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Surmory

sis | S mnde Of the performance of multi=engine
hel i copters followng failure of one engine in take-off and londing from
the type of gite proposed fcr Civil operotion I N built-up oreas, The
performonce Cf ¢ twin engine helicopter of nimlor class to the Bristol

173 appears to be J|USt adoquate fOr gofe operation from such a site but

the nicety o handling judﬁguent involved in return |andings mey mcke the
performonce difficult to achieve. 4 take~off techni que ellowing climb-

I theoreticrl anc-l%r

awoy ofter engine failure at any stage is preferable but this is not possible

for the twin engine mochine W thin the space aveilsble. It is possible if

the twin enzines cre repleced by four 0of the same effective total power but

only if o turning climb-swey IS made after engine failure. 6 helicopter with
sufficient performoncs for o straight clinmb-away eon in genersl hover With one

engine inoperative,
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1. [ ntroduction

It is essential for the civil operation of helicopters fromrestricted
sites in built-up areas that, in the event of failure of the criticsl power
unit during teke~=off or lspding, the helicopter should be capsble either of
climbing sway Wer surrounding obstructions or of lending on the take-off
area. For a helicopter with on adequate rate of clinb at forward speed in
the reduce?. ﬂomer condation it is in general true to say that there 15 2
critical height above which a satisfactory Clinb away mey be mede, and bel ow
which it is necessary to ccnsider the possibility of a return Iand|ng.

The type of |anding site proposed by the Interdepartmentel lielicopter
Commi tt ee (Ref,1) i s couporatavely smell, being 300 ft. squere with on
obstruction clecrance onzle of 26 deg, (1 1n 2} fromthe edge of the
| andi ng area, It iS known fromobserved flight data thst current types of
si ngl e-engine helicopter do not nmeet the requirenents for safety in the event
of power failure when operating fromsuch sites. No flight test information
I's yet avoilable on the cepebilities of mmlti-engine helicopters in this
res?ect sc, in order to provide guidence on the subject, a theoreticsl
anal ysis hos been mede of the performance Of a helicopter following the failure
of one engine. The analysis has been used t0 make estimotes Of this performnce
for o twin-engine helicopter of simlar class to the Bristol 173, and for a

four-engine machine of simlar type.

L 1ist of synbols is given at the end of the Roport.

2, Theoreticsl analysis

2.1 Ceneral. The analysis of both trensitionsl and |anding perfornance
has been based on that given in Ref.2 for the engine-off performance of a
single-engine helicopter. The notion of a nulti-engine helicopter i S considered
relative to axes fixed in space, Ox horizontal forwerds and Qz vertical upwards.
The forces acting on the helicopter are the rotor thrust T, the transverse.
rotor force H the weight ¥ and the fusel age drag ®. The flight velocity is
V, with conponents v, (positive forwards) and v, (positive upwards), and the
nmean rotor oxisl flow velocity is wus The dise incidence to the flight path
is i ondthe disc attitude to the horizontal issf , both being neasured
positive upwards fromthe disc. The systemis Shown disgrommaticelly in Fig,d,

The assunptions nade in the analysis are in general similer to those in
Ref, 2. In =adition, engine power at constant boost is assuned to vary lipearly
with rctotionol speed; this is a reasonabl e spproximstion and simplifies the
analysis,

2.2 analysis Of trensitionsl performsnce

2.2.1 Forward flight. Using the nototion given et the end of the
Report, and neglecting The TOLOr transverse force H and terms in /& of higher
crder then the first, the equations of motion of the systemare:

i
dVy = Tadngd = D« Wyl (1)
e | T - Ry ’,‘!
av - i - » rtrrrrrrrrrrrrrrrrrrrrrrrrrnennl 2
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4dditional relations are used to determne the thrust T and axisl velocity ue
From the blade el ement thrust fornula it cen be shown that
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where 4 = 2,5/8 2nd s1q4 = V/AR., It is also possible to express /277, R%V2
es a function of i and w/¥, using the momentumthrust fornula (as in Ref,2)
for values of oy >»0.12, in the trorm

- 1
. L =|a=sind| | 22 +cos® g} ? ... ... 5
D¢ RS V2 [v l v2 X

- odi

For}m,; 0.12 the relation is given graphicslly in the enpiri €31 ghorts of

Ref~"3.  The letter relations and (4%1enab|e T end u to be deternined for given

volues of the helicopter constants at known veluesof V, A4 and i, i being

obt ai ned from

i = sin! f(vz cosd + Vy sind )/V ....................... (6)

This is conveniently done b‘y‘/]/p:resenting the relatrons as in Fig.2. .

