column, A lnkage could be incorporated so that by setting a
stoall lever in the cockpit in one position the rudder wouid remain central all the time, and by setting
it in another the rudder would follow the movements of the column. The direct control would then
e unaltered for normal fiying, and have the aid of a rudder for slow fying.

11.1%. Rewnge of fore end aft control —It would be advantageous if some means of increasing the power
of the control to get the autogiro out of a dive could be found. This might be dope by fitting an
elevator and connecting it to the fore and aft biss control. The simplicity of the direct control should
make the autogiro an easy craft to fly in clouds and conditions of bad visibility, but the possibility of
getting into a dangerous dive males blind flying definitely unsafe.

12. APPENDIX 11
Measuyement of pavasitic drag of fuselage

12.1. Tniraduction.—In connection with the analysis of performance, a 1/8th scale model of the
fuselage was tested in the National Physical Laboratory 7-ft. No. 3 tunnel. The drag was measured
later in the Compressed Air Turmel over a range of Reynelds numbers extending from the above
atmospheric tumnel tests to full scale top speed.

At the safne time the opportunity was taken of checking an estimate used in R. & M. 17272 of the
Lift curve of the fail plans in the absence of down wash from the rotor. (It should be remarked that
the tail plane, of symmetrical section, was set at 0° to the body datum. On the full scale aircraft the
tail plane, which has uptumed tips, is cambered; but one half is inverted in order to talke the airscrew
torque, the corresponding mean angle being --2°)
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12.2. Ewperimental detzils—The wmeasurements were mads in the National Physical Labotatory
7-ft: No. 3 tunnel, the model (Fig. 16}, correct way up, being suspended from two roof balances. The
forward (lift) balance was attached directly by wires to the sides of the [fuselage near the position
corresponding to the C.G. in the full scale aircraft, and the spindle of a drag and vertical force balatce
to a sting continuing the tail, From the three readings at each a_ugle and wind speed the Ult, drag
and pitching moment were deduced in the usual way.

With the model complete zs above, measurements were made first at §0 ft./sec. over an incidence
range —4° to --26° and at 0° for a wind speed range 40-90 it. sec. The tail plane was then removed, !
leaving the fuselage sides flush at the tail, and both sets of readings were repeated.  Since a considerable
scale effect was evident, the further measurements when parts of the model were successively removed
ware mostly made for the complete speed range 40-80 ft. fsec. at zero incidence. These further removals
— were (after the tuilplane)—{ljrotor-hub—(%)-engine-and.exheust ring, (8) complete undercarriage,

I
|
{4) windscreens, (5) rotor pylon and tail wheel ; leaving finally the body stripped of all but the tail '
fing and fixed rudder, which were not crmvemently detachable. ’

!

Tables 12 and 13 of results are given at the end of the report, where also they have been reduced to a
cemmon. basis of full scale at 100 ft. fsec.

Fig. 39 and it is at once evident that there is a considerable scale effect on those parts of the drag due
to the undercarriage and to the pylon carrying the roter. This is in accordance with the known
large scale effect ocourring in the case of thick struts?® In extrapolating to the full scale value this
has been taken inte account, and the approximate figure of 80 Ib. at 100 . /sec. is arrived at for the
parasitic drag of the whole sircraft at zero incidence, to whlch the various components contribute as

. ) |
12.3. Seale effect.—The reduced results are plotted for convenience on a doubly logarithmic base in l
i
fullows — '

Undercarriage and its wheels . .. .. o 291
Engine and evhaust Ting .. .. .. . P o {
Pylon 5 . . .. .. 6, i
'Fuselage, Wlth verllcal ﬁ.ns .. .. .. PV ”
Rotor hub - L “a .. .. .. .. 10,
Teil plane . .- B . Lz . 7.
Windecreens - .- T .. . .. .. 44,
. Tail wheel .. o .. .. . .. . 1%,
Total . .. 90lb.
As some sort of check on the undercarriage drag, which is the largest item and also the one to
which the scale effect applies most, & rough estimate was made on the basis of K. & M. 578 of the

drag to be expected at model and full scale, all figures as usual being reduced to full scale at 100 ft. fsec.

