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a review of outstanding problems together with
an account of some recent work at A & AEE
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SUMMARY

In the first part of the paper a brief review 15 made of major items for
research 1n the helicopter field, the subjects touched on including rotor
aerodynamucs, stability and control, evaluation of configurations, vibrations
and fatigue, and operational aspects  An outline 1s given, mn the section on
stability and control, of work being done at A & A E E 1n connection with
the assessment of the longitudinal handhng charactersstics of helicopters
The second part of the paper contains an account of recent workat A & A EE
on the low speed and take-off performance of a helicopter An empirical
method of low speed performance estimation 1s described, and the variation
with wind speed of the ground effect on a rotor 1s discussed theoretically
and on the basis of experimental results A theoretical analysis of the
forward take-off motion of a helicopter 1s briefly presented, and the final
section 1s concerned with the performance of a multi-engine helicopter 1n the
event of failure of one engine, with particular reference to the possibility
of safe operation from the type of site proposed for civil use

1 Introduction

This paper was originally intended to consist wholly of a general review
of the current position i the helicopter research field, with parucular
emphasis on aspects on which a major effort 1s at present required A
comprehensive paper on a subject of this kind, however, tends to degenerate
nto largely a catalogue of numerous 1tems and I have chosen, therefore, to
devote the first half of the paper only to what appear to me to be major 1tems
for research 1n the general field , the items selected are treated very briefly
except in the case of stability and control, the section on this subject including
an outline of work at present being done at A & A E E 1n connection with
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the assessment of helicopter handling characterisics  The second half of
the paper 1s devoted to an account of work 1n a rather specialised field, that
of the low speed and take-off performance of a helicopter, which we have
recently been domng at A & AEE

Work 1s known to be already 1n progress at various centres on some of
the aspects high-lighted 1n the review to be given here of helicopter research
1tems, and 1t 1s to be hoped that contributions will be made 1n the discussion
to follow this paper on recent advances i knowledge both on these items and
on other problems considered of outstanding significance 1n the helicopter
field A more detailed treatment of some aspects has been given recently
by R H MILLAR 1n his paper to the Anglo-American Aeronautical Con-
ference on ““ Some factors affecting helicopter design and future operations
(Ref 1)

PART 1
MAJOR ITEMS FOR RESEARCH
2 Rotor aerodynamucs

On a single rotor helicopter, the rotor thrust provides lift, forward
propulsive force and control moments , the thrust 1s produced by giving
a downwards and backwards momentum to the air An illustration of the
force system mn the longitudmal plane of the helicopter 1s given 1 Fig 1,

- NO FEATHER NG
ax s

HOR JONTAL 3
——— e —
: LONG TUDINAL
Axg

FiG | HELICOPTER LONGITUDINAL FORCE SYSTEM AND ARFLOW RELATIVE TO ROTOR

together with a diagram showing the airflow relative to the rotor in forward
flight , the significance of the rotor angular co-ordinates 1s 1ndicated later
1n a theoretical discussion of stability and control (Section 3) The forces
on the rotor blades, and the general motion of the blades, which determine
the blade stresses, and basically govern the helicopter’s flymng characteristics,
are dependent on the distribution of the mnduced velocity over the rotor
On a multi-rotor helicopter such as the now common tandem configuration,
the performance and stability are in addition affected by the interference
at the aft rotor from the downwash of the front rotor

The actual induced flow distribution through a rotor 1s therefore
important, but early analytical work dealing with the aerodynamic loading
of a rotor was for simphcity developed on the assumption of a uniform
mnduced velocity over the rotor Various attempts have now been made to
give a more accurate analysis of the downwash , the most realistic appears
to be that by Mangler (Ref 2), who has derived the induced velocity fields
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for various assumed pressure distributions over the rotor area Mangler’s
analysis shows considerable downwash variation over the rotor, and the
possible importance of this has been shown n a later mnvestigation of rotor
blade stresses, by Daughaday and Kline in America (Ref 3) They
observed large periodic forces of frequencies up to ten times that of the
fundamental rotor frequency (high frequency forces are of course significant
from the point of view of fatigue) and comparison of the experimental results
with values estimated from one of Mangler’s downwash distributions
indicated that the primary source of the higher order of blade force excitations
was probably downwash variations