Singe for lerge vplues of v the curves of constant i become asynptotic to
Ve | 272 RZ/T} 2 = 0, Fig.2 is plotted in two ports using wv os abscisse
fOI‘bu/V(JI.O and V/u fOI‘ V>1¢Oo

The MOtion during a transition stage con therefore be determned by
nunerical integration of the differentisl equations (1), (2) end (3) using
values of T end sl o3 estimeted fromFig. 2.

2.2.2 Verticel flight. For vertical flight, using the rotor thrust
equation for steady aerodynamc conditions, the following relation between the
operating Coefficients £1, Fyend uqiS given inRef,2:=

T

N 1
L = 4! 1 + 88|12 = .1_ Guessteasrnavornacrssneeag(y
AT g ([F—zp | 7w ©

L
The equations of notion in this case may be witten
1
%t = g'y _2'[ f:. Rz . vz f:’hz - 1 c.no!toaoiiooooooooocuoo...(8)
! ]
- 2
a1 = l gn-‘l. EPO ""TE),.,RB Cre +2’”13f13f\ \2 |||||||||(9)
dg I( n Mo 8 1 | )
- - /

Equations (8) and (9%, together with the relation given in (7) 2nd the empiricel
£1 ~ Ty curve (Ref.3 ) define the transition performence following the feilure
of one'engine; solution isachieved by numericel integration.

2.3 Lending performance, 1he analysis of 2.2.2 may be used to deternne
the 1anding performance following failure of one engine but allowance nust be
mode fOr the ground effect on the rotor thrust. An approximete relationship
for the ground effect in vertical flight based on the enpirical curves of Ref.k,
is given 1n Ref. 2 in the form

T, = 0.95 + 0.2 R (10)

", i
where h is the height of the rotor ebove the ground. The value of Tg/Toe
becomes 1.0 at_h equal to 4R; above this height the ground effect i's negligible
in practice. The limted information cvailable on the variation of ground
effect with forward speed at constant height and power suggests that equation
(10) is sufficiently accurste for horizontsl velocities up to 15.0 ft/sec.;
the effect falls off at hidher §|peeds and is smal|l for horizontal velocities
greater then about 50 ft/secs The value of T from which Tg i s determ ned
cen be found for the known rotor operating condition by the appropriate method
of either pere. 2:2.1 or pare. 2.2.2.
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It is possible, owing to the neglect of unsteady aerodynanmic effects,
thet the estimated | anding pul | -out perfermence may be pessimstic because
the rotor induced flow does not instantaneously build-up as the pitch is
i ncreased. This is to sone extent counter~balanced however by the assunption
that there is no delay in the development of ground effect.

The equation of notion given in para, 2.2.1 cen be simplifiec if the
horizontal velocity is smell (less then about 15.0 ft/sec,) by neglecting
t he fuseloge drag terns.

3. Estimated performonce of a twin=entine helicopter

3.1 Genersl, The analysis given in parz, 2 has been used to estimete
the performence in |.C AN see |evel conditions of a twin-rotor, twine-engine
hel i copter hsving the choraoteristics given in Table 1. it has been assumed
thet in vertical or nearly-vertical flight there is no interference effect
between the rotors, and that the performance of the twin-rotor machine is
the same es that of a single-rotor helicopter of half the total weight.

The estimated wverticaiperformance of this helioopter in still air gives
3rote of clinb of 1190 £+/mn. at full power =nd & rote of descent of 1920
£t/min, Wi t h one engi ne inoperative. 4t holf power, height con be maintained
at speeds between 37 and 63 ktss Z.ssS., the best rote of clinb being 150
£+/min. ot 50 kt s. Preliminary consaderations | ed to the asswmption of an
epproach poth angle of approximately 45 deg. The helicopter approaches from
5680 to 150 ft. above the ground at s speed of 10 kts. BE,a,5. and o rote of
descent of 700 ft/min.; this is followed by a vertical descent tn the ground
at 300 f+/min. In the first stege 70%, end in the final stage 8% of the
tot31 power is required .