¥ model . P
: : at GO f2. fsee. Full scale. |
2 Wheels - .. .- N .. .. . A, .. 6-51b. 5-31b.
Strats. . . . .. .. . N -0, 56 ,,
2 Wheel- .:deBody 10mts .. . R . .. 10:0 ,, 10-0,,
20 per cent. allowance for interference .. ‘. .. . .. .81, 42,
Totals . 36-6 b, 25-11b.

Singe the measurad valﬁe isrby. subtraction 48-5 Ib. at model scale and 80 ft. fsec., we should increase
the fyll scale figure in proportion, and cbtain 32 b, . comparing with the e\'tmpo]ated value of 29 Ib,
of Fig. 38.
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12.4. Incidence~—In Fig. 40 the lift and drag variations w;th incidence are plotted for the two cases
tail plane present and removed,

By subtraction the tail plane characteristios are easily found. Its lift curve has a slope of 0- 0863 1b.
per degree incidence at 60 £t. fsec. and model scale, which gives for the full scale machine 1-53 x V25 Ib.
per radian at 100 ft./sec. This is in good agreement with the value 1-5 for the coefficient assumed in
reference 11 in caleulating the pitching equilibrium of the aircraft.

Tt will be cbserved that a certain amount of negative lift is developed on the body without taif
plane. At full scale this appears to be of the order — 23 1b. at 100 {t./sec., and zero incidence and
does not dissppear till an incidence of 15° is reached. It may be of interest to note thai by setting
the tail plane at 42° as it is in practice on {ull scale, this Jift is just cancelled out,

12.5. Mensurement of drag in the Compressed Air Tumnel—4A recent determination has been made
in the Compressed Adr Tunnel of the drag of the same model, at o number of velocitiss and pressures
corresponding to a range of Reynolds number extending from the above 7-ft. tunnel tests to full scale
top speed.

The measurements made were of drag on the complete. model (without rotor blades) at zeyo =
incidence, which enables an estimate to be made of the scale effect, The results are tabulated in
Table 15 and plotted in Fig. 41, being there reduced to Ib. at full scale and 100 ft.fsec., and compared
with the values found in the atraospherfc tunnel.

Tt will be seen thit a value of 82 Ib., somewhat lower than the previous estimate, is obtained at
the full scale Reynolds number. It may however be permissible to consider the figure of 90 1b. used
in the calcuWlations as iacluding an allowance for imperfections of the surface on the Tnll scale
aireraft, ‘

It is interesting to note that on the log-log basis, the results are grouped along o nearly straight
line, as had been assurned, in the extrapolation from the atmospheric tunmnel results to fall scale.

The authors wish to acknowledge their indebtedness to the staff of the Compressed Alr Tunnel
for making these measurements. i
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13. APPENDIX III

Modifications to voior theory to corvect for vavious approximations

13.1. Tép loss —Owing chiefly to tapering of the section the aerodynamic forces on the blade near
the tip are not such as have been so far assumed (in R. & M. 1127¢ and 17271), i.¢., adsing from 2
uniform blade and with no induced end effects on the flow. An allewance has therefore been made
firstly on the assumnption that the lift coeffictent is constant whatever the chord, while the profile drag
is not reduced by the presence of taper. ‘With the plan form of the C.30 blades this is equivalent
to a complete loss of lift on the tip 0-25 chord of blade. Secondly, for an airscrew of the shape and
dimensiens of the autogiro retor moving axielly with velocity V sin 4, a calculation on the basis of
R. & M. 1674'® determines a reduction of Iift coefficient at the extreme tip equivalent to a loss of lift
on a further 0-065 chord of blade. IHowever except near 4 = 0 the flow is far from axial and this
effect might even be much smaller. Tt has accordingly been neglected in the calculations for u3s 0.