Much more information 1s required however on the actual induced
velocity field of a rotor and on the aerodynamic loading of rotor blades
This does not appear to be the type of mvestigation which can be made n
quantitative terms in flight tests and the most ltkely method seems to be
by wind tunnel tests , a study of downwash distributions 1s particularly
required at the present time for tandem rotor arrangements as well as for
single rotor layouts  An alternative method of determining the aerodynamic
loading distribution 1s by means of pressure plotting on a rotor blade and
some useful results have already been obtamned i this way at MIT 1n
America (Ref 4) It should be possible 1n this way to determine something
of the effect of the aerodynamic interference between the blades of a rotor
and of varying the number of blades , the theoretical analysis referred to
above 1s still imited to the assumption of a flat disc with effectively an
infinite number of blades

It 1s pertinent at this stage to pomnt out that there 1s great scope for
development 1n the application of wind tunnel testing 1n helicopter research
There 1s as yet not a great deal of information available on the general
techmques to be used, and such questions as the minimum size of rotor for
rehable results, and the correlation of wind tunnel and full scale character-
istics require further snvestigation

Other aspects of rotor aerodynamucs at present relatively unexplored
mnclude the effect of varations 1n rotor geometry or layout, like the use of
offset blade hinges, and of different control arrangements such as the servo
tab system, on rotor blade loading Insufficient 1s known also of rotor
operating limitations, including the effects of blade stalling and compressi-
bility, and of operation at high tip speed advance ratios

3 Stability and control

The stability characteristics of helicopters are not yet satsfactory and
their operational use has been 1n consequence restricted, particularly in blind
flying conditions  Efforts have been made to improve the stability by the
use of such devices as the Bell stabiliser bar and the Hiller servo rotor, but
recently on larger machines, the trend appears to be towards auto-stabilisation

Much basic work has been done to analyse the stability and control
characterstics of helicopters and to study ways mm which the stability may
be mmproved The stage now appears to have been reached where more
attention should be given to developing methods to assist in designing
helicopters with selected handiing properties , 1n support of this, more
information 1s first required on desmrable handling qualities for helicopters
Some notable work on the flight assessment of handling qualities has been
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done at NA CA (Ref 5) and the test there proposed for assessing longi-
tudinal manoeuvre stability, based on the shape of the acceleration-time
curve, 15 now widely known Acceptable characteristics depend on a
““ divergence requirement > that the normal acceleration-time curve shail
become concave downwards within 2 seconds, and an ‘‘ anticipation re-
quirement >’ that the slope of the curve must be positive until the maximum
acceleration 1s achieved However, this test 1s of a fairly complex nature
and 1t appears desirable 1f possible to make a quantitative assessment of the
characteristics 1n simple manoeuvres like a pull-out or turn

An effort 1s at present being made at A & AEE to correlate pilots’
mmpressions and quantitative measures of the simpler aspects of handhng
on a single rotor helicopter  For the longitudinal motion 1n forward flight,
an analysis has been made similar to that developed by Gates for fixed-wing
arrcraft (Ref 6) We start from the fact that the general longitudinal dynamuc
stabihity of a helicopter can be shown to depend on the roots of the standard
form of stability quartic (Ref 7),

A L BA L CA+-DAHE=0

where B, C, D, E are functions of the aircraft inertia and aerodynamic
characteristics

The mathematical conditions for a stable dynamic motion include the
requirement that the coeffictents B to E should be positive  The condition
for stauc stability 1n a steady state of motion 1s sumply that E should be
positave  From the general forms of the aerodynamic derivatives it 1s

found that
dCp(a, V)
Ev — e -
dCp
subject to the condition for steady flight equilibrium that
vV
dCt ~ = 2Ct
where Cp, and Cr are the pitching moment and thrust coefficients
respectively

The static margin for a helicopter can therefore be defined n the same

way as for a fixed-wing arrcraft as
K, = — dc.ni(ai Y)

dCr
Further, the actual static margin can be determuned from the variation with
speed 1 flight tests of the longitudmnal cyclic pitch control application B,
B, 1s mn fact the longitudinal tilt of the control plane of the rotor, which
results 1 an equal tilt of the no feathering axis of the rotor, forward nlt
being produced by a forward movement of the control , because of blade
flapping due to forward speed, the rotor plane and therefore the thrust
vector are tilted back by an angle, a; (see Fig 1) The pitching moment
equation for steady trimmed flight may be wrnitten,

h k h e
Cm=0= —Ct [(B1 — ay) ® -+ R] - CH‘ﬁ +CF—CS*R (By—ay)