Esti mates hove been made of the performance fol low ng an instantaneous
cut of one engine during both vertical take-off and the landing described
above. It has been assumed thzt there is s 2.0 sec. delay follow ng engine
failure before corrective control action by the pilot is effected; this allows
for pilot reaction time and the tine required. to nmove the controls. Pportisl
power failure on either take-off or landing is followed by & |oss of rotor
speed and thrust, and a reduction in collective pitch is necessary to counter-
act this. TFpom preliminory considerations it may be seen that for the cose
of clinbaway a rapid accel eration towards the m ni numclimbaway speed is
desirable, and a forward tilt of the rotor disewill be required = subject of
course, to overall aircraft control. it may also be advisable to stabilise
the rotor speed below its original volue and thus moke use of some of the
rotor energyto reduce the height lost in the transition. For the landing
case, on the other hand, it woul d appear adviseble to aimat & high rotor
sEeed in order to provide greater arresting power fromthe rotor energy in
the pull-out prior to touch-down. These points arc +teken into account in
the assessment given in the followi ng parographs of the performance following
power out .

Al pull -out performance was calculated for 2 blade pitch of 12.0 deg,
which it hos been estimated will not involve eny blade stalling problens in
the flight conditions considered in the analysis. The performance has been
estimated with reference to o landing area of the type defined in pare. 1
with the added assunption that the maxi mum obstruction height is 150 ft. It
i's aL;o assuned thot the maxi num acceptable rote of descent at touchdown is

"40 £t/ =zec.

3.2 Performence following failure of one engine duringz vertical take-off.

The performsnce following engine failure during vertical take-off has
been determned for initial conditions of full power ¢limb at 1190 £+/min.

with o rotor speed of 26.2 rod/sec.

Estimntes have been mede of the height lost in the transition to olimb=-
away When using a blode pitch of 7.21 dea. which corresponds to e steady
rotor speed of approximately 23.5 red/sec.  The technique considered was to

/accelerate. weew



accelerate to 37 kts. forward speed, and then to reduce the disc attitud
to 1.0 degs this reduced the horizontal nccelerotion to about OJSft/Secs
and led to a small positive rate of climh. A range of val ues of disc
attitude were investigated for the acceleration Stage, end the veriation
of height [ost in the transition against disc attitude is shown in Fig.3.
The transition performance for a typical case is shown in Fig.h, The
greatest disc attitude that con be mointained for an adequate period will
probobly be obout 8.0 deg. for a helicopter of this type; the height |ost
inthe transition for this value of disc attitude is 200 ft. The "gritiesl
height" on take-off is therefore 350 ft. when allowance is made for cleering
a 450 ft. obstruction

*

It is not possible to clear the surrounding obstructions in a clinb-away
if' engine failure occurs below this height, and the performence during return
landings hos therefore been investigated. The height lost in attaiming
steady vertieol descent followed by a vertical landing with reduced power
wos caleulated first. Using a blade pitch of 5.73 deq.,, which corresponds
to & rotor speed in steady oonditions of 26.2 rad/sec, the height required
to mke a landing is 25 ft., the rotor speed at touchdown being 20.9 rad/sec.
and the touchdown rate of descent 9.0 ft/sea, « safe vertical descent and
Igndirh ;ﬁﬂtherefore be made followi ng failure of one engine at any height
above :

, & safe landing can be made from heights below 175 ft. if forward speed

is developed. Estimates have been made for the performance following engine
failure below 175 ft. using a blade pitch of 5.73 deg, as before and a disc
attitude of 5.0 deg. for the transition; pull-outs were made with a pitch of

12.0 deg. and the disc horieontol. Using this technique the horizontal distance
travelled during a descent and landing from175ft. is 100 ft. and a safe

| anding may be made fol lowing engine failure between 175 and 110 ft., for a
touchdown rotor speed of 20.9 rad/sec; the results are showm in Fig.5.

Failure below 110 ft. results in high touchdown velocities at the
normal nmninum flight rotor speed. It T's considered, however, that rotor
speeds bel ow the normal minimum (probably as |ow ss 19.0 red/sec.) My be
safely used in an emergency landing and Fig.5 includes curves for 20.0 and
19.0 rad/sec. as Well as for 20.9 raad/sec. It Wl be seen that, if the
rotor speed is allowed to fall to 20.0 rad/sec before touchdown, the rate of
descent at touchdown is less than 10 £t/sec. fol | owing engine failure at
any height.