To take account of this loss Wheatley’s method® has been followed, the modified general rotor
equations being derived by integrating along the blade to a point short of the tip, say to a radius BR
where R — BR (= 0-25 chord in our case) is the equivalent length of blade over which complete
loss cceurs.  The integration is however to the tip for terms involving the profile drag (coefficient 4).
“The new equations ase [¢f. {11)-(15) of B. & M. 1727) —

Zero thrust momend
! 1ogs 1o 32, g, 1 2 Lo
-},%+'§.AB+4(B +#B)6n_3M91B 7(:_0

1. 1 1
g wigB® 3 (B¢ B ) =0

1 1 1, 2 1 3 _
5 wiB? — T(B'* - E,u-Bz)al g ulE — (B" + B ) 6, =0,
Zare torque '

B 4 g2, B 4 % A6,/ BF — ; £218,B? + —;— g B2 — % pagh B3
1 3 epeYge Lipe 2 2 _ Ll /g L 2
7 (B g amt) o (3= g o 5 (B4 5B )

§ 4 -
"ﬂ(l +ul) =——q=0.

Thrust
sy limey 8 .1
= ﬁa{—- B (B G B — o B 51} .

As will be seen frem Table 14 summarising the corrections, Hip loss reduces the thrust by 2 faidy
constant ameunt of some 70-80 1b. but has otherwise little effect.. .

'13.2. 0.9R approximation.—A few further values of u were worked out by the method fully deseribed
in Appendix IV of R. & M. 17271 which takes account in the general rotor equations of the variation
of pitch along the blade as well as around the circle.

Here the correction is hardly appreciable, except on t):u:ust at the hlgher values of g, where i is
of the order + 70 I, at top speed,
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13.3. Radial flow.—Up Il now it has been assomed that the only aerodynamic forces acting on a
section of blade are those appropriate to the compoments of relative air velocity in the plane
-perpendicular to the blade axis. Glauert, in an appendix to R. & M. 11112 has discussed on an energy
basis the effect of allowing for the radial component of drag, obtaiming a direct correction on the
lift/drag ratic. A different method has been adopted here in order to derive the separate carrections
on incidence, thrust, lengitudinal force, etc., but the results have been checked against Glanert's
- formula.

To the first order the radial component of velocity is pRR 82 cos p (ﬁo’tation of R, & M.
1727, Appendix I} and the circumferential component #2 + wR2 sin v, at rediuss. Let
7 = tan—?! {peR.Q cos /(¥ 2 4 pR R sin » )} be the angle between the resultant of these and the
perpendicular to the blade,

Then the drag on an element dr of hlade is. o — . ’

%095{(79 + R @sin )t 4 wIREGE cosdy | dr

1 =
= ECQ&QERS (% 4 2x psin p - u®) dx

acting glong the resultant.

Hence the profile drag term in the equation of zero torque (equation (14) of R. & M. 1727) is :—

—4 N 7 1] .
NeoeRiFa X WJ dy [ 5 cod LPRE (42 4 2xp 8in v + 47 cos n rdx
. a S '
—48 a7 1 3
= dwj % {x 4+ psin y) (¥ + Sxpsin y - w3t dx
0 Ul

and in the expression for the longitudinal force {equation (18] of R. & M. 1727 :

1 N 1 X )
NeolB % —27-[ dwj EC@&QﬂRS(xz - 2xp sl ¢ 4+ p®) sin (7 + vidx
0 ] .

1

6 (IR .
= 7 dguj (xsmwp+,u}(x2+2x,usin1,u+#2)§dx.
[ 0

In defanlt of siraple integrals of these expressions Glanert’s method?® of obtaining approximations

by evaluating the inner integrals at the points ¢ = 0, 90°, 180° and 270° and averaging has been
adopted. The respective expressions then become :—