where h, k are the CG distances below and forward of the rotor head ,
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Cyy 15 the transverse force coefficient and Cp the fuselage pitching

moment coefficient ,
Cg 1s the blade centrifugal force coefficient and e 1s the blade

flapping hinge offset
It follows that, for constant pitch,

_ (dCT) CW(TI:‘ Cw R) (:glr)m:
= (R' t:W R) ( >Cm:°

Illustrative examples of cyclic pitch to trim and the corresponding static
margins are shown imn Fig 2 For the pilot, the static margin 1s a measure
of the change of stick position to trim 1n steady flight at a speed differing
from the original trimmed speed, and a positive static margim results 1n a
forward stick displacement for a hugher speed The manoeuvre character-
1stics however are probably of still greater importance to him, and here, as
a first step, we have considered accelerated motions at constant speed and
have shown that, as for fixed-wing asrcraft, a pitching divergence 1n a quick
manoeuvre 1s not to be expected 1f the coeffictent C 1mn the stability quartic
1s positive Now

dCpy(es )
Cwn — A
dCt
with the condition for steady acceleration at constant speed
dq \A!

dCr ~ R 2m,°
where q 1s the rate of pitching in the longitudinal plane and
W
M= o RaR?
The manoeuvre margin for a helicopter may therefore also be defined in the
same way as for a fixed awrcraft, namely by

_ dCiy(a, q)
m = dCr

The stuck fixed manoeuvre margin can be determined from the observed
variation of the longitudinal cyclic pitch with normal acceleration in near
level flight at the same speed , the acceleration increment 1s assumed to
be ng and the rotor thrust (n -+ 1)W approximately Then from the
prtching moment equanon for trimmed accelerated flight

Ho — h Cs e}/ dB,
m= R+ 3 iC
dCT R Ctr R dCt JCpy =0
Cs e
_[(1 n)R+CW R]( ) —0
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The latter equation shows the relation of Hpy to the cyclic pitch application
per g, a posttive value of Hyy results in a backwards movement of the
stick for a pull-out

Flight data for dB,/dn cannot be satisfactorily determined 1n pull-outs
if the steady acceleration 1s not achieved in the ume taken for the man-
oeuvre It appears easter to obtain satisfactory results in steady turns and
the control application required 1n a pull-out can then be determined by
making allowance for the effect of the difference in the rate of pitching 1n
the two states Thus

(Bl)pull-out = (B + - yQV E’IT B

where y 1s Lock’s inertia number,
and Q 1s the rotor speed,
and

h Cs e dB 16g
H,., = — - hotm ! -5

To eliminate some of the secondary pitching moment effects from the main
and tail rotors 1t 1s convenent to take mean values for B, from turns made
m both directions If the flight path deviates markedly from level fhight
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1t may also be necessary to make allowance for product of inertia piching
moments Illustrative examples of curves of cyclic pitch and manoeuvre
margin are shown mn Fig 3 The practical sigmificance of the maneouvre
margin 1n helicopter testing has not yet been assessed and it may stll prove
necessary to make use of the time-history of acceleration

The suggestion has recently been made that rate of pitch might be a
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better criterion of manoeuvrabihity than acceleration because extreme change
of attitude 1s frequently the disturbing feature 1n a manoeuvre  Acceleration
and rate of pitch, however, are not independent , in the type of pull-out
we have considered, for example,
ng
1=V

Thus at high speed the rate of pitch 1s normally small and the pilot probably
more conscious of acceleration, but at Jow speed the pitching rate may be
large when n 1s small, and more important to the pilot

Considering again the general stability field, the theory so far developed
apphes on the whole to stick fixed conditions, and refers to control displace-
ments , there 1s a real need for extension of the theory to the stick free
domain, to analyse stick force characteristics, which are probably of greater
importance to the pilot, particularly in blind flying conditions

Some proposed developments n control arrangements require mvestiga-
tion There 1s growing interest for example 1n the use of combined rotor
and elevator controls and a general study of such systems is required,
particularly mm manoeuvres at lugh speeds  Understanding of the problems
mvolved 1 combined control systems will be required if convertiplane
projects are to be tackled