Neor the ground, in the early stages of take-off, the rate of clinb of
the helicopter (before engine failure) wll be less than the ultimte steady
value. In addition, it may be preferable in an emergency landing to make
irmediate use of the rotor energy. It is estimted that for a“vertical rate
0f ¢limb Of 300 £t/min., and a touchdown rotor sPeed of 20.9 rod/sec, the
hel i copter can make a safe landing in this wayfroma height of 20 tt. (Fige5le
Landi ngs of this type are possible from greater heights if the rotor speed is
permtied to £211 below 20.9 red/secs

3.3 Performance following failure of one engine duwring the approach
and 1anding. Estimtes have been made of the height required to gain a
speed at ﬁﬁ|ch the helicopter can clinb following failure of one engine
during an approach down to a height of 150 ft. nmde at 10 kts. and 700 £t/
mn. rate of descent. Using a blade pitch of 7,21 deg. and a mogimg diso
tilt of 8.0 dez, the critical height below which it is inpossible to clinb
sway 1S 350 ft.

As in the case of take-off, engine failure below the critieal height
means that the helicopter nust |and. Cal cul ations show that for a bl ade
pitch of 573 deg. and a disc attitude of 1.0 deg. the aircraft can land
on the airstrip following en?ine failure at any height above 1.50 ft. As
Beforﬁ{ pull-?uts were calculated for a blade pitch of 12 degrees with the

isc horizontal,
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In the event o enzine foilure below 150 ft. when the helicopter is
assumed to be in vertical descent, the pilot iS assumedtO US€ a pitch Of
5.73 degeandadisc attitude of 5.0deg. for the transition, and tO make
tho seme pul | -out menoewre as before.  The resulting touchdown rate of
descent et o rotor speed of 20.9 rad/sec. is high (Fig,6) but this can be
reduced to on acceptable value if the rotor speed is alloweg to fall to
19,0 red/sec, at touchdown.

4, Discussion

The performance O & nulti-engine helicopter followng the failure of one
enzine during take-off or l|anding rmst be considered in relation to the space
ovailoble for |anding and the possibility of demaging the airersft during such
3 landing.  Wath these criteria the performance of the helicopter considered
in pore.3 is adequate for an engine out occurring shove 110 ft. on take-off
or above 150 ft. during landing, ~if the rotor speed is not to drop below the
minimum permissible figure of 20.9 rad/sec. during the pull-out. It is
assumed ogain however, that the rotor speed may be allowed to fall bel ow this
figure during an emergency lending and Figs. 5 and 6 include ewrves of touch-
down vel ocity against height et which power cut occurred for touchdown rotor
speeds of 20.0 and 19.0 rad/sec, The curves show that if the latter rotor
speed is acceptable, a sofe |anding may be made fol l owing engine out at any
height.  The performence will, however, be difficult to achieve bessuse of the
fine judgement required of the pilot; in sddition, complicetions may arise
from the problem of handling and control in |owspeed power-on descent

I't has been suggested (Ref.5) that = backward take-off offers a greater
degree of safety than o vertical take-off because it enables the airstrip to
be kept in view throughout. It iS considered, however, thot the ecosptoble
baclovard flight path angles will be limted ang the performance effectively
the scme €S in a vertiocal take-off, although there may be sone | oss due to
interference between the rotors.

The difficulties of effecting a return landing foll ow ng engine cut in
teke-of f make it clear that it would be preferable to be able to use a take-
of f technique in which the helicopter continues its climbawey following the
failure of one engine 3t any stege. With a twin-engine helicopter this
woul d only be possible by heving s lorge reserve of power in normal operations
for the present all-up weight, Or by meking o large reduction in weizht nt the
Eresent power; accordingly, estimtes have been made of the performsnce of the

elicopter of para, 3 et 10,600 |b. when fitted with four engines instead of
two, but with tﬁe effective power at the rotor maintained constant in ful
power operation,® The helicopter has full power rotes of clinb of 1190 £4/min,
in vertical flight and 1250 £t/min, et 16 kts. ag before: but the vertica
rate of desoent with One engine inoperotive is 690 f£t/min, while the corresponding
rate Of QLLmbzat 16 kts. is 200 ft/min, Assuming s Nean formard.acceleratlon
of 5.0 ft/secs, the @istence required to reach 16 kts. from hovering is about
75 ft; the helicopter would therefore have about 130 ft. of runway in hend when
It atapts tO ClinD zng about 90 ft. in hand when it reaches 100 ft, which is
t he oriticel height for a straight path clizbewey,