P 1 1 1 1 1 1
_ _2;{7(1 +?‘uz)\/1 +Fe,?#41og(?+,\/1+ﬁ>+ ?_}_Fs}

g{#\/l + 4 # log (%+N/] +>+2#}

. 4 . : .
instead of — 5 (1 -} %) and %,;16 when radial flow is ignored. '

and

When the correction in the zero torque equation is made, slightly increased values of the rotor
characteristics (velocity through the disc AR @, fapping angles a,, a,, b, and twist 8;) are obtained,
with consequent changes in thrust T and incidence 7.© The longitudinal force H is also increased
indivectly by a small amount in addition to that given by the expressicn found above. As may be seen
from Table 14 this alteration of H is the most important consequence of taking radial flow into account,
introducing at top speed an addition of 20 1b. to the drag of the aircraft, -
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13.4. Rolor spead.—In the caleulations of R, & M. 1727 the procedure was to detenmine separately
for each value of 4 the steady state of working of the rotor, using, apart from the physical constants
of the blades, no experimental data except the angular velocity of the rotor as measured in gliding
tests. Since this rotor speed has been found to be sumewhat uncertain it has been thought advisable
to apply a further correction at each speed, of such magnifude that the final thrust #s equal to that
necessary to take the known weight of the aircraft. (In the case of level flight under power this lift
includes zn allowance for the vertical component of airscrew thrust as well as for tail plane and body
Lift.)

Although the major effect of changing the rotor speed is, as might be expected, to vary the thrust
approximately accerding te the square of the ratic-of the speeds, a more complete investigation has
been made to find the effects on the other characteristics. This was done simply by differentiating
the pitch and general rotor equations ( (9)~(14) of R. & M. 1727) for the small changes A1, 4,

day, 4by, Afy, A6; due to a small change 42, and then sclving for these at each ;& using the
previous numerical values of 0, 2, 4y, ete. By a similar differentiation o1 equations (15), (17) and (19}
the corresponding changes in the coefficients ¢, # and &, and finally T and H, were obtained.

The results are shown in Table 14 being expressed in terms of a 1 per cent. inerease of rotor speed.
They have also been used there to male the final correction discussed above and hence to give the
correct lift in the two cases of steady horizontal flight under power and steady gliding.
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Gross weight as flown
Diameter of rotor
Number of blades
Chord of btades
Blade section
Solidity

Blade angle .

Inclination of rotor axis to plane perpens dlcular to fusclage datum .

| TAELE 10
Particulurs of asudogivo C.50

1,900 Ib.

37 1t

3.

11in.

Gottingen 6085.
0-0472.

2% 40 (approx.)

23° forward, 74° back.

Lateral inclination of rotor axis to vertical plane parallel o fuselage datum* 5° to right, 4° to left.

Position of C.G.

Area of {ail plane
Total fin area
Tail incidence
Ground angle
Engine

Mazx. power ..

Adrscrew

Pitch (measured)
Diameter {measured)

6-0 in. aft of intersec-
tionofiront pylonstruts
and top longerons.

15-6Gsq. .
16-3 sq. ft.
+4 20

10°.

Civet I.

152 H.P.at 2,420 r.p.m
(log boolk).

FaireyReed . two blader
Drg. No. 95163A/K2.

4-33 ft.
7.0,

* The fuselage datum is parallel to the top longerons,
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TABLE 11
Results from glides
Vi i—y ¥