4 Evaluation of helicopter configurations

In the early days of helicopter development, attempts were made to
develop helicopters of many and varied configurations The field has now
been narrowed down considerably but there are still aspects requiring
systematic study and evaluation to provide guidance for future development
The relauve merits of single and multi-rotor systems, for example, require
impartial investigation , the interference effects with tandem rotor arrange-
ments are of particular interest, and experience with the Bristol 173 should
provide valuable information on this point  Estimates for a representative
twin rotor helicopter of the varation of the interference losses with rotor
gap and stagger are given imn Fig 4, for comparison the power required
for torque reaction on an equivalent single rotor machine 1s also included
The tandem arrangement without overlap appears more efficient than the
single rotor m hovering but 1s less efficient even at fairly low speeds , over-
lapping reduces imterference losses at higher speeds but 15 less efficient 1n
hovering For an overall assessment of the configurations other factors have
of course to be taken into account

Rotor design 1tself requires continual study, with emphasis on aspects
like 1ncreased disc loading, the number of blades, the use of rigid rotors
and so on  The effectiveness of various schemes designed to permit higher
speeds, like second harmonic control, offset hinges, auxiliary fixed wings,
forward propellers, should be assessed , possible stability and control
problems associated with the various schemes should also be investigated

A study of the various types of rotor propulsive systems would also be
of great value and help to define the most favourable applications for piston
engmes and gas turbines with shaft driven rotors, and for the various pressure
and combustion tip jets at present being considered This would enable
the necessary impetus to be given with confidence to power plant develop-
ments for helicopters, along the most promising lines
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5  Vibrations and fatigue

Vibrations are still the cause of considerable difficulty on helicopters
Much of the trouble arises from the rotor systems in which freely articulated
blades subjected to fluctuating loads are the source of vibration excitations
which may be communicated directly through the control system, or may
for example result 1n resonance disturbances 1n the fuselage Aerodynamic
mterference between rotors, or from rotor downwash on the fuselage are also
possible sources of vibration excitation In addition, mechanical units like
the engme, or complex and lengthy transmission systems may be other
potent sources of vibration

A low level of vibration 1s important for crew and passenger comfort,
but the vibratory characteristics are of greater significance in their effect on
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fatigue stresses A comprehensive study should be made of the origins and
character of helicopter vibrations, with the main aim of providing guidance
on how vibration troubles may be avorded At the same time 1t 1s important
for fatigue assessment to be able to determine the points on the helicopter,
and the flight states, 1n which critical stresses are most likely to occur A
general study of rotor dynamics, including aero-elastic effects, 1s required
in this connection

Another type of vibratory disturbance which has caused trouble on
several amrcraft 1s the phenomenon known as ground resonance This
usually occurs with the aircraft on the ground partly supported by the rotor,
and appears to arise from resonance between the motion of the aircraft on
1ts undercarriage and oscillatory in-plane motions of the blades Some
theoretical and experimental work has been done on this problem but ground
resonance accidents continue to occur and 1t 1s clear that ways for controlling
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tendencies to resonance are not yet fully understood for all types of helicopter
configuration

6  Operational aspects

The wider use of helicopters 1n both military and civil roles requires
operation 1 blind flying conditions and 1n all except the most severe weathers
Unul recently 1t has been generally agreed that blind flying on helicopters
must await improvements in their stabiity and control characteristics
However, while 1t 1s still true that further improvements would be of great
assistance 1t now appears that the stage has been reached where instrument
flying 1n a lumrted flight envelope 1s at least a near-possibility on some current
types of helicopter, providing the question of himuted panel flying, in the
event of instrument failure, 1s satisfactorily answered In this connection
the possibility of flying with the artificial horizon out of action but with a
turn and yaw indicator 1 addition to the other standard helicopter blind
flying mstruments 1s to be investigated The possible application to the
helicopter of more recently developed flying aids like the Sperry Zero
Reader should also be mvestigated  For instrument flight at low airspeeds,
mstrument improvements 1 themselves will hardly be enough, and the only
real immediate hope appears to lie 1n auto-stabilisation of the helicopter

The nawvigation of hehicopters by means of radio aids does not appear
to present great difficulties, but such aids may not always be available 1n
mulitary roles Insufficient 1s yet known of methods of dead-reckoning
navigation and of the possible accuracy that may be achieved

Other outstanding operational problems still to be adequately solved
mclude de-icing, blade motion control for rotor starting and stopping in
high gusty winds, the suppression of noise for civil operation and so on
Some aspects of operation from restricted sites 1n built-up areas are discussed
1n Section 11 of this paper