The helicopter gan clinb away after engine failure bel ow that height only
by meking o Rate 2 turn {(about 6.8rdeg. of Dbank at 16 kts.), because the

strai ght psth engle of clinb is less thoen the obstruction angle. If sufficient
?omer weré availsble to permt olimbawa% w thout turning at l'ow forward speed,
he helicopter would generally be capable of hovering wth one engine inoperative

and a safe vertical take-off could therefore also be made. This can be p
achieved With the four-engine helicopter by inereasing the power by about 10,

which corresponds to a full-power vertiool rate of clinb of 1670 £/min,

No estimates have been made of performance in atmospheric conditions
other than I,C.A.N, sea level. It should be noted, however, that 2 54
decreage i N power, which is approximtely equivalent to a rise in embient air

/tempercture. rene

% Note: the payload woul d, of course, be reduced by an anmount corresponding
to the difference in weight between the four engine and the twin engine
ingtallation,
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tenperature at sea |level at 20°C for piston engines, results in the twin
engine helicopter heing unable to clinb with one engine inoperative. The
effect of e 5% decrease iN nower oa the performance of the four engine
helicopter is to increase the speed for 200 £t/min. rate of clinb vith one
engine-inoperative to 21 kts.

5.  Concl usi ons

The estimted performance, following partial power failure during t ake- of f
trom Or lapding on a restricted site, fora helicopter of simlar class
to the Bristol 173, shows it oon clinb-way or meke a safe return landing in
the event of engine failure et any height, provided the rotor speed may
safely drop in the touchdswm Slightly below the normal flight mninmum  The
performance in return landings may however be difficult to achieve end e take-
of f technique allow ng clinb-away follewing failure at any stage is desirable.
This is not Fossi ble forthe +Ainengine helicopter within the space evoilsble
but is possible for = four-engine helicopter of the sems effective power if
g clinbing turn is ma-de after poverfailure. If the performance is increased
t0 allow climb=away W thout turning, the helicopter will generally be able
to hover sith one engine inoperative.

6.  Further developments

An assessment is to be msde of the usk of emergency sources of power as
a way of obtaining adequate performance in the event of engine failure. A
critical aspect of such schemesis the tinme-1sg for the build-up of the
ener gency power,
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List of Svrbols

slope of blade |ift eoeffaicient curve

nunber of rotor blades pcr rotor

rotor blade chord at r = 07R

blade profile dreg coefficient ot meon effective lift coefficient

meon effective |ift coefficient; CL = I{h,[)sgsz&' E+p2 +n%)
=3 2
2

fuseloge dreg at 100 f,p. s,

ratio of effective power at the pstor to total engine power
‘11\
| &

200 vertical flight coefficients.

/2y B2V 7
hei ght of rotor ebove the ground

transverse rotor force: H= . Ops_ . R* (2 4 )

rotor disc incidence to flight gzth positive upward fromdisc
rotor nonent of inertia

rotor lift

number Of engines

engine power

rotor radius

rotor solidity; g = be/H'R

rotor thrust

celeuleted at constant

rotor thrust within the ground effect region
{ POWEr,

rotor thrust outside the ground cushion
totnl velocity of flow normel to rotor disc
flight speed of helicopter

components of flight speed

helicopter al | - up weight

spece CO-ordinates

rotor disc attitude, positive upward from disc
rotor blade pitch

axial flowratio, N =yl R

tip speed ratio; f« = Vonsi/. R

v/ R

air density
a Sla
rotor speed



Teble 1

Cherooteristics of helicopter uzed f ar

estimations

All-up weight
Number of engines
Meximum power at I,C.A.N, sea |evel, per engine
Number of rotors ($ondem)
Details of rotors
Munber of bl ades
Dicmeter
Solidity

Mpximum permssible rotational speed in
normal flight

Minimum perm ssible rotationel speed in
normal  flight

Mean bl ade profile dareg coefficient
Gear rntio, engine : rotor

Effective pover at rotor: total engine
power

Body érag ot 100 f.pese

10,600 Ib.
2

525 1P

2

3
48,561t .
0. QL6

26.2 red/sec.
20.9 rad/sec.

o.olo
11,98 ¢ 1
0. 926

320 |b.
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