msph (deg.) {deg.) G G #

31-2 — 11 17-25 0-654 0-%204 G-112
78-3 - — 31 1255 0-103 0-023 0-272
22-9 4+ 04 28-55 1082 =594 —0=076
876 — 54 11-1 0-192 G- 038 0-211
49-2 — 39 11-8 0-260 0054 0-182
69-4 A 11-7 G138 0-028 0-24%1
57-7 — 61 11-4 0-195 0-040 0-210
48-9 — 48 12-0 0-270 0-038 0-180
78:G — 12-2 0-120 0-028 —
28-2 — 0-3 1965 0-800 0-286 0098
33-6 — 1-65 16-15 0-570 0-1865 0-121
395-2 — 1-8 1515 0-491 0-133 0-131
22-4 — 0-25 a5-6 1-086 0-764 (-088
25-2 — 0-2 23-2 0-948 04086 0-087
404 — 17 - 12-45 0-388 0-088 0-148
23-5 — 015 25-3 1-088 0-514 0-079
599 — 5-55 11-2 0-180 0-036 G-217
55-3 — 475 10-85 0-210 0041 0-201
225 -4 -4 29-7 1-108 0-632 0-074
80:0 —' 945 13-85 0:083 0-020 0-294
40-8 — 175 1285 0-592 080 0-147
411 — 2:2 12-20 0-380 0-082 0-150
244 + &7 2400 1-004 0448 G085
26-3 — 07 21-55 0-804 0-352 0-002
25-2 — 0-3 235 0854 0-418 0-086
245 — 02 23-75 1-000 0440 0-084
23-5 + 05 2618 1-060 0-520 0-079
52-5 — 4:85 11-1 0-232 0-048 0-191
54-4 — 48 11-25 (-214 Q-042 0-188
403 — 2-4 13-2 0406 0-085 0-145
38-2 — 175 1335 0-448 0-1G7 0-188
50-8 — 33 w06 Q-254 0:048 0-183
23-3 + 0-85 26-3 1-092 0-542 0-078
238 + @9 28-25 1044 0-507 0078
24-8 02 2325 1-012 0-434 0-083
23-1 + 0-05 27-8 1-092 0-567 0-077
22.7 + 0-85 38-7 .1-092 0-826 0-064
23-8 + 0-2 27-0 1-066 0-543 0-079
22-5 + 035 335 1-112 4-734 0-070
21-8 — 075 63-2 0-636 1-258 0-057
21-9 =14 60-3 0584 1196 —
92-8 — 90 13-6 G-074 ¢-018 0-305
96-3 —117 156 0-068 0-019 0-315
9G-5 — 965 13:2 0-077 0-018 0-307
22-1 - 36 68-45 0-484 1-228 0-025
22-1 + 1-05 45-6 G-918 0-934 0-058
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TABLE 12

Tests on a 1/8 scale model of the C.80 Autogire (without rotor) in 7-fi. No. 3

Cornlplete Model tested at 60 ft.fsec. (corrected for spindle and wires drag)

Wind Tunnel

I Equivalent full scale at 100 ft./sec.
Pitching. -
Incidence. Lift. Drag. Moment, Lift. Drag. Pitching
Moment.
{1k (Ib) {Ib-ft.} {ib) {1b.) {ib -t}
- 4 —0-503 07039 0-555 —107-1 125-1 790
- —0-347 0-8888 0-250 — 61-8 122-3 356
0 —0-149 06576 0-041 — 255 118-8 58
2° “H0-001 0-6628 —-0-141 + 02 1179 — 200
42 0-151 Q-6705 —0-287 26-8 115-2 - 408
o8 Q-364 0-5839 i —0 480 847 ) 121-5 — 383
8° 0-561 07005 -—0-872 99-8 124-6 — D56
10° 0-727 0-7401 —0-850 129-3 131-5 —I1210
14 0-99% 0-8204 —1-063 177-6 1459 —1513
18° .1+130 1-0372 —1-210 200-8 184-2 —1721
22° 1-225 1-245 "—1-280 217-8 2214 —1821
26° 1-198 1350 —1-130 2128 24040 —1608
Tailplane removed. 80 it. fsec.
— 4° —0-118 06459 . —0-045 — 219 1150 — G4
0 —0-125 06241 +0-027 — 22-2 116-9 + 38
2° —0-138 6155 0-038 — 258 109-4 54
a° —{(-088 05105 0-084 — 158 108:6 134
10° —0-030 -6241 0-127 — 89 110-9 181"
ue | —0-017 06609 0-198 - 32 1178 282
18° 0-048 0-6942 0-239 + &8 123-2 340
29° 0-137 07817 0-266 24-4 130-1 373
26° 0-211 0-7855 0-312 - 37-5 139-9 444
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TABLE 13

Model tested at 0° incidence over a range of wind speed

Equivalent full scale
at 100 ft./fsec.