PART 11

Low SPEED AND TAKE-OFF PERFORMANCE
7  General

Much emphasis 1s commonly placed at the present ume on the need to
mcrease the speed of helicopters, mainly for the purposes of civil operation
and generally on the assumption that the take-off performance 1s adequate
or can be made so 1n a strasghtforward fashion by increasing the power
However, current employment of helicopters 1s mainly 1n mulitary roles and
their application 1n this field 1s primarily due to their low speed flymng
properties  Reliable methods of determuning the low speed performance
are particularly important because for most existing and foreseeable types
1t 1s at best marginal 1 some operating conditions

8  Steady low speed performance

Methods of estimating low speed performance are required for example
1n connection with the assessment of vertical take-off performance in different
wind speeds In general, the analysis of performance in any flight state
depends on knowledge of the mduced flow at the rotor, and a mean value
over the disc 1s normally assumed to be sufficiently accurate for this purpose
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The simple theory for a single rotor helicopter 1s based on the momentum
theory formula for the rotor thrust
2 ’
T:27T/J0R Vl vy
where v, 1s the mean induced veloaity and V|’ the resultant airflow

velocity at the rotor
This equation 1s 1 effect a relationship between the induced velocity and
the mamn airstream velocity and the rotor disc mcidence At low speeds
however this formula has been found to be maccurate and to replace 1t a
set of empirical curves has been established from flight data for current
single rotor helicopters relating values of v,/vp to V, sin1/vp and

V, cos v where v = (W/ZWpOR‘)‘)l (Fig 5, Ref 8) Theoretical curves

from the momentum theory, which are of semi-circular form, are also in-
cluded in the diagram, and 1t will be seen that these give lower values for the
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mduced velocity for a given climb or level flight condition  To ensure con-
tinuity over the speed range the empirical curves have in fact been faired
mto the momentum theory curves at higher speeds , this was done by
plotting the data as curves of constant u,/v [= (v, = V; s /v ]

9 Vanatwn of ground effect with wind speed

In some roles, such as rescue winching or sonar dipping, the helicopter
1s required to hover a spot near the ground or sea surface The power
required 1n these circumstances 1s affected by the ground cushion effect
and although information has been available for some time (Ref 9) on the
effect 1n still air conditions, there has been a lack of knowledge of 1ts variation
with wind speed

An imndication of the way this effect varies can be obtained from a
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development of the simple theory proposed some time ago by Betz (Ref 10)
for the zero speed case  The rotor 1s replaced by a point source (not a sink
as assumed by Betz) of veloaity distribution Av/4 #d2, where A 1s the rotor
area and d the distance from the source, together with an image source at a
distance Z below ground level equal to the height of the rotor above 1t
For constant power, there 1s a reduction of downwash at the rotor due to
the 1mage source, and an increase of thrust given by,

T 1

To 11 (.11)2
16\ Z
where T 1s the thrust away from ground effect
Esumates from this formula are 1n reasonable agreement with the experi-
mental results, although the latter also show variation with rotor disc loading
and solidity , some allowance for these effects could be made in the theory
The theory has been generalised for application to low forward speeds
by Dr Cheeseman, who suggested replacing the rotor by a form of jet source
with variable induced velocity distribution, 3A v cos? 8/4 = d?, where
15 measured relative to the resultant airflow direction at the rotor, together
with an cqual 1image source at a distance Z below ground level (see Ing 6)
the gsource assumed gives a not unreasonable mduced veleaty distribution
with a total flow of Av and satisfies the physical requitement for zero veloct,
nermal to the ground  As in the previous case, there 1s a reduction of down-
wash through the rotor due to the image source, and a thrust increase at
constant power given by
T _ 1
Feo

—5(2) e

Estimates from this tormula for zero amrspeed are grearer than from the
simpler formula above, and 1its principal value 1s in mdicating the relatve
fall-off 1n ground effect with speed Theoretical estimates made on this
basts, given i Fig 7, show a marked reduction with speed 1n the cffect at a
given height  For comparison, estimates aie also included in the ground
effcct on the lift of a wing 1n equivalent conditions and this 1s somewhat
larger than the theoretical rotor effect, in the region where the wing theory
1s valid

Values of T/Tew have also now been obtained from analysis of flight
test data from different wind speeds near the ground and curves based on
the results are given 1mn Fig 8 The experimental results show variation
with CT s, but the mean trend 15 comparable to the theoretical variation
m Fig 7

Lhe significance of these tesults can be seen from the estumates given
{o1 a typical singlc 10tor helicoptar m Lag 9, of the power to hover in the
ground cushion in different wind speeds  Noimally away from the ground
the powct required decreases with wind specd, but very near the
ground 1t may actually mcieasc

10 1he forward take-off of a helicopter

A hehicopter should 1deally be capable of ascending vertically from the
ground 1n all conditions but 1n practice 1t 1s often necessary to gain speed
before climbing away either because of inadequate vertical climb performance
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or to provide a greater degree of safety in the event of power failure, and an
analysis of the accelerating and chmbing motion 1n a forward take-off has
recently been made (Ref 11)

Consider a stage of the motion with the helicopter flying at velocity V
at a flight path angle ¥ to the horizontal , the rotor thrust T acts normal
to the disc which 1s at angle « to the horizontal , the transverse force H
1s parallel to the disc and the body drag D 1s assumed to act along the
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direction of fight (see Fig 1) These forces vary to some extent during the
take-off, but the analysis 1s made 1n stages 1n which constant mean values
are used In addition during each stage either the disc attitude to the
horizontal, or the flight specd, 15 assumed to be constant  The aerodynamic
forces can be determuned by the normal methods using switable approxima-
tions to obtamn the mean values , howcver, these methods are not discussed
here, but only the forms of the motton for known values of the fotces
Lhe motion 1> constdered with refercnce to ground ases, s horizontal
forwards and y vertical upwards  bor flight with constant dise attitude,
the equation of motion along the fhght path leads to the following relation
for the specd range from Vg to V,
Ay 4 Bx— Ve 1
y + Bx 55 L
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where A, B, f are constant functions of the disc attitude oy and of the
mean forces Ty, Hpy, Dy (see List of Symbols)
The equation of motion normal to the flight path may be written,
vz dy
f dx @
It may be seen that a special solution of (2) 1s tan ¥ = A which gives

a straight flight path  This solutton 1s basically the condition that the
resultant force normal to a straight path 1s zero,

T cos1-+ Hsmmi1—W cos y =

A—tany =

where 1 = (a -+ ¥) = rotor incidence to the flight path
This special solution applies to the case therefore where the resultant force
1s along the flight path, and in particular 1t applies to motion from rest
when with the assumption of constant mean forces, the helicopter moves
off 1n the direction of the resultant force  Since the path 1s a straight line

y _ _
X—tanV~A

and the distances %, y from V, to V follow simply from (1) For A =0,

that 1s 1n horizontal flight, there 1s a relation between T and a, namely
T cos a = W approxmmately, and x can be expressed as a function of T/W,
Voand V. If T cos a < W, the helicopter 1s not fully airborne and ground
friction forces have to be included 1n estimating the ground run

In the more general case when tan ¥ = A, the solution of equations
(1) and (2) give ¥, x/S and y/S as functions of V#/2fS, A and B, where S1s a
function of the imual conditions V, and y, (see List of Symbols) The

shapes of the curved paths starting fromy, = 0 are shown i Fig 10, for

a range of values of A and for B = 1 (this corresponds to the case of neghgible
fuselage drag)

Now consider motion at constant speed This occurs generally in the
take-off techmique i which the helicopter 15 accelerated horizontally near
the ground up to a speed safe 1n the event of power failure and then climbed
away at this speed During a constant speed stage, the pilot must vary the
disc attitude 1n a way to keep the resultant force along the flight path zero ,
the equation of force along the path 1s,

Tsmi1i—Hcos1—D—Wsmmy =0
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This relation together with the equation of motion normal to the path 1s
used to determine the motion, and the solutions are obtained with gx/V?
and gy/V? as functions of y, T/W and D/W  These solutions can be com-
bined to give gy/V? as a function of gx/V? for a range of values of T/W as
i Fig 11, for a specific value of D/W , the curves give an indication of the
shapes of the take-off paths from y =0

The above theory 1s bemg used for the development of methods of
reducing observed take-off data to standard conditions

11 The performance of a multi-engine helicopter followmg farlure of one power
umt during take-off or landing

It 1s essential for civil operation that if one engine fails during take-off
or landing, the helicopter can either ciimb away over surrounding obstruc-
tions or make a safe landing on the take-off or landing area The type of
site proposed for operations 1 built-up areas 1s comparatively small, being
300 ft square with a surrounding clearance angle of 1 mn 2  Current single
engine helicopters cannot operate safely from such sites but no flight data
are yet available for multi-engine machines and a theoretical study has been
made therefore to assess the posstbilities (Ref 12)