Wind ' Pitching
speed. Lift. Drag. | moment. Pitching
Lift. | Drag. |moment.
(ft. fsec)l  {Ib) Ik} Ib.-ft.) (lb.) {Ib.) bt}
Complete model A0 —0-049 1 0-3074 0-021 —-19-6#"1"'12'3"-—()—_ T =g -
50 —0-096 | 0-4708 | 0-031 —24.6 | 120:6 64
G0 —0-144 | 0-5525 | 0-031 —25-6 ] 117-9 44
70 —0-230 | 0-8824 | 0-062 | —30-0 | 115-2 85
80 —0-5333 | 1-1354 | (-093 —33-3 | 1135 74
© 90 —0-441 | 1-4071 | 0-155 | —34-3 | 111-1 97
Tailplane removed 40 —0-038 | 0-2882 | 0-010 | —15-2 | 115-7 32
50 —0:071 | 0-4395 | ©-010 | —18-2 | 112-5 20
60 —0-120 | 0-8211 0-018 —21-3 | 110-4 23
70 —0-191 | 0:8227 | 0-037 | —25-0 | 1074 39
8O —0-263 | 1-0806 | 0-016 | —26-3 | 106.1 13
90 —0i355 | 1-3132 | 0-048 —28:0 | 103-9 30
Rotor hub also removed 60 —0-099 | 0-5641 (—0-031 | —17-6 | 100-2 | — 44
90 —0-325 | 11827 |—0-082 | —25-7 | 935 — 39
Engine and exhaust ring also 40 —0-038 | 0-2168 [~0-010 | —15-2 | 86'7 — 32
removed, 50 —0-067 | 0-3380 |—0-021 | —I7-2| 861 | — 48
&0 —0-114 | 0-4663 |—0-021 | —20-3| 830 | — 30
70 —0-182 | 0-6158 |—0-031 —23-8 | 805 — 32
80 —0-283 | 0-7882 —0-041 —26-3 | 78-8 — 33
90 —0-357 | 0-9746 |—0-052 —28-2 | 770 — 33
Undercarriage also removed .. 40 —0-020 | 00946 | 0084 | — 80 378 203
50 —0-023 | 0-1439 | 0-081 — 59| 3568 166
80 —(-023 | 0-2043 | 0-091 — 47 36-4 125
70 —036 | 0-2725 | 0-122 — 47 356 | 127
80 —G-056 | 0-3486 | 0-163 | — 56| 349 130
920 —0-076 | 0-4284 | ©-205 | — 60| 335 180
Windscreens also removed 50 G-1794 31-9
90 0-3832 28-7
Rotor pylon and tailwheel also 40 —0-009 | 0-0364 | 0-027 | — 36| 1486 86
- removed (leaving only body 50 0-0540 -13-8
and fins). 60 0-0758 13-5
70 0-0887 | 0-072 13-1 75
80 0-1285 129
90 —0-058 |0-1630 | ¢-18¢ | — 46| 129 82

BNy
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TABLE 14

Caleulation of performance—Corrections for various factors (see Appendiz II1T)