An analysis has been made of the performance of a twin engine helicopter,
generally comparable to the twin rotor Bristol 173  Its maximum vertical
rate of climb 1s assumed to be 1,200 ft /min , for half power, the steady
rate of descent 1s 1,900 ft /min and the mimimum speed to mamtamn height
15 36 knots A sudden cut of one engine 1s considered during vertical take-
off, and 1n landing including a slow speed approach to 150 ft followed by
vertical descent, to the ground , a 2 second delay 1s assumed for completion
by the pilot of corrective control actton This includes reduction of the
blade collective pitch to prevent a large fall-off 1n rotor speed, and for the
climb away case, a forward tilt of the rotor disc—subject of course to overall
arrcraft control—to produce rapid acceleration to the mmmimum climb speed

In the transition to climb

30

3 —
away the rotor speed may be ¢
stabilised below the mmal g \ 2
value to reduce the height q) /|
lost, but for landing a ligher *° * 400
rotor speed 1s desirable for / L
an effecttve pull-out just prior . T z
to touch-down o \ / laco "é
An 1llustration of the [ Ostance :
esttmated motion mn the tran- / <t 77 b
sition to chmb-away, with a & ™\ | e 0
disc attitude of 12°, 1s given & 4+~ ot 5 0
~ J
m Flg 12 The rotor speed L oS4 AT s rTme(se) © ® b
falls off rapidly in the first 2 > e G
0]
seconds and the rate of de- - =] i ‘
scent builds up to 25 ft jsec ., B2 72 e I
before sufficient speed 1s de- ° 2o S Dse e
p FG 12 PERFORMANCE OURING TRANZTION TO CLiMBAWAY
veloped, climbing flight being FOLLOWNG FALURE OF ONE ENGINE DURNG
achieved at a Speed of 38 FULL POWER VERT CAL TAKE OFF
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knots , the loss 1n height during the motion 1s 125 ft  The vanation
of the height loss with the assumed disc attitude, a«, 1s shown m
Fig 13, 1t varies from a large value for a < 5°down to 100 ft for a = 16°
However, the greatest attitude compatible with aircraft control 1s assumed
to be about 8° and the corresponding height loss 1s 200 feet To clear
surrounding obstructions up to 150 ft, the critical height for cimb away
following engine failure 1s thus about 350 ft

Below this height a return landing 1s required, and estimated touch down
rates of descent following failure at lower heights are given 1n Fig 14 If
the maximum acceptable rate of descent 1s assumed to be 10 ft /sec, 1t 1s
necessary to utilise the rotor energy down to rotor speeds below the normal
flight mmnmum , this, however, 1s probably acceptable in an emergency
landing Near the ground immed:ate use can be made of the rotor energy
following engine failure The performance 1s estimated to be adequate for
emergency landing 1 this way from heights up to at least 20 ft for rotor
speeds not below the normal minmimum at touch down

ROTOR CONO T ONS
Q) DESCENT « 502 @ 573
B)PULLOUT x O & 1O

500 .
- o
* v
u 2L B0
7 Ao [ ROTOR 2PEED AT
9 Q 8 TOUCHDOWRS
* ITa (RAD /3cC )
[ v 00 29
¢ 300 [ T3
: 3
[
2 1y 80
. 200 e g
7] 13
9 U g BELOW 20F A SACE  ANONG May BE
Wwu o } MADE TAKING AMMECLA € ADVANTAS
T e I 5 R0 oR EneERCY
q = o o 0
¥ TOUCHOOWN QATE OF DESCEN
(FT /8EC)
k=3
o c 20
X (OEGREES) FIG 14 VAR ATION OF TOUCHDOWN RATE OF DESCENT
FIG 13 VARIATION OF HEICHT LO®T DURING WITH  HEIGHT AT wiiCr SOWER Fa LURE
TRANSITION WITH DSC ATTITUOE OCCURRED OURNG VERTICAL TAKE OFF

Similar results have been obtained for the case of engine fallure during
approach and landing  The critical height for climb away 1s again estimated
to be about 350 ft, and safe landings can be made from lower heights pro-
viding the rotor energy can be used down to rotor speeds somewhat below
the normal flight mmimum

These results indicate the performance of the twin engine helicopter
to be just adequate for safe operation from the type of site proposed for
cvil operation The performance however may be difficult to achieve
because of the fine judgment required of the pilot , in addition handling
problems are possible 1 low speed powered descent It has been suggested
(Ref 13) that a backwards take-off offers a greater degree of safety than a
vertical take-off because 1t enables the airstrip to be kept 1n view throughout
It 1s considered however that the acceptable backwards flight path angles
will be hmited and the performance 1n return landings effectively the same
as 1 vertical take-off

The possible difficulues of effecting a landing following engine cut makes
1t clear that 1t would be preferable if the helicopter could climb away followmng
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engne faillure at any stage except very near the ground This would only be
possible with a twin engine helicopter by having a very large reserve of power
or by the use of an emergency source of power , the critical aspect of such
schemes 1s the tume lag for the build up of the emergency power and thewr
use has not yet been assessed We have however estimated the performance
of a four engine helicopter with the same effective total power as the twin
engme machine , the full power vertical rate of climb 1s unchanged but
the steady rate of descent with one engine inoperative 1s reduced to 700
ft ymin and a rate of chimb of 200 ft ymin 1s obtaned at 16 knots The
critical height for a straight path climb away 1s now only 100 ft and for
farllure below this height a climb away clearing surrounding obstructions
can be made i turming flight, requiring only about 6 0 deg of bank at
16 knots If the power of the four engme version 1s increased by 109,
(the full power vertical rate of climb then being 1,700 ft /min ), the helicopter
will be capable of a straight path cimb-away following failure of one engine
at any height , 1n addition, however, 1t will have sufficient performance to
hover with one engine moperative and could make a safe vertical take-off

The performance estimates given relate to I CA N atmospheric con-
ditions and lower performance would be obtained 1n higher temperature

conditions
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LisT or SYMBOLS

Section 3 Stabihty and Control

a — slope of blade lift coefficient curve

ay —- longitudinal tilt of rotor plane due to flapping , positive backwards
B; — longitudmal tilt of control plane , positive forwards

Cg — fusclage pitching moment coefficient

Cy — transverse force coefficient, Hf3pV2S

C,y — helicopter pitching moment coefficient, M/}pV SR

Cg — blade centrifugal force coefficient, 'F/3pV §

Ct — thrust coefficient, T/3pV*S

Cyw — W/ieV?S

e — blade flapping hinge offset

F — centrifugal force on blades

h — distance of CG below rotor
H — transverse force on rotor

H ——  manoeuvre margin

m

Iz — blade moment of mertia about flapping hinge
k — distance of CG forward of rotor hub axis
K, — statc margm

M  — helicopter pitching moment

ng — normal acceleration increment

q — rate of pitching

R — rotor radius

S — rotor area, R

T — rotor thrust

A% — flight speed

W  — helicopter weight

4 — fuselage mncadence to the flight path, positive upwards
/ — Lock’s inertia number, Co a RY/Ip

pe — W/gpeSR

[ — arr density

Q — rotor angular velocity

Differences from and additions to the above notation 1n the remaining sections are
as follow —

Section 8 Low speed performance

1 — rotor disc mncidence to flight path, positive downwards
u — arrflow velocity normal to rotor
uy — we
v — mean 1nduced velocity at rotor
vy — vWeo
vy — (W/2 mpR%)’
v, — VVs
V'  — resultant air velocity at rotor
V) — V4o
o — relative air density
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Section 9 Ground effect

— rotor area, TR

— number of blades

— blade chord

distance from rotor

— rotor solidity, bc/<R

— rotor thrust away from ground

— height of rotor above ground

— angle relative to resultant air velocity direction

SNH® a6 o>
I

Secrion 10 Forward take-off

Tm Hp
A — - cos o sm o — 1
W 77m7+ w _-m B
H
m m
W s oo, — W oS vy
Dn/W
B — | — Ty - Hp
- sIn vy — W cos oy,
D — body drag
D, — mean body drag
Th Hp,
f — g w sin tm — W cos o )
1 + tan vy
G(p A D (A — tany)?
H,, — mean trangverse force on rotor
Vo
S 26G(y, A, B)
T,, - mean rotor thrust
Vo — mmnal fight speed
X, ¥y — co-ordinates relative to ground axes, » honizontal forwards, y vertical
upwards
— rotor disc attitude to horizontal positive downwards
oy — mean disc attitude
v - fhght path angle to horizontal, positive upwards
Yo — mmal flight path angle
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