) p=0 #=0-1 p=0-15
Retor Characteristics. 1
i T H 4 T H H T "
Uncorrected ~ figores  for’ ’
d=0-0l4asin K. & M.1727. o900 2128 | 0 | 21-65° | 1980 | 46-5 | 10-97° | 1885 | 67-3
Correction for tip loss 0 =83 | 0 0-02° | —78 |—2:0 | 0.08° | =75 [— 2-4
Correction for 0.7R approxi- 0 n o | oo g [—1-5| 0-08° g|-25
mation. o
Correction for radial flow 0 o |0 0-05° 3| 40| 0-06° 5 6-2
Addition for change of & 4] —87 |0 |—1-835° | —G6 |—3-5|—0-86° | —B8 |— 5-3
from 0-014 to 0-012
Hence, corrected values \
§=0-014 .. 90° 2056 10 | 21-77° | 1911 | 47-0 | 11-14° | 1894 | G68-6
1L8=0-012 .. 80° 1889 | 0 | 20-42° | 1845 | 43-5 | 10-28° | 1825 | 63-3
Correction for 1 per cent. 0 41 |0 0-01° 38| 05| 0-02° 36 0-8
inerease in rotor speed.
Hence, final values to give
correct 1ift ix level floght
8 =10-014 . 90° | (1900) | O | 21-77° | 1903 | 48-9 | 11-16° | 1921 | 691
16=0-012 .. .. 90° | (1900) 0 | 20-44° | 1903 | 44-3 | 10-33° | 1921 | 64-9
And, final values to give
correct 1ift én gliding
§=10-014 .. 90° | (1800} | O | 21-76° | 1887 | 46-7 | 11-14° | 1898 | &B-7
§=10-012 .. 90° | (1800} | O | 20-43° | 1887 | 44-1 | 10-32° | 1888 | 64-5
p=0-2 p=0-25 p=03
i T H Z T = i T H
Uncorrected, 8 = 0-014 6-57° | 1987 | 82-8 | 4-37° | 1948 | 95-0 | 3-32° | 1955 | 998
Tiploss ©.. .. 0-05° | =73 |—2-4 | 0-07° | =70 |—2-2| 0-10° | —67 |— 2-0
0/R approximatio 0-12° 15 |—3-7 | 0-15° 35 |—5-3| 0-1%9° 72| — 70
Radial tlow .. 0-08° 8| 88| 009 12| 12-2 | 0-10° 184 17-0
Change of 8 to 0-012 —0-61° | =73 | =75 |—0-46° | —79 |—9-6 |—0-35° | —85 |—11-8
Corrected §=10-014 6-82° | 1887 | 85-5 | 4-68° | 1925 | 99-7 | 3-71° | 1979 | 1078
P8 =0-012 6-21° | 1814 | 78-0 | 4-22° | 1846 | 80-1 | 3-36° | 1894 | 96-0
1 per cent. increase in rotor | 0-04° 351 0-5] 0057 34| 0-3| 0-07° 33 |— 02
speed. :
Final valuss for kevel fight : :
d=0-014 .. .. | 6-88° | 1937 | 86-2 ¢ 4.71° | 1944 | 99.9 | 3-83° | 1941 | 108-0
§=0-012 .. 6:35° | 1937 | 79-8 | 4:36° | 1944 | 91-0 | '3-46° | 1941 | 957
Final values for ghiding
§=0-014 .. 6-83° | 1897 | 85-6 | 4-53° | 1889 | 99-4 | 3-50° | 1880 | 108-4
§==0-012 .. 6-30° | 1897 | 79-2 | 4-28° | 1889 | 90.5 | 3.33% | 1830 | 96-1
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TABLE 15

" Drag of 1{8 scale .30 autogiroe model i the compressed aiv funnel

Loz log
(V x § % pf0-00287)

Drag coefficient

Equivalent drag at

{46627) WL 2/9766 500 2/40, Hw. Ga77/1

Density o. Velocity V. DfeVe full scale 100 ft. fsec.
ft. fsec. 1b.
0-00234 | 753 —0-004 01544 ‘ 1172
0-00355 50-0 —0-013 01542 117-1
824 0028 0-1527 115-8
74-9 0-089 0-1472 111-8
. 848 0080 0-1478 1120
0-00682 36:0 0-046 01403 113-3
43-2 G-076 0-1462 111-0
50-4 0100 0-1408 106-7
576 0-112 0-1384 1059
68-4 0-143 0-1348 102-2
79-6 0-163 0-1332 101-1
G- 00979 48-1 0-145 ¢-1841 101-9
60-1 0-173 0-1283 97-5
0-1231% 93:5
72-2 0-196 {0_122‘% 22.0
87-0 0-218 (1189 90-8
0-01785 40-3 0197 0-1043 . 792
51-5 0-226 01188 90-0
648 G-251 0-1135 86-2
80-7 0-273 0-1118 84-9
; G-1106% 838
002925 495 0275 {0‘1167* @5
62-7 0-298 0-1080 82-0
7G-7 0-317 0-1077 81-7
87-4 (-328 0-1012 769
: 01046+ 794
0-0401 57:2 0-319 0-1067* 810
647 0-330 0-1068 81-1
0-10:19* 77-3
72-8 0-339 0-0998* 757
0-1051* 79-8
80-5 0-348 0-1119 842
* Multiple readings,

.
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